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a b s t r a c t

The gas phase hydrodechlorination (HDC) of chlorobenzene (CB) and 1,3-dichlorobenzene (DCB)
(373 K ≤ T ≤ 423 K, Ptotal = 1 atm) was performed over Pd/SiO2 (1.4–8.3%, w/w Pd) where the hydrogen par-
tial pressure (PH2 ) was varied from 0.046 to 0.925 atm. The catalysts have been characterized in terms of
BET area, temperature programmed reduction (TPR), hydrogen chemisorption/temperature programmed
desorption (TPD) and TEM analyses. The HDC response to changes in contact time, chloroarene feed linear
velocity and catalyst particle size were evaluated to establish reaction conditions wherein transport con-
straints were minimized, i.e. contact time = 2.33 s, feed rate = 0.014 molCl h−1 and particle size = 45–75 �m.
HDC selectivity was found to be influenced by transport constraints, which resulted in a preferential par-
tial HDC of 1,3-DCB. Under conditions of chemical control, larger Pd particles (mean values in the range
ydrogen partial pressure 3–9 nm) delivered higher specific HDC rates. The dependence of HDC rate on PH2 can be accounted for
in terms of a Langmuir–Hinshelwood type model involving dissociative adsorption of H2 and associative
adsorption of chloroarene with competition for surface sites. Applicability of this Model is demonstrated
in terms of the �2 (chi-square) test where the kinetic Models were discriminated on the basis of the stan-
dard F-test (% confidence). A dependence of HDC selectivity on PH2 is demonstrated where the conversion
of 1,3-DCB at a molar H2/DCB inlet ≤ 1.25 (PH2 ≤ 0.092 atm) resulted in a higher selectivity to benzene as

tition
a result of a lesser compe

. Introduction

Chlorobenzenes find widespread use in the manufacture of
itrochlorobenzenes, pesticides and dyes, as lubricants, deodor-
nts, degreasing solvents and heat transfer agents [1]. However,
hlorobenzenes are well established as persistent toxins for which
he environment has little assimilative capacity [2,3]. While global
nvironmental systems are extremely resilient, there is a limit to
he pollution burden that can be sustained and an unabated entry
f chlorinated compounds into the environment would result in
ramatic adverse effects to human health, agricultural productiv-

ty and natural ecosystems [4]. Chlorobenzenes, with LC50 (lethal
oncentration, 50%) values spanning the range 2–20 mg dm−3,
ave been listed for some time by US and European regulatory
uthorities as “priority pollutants”, specifically targeted in terms

f emission control [5,6]. Catalytic hydrodechlorination (HDC) is
“green” non-destructive chloro-waste treatment that involves

ydrogen cleavage of C–Cl bonds, lowering toxicity and generating
eusable raw material. As part of a programme of environmen-

∗ Corresponding author. Tel.: +44 0131 4514719.
E-mail address: M.A.Keane@hw.ac.uk (M.A. Keane).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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for surface sites.
© 2009 Elsevier B.V. All rights reserved.

tal catalysis, we have examined the action of supported transition
metals in promoting gas and liquid phase HDC of chlorobenzenes
[7–13]. Taking an overview of the pertinent literature [14–19], Pd
emerges as the most efficient metal to promote reductive dehalo-
genation. In supported metal systems, the nature of the support
can impact on the catalytic performance of the metal phase in a
number of ways [20]. Halligudi et al. [21], in studying the HDC of
1,2-dichlorobenzene (1,2-DCB) over Pd supported on MgO, SiO2,
activated carbon and �-Al2O3 found that variations in catalytic
activity could be linked to the acid/base properties of the carrier.
Gampine and Eyman [22], in their examination of DCB HDC over
a range of oxide (TiZrAlOx, TiZrSiOx, ZrO2, Al2O3, TiO2 and SiO2)
supported Pd catalysts, attributed activity/selectivity variations to
differences in metal–support interaction and/or adsorption prop-
erties of the support. Moreover, we have reported an enhancement
of Pd HDC rate (by more than an order of magnitude) through the
introduction of lanthanide or alkaline earth promoters and ascribed
this response to hydrogen transfer (via lanthanide hydride) and

electron transfer (via the alkaline earth metal) [7–10].

This paper focuses on the feasibility of controlling HDC activ-
ity/selectivity over Pd/SiO2 by varying H2 partial pressure (from
sub-stoichiometric to excess quantities). The HDC studies reported
to date have employed H2 in excess of the stoichiometric require-

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:M.A.Keane@hw.ac.uk
dx.doi.org/10.1016/j.cej.2009.11.004
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Nomenclature

Ea apparent activation energy (kJ mol−1)
FClin

inlet molar feed rate of organic-Cl (molCl h−1)
k pseudo-first order rate constant (molCl h−1 gPd

−1)
kClA dechlorination rate constant of CB or DCB

(molCl h−1 gPd
−1)

KClA equilibrium constant for associative adsorption of
CB or DCB (atm−1)

KH equilibrium constant for the dissociative adsorption
of H2 (atm−1)

KH2 equilibrium constant for the associative adsorption
of H2 (atm−1)

KHCl equilibrium constant for the displacement of
adsorbed HCl by ClA

PClA partial pressure of CB or DCB (atm)
PH2 partial pressure of hydrogen (atm)
PHCl partial pressure of HCl (atm)
rCl specific HDC rate (molCl h−1 mPd

