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bstract

Palladium-catalyzed hydrodehalogenation (HDH) was applied for destroying 1,2,4,5-tetrachlorobenzene (TeCB) in mixtures of water and ethanol.
his investigation was performed as a critical step in the development of a new technology for clean-up of soil contaminated by halogenated
ydrophobic organic contaminants. The main goals of the investigation were to demonstrate the feasibility of the technology, to determine the
ffect of the solvent composition (water:ethanol ratio), and to develop a model for the kinetics of the dehalogenation process. All experiments
ere conducted in a batch reactor at ambient temperature under mild hydrogen pressure. The experimental results are all consistent with a
angmuir–Hinshelwood model for heterogeneous catalysis. Major findings that can be interpreted within the Langmuir–Hinshelwood framework

nclude: (1) the rate of hydrodehalogenation depends strongly on the solvent composition, increasing as the water fraction of the solvent increases;
2) the HDH rate increases as the catalyst concentration in the reactor increases; (3) when enough catalyst is present, the HDH reaction appears to

ollow first-order kinetics, but the kinetics appear to be zero-order at low catalyst concentrations. TeCB is converted rapidly and quantitatively to
enzene, with only trace concentrations of 1,2,4-trichlorobenzene appearing as a reactive intermediate. The results obtained here have important
mplications for the further development of the proposed soil remediation technology, and may also be important for the treatment of other hazardous
aste streams.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Halogenated hydrophobic organic compounds (HHOCs) are
ommonly found at many contaminated sites on the National
riorities List in the United States [1,2]. Chlorinated benzenes,
hlorinated phenols, and polychlorinated biphenyls (PCBs)
elong to this category of pollutants. Most of these HHOCs tend
o reside preferentially in soil and sediment, rather than water
r air, because they have low aqueous solubility and only semi-
olatile characteristics. Therefore, effective methods are needed
o clean up soils contaminated by HHOCs.

Unfortunately, the biodegradation rates of HHOCs in soil are

ften very slow, requiring months or years for adequate reme-
iation [3]. Incineration of contaminated soil is feasible, but
igh energy consumption is required to reach the necessary tem-
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eratures, and hazardous by-products such as polychlorinated
ibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans
PCDFs) can be generated from the combustion of HHOCs [4].
herefore, solvent extraction followed by activated carbon sorp-

ion is popularly employed for treating soils contaminated by
HOCs [5]. The main problem with this treatment method is the
eneration of a secondary waste because the target contaminants
re not destroyed, merely transferred into another phase. Thus,
urther treatment or disposal of the waste is required, leading to
dditional cost and/or possible exposure to future populations.
herefore, it is desirable to develop a cost-effective method

or destroying HHOCs in soils without generating a secondary
aste stream.
Catalytic hydrodehalogenation (HDH) with noble metals has

reviously been recognized as a potential means of treating halo-

enated organic compounds in water and/or liquid waste streams
6–10]. In particular, palladium is the most commonly used tran-
ition metal for the HDH of chlorinated organic compounds
n engineering practice [11]. Pd-catalyzed HDH treatment has

mailto:cunning@eng.usf.edu
dx.doi.org/10.1016/j.jhazmat.2007.10.045
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Table 1
Chemicals and catalyst used in experiments

Chemical or catalyst Specification Source

1,2,4,5-Tetrachlorobenzene
(TeCB)

98% Sigma–Aldrich

2,5-Dibromotoluene (internal
standard)

98% Sigma–Aldrich

Ethanol 99.5% Sigma–Aldrich
Hexane (for GC analysis) HPLC grade, 98.5% EMD Chemicals
Pd-on-Al2O3 catalyst 1% Pd by weight Sigma–Aldrich
De-ionized water >17.5 M� cm See below
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different experimental conditions be tested, as summarized in
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een successfully applied for the treatment of water or liquid
aste streams contaminated by chlorinated benzenes [8,12–16],

hlorinated phenols [17–19], and PCBs [20–22]. The general
toichiometry of the HDH reaction is

