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Abstract

Hydrodehalogenation using Pd catalysts has proved to be an efficient reaction for water detoxification. In the present study, reaction rates for a
variety of halogenated hydrocarbons with hydrogen as reductant in aqueous catalyst suspensions have been measured. Structure-reactivity
considerations allow the prediction of reactivities of various halogenated organic compounds in water clean-up processes. The correlation of C—C1
bond strength with the hydrodechlorination rate earlier reported was reassessed. In contrast to straightforward structure-reactivity correlations
found for chloroalkanes, hydrodehalogenation rates of chloroethenes and halobenzenes do not follow the order of the C—X bond strength. Here, the
addition of an activated hydrogen species from the catalyst to the unsaturated hydrocarbon seems to be the rate-determining step.

For pollutant mixtures, hydrodehalogenation rates were influenced by competition for Pd surface sites. Competitors diminish reaction rates
depending on their sorption strength towards the Pd surface. Substances subject to extremely slow hydrodehalogenation (such as methylene
chloride and fluorobenzene) showed no marked influence on other competitors. The heavier halogens, bromine and iodine (whether as R—X or as
X7), dominate all competing effects. However, no self-poisoning of the catalyst for hydrodehalogenation of iodo- and bromohydrocarbons
occurred in the water phase. This makes it possible to reduce these halogenated compounds at reasonable rates over Pd catalysts.

Under optimal conditions, the activity of Pd catalysts is so high that external and intraparticle mass transfer limitations cannot be ruled out for
hydrodehalogenation of many substrates in aqueous catalyst suspensions.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Halogenated organic compounds (HOCs) are among the
most widely distributed and prevalent pollutants in waste-
waters and contaminated groundwaters. These contamina-
tions have encouraged a great deal of effort towards finding
efficient treatment methods other than stripping and adsorp-
tion. Methods which destroy the halogenated substances
under moderate conditions, with minimal energy input, are
particularly sought-after. Hydrodehalogenation of water
pollutants using palladium catalysts has been widely studied
over the last decade and is one of the most promising methods
for detoxification of organohalogen waste and pollutants
[1,2]. Palladium catalysts have proved to be well suited for
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promoting hydrodehalogenation reactions in the gas phase as
well as in the aqueous phase following the equation
CH,X, + nH, —» CH,,,, + nHX [3,4]. In the course of the
reaction, olefinic double bonds are hydrogenated whereas
aromatic units are usually preserved.

Most papers dealing with Pd-catalyzed hydrodehalogena-
tion are devoted to gas-phase reactions. Often reactions are
carried out in solvents or solvent—water mixtures under
conditions inappropriate for environmental applications.
Reaction mechanisms and deactivation tendencies in water
can be substantially different from hydrodehalogenation in
other media such as the gas phase or a mixed liquid phase.
Compared to the number of papers concerning gas phase
reactions and reactions in solvent mixtures, markedly fewer
authors deal with hydrodehalogenation in the water phase (e.g.
[5-18]). However, a few working groups do describe the field
application of Pd catalysts for hydrodehalogenation in ground-
or wastewater (e.g. [19-25]).
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Although many groups are working on hydrodehalogena-
tion, the data provided generally concern the reaction of single
substances under specific conditions with a variety of catalysts.
A systematic comparison of reported substrate reactivities and
catalyst selectivities is difficult. It is known, for instance, that
the ease of the hydrolytic cleavage of C—X bonds depends upon
several parameters, such as the type of the halogen X (Cl, Br, I)
attached to the organic skeleton [1]. Catalyst poisoning due to
halogenide ions released during the reaction is often counter-
acted by carrying out the reaction in the presence of a base
[1,26]. The mechanism of the base effect is not clear, and
increased pH values are not generally applicable in practice for
environmental catalysis. Stronger catalyst poisons, such as
sulphide ions, can deactivate the catalyst in the water phase
irreversibly [19,27]. Various hydrogen sources have been tested
as replacements for molecular hydrogen in order to overcome
the limited H, solubility in water [1,28]. There is concurrent
evidence that besides structural features of the substances [29—
33] also the composition of the reaction media [26,34,35],
certain reaction products [1,35,36], the nature of the catalyst
support [35], competitive reactions of other compounds [37,38]
and the particle size of the catalyst [39—42] can all strongly
influence the reaction rates in hydrodehalogenation reactions.
In order to predict contaminant degradation time frames and
selectivities in fixed-bed reactors or treatment zones under
environmental conditions, the influencing parameters must be
known.

The objective of this work is the comparison of first-order
rate coefficients for the Pd-catalyzed hydrodehalogenation of a
variety of halogenated hydrocarbons, depending on the
compound structure and pollution composition.