−2)
rcalc
i

(xi, yi) calculated reaction rate (molCl h−1 gPd
−1)

rexp
i

experimental reaction rate (molCl h−1 gPd
−1)

SCB chlorobenzene selectivity (%)
T temperature (K)
W weight of catalyst (g)
XCl fractional dechlorination
XCB(DCB) fractional CB (or DCB) consumption
xi independent variables in non-linear regression
yi fitting parameters to the non-linear model

Greek letters
�ClA fraction surface coverage by associatively adsorbed

CB or DCB
�H fractional surface coverage by hydrogen atoms
�H2 fractional surface coverage by hydrogen molecules
�HCl fractional surface coverage by HCl
�V fraction of vacant sites
� contact time (s)
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vaporized and reached reaction temperature before contacting
the catalyst. A Model 100 (kd Scientific) microprocessor con-
� chi-square test

ent, e.g. by a factor of 10 [17], 8 [22] and 3 [23]. In many instances it
s not possible to arrive at an inlet H2/reactant ratio from the infor-

ation that has been provided. Use of a dilute hydrogen stream is an
mportant consideration in developing an effective (low cost) pro-
ess where issues of atom efficiency and recycle must be addressed
24,25]. There have only been a few published kinetic studies con-
erning chlorobenzene(s) HDC over supported Pd [17,26,27], in part
ue to the high HDC activity and appreciable deactivation, the lat-
er the result of coking [16], poisoning [22,23,28] and sintering
22]. Lopez et al. [17] adopted a standard Langmuir–Hinshelwood
pproach to model HDC kinetics over Pd/Al2O3. Coq et al. [27] and
odnariuk et al. [26] proposed a surface mechanism to account for
DC kinetics over alumina supported Pd, Rh, Pd–Rh and Pd–Sn
here chlorobenzene and HCl compete for Pd–H surface sites

o form surface metal chloride species. Kinetic studies of HDC
ver Ni based catalysts have addressed surface reaction/desorption
ynamics [29] and the role of spillover hydrogen in determining
DC rate on a non-uniform surface [30]. We view catalytic HDC
s an innovative means of transforming overly chlorinated “waste”
nto a recyclable product. Taking 1,3-DCB as representative of an

nwanted chloro-product, we address issues of sustainability by
xamining the impact that variations in the inlet H2 partial pressure
ave on the HDC performance of Pd/SiO2.
ring Journal 157 (2010) 121–130

2. Experimental

2.1. Catalyst preparation, activation and characterization

Pd loaded (1.4–8.3%, w/w Pd) silica (Cab–O–Sil 5 M, BET
area = 194 m2 g−1) catalyst precursors were prepared by standard
impregnation with aqueous Pd(NO3)2 solutions where the solution
was added dropwise at 363 K to the substrate with constant agita-
tion (500 rpm). The impregnated samples were dried in a flow of He
at 383 K for 3 h and stored under He at room temperature. The metal
content (accurate to within ±2%) was measured by inductively cou-
pled plasma-optical emission spectrometry (ICP-OES, Vista-PRO,
Varian Inc.) from the diluted extract in HF. The catalyst pow-
der was sieved (ATM fine test sieves) into batches with particle
diameters in the range: 150–106 �m (100–140 mesh); 106–75 �m
(140–200 mesh); 75–45 �m (200–325 mesh); 45–38 �m (325–400
mesh). The Pd content in each sieved batch was constant within
the ICP analysis error. BET surface area, temperature programmed
reduction (TPR), H2 chemisorption and temperature programmed
desorption (TPD) were determined using the commercial CHEM-
BET 3000 (Quantachrome) unit. The total surface area was recorded
in a 30% (v/v) N2/He flow; pure N2 (99.9%) served as the inter-
nal standard. After outgas for 30 min, at least two cycles of N2
adsorption–desorption in the flow mode were employed using the
standard single point BET method. In the TPR analysis, the samples
(ca. 50 mg) were heated in a U-shaped Pyrex cell (10 cm × 3.76 mm
i.d.) in 20 cm3 min−1 (Brooks mass flow controlled) 5% (v/v) H2/N2
to 573 K at 10 K min−1 and the effluent gas passed through a
liquid N2 trap. Changes to the carrier gas composition were
monitored by a thermal conductivity detector (TCD) with data
acquisition/manipulation using the TPR WinTM software. The sam-
ples were swept with 20 cm3 min−1 dry N2 for 1 h at 573 K, cooled
to room temperature and subjected to H2 chemisorption using a
pulse (50 �l) titration procedure. Any possible contribution due to
�-palladium hydride formation can be discounted as the H2 partial
pressure (<2 Torr) was below that (>11 Torr) required to generate
the hydride [22]. The sample was thoroughly flushed with pure N2
(20 cm3 min−1) for 30 min to remove any weakly bound H2. Tem-
perature programmed desorption (TPD) was conducted in the N2
flow at 50 K min−1 to 873 K with a final isothermal hold of 15 min.
Based on TCD calibrations and analysis of the effluent gas using a
MICROMASS PC Residual Gas Analyser, the TPD profiles recorded in
this paper can be attributed solely to H2 release [8]. The BET surface
area and H2 uptake values were reproducible to within ±5% and the
values quoted in this paper are the mean. Transmission electron
microscopy (TEM) analysis was carried out using a Philips CM20
TEM microscope operated at an accelerating voltage of 200 kV. The
passivated (in 1% (v/v) O2/He) samples were prepared for analy-
sis by ultrasonic dispersion in butan-2-ol, evaporating a drop of
the resultant suspension onto a holey carbon support grid. The
mean particle sizes presented in this study are based on a mea-
surement of over 650 individual particles; Pd size detection limit
was ca. 0.1–0.2 nm.