–Xn + nH2
Pd catalyst−→ R–Hn + nH+ + nX−

here X represents a halogen atom such as chlorine.
Therefore, we now propose a new treatment method for con-

aminated soils in which HHOCs are extracted from the soil by
solvent, then destroyed by Pd-catalyzed HDH reaction. We

all this process remedial extraction and catalytic hydrodehalo-
enation, or REACH. In the REACH process, the solvent plays
critical role in both the extraction and the HDH reaction. Mix-

ures of water and ethanol are good candidates for the choice of
olvent, because these mixtures have been shown to be effective
olvents for extraction at the laboratory scale [23] and field scale
24], and previous research has shown the potential for HDH
n water/ethanol mixtures [17,25]. In this paper, we focus on
he Pd-catalyzed HDH of 1,2,4,5-tetrachlorobenzene (TeCB) in
ater/ethanol mixtures, thereby simulating the solvent streams

ikely to be treated in practice. We focus on TeCB because it
s one of 31 priority chemicals targeted by the United States
nvironmental Protection Agency (US EPA) for waste reduction

26]; also, TeCB has physical and chemical properties similar
o those of many other HHOCs of concern. It is worth noting
hat, of the 31 priority chemicals identified by US EPA, about
alf fall into the category of halogenated hydrophobic organic
ontaminants, and would therefore be candidates for clean-up
y the technology proposed here.

The long-term goal of our research is to develop the REACH
rocess for full-scale application at contaminated sites. The
rst critical step is to develop a sufficient understanding of

he HDH reaction in water/ethanol mixtures. Therefore, the
ain goals of the research described herein were (1) to assess

he potential for hydrodechlorination of the target contami-
ant, (2) to determine the effect of the solvent composition
i.e., the water:ethanol ratio), and (3) to develop a model for
he kinetics of the dehalogenation process. These goals have
een accomplished through a series of batch kinetic experi-
ents, in which TeCB was spiked into mixtures of water and

thanol, then destroyed via Pd-catalyzed hydrodehalogenation
n a batch reactor. Results of the experiments are interpreted with
Langmuir–Hinshelwood conceptual model for heterogeneous
atalysis.

. Materials and methods

.1. Chemicals and catalyst

The chemicals employed in this research are summarized in
able 1. Mixtures of water and ethanol were prepared using
e-ionized water and 200 proof (99.5%) ethanol. Commer-

ially available 1 wt.% Pd-on-Al2O3 catalyst was employed,
nd the palladium content of the catalyst specified by the
anufacturer is assumed to be accurate. Detailed physical

roperties of the catalyst can be found elsewhere [27]. The

T
o
r
E

e-ionized water was produced in the laboratory with use of a Barnstead water
urification system.

atalyst was used in the HDH reactions without further treat-
ent. No special effort was given to prevent the catalyst from

ontacting air. A stock solution of 1,2,4,5-tetrachlorobenzene
ith concentration 5000 mg/L was prepared by dissolving 0.1 g
f TeCB into 20 mL ethanol in a 20-mL clear borosilicate
lass vial. The vial containing the stock solution was closed
sing a PTFE-lined septum and kept in a freezer to minimize
olatilization.

.2. Pd-catalyzed hydrodehalogenation reaction studies

In this research, all Pd-catalyzed hydrodehalogenation
HDH) reactions were carried out in a Parr 3911 hydrogena-
ion apparatus (Parr Instrument Company, Moline, IL, USA).
he experiments were conducted as follows.