2. Experimental

All reagents and HOCs were purchased in the highest grade
available from Merck (Germany) or Sigma—Aldrich (Ger-
many) and used as received. The catalyst used was G-133D Pd
on y-Al,O5 egg-shell catalyst in pellet form with 0.5 wt% Pd,
the catalyst has a BET surface area of about 160 m* g~ ' and has
been purchased from Commercia (Germany). The granular
catalyst was crushed and sieved. The fraction 63—125 pm was
applied in the batch experiments. The Pd content of the sieved
fraction was 0.52 wt% (determined by EDXRF analysis). This
catalyst will be referred to as Pd/Al,O5. Prior to use, the
catalyst samples were pre-reduced with H, in aqueous
suspension for 1 h.

The hydrodehalogenation studies were carried out as batch
experiments. Amber screw-cap bottles (250 ml) equipped with
Mininert® valves were used. The 200 ml reaction solution
(typically 1 mM HCI to provide constant chloride background
and constant pH value during the course of the dehalogenation
experiments) was extensively purged with H, prior to adding
the aqueous catalyst suspension (10-100 mg catalyst, corre-
sponding to a Pd input of 0.25-2.5 mg L") and the HOC as
methanolic solution. The catalyst concentration was adjusted to
the reaction rates in such a way that a sufficient number of
samples could be analysed over the course of the reaction. The

headspace over the suspension (50 mL) was pure Hj, yielding
a sufficient reservoir of reductant. Typically, the HOCs were
added first to the H,-saturated reaction solution and brought
to phase equilibrium. The reaction was started by adding the
pre-reduced catalyst suspension (2 mL) by syringe, carefully
excluding air. The bottle was then continuously shaken
(180 rpm) throughout the experiment. The reaction kinetics
was monitored by means of headspace analyses of educts and
products using a GC-MS device (QP 2010, Shimadzu Corp.,
equipped with a DB1 capillary column). In addition, the
reaction product halogenide was analyzed using an ion
chromatograph (IC25, Dionex, equipped with an IonPac®™
AS15/AGI15 column set). The experimental set-up chosen is
based upon the following conditions: (i) the proportion of
HOCs present in the headspace is small compared to that in
the water phaSC (KHenryVheadspace/vwater < 1)’ (11) the H2
demand for complete hydrodehalogenation is small com-
pared to the total hydrogen amount present in the reactor
bottle (dissolved + headspace) and (iii) the mass transfer
between aqueous and gas phase is fast compared to the
reaction rates.

3. Results and discussion

When choosing catalytic hydrodehalogenation as a means
for detoxification of contaminated water, one should bear in
mind that literature data obtained from gas-phase studies (at
elevated temperatures) or experiments in solvent mixtures
might diverge from what is to be expected in pure water at
ambient or groundwater temperature. Hoke et al. found, e.g. a
lower sensibility of Pd catalysts for chloride poisoning when
water is added to the reaction system in organic solvents [26],
which shows that the affinity of chloride ions towards the protic
solvent water helps to withdraw the reaction product from the
Pd surface.

Within the present study, the reaction rates of a variety of
HOC:s with different structural features were investigated using
a commercial Pd catalyst under well-defined reaction condi-
tions in aqueous suspension. In order to provide a general tool
for assessing the performance of various catalytic systems, the
Pd-based specific catalyst activity Apg; was introduced.
Hydrodehalogenation reactions of single compounds and
HOC mixtures, where the compounds compete for reactive
catalyst sites, were evaluated. In many cases, the hydro-
dehalogenation reaction follows a first-order kinetics with
respect to the HOC concentration. The specific catalyst activity
Apgy,; for the dehalogenation of the compound i is calculated
according to Eq. (1) [23]:

_ In(cs/cp)
mpaTi /2 lnchd(tz - tl)

Vivater _

Apg (Lg 'min™!) =

(1

with Ve as the water volume applied, mpq and cpy as the Pd
mass and concentration and 7y, as the HOC’s half-life,
obtained from its disappearance kinetics. #; and ¢, are two
arbitrarily chosen sampling times and c;; and c,, are the
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Fig. 1. Hydrodechlorination of chlorobenzene (co = 20 mg L™") in an aqueous
Pd/Al,0O5 suspension (Ceaatyse = 30 mg LY.

corresponding HOC concentrations. The catalyst activities
were calculated either from the HOC conversion or from the
product formation rates. The second approach was preferably
used for low degrees of conversion. The value of Apy; is
equivalent to a first-order rate coefficient kop, [s~!] for the
disappearance of the HOC i according to kops = In 2Apg ;cpg. In
order to obtain clearly interpretable kinetic data, saturation of
the catalyst surface and mass transfer limitations were avoided
as far as possible. Fig. 1 shows a typical concentration—time
curve over a broad conversion range (< 99%).

