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Catalyst deactivation during the liquid phase hydrodechlorination
of 2,4-dichlorophenol over supported Pd: influence of the support
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Abstract

In the liquid phase hydrodechlorination (HDC) of 2,4-dichlorophenol (DCP) over 1% (w/w) Pd/C and 1% (w/w) Pd/Al2O3,
operated in the kinetic controlled regime, 2-chlorophenol is the only intermediate partially dechlorinated product which
reacts further to yield phenol; cyclohexanone is formed over Pd/Al2O3 prior to the completion of dechlorination. Reuse of
the catalysts revealed an appreciable deactivation of Pd/C and a limited loss of activity in the case of Pd/Al2O3. The Pd
content, BET surface area, temperature programmed reduction (TPR) and hydrogen chemisorption/temperature programmed
desorption (TPD) characteristics of the fresh and used catalyst samples have been recorded. The results indicate that the
Pd/C catalyst lost ca. 50% of the total surface area during HDC operation due to occluded organic species but this was
readily recovered by TPR. Measurement of the Pd content in the catalysts pre-/post-reaction and in the reaction liquid has
demonstrated that Pd leaching is not significant during reaction. The nature of the surface active hydrogen is probed, hydrogen
desorption characteristics are discussed and the possible sources of activity loss are considered.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Contamination of water and soil by chlorophenolic
compounds (CPs) now represents a significant envi-
ronmental burden due to widespread industrial use of
CPs and their inherent toxicity and persistence in the
environment[1]. Chlorophenols have been employed
as wood preservatives, pesticides/herbicide precursors
and can be found in effluent streams associated with
the pulp and paper industries[2]. 2,4-Dichlorophenol
(DCP), the focus of this study, is a high volume
feedstock chemical used in the synthesis of pharma-
ceuticals and the herbicide 2,4-dichlorophenoxyacetic
(2,4-D) acid of which 26,300 t were produced in the
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US in 1995[3]. The large scale production and usage
of 2,4-DCP has led to growing concern regarding
operation safety[4] and the necessary treatment of
the related effluent and polluted ground/surface wa-
ter [5,6]. It has been reported that the low 2,4-DCP
biodegradation rate (<15 mg g−1 h−1) results in an
unabated transport through waste water treatment sta-
tions [7]. Adsorption on activated carbon can serve
to both separate CPs from diluted waste water and
to compliment bioremediation[8,9]. However, while
separation methodologies offer a means of concentra-
tion, recovery/reuse of the CPs is problematic, as is
the treatment of the spent carbon adsorbent. With in-
creasingly more restrictive landfill legislation and the
possibility of hazardous by-product release during in-
cineration[10], a catalytic based processing represents
a far more progressive alternative. Most of the cat-
alytic strategies adopted, to date, for CP detoxification
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are oxidative in nature (e.g. wet oxidation[11], photo-
catalytic degradation[12]). Catalytic hydrodechlori-
nation (HDC) as a reductive approach is now viewed
as a promising emerging technology[13]. The ad-
vantages of catalytic HDC compared with traditional
oxidation methods (and even biological treatment)
include [14–16]: low temperature non-destructive
transformation with no directly associated NOx/SOx

emissions; no associated dibenzo-p-dioxin and diben-
zofuran formation; selective Cl removal to generate
recyclable products.

The available literature supports the application of
liquid phase catalytic HDC as a feasible CP waste
detoxification methodology[16–19]. Phenol as the
ultimate dechlorination product can be further con-
verted over Pd/C (under ambient conditions) to less
toxic cyclohexanone and cyclohexanol[15,20,21]. In
our previous research, we demonstrated the viability
of 2,4-DCP HDC by commercially available Pd/C
and Pd/Al2O3 catalysts over the temperature interval
273–303 K and discussed the relative importance of
the associated physical (transport)/chemical (kinetic)
processes[22,23]. One critical issue associated with
HDC is the appreciable catalyst deactivation[24]. In
gas phase operation, catalyst deactivation has been
linked to a HCl/Cl poisoning[25], carbon deposi-
tion [26] and metal sintering[27]. In liquid phase
HDC, loss of catalyst activity has been attributed to
a poisoning by the HCl product and a leaching of the
metal component[15]. Due to the weak acidity of
CPs, the addition of base can serve to both increase
solubility as well as limiting HCl poisoning[28]. It
should, however, be noted that a constant HDC of
4-CP in water was recorded over Pd supported on
carbon cloth for up to 3 h without the addition of
any base[20]. In order to facilitate the design of an
optimal catalytic process, the intrinsic dechlorination
behavior must be linked to catalyst structural char-
acteristics. A full characterization of the catalyst pre-
and post-HDC is therefore necessary which, when
coupled with activity/selectivity data, can inform
catalyst development. There is, however, limited liter-
ature available on catalyst characterization applied to
liquid phase HDC[25,29–32]. In this study, the deac-
tivation of 1% (w/w) Pd/C and 1% (w/w) Pd/Al2O3
catalysts during the liquid phase HDC of 2,4-DCP
has been examined. The fresh and used catalysts have
been analyzed in terms of Pd content, BET surface