2.2. Catalytic system

Post-TPR, the reactions were conducted in situ with a co-current
flow of the chloroarene feed in H2 or H2/He. The reactor/procedure
has been described in some detail elsewhere [11,31] but fea-
tures pertinent to this study are given below. A layer of glass
beads above the catalyst bed ensured that the reactants were
trolled infusion pump was used to deliver the aromatic feed,
via a glass/teflon air-tight syringe and teflon line, at a fixed cal-
ibrated flow rate. All the reactions were carried out in the T
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Table 1
Pd content, BET surface area, molar H/Pd ratio associated with the supported Pd hydride, H2 uptake and release (during TPD), Pd particle size distribution and mean diameter
(d).

Loading (%
w/w)

BET area
(m2 g−1)

H/Pd (TPR)
(mol/mol)

H2 chemisorption
(�mol g−1)

H2 desorbed (TPD) (�mol g−1) Pd size distribution
(nm)

d (nm)

Pd/SiO2-I 1.4 190 0.20 23 21a, 742b 1–12 3.2
Pd/SiO -II 5.4 178 0.30 41 43a, 753b 2–30 6.5
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support (194 m g ), while the areas of the higher loaded sam-
ples were measurably lower, an effect that can be attributed to
partial pore blocking by the Pd component. The temperature pro-
grammed reduction (TPR) profiles recorded for the three catalyst
precursors are shown in Fig. 1. Each profile is dominated by a sharp
2

Pd/SiO2-III 8.3 174 0.31 44

a Desorption at T < 700 K.
b Desorption at 873 K.

ange 373–423 K where isothermal operation was ensured by
iluting the catalyst bed with ground glass. Chlorobenzene (CB,
ldrich, 99.9%) and 1,3-dichlorobenzene (1,3-DCB, Aldrich, 99%)
eactants were used without further purification. HDC performance
as evaluated over a range of process conditions: inlet hourly
l/Pd mol ratio = 3.6 × 103; contact time (�) = 0.22–2.67 s; PH2 =
.046–0.925 atm; Wcatalyst/FCl = 0.7–3.5 g h molCl

−1. The effect of
arying the linear velocity of the liquid reactant on HDC activ-
ty/selectivity was studied where the liquid feed rate was altered
rom 0.82 cm3 h−1 (0.19 �m s−1) to 1.44 cm3 h−1 (0.33 �m s−1)
hile maintaining a constant (3 h−1) liquid hourly space velocity

LHSV), i.e. constant FCB(DCB)/Vcatalyst. Variation in contact time was
chieved by adjusting the bed volume but keeping a constant inlet
l/Pd ratio at a fixed carrier gas linear velocity (0.5 cm s−1) where
here were no flow fluctuation and negligible pressure drop across
he catalyst bed. In a series of blank tests, passage of each reactant
n a stream of H2 through the empty reactor, i.e. in the absence
f catalyst, did not result in any detectable conversion. The reactor
ffluent was frozen in a liquid nitrogen trap for subsequent analysis
sing a PerkinElmer Auto System XL chromatograph equipped with
split/splitless injector and a flame ionization detector, employing
DB-1 50 m × 0.20 mm i.d., 0.33 �m capillary column (J&W Scien-

ific). The overall level of HDC was converted to mol% conversion
sing detailed calibration plots. Quantitative analysis was based on
elative peak area with acetone as solvent where analytical repeata-
ility was better than ±1% and the detection limit corresponded
o a feedstock conversion less than 0.1 mol%. HDC performance is
uantified in terms of fractional dechlorination (XCl)

Cl = [Clorg]in − [Clorg]out

[Clorg]in

(1)

here [Clorg] represents the molar rate (molCl h−1) of chlorine
ssociated with the aromatic feed; in and out refer to the inlet
nd outlet reactor streams, respectively. It has been demonstrated
reviously [32,33] that HCl is the only inorganic product with
o detectable Cl2 production, i.e. [Clorg]in − [Clorg]out = [HCl]out. A
hlorine mass balance (in the form of HCl product) was per-
ormed by passing the effluent gas through an aqueous NaOH
rap ((3.5–8.0) × 10−3 mol dm−3, kept under constant agitation at
300 rpm) and monitoring continuously the pH change by means
f a Hanna HI Programmable Printing pH Bench-Meter. The concen-
ration of HCl generated was also measured by titrimetric analysis
f the NaOH trap solution using a Metrohm (Model 728) Autotitra-
or (AgNO3, combined Ag electrode); Cl mass balance was complete
o better than ±6%. Reaction over the catalysts considered in this
tudy did not generate any products resulting from aromatic ring
ydrogenation, i.e. 100% selectivity in terms of chlorine removal,
here a carbon balance was achieved to better than ±4%. Selec-

ivity in terms of chlorobenzene (SCB%) formation from 1,3-DCB is
iven by
CB% = [CB]out