Apparently, the reaction follows a first-order kinetics.
However, apparent first-order kinetics of a heterogeneous
reaction does not prove that the observed rate coefficient
actually reflects the chemical reaction step. It is well known
from the chemical reaction engineering theory that external and
intraparticle mass transfer limitations tend to shift the apparent
reaction order towards one [43,44]. This aspect will be
considered later on in the paper.

There is not a great deal to be found in the literature about
mechanistic studies of hydrodehalogenation reactions. More-
over, the authors dealing with this topic refer exclusively to gas-
phase reactions (e.g. [30,33,45]). The transferability to
hydrodehalogenation in the water phase is not yet clear.
However, similarities can be expected. Comparing the
hydrodechlorination rates of saturated, olefinic and aromatic
HOCs, we have to state that in contrast to iron as reducing
agent, all three substance classes are in principle subject to
dehalogenation using Pd catalysts. However, the catalytic
reaction is highly substance-structure sensitive. Considering
only chlorinated hydrocarbons, their relative reaction rates
cover a range of more than 7 orders of magnitude (cf. Table 1).
In our experience, at least three factors influence the
hydrodehalogenation rate at the Pd surface in pure water: (i)
the ease of bond scission depending on the C—X bond strength
and, therefore, on the type and number of functional groups, (ii)
the adsorption of the compound at the Pd surface and (iii) the
presence or absence of a double bond close to the halogen
substituent, which controls the prevailing reaction mechanism.
The bond strength between halogen and the active metal is
thought to be another key factor in controlling the reaction rates
[46,47].

Table 1 shows values of C—X bond strength (as bond
dissociation enthalpy) for a number of halogenated hydro-

Table 1

Specific Pd activities Apy; in the hydrodehalogenation reaction of single
substances and C—X bond strengths Dc_x (Cear = 10-100 mg L™! Pd/ALO5,
1 mM HCI, ¢opoc=1-10mgL™")

Substance Dc_x Apg,;i
[kJ mol™}] [L g’1 min~']

Tetrachloromethane CCly 306 10
Chloroform CHCl; 3397 0.8
Methylene chloride CH,Cl, 350 1.5 x 1073
1,1,1,2-Tetrachloroethane C,H,Cl, 295¢ 100
1,1,1-Trichloroethane C,H;Cl3 309°¢ 15
1,1,2,2-Tetrachloroethane C,H,Cl, 314¢ 3
1,2-Dichloroethane C,H,Cl, 348° 3x107*
cis-1,2-Dichloroethene C,H,Cl, 370° 670
trans-1,2-Dichloroethene C,H,Cl, 373° 670
Tetrachloroethene C,yCly 382° 210
Trichloroethene C,HCl, 392° 420
1,1-Dichloroethene C,H,Cl, 394° 850
Vinyl chloride C,H5Cl1 452°¢ 1180
Todobenzene CgHsl 274* 450
Bromobenzene CgHsBr 3377 380
Chlorobenzene CeHsCl 399 200
Fluorobenzene CgHsF 524° 3x1073

& Ref. [48].

® Ref. [47].

¢ Ref. [49].

carbons, as well as the specific Pd activity which was
experimentally determined from the hydrodehalogenation of
each single compound (average of two or three replicates,
< 20% deviation between parallel runs). The reactivity grading
regarding chloromethanes and chloroethanes strictly follows
the ease of C—Cl bond scission. Tetrachloromethane is
dechlorinated quickly—more than 12 times faster than
chloroform.

Where different C—X bonds are present, Dc_x refers to the
weakest C—X bond in the molecule.

Methylene chloride has until now been considered as
recalcitrant in the Pd-catalyzed hydrodechlorination in water at
ambient temperature. However, following the very slow
methane evolution for several weeks allowed us to estimate
a rate coefficient for the methylene chloride hydrodechlorina-
tion. The shaken reaction vessel was kept inside a nitrogen-
purged water vessel during the extended reaction time in order
to minimize gas leakage and air penetration into the system
(competing reaction at the active Pd sites: 0.50, + H, — H,0).

Methyl chloride as a product of partial dechlorination of
methylene chloride was detected in traces (about 0.2 mol% of
methane). Likewise, the other chlorinated methanes form
predominantly methane in a single step. The release of partially
chlorinated intermediates was small (< 5%) under all condi-
tions, but may be significant with respect to the overall
treatment result. CHCI; reacts 12 times more slowly than CCly.
If a ‘complete’ reduction of HOCs is necessary, the reaction
conditions have to be adjusted in such a way that even the less
reactive intermediates are degraded [23]. This can dramatically
increase the required reactor performance necessary for
achieving the goal.
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Fig. 2. Correlation of hydrodehalogenation rates with C—X bond strengths of
chlorinated alkanes, ethenes and monohalogenated benzenes (data from
Table 1).