area, temperature programmed reduction (TPR), hy-
drogen chemisorption and subsequent temperature
programmed desorption (TPD) in order to probe the
structural changes that accompany deactivation.

2. Experimental

2.1. Materials

2,4-DCP (>99%) and NaOH (>99%) were pur-
chased from Aldrich Chemical Co. and used as re-
ceived. Catalysts with the nominal loadings 1% (w/w)
Pd/C and a 1% (w/w) Pd/Al2O3 were also supplied
by Aldrich. All the catalysts were sieved (ATM fine
test sieves) into batches of varying particle diameter
range: 200–325 mesh (75–45�m), 325–400 mesh
(45–37�m) and<400 mesh (37�m). The mean par-
ticle diameters in the batches as supplied were 89�m
(1% (w/w) Pd/C) and 69�m (1% (w/w) Pd/Al2O3);
these were determined on the basis of a distribution
of particle sizes by weight. Stock 2,4-DCP solutions
were prepared with deionized water (electronic resis-
tance≥15 M�).

2.2. Catalytic procedure

All the liquid phase HDC reactions were carried out
in a modified commercial stirred glass reactor (Ken
Kimble Reactors Ltd.) equipped with a H2 supply at
a constant (Brooks mass flow controller) volumetric
flow rate (250 cm3 min−1); loss of reactor contents
(organic reactant+product) was minimal. A glass im-
peller provided effective agitation at a stirring speed of
1100 rpm. This choice of stirring speed and hydrogen
flow rate served to minimize transport limitations as
described elsewhere[22] along with a full description
of the catalytic reactor. A coolant circulating jacket
connected to a cooling recirculator (Julabo) was used
to stabilize the temperature to within± 0.5 K. At the
beginning of each experiment, 100 cm3 of stock CP
aqueous solution containing NaOH ([OH]/[Cl] slightly
above 1 mol mol−1) was charged with catalyst. The
initial concentration of the 2,4-DCP used in this study
was 0.0475 mol dm−3 with a catalyst concentration
of 0.5 gcatdm−3. The suspension was agitated in a He
flow (50 cm3 min−1) and the temperature allowed to
stabilize (273–303 K); hydrogen was then introduced
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(time t = 0 for reaction). A non-invasive liquid sam-
pling system via in-line filters allowed a controlled
syringe removal of aliquots (0.5 cm3) of reac-
tant/product(s). Prior to gas chromatographic analy-
sis, the basic solution samples were neutralized with
dilute acetic acid (ca. 0.2 M). Before reuse, the cat-
alyst was washed at least three times with 50 cm3

deionized water and the final wash water sample was
tested by GC to ensure that there was no significant
organic component (<0.2 mmol dm−3).

2.3. Product analysis and activity/selectivity
evaluation

The composition of the reaction/product mixture
was analyzed by gas chromatography (Perkin-Elmer
Auto System XL), employing an FID and a DB-1
J&W Scientific capillary column (i.d. = 0.2 mm,
length = 50 m, film thickness= 0.33�m). The
relative peak area % was converted to mol% using
regression equations based on detailed calibration
and the detection limit typically corresponded to a
feedstock conversion<0.4 mol%: overall analytic re-
producibility was better than±5%. The concentration
of organic species (2,4-DCP, 2-CP and phenol) in the
bulk liquid phase was determined from the total mass
balance in the reaction mixture where the organic
species were taken to be non-volatile and the effect of
uptake on the supports was negligible[20]. The HCl
produced and hydrogen consumption during reaction
(mol dm−3) have been calculated from the molar bal-
ance based on the GC analysis of organic content.
The selectivity (as a percentage) with respect to 2-CP
(S2-CP) in the HDC of 2,4-DCP is defined as the
mol% 2-CP in terms of the total moles of product(s)
formed, i.e.