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

Repeated reactions with different samples from the same batch
f catalyst delivered raw data reproducibility that was better than
45a, 701b 2–40 9.4

±5%. The goodness of the fits resulting from our kinetic modeling
was assessed on the basis of the �2 (chi-square) test where

�2 = ˙[rexp
i

− rcalc
i

(xi, yi)]

rcalc
i

(xi, yi)

2

(3)

and rexp
i

is the experimentally determined reaction rate, xi the
independent or lumped variables such as (PCB/PH2 ), (PCB/P0.5

H2
) and

(PCB/PHCl, PH2 ), and yi is the lumped equilibrium and/or kinetic
constants while the function rcalc

i
(xi, yi) represents the calculated

reaction rate obtained from the kinetic model. Based on the degrees
of freedom N − P (number of data points − number of parameters)
which equals 10 for CB and 16 for 1,3-DCB, the data fitting is con-
sidered acceptable at a significance level ˛ = 0.05, if �2 < 18 and 26,
respectively, according to the NIST chi-square distribution table
[34]. The models were discriminated on the basis of the F-test [35]
where % confidence was calculated from the ratio of residual sum
of squares of the models and N − P.

3. Results and discussion

3.1. Catalyst characterization

The Pd loading and BET surface areas of the three silica sup-
ported Pd samples considered in this study are recorded in Table 1.
Catalysts with Pd loading = 1.4, 5.4 and 8.3% (w/w) are denoted
as Pd/SiO2-I, Pd/SiO2-II and Pd/SiO2-III, respectively. The Pd dilute
(Pd/SiO2-I) sample exhibited a BET area close to that of the SiO2

2 −1
Fig. 1. TPR profiles generated for the direct reduction of (a) Pd/SiO2-I, (b) Pd/SiO2-II
and (c) Pd/SiO2-III.
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Table 2
Tmax values associated with TPR and H2 TPD: entries given in bold font correspond
to Tmax for Pd hydride decomposition during TPR.

TPR Tmax (K) TPD Tmax (K)

Pd/SiO2-I 361, 420 523, 873
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3.2.1. Evaluation of heat and mass transfer effects—establishment
Pd/SiO2-II 362, 425 548, 873
Pd/SiO2-III 366, 417 573, 873

egative peak representing H2 release with an associated Tmax in
he range 361–366 K (see Table 2), which can be ascribed to the
ecomposition of �-palladium hydride that is formed at room tem-
erature [36–39]. The absence of any H2 consumption (during TPR)

n advance of H2 release/hydride decomposition presupposes the
xistence of a metallic phase prior to the commencement of the
emperature ramp. Indeed, a room temperature reduction of PdO
as been established elsewhere [8,36]. A hydrogen consumption
eak was observed at 417–425 K (Fig. 1 and Table 2) that matches
arlier reports in the literature [25,40] and can be attributed to
he reduction of palladium species that interact more strongly
ith the support. Hydrogen consumption during the TPR of the

d dilute Pd/SiO2-I is negligible but the positive TPR signal is sig-
ificant for the profile generated for Pd/SiO2-III. Juszczyk et al.
41] in their TPR analysis of 1 and 10% (w/w) Pd/SiO2 found that
he former did not exhibit any H2 consumption up to ca. 825 K
hile the higher metal loaded sample showed a strong peak at ca.

73 K. The H/Pd molar ratio associated with hydride decomposition
Table 1) is dependent on Pd loading with a lower ratio recorded for
d/SiO2-I. This response is supported by trends reported in the lit-
rature [42–44] suggesting higher H/Pd values with increasing Pd
ontent and this has been linked to the presence of larger Pd par-
icles. The hydride H/Pd ratio has been reported [44] to increase
rom 0.1 to 0.6 with an increase in the Pd loading from 0.3 to
.8% (w/w); an upper value of 0.76 has been recorded for bulk Pd
45].

The representative TEM images provided in Fig. 2 serve to
llustrate the nature of Pd metal dispersion; selected area elec-
ron diffraction (SAED) analysis confirmed the presence of Pd. The
seudo-spherical particle morphology is suggestive of relatively
eak metal/support interaction. An increase in Pd loading resulted

n a shift in Pd size range to deliver a greater mean Pd diameter
from 3.2 to 9.4 nm, see Table 1). The H2 chemisorption values given
n Table 1 reveal a greater total uptake for the higher Pd loading. We
ave avoided the assignment of Pd particle size or dispersion based
n the chemisorption measurements as this presumes an exclusive
:Pd stoichiometry which is, at best, a convenient approximation.
ur TEM analysis is based on a sufficiently high particle count

650) to ensure a valid measure of Pd size [46]. The TPD profiles
to 873 K) that followed H2 chemisorption are recorded in Fig. 3;
he characteristic Tmax values are given in Table 2. Two desorption
eaks characterize these profiles, i.e. a less intense ill-defined peak
ith an associated Tmax in the range 523–573 K and an apprecia-

ly greater desorption that extends into the final isothermal hold.
he amount of H2 released at T < 700 K (lower temperature peak)
atches that taken up in the chemisorption step (Table 1), which

receded TPD. The quantity of H2 desorbed at higher tempera-
ures was similar for all the samples and can be associated with
pillover hydrogen. Spillover results from the migration of atomic
ydrogen to the support after dissociation of molecular hydrogen
n the metallic surface [47] and has been linked to desorption at
> 600 K, regardless of the nature of the metal and support [48,49].
ased on the entries given in Table 1, spillover hydrogen exceeded

hemisorbed hydrogen by a factor of up to 35. This is significant in
hat spillover hydrogen has been proposed to contribute to catalytic
DC [30,50,51].
Fig. 2. Representative TEM images of Pd/SiO2-III.