In addition to partial hydrodehalogenation, hydrogenation of
unsaturated compounds may be an undesired side reaction at Pd
catalysts. Kopinke et al. [23] found hydrogenation of vinyl
chloride to ethyl chloride to be the dominant reaction at 50 °C
in the gas phase. Fortunately, in the aqueous phase the
elimination of halogenide is much faster than the hydrogena-
tion of double bonds. Otherwise, the whole concept of Pd-
catalyzed hydrodehalogenation would collapse, because hydro-
genation results in stabilization of the halogenated target
compounds.

The specific Pd activity towards chloroethanes imparts
roughly the same impression as given by chloromethane
hydrodechlorination: the reaction rate strongly correlates with
the C—Cl bond strength (cf. Fig. 2). The number of geminal Cl
atoms in the molecule is more important than their total
number. This may, e.g. be explained by (i) the weakening of C—
Cl bonds by further geminal CI substituents and (ii) the better
initial steric attachment of several Cl atoms to the Pd centres.

Both the affinity to the Pd surface and the C-Cl bond
strength may influence the hydrodechlorination rate. Chen [33]
predicted an inverse correlation between C—Cl bond strength
and the heat of adsorption of chlorinated compounds from the
gas phase on the Pd surface. In this way, both processes —
adsorption and irreversible bond scission — were driven by the
same molecular property. The dissociative adsorption of
chlorinated compounds was postulated as the rate-determining
step. Several authors predicted the formation of carbene-like
structures on the Pd surface as intermediates of hydrodeha-
logenation reactions in the gas phase (e.g. [46,50]). However,
for dehalogenation in the water phase at ambient temperature
this seems less likely. Other authors report homolytic cleavage
on the Pd surface for aliphatic structures [33,51,52]. Evidence
for a slightly different mechanism with chlorobenzene as a
representative of aromatic hydrocarbons has been described by
Coq et al. [3].

In contrast to the straightforward structure—reactivity
correlation found with chloroalkanes, hydrodechlorination
rates of olefins do not follow the order of the C-Cl bond
strength. For example, vinyl chloride — the compound with the
strongest C—Cl bond — is dechlorinated fastest. The hydrode-
chlorination rate is inversely correlated with the number of Cl

atoms at the double bond. However, the graduation between the
various ethenes is relatively small: a factor of 6 between vinyl
chloride and tetrachloroethene. Obviously, the hydrodechlorina-
tion mechanism for olefins is different from that for saturated
chlorohydrocarbons. A plausible hypothesis to explain our
findings is the addition of a H atom from the Pd surface to the
double bond as the rate-determining reaction step. The C—Cl
bond is broken later at the reaction coordinate. The adverse
impact of Cl substituents on the reaction rate may be attributed to
their electron-withdrawing effect, which weakens the Pd—olefin-
m-complex (adsorption step) or lowers the reactivity of the
double bond for an electrophilic H addition (reaction step).

The halogenated benzenes are approximately as reactive as
the chlorinated ethenes. Apparently, the large differences in the
strength of C—Cl, C-Br and C-I bonds do not play a significant
role. This is again a strong indication that the rate-determining
step for hydrodehalogenation of unsaturated substrates is not
the C-X scission, but more likely the transfer of a hydrogen
species from the catalyst surface to the substrate molecule.

In a recent review by Tratnyek et al. [53], quantitative
structure—activity relationships (QSAR) for chemical reduction
reactions are discussed, including the reductive dechlorination
with zero-valent iron. Nothing is known from this review about
Pd-catalyzed reactions. In contrast to our findings with H,/Pd as
reductant, the Fe’-driven dechlorination yields similar correla-
tions for chlorinated alkanes and alkenes. This indicates a
common reaction mechanism for the two HOC classes, which is
most likely based on an electron transfer from iron to the HOC
in the rate-determining step. Unfortunately, Fe® is not able to
reduce chlorinated aromatics.

It is very seldom that groundwater pollutions are single-
compound contaminations. Usually, several pollutants occur as
mixture. Therefore, it is essential to know the possible
interferences when working with substance mixtures.
Table 2 shows the influence of competitor HOCs on the
specific Pd activity of selected halogen compounds.