A desired mixture of deionized water and ethanol was pre-
ixed in a glass beaker and then transferred to a 500-mL reaction

ottle. The total volume of solvent (water/ethanol mixture) in the
eaction bottle was approximately 300 mL for all experiments;
or instance, a 50/50 mixture consisted of 150 mL water and
50 mL ethanol mixed and then added to the reaction bottle. (The
light negative volume change of mixing for water and ethanol
eans that the final volume may have been less than 300 mL,

ut the effect is small enough to neglect.) After adding the sol-
ent, the desired amount of catalyst and the desired amount of
eCB stock solution were also added to the reaction bottle. The
ottle was then placed in the hydrogenation reactor, and air in
he headspace was removed by filling the bottle with hydrogen
as up to 0.31 MPa and venting it. Pressurizing and venting were
epeated three times. After venting, the reactor headspace was
lled with hydrogen gas to 0.21 MPa, and shaking of the reac-

ion bottle was started. The hydrogenation reactor is designed
o shake at 200 rpm to ensure complete mixing. After shaking
or the desired amount of time, the reactor was stopped, and a
ample was collected for analysis. Experiments were conducted
t room temperature (22 ± 3 ◦C).

Four sets of experiments were conducted, each requiring that
able 2. For each experimental condition, kinetic data were
btained for six or seven different reaction times, which required
epeating the experimental process once for each reaction time.
ach experiment was conducted in duplicate.
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Table 2
Experimental conditions for Pd-catalyzed hydrodehalogenation reactions

Initial concentration of
TeCB in reactor (mg/L)

Concentration of
catalyst (g/L)

Solvent composition (v:v, before
mixing) (% water:% ethanol)

Determine effect of solvent composition
2.0 0.17 67:33
2.0 0.17 50:50
2.0 0.17 33:67
5.0 0.33 67:33
5.0 0.33 50:50
5.0 0.33 33:67

Determine effect of catalyst concentration
5.0 0.17 50:50
5.0 0.33 50:50
5.0 0.67 50:50

10.0 0.17 50:50
10.0 0.33 50:50
10.0 0.67 50:50

Determine effect of initial concentration of TeCB
5.0 (January 2005) 0.33 50:50

10.0 (January 2005) 0.33 50:50
5.0 (November 2005) 0.33 50:50

10.0 (December 2005) 0.33 50:50
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etermine transformation products and mass balance
5.0 (23 �M) 0.33 50:50

.3. Sampling and analysis

At the end of each HDH run, the shaker was stopped and an
ppropriate amount of sample was collected using a syringe. Any
ne catalyst was immediately separated from the sample using
0.2-�m membrane filter. An aliquot of the filtered sample was
laced in an extraction vial with hexane, and the vial was vigor-
usly shaken for 1 h to transfer TeCB (and any reaction products)
o the hexane. Duplicate samples were collected from the reactor
nd extracted into hexane. The hexane contained a known con-
entration of 2,5-dibromotoluene as an internal standard. TeCB
oncentrations in the hexane were determined using gas chro-
atography (GC) with electron capture detection (ECD). Prior

o analysis, the GC was calibrated using standard solutions of
eCB in hexane, prepared by dilutions of the TeCB stock solu-

ion. Blank samples were analyzed between each standard to
erify that TeCB was eluting properly from the GC and not
leeding from one analysis to the next.

For a set of mass balance studies (described in more detail
ubsequently), the samples were analyzed by Advanced Tech-
ologies & Testing Laboratories (Gainesville, Florida) through
he EPA purge-and-trap method 8260 [28].

.4. Control experiments

Two kinds of control tests were conducted to verify that any
bserved disappearance of TeCB was due to catalytic hydrode-
alogenation (HDH), rather than any other mechanism (e.g.,

olatilization or sorption). The first type of control experiments
ere conducted in exactly the same fashion as described above,
ith the exception that no catalyst was added to the reaction
ottles. This determines the loss of TeCB due to volatilization.

c
s
t
r
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he second type of control experiments was performed using
itrogen gas instead of hydrogen gas, with all other experimen-
al conditions the same as described above. This determines the
oss of TeCB due to sorption onto the catalyst surface.

For a solvent composition of 67% water, significant
olatilization of TeCB was observed: we recovered only 43–47%
f the TeCB after venting and 30 minutes of shaking (without
atalyst present). For other solvent compositions, no significant
oss was observed due to volatilization, with TeCB recoveries
rom 92 to 103%.