3.2. Catalyst performance
of kinetic regime
It is generally true that laboratory scale fixed-bed reactors

approximate plug-flow behaviour [52]. In this study, the ratio of
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Cl substituents to give benzene [7,55]. The activity/selectivity data
ig. 3. H2 TPD (to 873 K) associated with (a) Pd/SiO2-I, (b) Pd/SiO2-II and (c)
d/SiO2III.

eactor to catalyst particle diameter = 75 and the ratio of bed length
o catalyst diameter = 140, exceeding the lower limits of 10 and 50,
espectively, that are needed to satisfy the application of plug-flow
onditions [53,54]. The existence of plug-flow ensures that by-pass
r axial dispersion effects are reduced while maintaining a radially
ell mixed flow where transport gradients are minimized [17,54].
e adopted the fractional dechlorination (XCl, see Eq. (1)) obtained

fter 6 h on-stream as a measure of HDC performance. Under these
onditions, HDC had reached a steady state that followed an ini-
ial induction period wherein XCl exhibited a temporal decline, as
llustrated in Fig. 4. It should be noted that a similar approach has
een applied by Coq et al. [27] in their kinetic study of CB HDC
ver supported Pd and Rh. We have used three established diag-
ostic criteria, i.e. variation of contact time (�), linear velocity of
he liquid feed at constant LHSV and particle size, to establish con-
itions wherein external and internal temperature/concentration
radients are minimized, taking Pd/SiO2-I as a representative cat-
lyst.

The effect of contact time on XCl is shown in Fig. 5(a) where it
an be seen that HDC activity in the conversion of both CB and 1,3-
CB was largely insensitive to an increase in � from 1.7 to 2.7 s,
ndicative of minimal external mass and/or heat transport contri-
utions to the overall HDC. At � < 1.7 s, the significant decline in XCl

s the result of transport constraints that serve to limit HDC. Tak-
ng the HDC of 1,3-DCB, a plot of selectivity (to CB) vs. fractional

ig. 4. Variation of fractional dechlorination (XCl) with time on-stream in the HDC
f CB (�) and 1,3-DCB (�) over Pd/SiO2-I: PH2 = 0.9 atm; T = 423 K.
Fig. 5. (a) Variation of fractional dechlorination (XCl) with contact time (�) in the
HDC of CB (�) and 1,3-DCB (�) over Pd/SiO2-I: PH2 = 0.9 atm; T = 423 K. (b) Effect of
catalyst particle size on the fractional dechlorination of CB over Pd/SiO2-I: T = 423 K;
PH2 = 0.9 atm; � = 2.3 s.

DCB consumption, as shown in Fig. 6, is a useful means of probing
changes in reaction pathway. HDC of DCB can proceed in a stepwise
(to generate CB as a partially dechlorinated product) or a concerted
fashion where the latter involves the concomitant scission of both
(in Fig. 6) fall on a common trend line where � > 0.2 s but it is clear
that there is no overlap with the data generated at � = 0.2 s. This is
a significant finding, i.e. transport constraints result in a preferen-

Fig. 6. Variation of selectivity to CB (SCB) with fractional 1,3-DCB consumption
(X1,3-DCB) over Pd/SiO2-I: T = 423 K; PH2 = 0.925 atm; � = 0.2 s (�), 0.7 s (�), 1.7 s (�),
2.0 s (�), 2.3 s (�) and 2.7 s ( ). Note: the linear fits represent trendlines.



126 S. Jujjuri, M.A. Keane / Chemical Enginee

Table 3
Effect of varying the linear liquid velocity of 1,3-DCB at a constant LHSV (3 h−1) on
fractional dechlorination (XCl), fractional 1,3-DCB consumption (X1,3-DCB) and HDC
selectivity to CB (SCB) after 6 h on-stream over Pd/SiO2-I: � = 2.3 s; inlet hourly Cl/Pd
mol ratio = 3.6 × 103; T = 423 K; inlet PH2 = 0.925 atm.

Linear velocity (cm3 h−1) XCl X1,3-DCB SCB (%)

0.82 0.50 0.57 25
1.03 0.51 0.58 24
1.23 0.48 0.54 21
1.44 0.50 0.56 22
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model involving dissociative hydrogen and associative CB uptake.
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ig. 7. Variation of fractional dechlorination (XCl) of 1,3-DCB with Wcatalyst/FCl over
d/SiO2-I: T = 423 K; PH2 = 0.46 atm.