On the one hand, those substances with the highest affinity to
the Pd surface, as is apparent for iodohydrocarbons and
trichloroethene, remain almost unaffected by the presence of
competitor reactants. On the other hand, substrates with the
lowest reactivity, such as methylene chloride and fluoroben-
zene, do not significantly affect reaction rates of other com-
petitors. In a mixture of six chloroethenes (co = 1 mg L !each)
all the rate coefficients were similarly diminished by a factor of
1.6 £ 0.2 compared to those from single-substance experi-
ments. The lower the ratio of the rate coefficients kops single/
kobs mixture 1N Table 2 is, the stronger the HOCs are adsorbed on
the Pd surface. Apparently, the m-electron system of
chlorobenzene has no advantage over aliphatic chlorocom-
pounds. Summarizing the data in Table 2: competition effects
between various chlorocompounds are significant but not huge
(less than a factor of 6). They are much more pronounced for
bromo- and iodobenzene which clearly out-compete the
chlorocompounds.

First-order reaction kinetics and competitive effects are two
findings which do not simply match the same mechanistic
picture. We explain this with the interaction of reaction kinetics
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Table 2

Rate coefficients in the hydrodehalogenation under competitive conditions
(HOC mixtures) in comparison to single-substance rate coefficients
(Cear = 10100 mg L™" Pd/Al,05, 1 mM HCI)

Mixture co; [mgL™ 1 Kobs single

kobs.mixlure
Tetrachloroethene 1 1.6
Trichloroethene 1 1.6
1,1-Dichloroethene 1 1.8
cis-1,2-Dichloroethene 1 1.4
trans-1,2-Dichloroethene 1 1.4
Vinyl chloride 1 1.4
Trichloroethene 2 2.8
Chlorobenzene 2 5.7
1,1,1,2-Tetrachloroethane 2 2
Trichloroethene 2 1.3
Chlorobenzene 2 33
Chlorobenzene 2 >100
Bromobenzene 2 1.1
Trichloroethene 10 1
Methylene chloride 10 n.a.
Trichloroethene 10 1.9
Toluene 10 Not reactive
Fluorobenzene 50 n.a.
Chlorobenzene 50 >100
Bromobenzene 50 95
Todobenzene 50 1.3
Fluorobenzene 50 n.a.
Chlorobenzene 50 1.1
Todobenzene 50 1.1
Tetrachloromethane 50 70
Chlorobenzene 10 2.5
Tetrachloromethane 10 1.2

n.a., not analysed.

and mass transfer effects, which tend to converge towards an
overall apparent first-order kinetics (see below).

In principle, HOCs can compete for reactive catalyst sites or
for reactive hydrogen species. This question can be decided by
application of a non-reactive but sorption-active competitor
such as toluene. Toluene does not react (by hydrogenation)
under the applied conditions. Hence, it does not compete for
hydrogen species. Nevertheless, it inhibits hydrodechlorination
of trichloroethene by a factor of about 1.8 (Fig. 3). This is a
clear indication of competition for catalyst sites rather than for
hydrogen species.

Halogenide ions are also potential competitors for surface
sites. As the desired reaction product they are unavoidable under
all reaction conditions. Although Pd is considered to be the
hydrodehalogenation catalyst which is least affected by chloride
ions [1,54], halogenide ions may still have a substantial affinity
towards Pd [55] even in aqueous solution [56].

Not only the halogen species released during the reaction at
the catalyst surface but also freely-dissolved halogenide ions
may compete with the HOCs for Pd surface sites. In order to
simulate the salinity of natural waters and to provide a near-
constant bulk-phase chloride concentration during the course of
the reactions, all reaction solutions contained a 1 mM chloride

Addition of Toluene

0 4 1
1
0.4 !

1
ApdTCE 1=y

-0.8 1 Apgree2 = 60 ].g'l min”

105 I.;_-'J mi’
1

-1.24

In (e/ey)
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(]
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¢ in min
Fig. 3. Effect of toluene addition on the hydrodechlorination rate of trichlor-

oethene (crcpo=10mgL™" each, Ceuuyw=155mgL™", 1 mMHCL
Ctoluene = 50 mg L71)~

‘plinth’ (addition of HCI or NaCl). Fig. 4 shows the
hydrodechlorination of two HOCs - chlorobenzene and
trichloroethene — when bromide ions (50 mg L_l) were added.
Bromide clearly slowed down the reaction of both HOCs by a
factor of about 3. Like toluene, bromide is a non-reactive
competitor which competes for Pd-surface sites.

Lower bromide concentrations (5, 10 and 20 mgL™")
caused only marginal changes in the observed dechlorination
rates. Surprisingly, even in the presence of 500 mgL ™'
bromide the hydrodechlorination of trichloroethene still
proceeds at an appreciable rate (about 1/5 of the rate with
pure TCE). It is possible that bromide does not compete for all
types of active sites.