S2-CP(%) = [2-CP]

[2, 4-DCP]0 − [2, 4-DCP]
× 100 (1)

where [2,4-DCP]0 is the initial concentration of
2,4-DCP used in the reaction. The initial 2,4-DCP
consumption rate was determined using a pseudo-first
order linear regression from temporal concentration
profiles. In every instance, HDC was accompanied by
an induction period associated with catalyst activation
and hydrogen transport. A time lag was employed to
adjust the reaction time scale and the data within this
time delay were neglected.

2.4. Catalysts characterization

Samples of 1% (w/w) Pd/C and 1% (w/w) Pd/Al2O3
catalysts before and after (120 min 2,4-DCP HDC at
303 K) use were characterized. The Pd contents of the
catalyst samples were analyzed by inductively cou-
pled plasma-optical emission spectrometry (ICP-OES,
Vista-PRO, Varian Inc.) from the diluted extract
of aqua regia. The BET surface area, temperature
programmed reduction, hydrogen chemisorption
and temperature programmed desorption were
determined using the commercial CHEM-BET
3000 (Quantachrome Instrument). After outgas at
523 K for 30 min, at least two cycles of nitrogen
adsorption–desorption in the flow mode were em-
ployed to determine total surface area using the stan-
dard single point BET method; the calculated BET
surface area is quoted as the average. TPR of the sam-
ple followed the BET test in flowing (20 cm3 min−1)
5% (v/v) hydrogen in nitrogen, heating from room
temperature at 10 K min−1 to 573 K; the TPR profile
returned to baseline. The sample was maintained at
573 K for 8 h and then flushed in a pure dry nitrogen
gas flow (19 cm3 min−1) for 30 min, cooled to room
temperature and subjected to hydrogen chemisorption
using a pulse titration (pulse volume= 0.1 cm3) pro-
cedure; hydrogen uptake is quoted as�mol H2 at STP
per g of catalyst. TPD followed the chemisorption in
a pure dry N2 flow (19 cm3 min−1) at 10 K min−1 to
573 or 723 K. The sample was maintained in the nitro-
gen flow at the final temperature for 30 min, cooled to
room temperature and a second chemisorption–TPD
cycle was conducted, followed (in the case of 1%
(w/w) Pd/C) by a further TPR. Hydrogen uptake
over both cycles was within±5%; hydrogen uptakes
quoted herein are the average values.

3. Results and discussion

3.1. Reaction studies

3.1.1. Effect of the Pd support
The HDC of 2,4-DCP can proceed in a stepwise

and/or concerted fashion with 2- and 4-CP as partially
dechlorinated products (seeFig. 1). We have shown
previously[23] that the Cl component in 2,4-DCP is
less susceptive to dechlorination than 2-CP or 4-CP
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Fig. 1. Schematic of the HDC pathway for 2,4-DCP.

and invoked electronic and geometric effects to ac-
count for our observations. A typical product compo-
sition as a function of time for the HDC of 2,4-DCP
over 1% (w/w) Pd/C and 1% (w/w) Pd/Al2O3, under
identical reaction conditions, is shown inFig. 2. It
can be seen that the HDC pathway is very similar for
the two catalysts. 2-CP was the only reactive inter-
mediate product observed in terms of dechlorination
and the absence of 4-CP may be explained on the
basis of steric hindrance where theortho-substituted
Cl experiences a more restricted HDC[23]. The only
deviation in catalytic behavior is the appearance of
cyclohexanone (selectivity<5%) in the product as-
sociated with Pd/Al2O3 before dechlorination had
reached completion. The relative importance of phys-
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Fig. 2. HDC of 2,4-DCP over 1% (w/w) Pd/C and 1% (w/w) Pd/Al2O3 at 303 K: liquid phase composition (mol%) as a function of
time (min) in terms of mol% 2,4-DCP (�: Pd/Al2O3; �: Pd/C), 2-CP (�: Pd/Al2O3; �: Pd/C), phenol (�: Pd/Al2O3; �: Pd/C) and
cyclohexanone (�: Pd/Al2O3 only); catalyst particle size<37�m.