ial partial HDC. We are not aware of any report in the literature
hat demonstrates this response. Based on these results, the con-
act time for subsequent tests was set at 2.3 s. At this contact time, a
ariation of the 1,3-DCB linear velocity (0.19–0.33 �m s−1) at a con-
tant LHSV (3 h−1) was employed to further probe any variations
n concentration gradients that can affect HDC activity/selectivity.
he results are presented in Table 3 where it can be seen that
DC activity/selectivity was essentially insensitive to variations

o the 1,3-DCB linear velocity, which suggests minimal interphase
iffusion limitations. Particle size can impact on both interphase
temperature gradients as a result of the relatively higher thermal
onductivity of the catalyst particles compared with the gas layer)
nd intraphase (intraparticle concentration gradients) transport. A
eries of HDC reactions conducted over a range of catalyst particle
ize (38–150 �m) revealed an XCl invariance (within experimental
rror, <2% mol/mol) as is shown in Fig. 5(b), indicating that external
nd/or internal transport effects do not contribute to HDC perfor-

ance. Based on the foregoing results, gas phase CB/DCB HDC over

d/SiO2 operates under chemical/kinetic control where: � = 2.3 s;
iquid feed rate = 0.014 molCl h−1; particle size = 45–75 �m. These
rocess conditions were applied in the subsequent kinetic studies,

able 4
comparison of the applicable Langmuir–Hinshelwood (L–H) models tested for CB and

�2) results and % confidence with respect to Model B.

Site balance L–H Model, rCl= �2

CB

Model A �ClA + �H2 = 1
kClAKH2

KClAPH2
PClA

(KClAPClA+KH2
PH2

)2 1.5

Model B �ClA + �H = 1
kClAKH KClAPH2

PClA(
KClAPClA+

√
KH PH2

)3 0.8

Model C �ClA + �HCl = 1, �z � �H
kClAKH KHClPH2

PClA

KHClPClA+PHCl
1.6

HCl represents HCl adsorption site; �z represents type II vacant sites for hydrogen adsorp
ring Journal 157 (2010) 121–130

which probe the effects of T (373–423 K) and PH2 (0.046–0.925 atm)
variations.

3.2.2. HDC kinetics
HDC kinetics under plug-flow conditions can be represented by

the expression [56]

FClin

dXCl

dW
= rCl (4)

where rCl is the total dechlorination rate (molCl h−1 gPd
−1), W the

catalyst weight (g) and FClin
is the inlet Clorg flow rate (molCl h−1).

The diagnostic tests described above established reaction con-
ditions wherein concentration and temperature gradients in the
catalyst bed were minimized and differential reactor conditions
were operable. This was further validated by the linear response
(passing through the origin) of XCl to variations in Wcatalyst/FCl as
shown in Fig. 7, which confirms chemical control. Under differential
reaction conditions, the following expression applies

rCl = FClin

�XCl

W
(5)

and where FClin
and W are constant, Eq. (5) reduces to

rCl = kXCl (6)

where k is the pseudo-first order HDC rate constant. The depen-
dence of rCl on H2 partial pressure (PH2 ) at two selected
temperatures (373 and 423 K) for the conversion of CB and
1,3-DCB is shown in Fig. 8(a) and (b), respectively, where an
increase in HDC rate with PH2 is evident. There is a dearth
of published comprehensive HDC kinetic models that apply to
supported metal catalysts. Lopez et al. [17] established pseudo-
first order kinetics for the HDC of tetrachloroethylene, CB,
DCB and dichloromethane over Pd/Al2O3 and demonstrated the
applicability of Langmuir–Hinshelwood (L–H) single (competitive
adsorption) and dual (non-competitive adsorption) site Models
where the assumption of competitive adsorption of the chloro-
reactant and hydrogen on the same sites provided a better fit to
the experimental results. Coq et al. [27] proposed a mechanism for
the HDC of CB over alumina supported Pd and Rh catalysts involv-
ing competitive adsorption of CB and HCl for surface Pd-H sites
generated as a result of dissociative H2 adsorption and established
reaction orders of 1, 0.5 and −1 for CB, H2 and HCl, respectively.
They further proposed HDC structure sensitivity where electron
rich larger particles were intrinsically more active. Hagh and Allen
[29] in their investigation of the HDC of 1,2-DCB over NiMo/�-Al2O3
found that CB selectivity was dependent on CB desorption rate rel-
ative to surface HDC rate and proposed a competitive adsorption
The involvement of dissociative H2 adsorption in HDC over sup-
ported Ni has been demonstrated elsewhere [30,42]. Taking an
overview of the limited published kinetic analyses, the nature of
the reactive chloroarene (associative or dissociative) remains open

1,3-DCB HDC with the corresponding site balance, rate expression, chi-square test

% confidence

DCB CB DCB

4.8 B fits 86% better than A B fits 91% better than A

2.3 – –

3.9 B fits 86% better than C B fits 99% better than C

tion.
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Fig. 8. (a) Variation of CB HDC rate (rCl) over Pd/SiO2-I with PH2 at T = 373 K (�, -
- -) and 423 K (�, . . .). (b) Variation of 1,3-DCB HDC rate (rCl) over Pd/SiO2-I with
PH2 at T = 373 K (�, - - -) and 423 K (�, . . .). Note: lines represent fit to the Model B
from Eq. (11). (c) Variation of 1,3-DCB HDC rate (rCl , �) and Sbenzene (�) with PH2 =
0.046–0.25 atm (inlet H2/DCB mol/mol = 0.6–3.5) at 423 K.
ring Journal 157 (2010) 121–130 127

to question as too is the applicability of a single or dual site mech-
anism.

As part of a preliminary kinetic treatment, the following Models
were tested:

I Eley-Rideal mechanism where associatively adsorbed
chloroarene reacts with H2 gas [57];

II Dual site non-competitive associative adsorption of chloroarene
(ClA) and dissociative adsorption of H2 [58];

III Dual site non-competitive associative adsorption of both
chloroarene and H2;

IV Competitive dissociative adsorption of both ClA and H2.