The data in Table 2 indicate that the heavier halogens
determine the course of the reaction for contaminant mixtures.
This effect is known from solvent-water mixtures under
elevated pressure and temperature [32]. The affinity of bromide
and especially iodide ions to the Pd surface is apparent from the
described suppression of chlorobenzene reactivity. lodide ions
added were found to have this effect on other pollutants,
independent of the substance class. Surprisingly, we did not find
a self-poisoning in hydrodeiodation reactions. The iodide ions
formed inhibited hydrodechlorination and debromination;
however, substances such as iodobenzene, iodobutane, iodo-

Addition of Br~
‘ A MCB
14 : = TCE
Apamcn) =
0 q.
0 AL e 'min”’ i Apamicna= 20 L g min”
]
31 |
3 Apd;TCE1 = [ 4 Sp ol
£ 5l 320Lg"min' parce2 = LS L g min
H
H
3 i
[
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:
4 . . . . ‘ ‘
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Fig. 4. Effect of bromide addition on the hydrodechlorination rates of chloro-
benzene (MCB) and trichloroethene (TCE); cyoc o = 2 mg L~! each, Ceatalyst =
10mgL™", 1 mMHCI, cg~ =50 mg L™,
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methane, tritodobenzoic acid and iodoanisol are rapidly and
completely reduced using Pd catalysts. For iodobenzene and
iodoanisol, multiple reaction cycles did not lead to catalyst
breakdown. The iodohydrocarbons seem to compete success-
fully with the released iodide ions for the Pd surface sites.
However, when iodocompounds are present, the Pd function for
hydrodehalogenation of chloro- and bromocompounds is
poisoned.

As we have demonstrated, Pd on y-Al,O3 is a powerful
catalyst for hydrodehalogenation in aqueous suspension at
ambient conditions. The highest catalyst activity was measured
for vinyl chloride with Apq=1180L g~ ' min~'. This value
corresponds to a half-life of about one minute for vinyl chloride
in the presence of 1 mg Pd per litre water to be treated. On the
one hand, highly active catalysts are desirable. On the other
hand, they make it very difficult or even impossible to measure
the ‘true’ reaction kinetics. We are aware of the fact that the
reaction rates measured in this study are affected by mass
transfer limitation—the higher the rates, the more dominant this
limitation is. Approximating an external mass transfer
coefficient in the order of k ~ 3 x 107*ms™' [57] in the
agitated batch reactor, the external transport resistance can be
estimated as about 50% for Apq=250L g ' min~'. Higher
catalyst activities are even more affected. In order to obtain an
estimate of the intraparticle transport resistance we calculated
the dimensionless Weisz-modulus @ [43,44] for the reaction of
vinyl chloride under the applied conditions:

ketr 102cm 2
& =12 =
€ Des ( 6 (

705!
2 x10-%cm?s1)

~ 100 (2)

with L as a characteristic length which characterizes
the diffusion distance inside the catalyst particle. For
spherical particles it is equal to 1/6 of the particle diameter
(dparticle = 100 pm). kg is the first order rate constant
of the substrate reduction related to the catalyst volume: k.
=1n2 X ApaCpa in catalyst = 0.7 x 1180 (L g~" min~") x 0.005
(g Pd (g catalyst)*l) ~ 70 s !. The effective diffusion coeffi-
cient of halogenated hydrocarbons (R-X) inside the y-Al,O3
particle was approximated as 1/10 of its value in water: Degrr x
~ 0.1 X Dr_x water = 2 X 10 ®cm?s™'. The resulting value of
the Weisz-modulus @ =~ 100 indicates that the substrate inside
the pore volume is strongly depleted compared with its bulk-
phase concentration (Cpore,i/Couik,i ~ 0.01) [43,44]. To overcome
intraparticle mass transfer resistance for such fast reactions we
had to apply colloidal catalysts (d < 1 wm). This, however, was
not the intention of the present study dealing with particulate
catalysts. What are the consequences of the mass transfer
limitation? The apparent reaction order (n,,s) and rate coeffi-
cient (ko) are given by Egs. (3) and (4).

Nobs = 05(1 + nreactinn) (3)
Des 0.5
ko s — kreac ion 75 4

The measured reaction rates underestimate the “‘true” chemi-
cally-controlled rate coefficients. The scale of rate coefficients
is compressed (kops ~ k%3 ;o). This may explain the curvature
of the log Apg versus Dc_x correlation for chloroalkanes in
Fig. 2. However, the qualitative pattern of rate coefficients is
not affected, provided that the effective diffusivities of the
various substrates are similar. Therefore, the mechanistic con-
clusions regarding the different chemical steps in hydrodeha-
logenation of saturated and unsaturated hydrocarbons remain
valid.