ical/chemical control in the overall HDC was consid-
ered at 273 and 303 K and the results are provided in
Table 1. The initial HDC rate is defined as the initial
rate of Cl removal and is calculated from pseudo-first
order linear regression of the temporal HCl product
concentration profiles. The initial 2,4-DCP consump-
tion/HDC rates for both Pd/C and Pd/Al2O3 were
independent of particle size for particles less than
45�m, a response that is diagnostic of a catalytic
system operating under kinetic control[22,23]. The
initial rates with respect to catalyst mass were essen-
tially the same for both catalysts over the temperature
range, demonstrating that the nature of the support
may not influence the 2,4-DCP HDC activation en-
ergy;∆Ea= 55.8± 1.1 kJ mol−1 for 1% (w/w) Pd/C
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Table 1
Effect of temperature and catalyst particle size on the HDC of 2,4-DCP over 1% (w/w) Pd/C and 1% (w/w) Pd/Al2O3

Catalyst Temperature (K) Catalyst particle
size (�m)

Initial 2,4-DCP consumption
rate (mmol gcat

−1 min−1)
Initial HDC rate
(mmol gcat

−1 min−1)

1% (w/w) Pd/C 273 <37 0.33 0.37
273 37–45 0.35 0.40
303 <37 3.2 3.4
303 37–45 3.4 3.6

1% (w/w) Pd/Al2O3 273 <37 0.36 0.41
273 37–45 0.32 0.38
303 <37 3.2 3.5
303 37–45 2.9 3.2

[23]. The equivalency of the initial 2,4-DCP con-
sumption and HDC rates also indicates that the direct
dechlorination of 2,4-DCP to phenol is not significant
and the reaction proceeds predominantly in a stepwise
fashion over both catalysts.

3.1.2. Catalyst reuse
The possibility and extent of catalyst deactivation

was probed by employing the same catalyst sample in a
number of reaction cycles (of varying reaction/contact
time); the initial reaction rates with reuse are given in
Table 2, where the Cl/Pd ratios that are listed repre-
sent the molar ratio of HCl produced during reaction
relative to the starting Pd. Both catalysts exhibited a

Table 2
Initial 2,4-DCP consumption and HDC rates recorded for the fresh and reused 1% (w/w) Pd/C and 1% (w/w) Pd/Al2O3 at 303 K: catalyst
particle size<45�m

Catalyst Reaction time (min) Run HCl produced
before recycling
(mmol)

Cl/Pd ratio
(mol mol−1)

Initial 2,4-DCP
consumption rate
(mmol gcat

−1 min−1)

Initial HDC rate
(mmol gcat

−1 min−1)

1% (w/w) Pd/C 15 Fresh 3.5 745 3.1 3.8
Reuse 1.2 1.3

30 Fresh 4.9 1043 3.2 4.0
Reuse 1.6 1.8

60 Fresh 6.9 1469 3.7 4.5
Reuse 1.8 1.9

120 Fresh 9.4 2001 3.2 3.4
Reuse 0.52 0.58

1% (w/w) Pd/Al2O3 60 Fresh 6.5 1383 2.9 3.3
Reuse 2.6 3.1

120 Fresh 9.4 2001 3.2 3.5
Reuse 2.3 2.4

decline in activity with reuse. While a possible loss
of some catalysts particles from the reaction mixture
cannot be completely discounted, it is clear that the
Pd/C catalyst exhibited significant deactivation with a
Cl/Pd ratio from 700 to 2000. The extent of HDC loss
is clearly less severe in the case of Pd/Al2O3. The se-
lectivity trends with respect to 2-CP production (see
Fig. 3) for all recycled catalysts showed no significant
difference from that generated for the corresponding
fresh catalysts, albeit there is a discernible decrease
in S2-CP over the recycled Pd/C. The deactivation
lowered the overall 2,4-DCP consumption with no
apparent specific impact on stepwise rather than com-
plete dechlorination. Initially (at lowX2,4-DCP), the
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Fig. 3. Selectivity with respect to 2-CP (S2-CP, %) as a function of 2,4-DCP conversion (X2,4-DCP) at 303 K over 1% (w/w) Pd/C (�, �)
and 1% (w/w) Pd/Al2O3 (�, �). Note: HDC data were collected from runs using fresh (�, �) and reused catalysts (�, �).

selectivity with respect to 2-CP over Pd/Al2O3 was
slightly higher than that delivered by Pd/C, which
may suggest some structure sensitivity in terms of
HDC selectivity.