In the sorption control experiments, recoveries of TeCB were
2–64% when a solvent composition of 67% water was used.
his is consistent with the results of the volatilization controls,
nd it is believed that the main mechanism of TeCB loss was due
o volatilization, not sorption. In solvent compositions of 50:50
nd 33:67 of water/ethanol, recoveries of TeCB for the sorption
ontrols were in the range 86–88% and 103–107%, respectively.
his indicates that sorption onto the catalyst support is only a
inor loss mechanism. Therefore, with the exception of TeCB

n 67% water, we trust that any observed removal of TeCB is
ue to catalytic HDH.

. Conceptual and mathematical model

To interpret the results of the Pd-catalyzed HDH experiments,
e adopt a Langmuir–Hinshelwood model for the catalytic reac-

ion. According to this framework, the hydrodehalogenation of
eCB occurs via the following steps [29]: (1) mass transfer of

he reactants (i.e., TeCB and hydrogen) from the water/ethanol
olvent to the catalyst surface; (2) adsorption of the reactants to
he catalyst surface; (3) reaction on the surface of the catalyst;
4) desorption of the reaction products from the surface; (5) mass
ransfer of the reaction products back into the bulk water/ethanol
olvent. This framework enables us to develop a mathematical
odel to interpret the experimental data, as follows.
First, we assume that the HDH reaction on the catalyst surface

ollows a simple kinetic expression:

= krC
cat
TeCBCcat

H2
(1)

here r is the rate of disappearance of the TeCB (mass of TeCB
eacted per mass of catalyst per time). Ccat

TeCB and Ccat
H2 represent

he concentration of TeCB sorbed on the catalyst surface and the
oncentration of H2 sorbed on the catalyst surface, respectively.

Next, we assume that the rate-limiting step for the HDH reac-
ion is surface reaction (step 3 in the list above), not mass transfer
r sorption/desorption. The mass transfer processes are sure to
e sufficiently fast because the reaction bottle is shaken vigor-
usly, and we here assume that sorption and desorption are fast
ompared to the surface reaction. Thus, the sorbed concentra-
ions are in equilibrium with the dissolved concentration in the
olvent. We further assume that these equilibrium sorption rela-
ionships are described by Langmuir isotherms. The hydrogen

oncentration is in the high region of the Langmuir isotherm,
uch that Ccat

H2
is a constant. (We have verified with experiments

hat the HDH reaction is not sensitive to the H2 pressure in the
eaction vessel as long as the pressure is at least 0.17 MPa; this
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nding supports the assumption that Ccat
H2 is constant under the

xperimental conditions considered here.) Therefore, Eq. (1) can
e replaced by

= k∗
r Ccat

TeCB (2)

here k∗
r is an apparent first-order rate constant for the reaction

n the catalyst surface, and is given by k∗
r = krC

cat
H2

.
Next, we apply a mass balance for TeCB in the entire reaction

essel:

cat dCcat
TeCB

dt
+ V solvent dCsolvent

TeCB

dt
= −Mcatr (3)

here Mcat and Vsolvent are the mass of catalyst and the volume
f solvent, respectively. Combining Eqs. (2) and (3) yields the
ollowing:

cat dCcat
TeCB

dt
+ V solvent dCsolvent

TeCB

dt
= −Mcatk∗

r Ccat
TeCB (4)

ext, we consider that the sorption of TeCB onto the catalyst
urface follows a Langmuir isotherm:

cat
TeCB = qmax

KCsolvent
TeCB

1 + KCsolvent
TeCB

(5)

n the low-concentration range (i.e., Csolvent
TeCB � 1/K), this Lang-

uir isotherm reduces to

cat
TeCB = qmaxKCsolvent

TeCB = KdC
solvent
TeCB (6)

here Kd is an apparent linear partitioning coefficient describ-
ng the equilibrium between the dissolved concentration and the
orbed concentration of TeCB. In other words, Kd is the ratio of
he sorbed concentration of TeCB to the concentration of TeCB
n the solvent, Kd = Ccat