4. Conclusions

Palladium-catalyzed hydrodehalogenation reactions in aqu-
eous suspension are substance—structure sensitive. Within
substance families of chloroalkanes, a direct dependence of the
reaction rate on the C-Cl bond strength was observed.
Estimation of reaction rates (or specific Pd activities) from
C—C1 bond strength is in principle possible. In contrast to
alkanes, in hydrodehalogenation of unsaturated compounds —
olefins and aromatics — C—X bond strength is not the key
property. We propose the addition of an activated hydrogen
species from the catalyst to the double bond as the rate-
determining reaction step. The adsorption strength of the
halogenated compound on the Pd surface is another key
parameter, which dominates the competition between different
substrates.

Hydrodehalogenation of pollutant mixtures revealed pro-
nounced competition effects for Pd surface sites in the 10—
100 M concentration range. The affinity of iodo- and
bromocompounds to palladium is very high and dominates
all competing effects. Hydrodechorination is strongly inhibited
in the presence of brominated and iodocompounds. The
halogenide ions released also compete for the Pd surface.
However, a self-poisoning of iodo- and bromohydrocarbons
was not observed.

Acknowledgement

The authors thank the BMBF (German Federal Ministry of
Education and Research) for financial support within the
SAFIRA project (Remediation Research in Regionally Con-
taminated Aquifers).

References

[1] EJ. Urbano, J.M. Marinas, J. Mol. Catal. A 173 (2001) 329.

[2] T.N. Kalnes, R.B. James, Environ. Prog. 7 (1988) 185.

[3] B. Coq, G. Ferrat, F. Figueras, J. Catal. 101 (1986) 434.

[4] Y. Matatov-Meytal, M. Sheintuch, Ind. Eng. Chem. Res. 37 (1998) 309.

[5] C.G. Schreier, M. Reinhard, Chemosphere 31 (1995) 3475.

[6] R. Muftikian, Q. Fernando, N. Korte, Water Res. 29 (1995) 2434.

[71 W.W. McNab Jr., R. Ruiz, Chemosphere 37 (1998) 925.

[8] C. Schueth, M. Reinhard, Appl. Catal. B 18 (1998) 215.

[9] L. Perrone, L. Prati, M. Rossi, Appl. Catal. B 15 (1998) 241.
[10] Y. Li, F. Yang, PL. Yue, G. Chen, Water Res. 35 (2001) 1887.
[11] Y. Matatov-Meytal, M. Sheintuch, Catal. Today 75 (2002) 63.
[12] E. Murena, F. Gioia, Catal. Today 75 (2002) 57.

[13] T. Janiak, J. Btazejowski, Chemosphere 48 (2002) 1097.



K. Mackenzie et al./Applied Catalysis B: Environmental 63 (2006) 161-167 167

[14] E. Guasp, R. Wei, J. Chem. Technol. Biotechnol. 78 (2003) 654.

[15] G. Yuan, M.A. Keane, Chem. Eng. Sci. 58 (2003) 257.

[16] D. Fritsch, K. Kuhr, K. Mackenzie, F.-D. Kopinke, Catal. Today 82 (2003)
105.

[17] L. Calvo, A.E. Mohedano, J.A. Casas, M.A. Gilarranz, J.J. Rodriguez,
Carbon 42 (2004) 1377.

[18] C. Xia, J. Xu, W. Wu, X. Liang, Catal. Commun. 5 (2004) 383.

[19] N.E. Korte, J.L. Zutman, R.M. Schlosser, L. Liang, B. Gu, Q. Fernando,
Waste Manage. 20 (2000) 687.

[20] W.W. McNab Jr., R. Ruiz, M. Reinhard, Environ. Sci. Technol. 34 (2000)
149.

[21] G.V. Lowry, M. Reinhard, Environ. Sci. Technol. 34 (2000) 3217.

[22] D.W. Elliott, W.X. Zhang, Environ. Sci. Technol. 35 (2001) 4922.

[23] ED. Kopinke, K. Mackenzie, R. Koehler, Appl. Catal. B 44 (2003) 15.

[24] C. Schueth, N.A. Kummer, C. Weidenthaler, H. Schad, Appl. Catal. B 52
(2004) 197.

[25] S. Kovenklioglu, Z. Cao, D. Shah, R.J. Farrauto, E.N. Balko, AIChE J. 38
(1992) 1003.

[26] J.B. Hoke, G.A. Gramiccioni, E.N. Balko, Appl. Catal. B 1 (1992) 285.

[27] K. Mackenzie, R. Koehler, H. Weil3, F.-D. Kopinke, in: G.B. Wickrama-
nayake, A.R. Gavaskar, A.S.C. Chen (Eds.), Chemical Oxidation and
Reactive Barriers: Remediation of Chlorinated and Recalcitrant Com-
pounds, Battelle Press, Columbus, Richland, 2000, p. 331.

[28] E.-D. Kopinke, K. Mackenzie, R. Koehler, A. Georgi, Appl. Catal. A 271
(2004) 119.