3.2. Characterization of fresh and used catalysts

3.2.1. Pd content and BET surface area
The bulk Pd content of the fresh and used catalysts

(measured by ICP-OES) and the N2 BET surface areas
are listed inTable 3. It can be seen from the analysis
of the Pd content of the used catalysts that there was
no Pd loss during the reaction over Pd/Al2O3, while
Pd leaching from Pd/C represents less than 15% of
the initial amount. The Pd content in the reaction so-

Table 3
Pd content, BET surface area, hydrogen uptake and catalytic activities of the catalysts before and after (120 min) 2,4-DCP at 303 K

1% (w/w) Pd/C 1% (w/w) Pd/Al2O3

Fresh Used Fresh Used

BET surface area (m2 gcat
−1) 1037 550 160 162

Pd content (%, w/w) 1.01 0.88 1.17 1.26
Hydrogen uptake (�mol gcat

−1) 8.5 2.8 21 13
Initial rate of 2,4-DCP consumption (mmol gPd

−1 min−1) 317 24 274 174
Initial HDC rate (mmol gPd

−1 min−1) 337 24 299 190

Note: The initial 2,4-DCP consumption and HDC rates with respect to Pd mass are calculated from the Pd contents determined by ICP.

lution was analyzed and revealed corresponding trace
quantities of Pd in solution. It has been reported that
a 0.5% (w/w) Pd/C suffered a 20% Pd loss during a
20 h HDC of polychlorinated biphenyls (PCB) with-
out base[33] and a 25% metal loss from 4.2% (w/w)
Pd/C (with a ca. 20% drop in surface area) in a 4-CP
HDC aging experiment with NH4OH and 50/50 (v/v)
ethanol/water solvent[15]. Our results are consistent
with the literature and the addition of NaOH serves
to prevent Pd leaching by the HCl that is produced.
The loss of Pd from Pd/C is however significant
when compared with Pd/Al2O3 and is suggestive of
weaker metal/support interactions in the case of the
carbon substrate. Strong interaction between sup-
ported transition metals and Al2O3 as carrier has been
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Fig. 4. TPR profiles for the fresh and used catalysts: (a) fresh (�)
and used (�) 1% (w/w) Pd/Al2O3; (b) used 1% (w/w) Pd/C before
(�) and after (�) TPR–chemisorption–TPD cycle; (c) fresh 1%
(w/w) Pd/C before (�) and after (�)TPR–chemisorption–TPD
cycle.

demonstrated elsewhere[34] leading to an enhanced
metal dispersion whereas there is limited binding
of metals to activated carbon[35]. Nevertheless, Pd
leaching cannot be the major source of the observed
catalyst deactivation. Comparing the BET results for
the used samples with the fresh catalysts, the surface
area of Pd/Al2O3 was unchanged after reaction. How-
ever, the total apparent surface area of Pd/C showed a
50% loss. This decrease of surface area must be due to
an occlusion of the meso/micro-pores of the activated
carbon. Such an effect is to be expected given the CP
uptake capacity of activated carbon when used as an
adsorbent, which is in the range of 0.3–5 mmol g−1

[8,20]. Subjecting the same used Pd/C sample to a
TPR treatment resulted in a return of the BET area to
the original value (1046 m2 gcat

−1), i.e. the occluded
species were removed in a reductive atmosphere at
T ≤ 573 K.