TeCB/Csolvent
TeCB , assuming that the sorption

s at equilibrium and that the concentrations are linearly related
t low values of Csolvent

TeCB . In this case, Eq. (4) can be reduced to
he following:

dCsolvent
TeCB

dt
= −k∗

r
McatKd

McatKd + V solvent C
solvent
TeCB (7)

or our experiments, we generally have the condition that
solvent � Mcat Kd, such that Eq. (7) reduces further to

dCsolvent
TeCB

dt
= −k∗

r
Mcat

V solvent KdC
solvent
TeCB (8)

hus, when Csolvent
TeCB is in the low-concentration range, the kinet-

cs of the hydrodehalogenation reaction should be first-order
ith respect to the concentration of TeCB in the liquid solvent.
or ease of notation we can re-write Eq. (8) as follows:

dCsolvent
TeCB

dt
= −k1C

solvent
TeCB (9)

here the apparent first-order rate constant k1 is given by k1 =
∗K Mcat/V solvent.
r d

In the high-concentration range (i.e., Csolvent
TeCB � 1/K), the

angmuir isotherm reduces to

cat
TeCB = qmax (10)

i
K
k
H

azardous Materials 155 (2008) 1–9

nd Eq. (4) becomes the following:

dCsolvent
TeCB

dt
= −k∗

r
Mcat

V solvent qmax (11)

hus, when Csolvent
TeCB is in the high-concentration range, the kinet-

cs of the hydrodehalogenation reaction should be zero-order
ith respect to the concentration of TeCB in the liquid solvent.
or ease of notation we can re-write Eq. (11) as follows:

dCsolvent
TeCB

dt
= −k0 (12)

here the apparent zero-order rate constant k0 is given by k0 =
∗
r qmaxM

cat/V solvent.
In summary, according to this conceptual and mathemati-

al model, the rate of disappearance of TeCB in the liquid
hase should follow first-order kinetics when the concentration
s low (Eq. (9)), and should follow zero-order kinetics when
he concentration is high (Eq. (12)). In either case, the apparent
ate constant should increase with increasing catalyst concen-
ration in the reactor, Mcat/Vsolvent. Furthermore, the apparent
rst-order rate constant k1 depends upon the equilibrium parti-

ioning coefficient Kd. This is significant because Kd is likely
o depend upon the solvent composition, with higher ethanol
oncentrations favoring the TeCB remaining in solution rather
han sorbing onto the catalyst surface. Thus, the apparent first-
rder rate constant k1 is expected to depend upon the solvent
omposition.

As shown in Table 2, we designed different sets of experi-
ents to test the validity of this conceptual model. Results are

eported below.

. Results and discussion

.1. Effect of solvent composition on the Pd-catalyzed
ydrodehalogenation rate

The effect of solvent composition on the Pd-catalyzed
ydrodehalogenation (HDH) kinetic rate of 1,2,4,5-
etrachlorobenzene (TeCB) over time in a batch reactor
s presented in Fig. 1. The results show clearly that the
d-catalyzed HDH rate increases as the fraction of water

ncreases in the solvent. This was observed for both sets of
xperimental conditions (2 mg/L initial concentration of TeCB
ith 0.17 g/L catalyst, and 5 mg/L initial concentration of TeCB
ith 0.33 g/L catalyst). The apparent first-order rate constants

1 for each solvent composition are given in the legend of
ig. 1 and are summarized in Table 3. Similar effects of solvent
omposition have been reported for the dehalogenation rate
f polychlorinated biphenyls treated by bimetallic Pd/Fe [25],
nd for perchloroethylene treated by zero-valent iron [30]. We
ttribute this to the effect of the solvent composition on the
orption of TeCB to the catalyst surface. As ethanol fraction

ncreases in the solvent, the contaminant partitioning coefficient

d decreases and the apparent first-order kinetic constant
1 decreases, thereby resulting in a decrease in the overall
DH rate, as predicted by Eqs. (7) and (8). Conversely, as the
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Table 3
Summary of apparent rate constants and recoveries in control experiments