[29] L.J.J. Laarhoven, J.G.P. Born, LW.C.E. Arends, P. Mulder, J. Chem. Soc.,
Perkin Trans. 2 (1997) 2307.

[30] C.D. Thompson, R.M. Rioux, N. Chen, F.H. Ribeiro, J. Phys. Chem. B 104
(2000) 3067.

[31] P.D. Burrow, K. Aflatooni, G.A. Gallup, Environ. Sci. Technol. 34 (2000)
3368.

[32] M.A. Aramendia, V. Borau, .M. Garcia, C. Jiménez, A. Marinas, J.M.
Marinas, F.J. Urbano, C. R. Acad. Sci. Paris, Serie IIc, Chimie/Chem. 3
(2000) 465.

[33] N. Chen, Kinetics of the hydrodechlorination reaction of chlorinated
compounds on palladium catalysts, Ph.D. Thesis, Worcester Polytechnic
Institute, Massachusetts, 2003.

[34] N. Munakata, P.V. Roberts, M. Reinhard, W.W. McNab, Groundwater
quality: remediation and protection, in: M. Herbert, K. Kovar (Eds.),

Proceedings of the GQ "98 Conference, Tiibingen, Germany, September,
1998), p. 491, IAHS Publ. no. 250.

[35] M.A. Aramendia, V. Bordu, .M. Garcia, C. Jiménez, F. Lafont, A.
Marinas, J.M. Marinas, F.J. Urbano, J. Catal. 187 (1999) 392.

[36] G. Del Angel, J.L. Benitez, J. Mol. Catal. A 165 (2001) 9.

[37] N. Faucher, Y. Ambroise, J.-C. Cintrat, E. Doris, F. Pillon, B. Rousseau, J.
Org. Chem. 67 (2002) 932.

[38] S.S. Zinovyev, A. Perosa, P. Tundo, J. Catal. 226 (2004) 9.

[39] C. Wan, Y.H. Chen, R. Wei, Environ. Toxicol. Chem. 18 (1999) 1091.

[40] W.-X. Zhang, J. Nanoparticle Res. 5 (2003) 323.

[41] E-D. Kopinke, A. Georgi, H. Weiss, J. Nanoparticle Res. 6 (2004)
123.

[42] The Royal Society & The Royal Academy of Engineering, Nanoscience
and nanotechnologies: opportunities and uncertainties, http://www.nano-
tec.org.uk/-finalReport.htm.

[43] M. Bearns, H. Hofmann, A. Renken, Chemische Reaktionstechnik,
Thieme-Verlag, Stuttgart, 1987, p. 119.

[44] O.Levenspiel, Chemical Reaction Engineering, second ed., J. Wiley, New
York, 1974, p. 469.

[45] V.I. Kovalchuk, J.L.. d’Itri, Appl. Catal. A 271 (2004) 13.

[46] J.S. Campbell, C. Kemball, Trans. Faraday Soc. 59 (1963) 2583.

[47] E. Desai, W.E. Wentworth, E.C.M. Chen, J. Phys. Chem. 92 (1988) 285.

[48] D.R. Lide, CRC Handbook of Chemistry and Physics, CRC Press, New
York, 1995, p. off.

[49] Z. Liu, E.A. Betterton, R.G. Arnold, Environ. Sci. Technol. 34 (2000) 804.

[50] S. Deshmukh, J.L. d’Itri, Catal. Today 40 (1998) 377.

[51] R.M. Rioux, C.D. Thompson, N. Chen, FH. Ribeiro, Catal. Today 62
(2000) 269.

[52] G. Zhou, C. Chan, AJ. Gellman, J. Phys. Chem. B 103 (1999) 1134.

[53] P.G. Tratnyek, E.J. Weber, R.P. Schwarzenbach, Environ. Toxicol. Chem.
22 (2003) 1733.

[54] M.A. Aramendia, V. Bordu, M. Garcia, C. Jiménez, F. Lafont, A.
Marinas, J.M. Marinas, F.J. Urbano, J. Mol. Catal. A 184 (2002) 237.

[55] P. Bodnariuk, B. Coq, G. Ferrat, F. Figueras, J. Catal. 116 (1989)
459.

[56] M.A. Aramendia, V. Borau, .M. Garcia, C. Jiménez, J.M. Marinas, F.J.
Urbano, Appl. Catal. B 20 (1999) 101.

[57] L. Zhang, W.A. Arnold, R.M. Hozalski, Environ. Sci. Technol. 38 (2004)
6881.


http://www.nanotec.org.uk/-finalReport.htm
http://www.nanotec.org.uk/-finalReport.htm

	Hydrodehalogenation of halogenated hydrocarbons in water with �Pd catalysts: Reaction rates and surface competition
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgement
	References