3.2.2. Temperature programmed reduction (TPR)
The TPR profiles for the fresh and used catalysts

are shown inFig. 4. The catalysts as supplied (fresh

samples) are passivated reduced samples. The posi-
tive peak at ca. 383 K, common to both fresh samples,
corresponds to a reduction of the oxidized Pd species.
The negative peak at ca. 355 K represents a Pd hy-
dride phase change with a resultant hydrogen release
[36,37]. The capability of Pd hydride formation may
be linked to catalyst activity in that the hydride can
serve as a source of active hydrogen during HDC reac-
tion [36,38]. All the samples showed this Pd hydride
phase change with the exception of the used Pd/C cat-
alyst in the initial TPR (Fig. 4(b)) where the negative
peak at ca. 355 K is obscured by the broad intense peak
that spans the temperature range 340–560 K. The lat-
ter can be attributed to a decomposition of the species
blocking the substrate pores that lower the BET value.
The same sample, after a second TPR (following the
TPR–chemisorption–TPD cycle) exhibited evidence
of the hydride phase change. Relating this to the BET
surface area results, the initial TPR recovered the ex-
posed surface area and any loss of activity due to pore
blockage should then be reversible.

3.2.3. Hydrogen chemisorption and temperature
programmed desorption (TPD)

Extracting a measure of metal dispersion from
hydrogen chemisorption values is problematic due
to the uncertain H2/metal uptake stoichiometry, the
possibility of hydrogen spillover and the dependence
of Pd hydride formation on Pd particle size[38].
However, it has been reported that the hydrogen that
adsorbs on Pd and on the carbon substrate can be
linked to two distinct desorption peaks at ca. 383
and 593 K, respectively[39]. This suggests that a
chemisorption–desorption cycle below 593 K may be
used to measure the reversible hydrogen adsorption
on the supported Pd particles and a good agreement
of the Pd dispersion values calculated from hydrogen
titration with those obtained from TEM analysis has
been observed elsewhere[35,40]. The H2 TPD pro-
files (up to 723 K) for the fresh Pd/C and Pd/Al2O3
catalysts are shown inFig. 5 where two hydrogen
desorption peaks associated with Pd/C were observed
at ca. 440 and 723 K. The first peak can be linked to
hydrogen on Pd and the second (tentatively) to hydro-
gen spillover on carbon. The H2 TPD for Pd/Al2O3
was characterized by a broad peak that spans the
range 323–723 K and may represent hydrogen des-
orption as a continuum from the metal, metal/support
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Fig. 5. TPD profiles (up to 723 K) for the fresh 1% (w/w) Pd/C (�) and fresh 1% (w/w) Pd/Al2O3 (�) TPR to 723 K, at 20 K min−1.

interface and support. Taking the second TPD peak
for Pd/C to represent hydrogen desorption from car-
bon, this hydrogen loss is only initiated atT > 640 K,
well above maximum temperature (573 K) employed
in our TPR–chemisorption–TPD cycles. This means
that the hydrogen uptake values listed inTable 3
can be related to the hydrogen associated with the
supported Pd particles. The catalytic activities of the
used sample, given inTable 3, refer to reaction after
a TPR–chemisorption–TPD–TPR cycles. There is a
clear correlation between the hydrogen uptake and
initial HDC rates for the fresh and used Pd/Al2O3
catalysts. The significantly higher uptake of H2 on
Pd/Al2O3 is indicative of a greater dispersion of Pd
on Al2O3 compared with activated carbon and can be
attributed to the strong interaction between Pd and
Al2O3 as noted previously[35,41,42]. The higher Pd
dispersion on Al2O3 is not accompanied by a higher
specific HDC activity compared with Pd/C. The latter
may be influenced by a contribution due to hydro-
gen spillover as proposed elsewhere[18,43] where
the possibility of structure sensitivity has yet to be
established conclusively in the literature.

The H2 TPD profiles (up to 573 K) associated with
the fresh and used catalyst samples can be compared
in Fig. 6. The low temperature (383 K) desorption
peak for fresh Pd/C is not in evidence in the used
sample (Fig. 6(a)) which is characterized by a peak at
573 K. The interaction of Cl with transition metals is