Each of these models generated negative equilibrium (for CB,
DCB, H2 or H) or lumped kinetic/equilibrium constants (for CB, DCB,
H2 or H) and can be discounted. The following Models provided
acceptable fits to the experimental data as can be assessed from
the entries in Table 4 wherein the applicable rate expressions are
presented:

• Model A: competitive adsorption model based on the associative
adsorption of H2 and chloroaromatic (ClA = CB or 1,3-DCB) with
no product inhibition;

• Model B: competitive adsorption model based on the associa-
tive adsorption of ClA and dissociative adsorption of H2 with no
product inhibition;

• Model C: non-competitive adsorption model based on associative
adsorption of ClA (type I sites) and dissociative adsorption of H2
(type II sites) where the HCl by-product adsorbed (on type I sites)
was displaced by ClA reactant [42].

Model B provided a superior �2 response (see Section 2.2 for
acceptable value for fit convergence) where the F-test delivered a
confidence of 86–99% for Model B over Models A or C, i.e. an 86–99%
confidence that Model B provides a better fit than Models A or C (see
Table 4). Model B is based on a L–H type single site competitive
adsorption model. The equilibration of the dissociative adsorption
of hydrogen leads to the following relationship:

�H =
√

KHPH2 �V (7)

where �H is the fractional surface coverage by dissociated H, KH the
associated adsorption equilibrium constant and �V is the fraction of
vacant surface sites. An associative adsorption of the chloroarene
can occur via Cl/Pd interactions [33] where

�ClA = KClAPClA�V (8)

�ClA represents the fractional surface coverage by CB (or DCB) and
KClA the associated equilibrium constant. Models A and B do not
include any contribution due to HCl adsorption while in Model C,
HCl is displaced by the chloroaromatic reactant. The rate determin-
ing surface reaction leads to the following equation for the overall
reaction rate

rCl = kClA�2
H�ClA (9)

where kClA is the surface rate constant and

�ClA + �H = 1 (10)

at quasi-steady state. Solving Eqs. (7), (8) and (10) for �V and sub-
stitution into Eq. (9) yields the rate expression

r = kClAKHKClAPH2 PClA (11)
Cl
(KClAPClA +

√
KHPH2 )

3

Agreement of the Model B predicted rCl vs. PH2 with the exper-
imental values can be assessed in Fig. 8(a) and (b), where it can
be seen that the Model captures the experimental response. It
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Fig. 11; HDC yields and selectivities are provided in Table 5. It is
evident that operation at lower PH2 translates into more effec-
tive hydrogen use in a single pass continuous operation. With
respect to the issue of catalyst structure sensitivity, the specific
ig. 9. Experimental (rexp) and predicted (rcalc from Model B) CB and 1,3-DCB HDC
ates associated with Pd/SiO2-I: PH2 = 0.046–0.925 atm; T = 373–423 K. r2 = 0.99 and
lope = 0.99 for the linear fit.

hould be noted that the Model has been applied to experimental
ate data that span over one order of magnitude from the lowest
1.4 molCl h−1 gPd

−1) to the highest (19.8 molCl h−1 gPd
−1) recorded

ates. The parity plot shown in Fig. 9 serves to illustrate the level of
greement of the calculated with the experimental rates. In order
o demonstrate that competitive adsorption is a feature of HDC, we
ave examined the HDC rate and selectivity responses for the con-
ersion of 1,3-DCB at lower PH2 (<0.3 atm) and the results (where
= 423 K) are shown in Fig. 8(c). A decrease in PH2 resulted in a drop

n the dechlorination rate (rCl) but there was a significant increase
n the selectivity to benzene (Sbenzene) at PH2 = 0.046 atm, corre-
ponding to an inlet molar ratio nH2 /n1,3-DCB = 0.62. This response
uggests that at sub-stoichiometric inlet ratios, the displacement
f CB (as an intermediate product) from a surface site due to
ompetitive adsorption with hydrogen is not as prevalent and
his results in a greater degree of complete HDC to benzene. In
erms of the single site competitive model, an excess of H2 rela-
ive to stoichiometric values elevates rCl as a result of an increase
n surface hydrogen concentration. However, the excess H2 also
ffers greater competition for surface sites resulting in a displace-
ent of the adsorbed intermediate CB which, in turn, impacts on
DC selectivity. Hagh and Allen [29] have reported comparable

ates of CB and benzene production from 1,2-DCB and concluded
hat the surface HDC and CB desorption rates are of the same

agnitude.