known to lower the metal electron density and impact
on hydrogen uptake/release characteristics[44,45].
The higher temperature desorption peak for the used
Pd/C may represent a change in H/Pd surface ener-
getics after reaction but a possible contribution due
to the vaporization of residual organics still remain-
ing on the surface after TPR cannot be ruled out. In
marked contrast, the TPD profiles for the fresh and
used Pd/Al2O3 largely overlap with the possible de-
velopment of a higher temperature shoulder to the
main peak for the used sample. The divergence in H2
TPD for the fresh/used Pd/C and Pd/Al2O3 samples
is significant, particularly when linked to the appre-
ciable deactivation suffered by Pd/C. Estelle et al.
[46] concluded that HDC activity is more sensitive to
hydrogen adsorption–desorption characteristics than
to the nature of the reactive haloarene. The significant
loss of Pd/C activity is reflected in the disruption to
the H2 TPD where Cl/Pd interactions must induce
perturbations in the Pd particle electronic structure
which have a negative impact on the supply of surface
reactive hydrogen, an effect that is lessened some-
what by stronger Pd/support interactions (in the case
of Pd/Al2O3).

Comparing activated carbon with Al2O3 as sup-
ports, the former presents a higher surface area, a
“local” hydrophobic environment at the liquid/solid in-
terface and a greater facility for direct interaction with
the chloroarene[47]. Poisoning by reactant/product
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Fig. 6. TPD profiles (up to 573 K) of (a) fresh (�) and used (�) 1% (w/w) Pd/C and (b) fresh (�) and used (�) 1% (w/w) Pd/Al2O3:
TPR to 573 K, at 10 K min−1.

accumulation at the surface is reversible[29,48] and
the available surface area was restored in this study
by TPR. However, the used Pd/C delivered a dra-
matically lower HDC that was not recovered after
TPR–chemisorption–TPD–TPR cycles (seeTable 3),
i.e. the decomposition of the occluded organic species
and the recovery of total surface area did not serve
to rebuild the HDC activity. This irreversible loss of
activity cannot be accounted for on the basis of the
limited leaching of Pd into solution but must be due
to a chemical poisoning resulting from strong Cl–Pd
interactions. Both Pd catalysts suffered this decline in
activity but the hydrophobic nature of the activated
carbon substrate can serve to compound this deactiva-
tion. Taking the reported pKa values of 2,4-DCP, 2-CP
and phenol as 7.85, 8.11 and 10.0, respectively[49],
the chloro-phenolate anions are initially the reactive
species in solution and can serve as proton scavengers
during HDC [22,28]. As HDC proceeds with a con-
comitant decrease of the pH in the bulk solution (from
an initial value of 12.5–ca. 8)[22], the involvement
of (chloro-)phenolic/substrate interactions come into
play with an accompanying pore blockage. With a fur-
ther decrease of the local pH in the catalyst matrix,
(chloro-)phenolic interactions predominate and the hy-
drophobic environment at the liquid/support interface
inhibits HCl transport away from the surface which
must make for a more severe poisoning effect.

4. Conclusions

The liquid phase HDC (273–303 K) of 2,4-DCP
over 1% (w/w) Pd/C and 1% (w/w) Pd/Al2O3 cat-
alysts yields 2-CP as the only intermediate partially
dechlorinated product which reacts further to give
phenol; there is evidence of cyclohexanone forma-
tion in the case of Pd/Al2O3 prior to the completion
of dechlorination. The initial (raw) 2,4-DCP HDC
activities are similar (per gram of catalyst) for both
samples where the reaction is operated under kinetic
control (with catalyst particles≤45�m). Catalyst
reuse was accompanied by a loss of HDC activity that
was significantly more marked in the case of Pd/C.
The selectivity/activity relationship in terms of partial
dechlorination was essentially the same for both fresh
and used catalysts. BET analysis revealed a loss of
ca. 50% of the total Pd/C surface area during HDC
due to pore blockage, an effect that was reversed by
a subsequent TPR. ICP analysis of the Pd content in
the catalysts and bulk solution demonstrates that Pd
leaching is not a significant contributor to activity de-
cline but there was a definite Pd loss (ca. 10%) from
the activated carbon substrate. Hydrogen TPD from
the fresh and used catalysts has revealed a marked
change in the surface hydrogen associated with Pd/C
after HDC, a feature that can be linked to the loss of
activity. Based on the pre- and post-characterization
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data, the most plausible cause of deactivation for both
Pd/C and Pd/Al2O3 in liquid phase HDC is chemical
poisoning through Cl–Pd interactions(s) where Al2O3
serves to stabilize the supported Pd to a greater extent.
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