.2.3. Influence of hydrogen partial pressure on HDC performance
The relationship between fractional 1,3-DCB conversion

X1,3-DCB) and HDC selectivity in terms of partial dechlorination
SCB) resulting from variations in PH2 (from 0.046 to 0.925 atm) at
representative temperature (423 K) is shown in Fig. 10. Where

H2 > 0.092 atm (H2/DCB > 1.25, H2 in excess), selectivity to CB
xhibits a consistent decline with increasing X1,3-DCB suggesting
tepwise dechlorination as the predominant reaction pathway.

here PH2 ≤ 0.092 atm (H2/DCB ≤ 1.25, stoichiometric to sub-
toichiometric ratios) an apparently anomalous trend arises, i.e.
ower selectivities to CB at lower X1,3-DCB. This may be recon-
iled in terms of the single site/competitive adsorption mechanism
here at low inlet PH2 , displacement/desorption of the partially

echlorinated CB through competition for surface sites is not as
revalent with the result that complete HDC is preferred. The
ame PH2 /SCB response was observed over the temperature range
73–423 K, i.e. enhanced benzene formation at PH2 ≤ 0.092 atm.
ith a view to assessing H2 usage efficiency, the mol ratio of
Fig. 10. The variation of HDC selectivity to CB (SCB) as a function of fractional con-
sumption of 1,3-DCB (X1,3-DCB) over Pd/SiO2-I where PH2 (atm) = 0.046 (�), 0.092 (�),
0.19 (�), 0.28 (�), 0.46 (�), 0.65 (�), 0.83 (©) and 0.925 (�): T = 423 K; inlet Cl/Pd
mol ratio = 3.6 × 103 h−1.

HDC products to H2 in the exit stream is plotted as a function
of inlet partial pressure for two representative temperatures in
Fig. 11. Mol ratio of (a) benzene to H2 ((molbenzene)out/(H2)out) and (b) benzene + CB
to H2 ((molCB + molbenzene)out/(H2)out) as a function of inlet PH2 during the HDC of
(a) CB and (b) 1,3-DCB over Pd/SiO2-I: T = 373 K (�) and 423 K (�); inlet Cl/Pd mol
ratio = 3.6 × 103 h−1.



S. Jujjuri, M.A. Keane / Chemical Enginee

Table 5
Yield of benzene (Ybenzene) and chlorobenzene (YCB) from the HDC of CB and 1,3-DCB
over Pd/SiO2-I with varying PH2 : T = 373 K; inlet hourly Cl/Pd mol ratio = 3.6 × 103.

PH2 (atm) HDC of CB HDC of 1,3-DCB

Ybenzene (%) YCB (%) Ybenzene (%)

0.09 4.3 3.1 8.2 (74)a

0.45 9.1 10.1 11.1 (52)a

0.9 15.2 10.9 13.6 (55)a

a Sbenzene in parentheses.

Table 6
Specific HDC rates and associated selectivity (to CB) for the HDC of 1,3-DCB over the
three Pd/SiO2 catalysts: PH2 = 0.09 atm; T = 423 K; inlet molar Cl/Pd = 3.6 × 103 h−1.

Catalyst rCl (×10−3 molCl h−1 mPd
−2) SCB (%)

Pd/SiO2-I 12 27
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PdRh and PdSn bimetallic catalysts, J. Catal. 116 (1989) 459–466.
Pd/SiO2-II 27 26
Pd/SiO2-III 37 29

ates and selectivities obtained at lower PH2 (0.09 atm) over the
hree Pd/SiO2 catalysts were measured and are recorded in Table 6.
n increase in Pd loading was accompanied by higher specific rates
here equivalent selectivities were obtained for the three systems.

his response suggests higher intrinsic HDC activity associated
ith larger Pd particles (see Table 1) and is in line with obser-

ations reported elsewhere [41,59–63]. The implication in terms
f enhancing HDC efficiency is to employ supported Pd catalysts
earing larger Pd particles (over the size range 3–9 nm). Hydro-
en efficiency can be further improved by recycling unreacted
ydrogen, a process modification that will be considered in future
ork.

. Conclusion

The gas phase hydrodechlorination of CB and 1,3-DCB was per-
ormed in a single pass continuous flow fixed catalyst bed (Pd/SiO2,
.4–8.3%, w/w Pd) reactor over the T range 373–423 K. The H2 par-
ial pressure (PH2 ) was varied from 0.046 to 0.925 atm with the
im of (i) controlling HDC activity/selectivity and (ii) assessing effi-
iency in terms of H2 usage. Temperature programmed reduction
TPR) generated supported Pd particles that exhibited a pseudo-
pherical geometry with mean diameters in the range 3–9 nm
nd evidence of spillover hydrogen that exceeded chemisorbed
ydrogen (by a factor of up to 35). A systematic analysis of the activ-

ty/selectivity response to variations in contact time, liquid linear
elocity and catalyst particle size has established conditions nec-
ssary for chemical control, i.e. contact time (�) = 2.33 s, liquid feed
ate = 0.014 molCl h−1 and catalyst particle size = 45–75 �m. Under
onditions of transport limitations (� < 1.7 s), there is evidence
hat partial HDC is favoured. Where chemical control prevailed,
Langmuir–Hinshelwood type model is proposed to account for
DC performance with varying inlet H2 partial pressure, involving
ompetitive dissociative H2 and associative chloroarene adsorp-
ion. The proposed model delivered an improved �2 response and
5–99% confidence of providing a better fit than models involv-

ng non-competitive adsorption and/or associative adsorption of
oth reactants. Benzene selectivity from 1,3-DCB increased where
H2 ≤ 0.092, a response that can be attributed to lesser com-
etition of the chloroarene with hydrogen for the same surface
ites with the result that CB is not displaced from the sur-

ace and complete HDC to benzene prevails. An increase in Pd
oading and associated mean Pd particle size was accompanied
y higher specific HDC rates, diagnostic of structure sensitivity.
he viability of recycling the unreacted H2 or operating multi-

[

[
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ple passes through the catalyst bed will be the subject of future
work.
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