Initial concentration
of TeCB (mg/L)

Solvent composition (v:v, before
mixing) (% water:% ethanol)

Concentration of
catalyst (g/L)

Apparent zero-order rate
constant, k0 (mg/(L min))

Apparent first-order rate
constant, k1 (min−1)

TeCB recovery in controls

Volatilization control (%) Volatilization/sorption control (%)

Determine effect of solvent composition
2.0 67:33 0.17 0.24 43
2.0 50:50 0.17 0.081 95
2.0 33:67 0.17 0.040 103
5.0 67:33 0.33 0.40 47 32–64
5.0 50:50 0.33 0.099 95 86–88
5.0 33:67 0.33 0.051 99 103–107

Determine effect of catalyst concentration
5.0 50:50 0.17 0.039
5.0 50:50 0.33 0.094 95 86–88
5.0 50:50 0.67 0.36

10.0 50:50 0.17 0.032
10.0 50:50 0.33 0.025 92
10.0 50:50 0.67 0.082

Determine effect of initial concentration of TeCB
5.0 (January 2005) 50:50 0.33 0.099 95 86–88

10.0 (January 2005) 50:50 0.33 0.087 92
5.0 (November 2005) 50:50 0.33 0.094 95 86–88

10.0 (December 2005) 50:50 0.33 0.025 92

Volatilization controls were conducted with no catalyst addition; volatilization and sorption controls were conducted with catalyst addition but using nitrogen gas instead of hydrogen gas; see text for more details.
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Fig. 1. Effect of solvent composition on the rate of Pd-catalyzed hydrode-
halogenation (HDH) of tetrachlorobenzene (TeCB) in a batch reactor. Symbols
represent experimental data and lines represent first-order kinetic degradation
model. Top panel: catalyst concentration = 0.17 g/L and initial TeCB concentra-
t
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tion is 0.17 g/L, the data are not well described by the first-order
kinetic model, Eq. (9). Therefore, we tested a zero-order kinetic
model, Eq. (12), as shown in Fig. 3. The zero-order model
appears to fit the data quite well for t > 10 min, and appears to

Fig. 2. Effect of catalyst concentration on the rate of Pd-catalyzed
hydrodehalogenation of TeCB. Symbols represent experimental data and
lines represent first-order kinetic degradation model. Top panel: initial
TeCB concentration = 5 mg/L; apparent first-order rate constants k1 are
0.027 min−1, 0.094 min−1, and 0.36 min−1 for 0.17 g/L catalyst, 0.33 g/L
ion = 2 mg/L. Bottom panel: catalyst concentration = 0.33 g/L and initial TeCB
oncentration = 5 mg/L.

ater fraction increases in the solvent, the amount of TeCB
orbed on the catalyst surface increases, and a higher kinetic
ate is observed. These observations are consistent with the
angmuir–Hinshelwood framework adopted above.

Furthermore, the data shown in Fig. 1 appear to follow first-
rder kinetics, as predicted by Eq. (9). The first-order kinetic
odel fits the data sets in Fig. 1 with R2 values ranging between

.985 and 0.999 (based on linear regression of log(Csolvent
TeCB ) ver-

us t). Therefore, the results shown in Fig. 1 are consistent
ith the conceptual and mathematical model we have developed

bove.
It is worth noting that, for a solvent composition of 67%

ater, the control experiments indicated poor recovery of TeCB,
s described previously. We believe that some TeCB is lost due
o volatilization for the experiments in 67% water. The data
re included in Fig. 1, but should be interpreted appropriately.
espite this, we believe that there is a very clear trend indicating

he strong effect of the solvent composition on the HDH kinetics.
From Fig. 1, it can be seen that the apparent first-order rate

onstants k1 are higher for the bottom panel than for the top.

his is because the experiments shown in the bottom panel were
onducted at a higher concentration of catalyst. Therefore, in the
ext sub-section, we examine the effect of catalyst concentration
n the rate of hydrodehalogenation.

c
c
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azardous Materials 155 (2008) 1–9

.2. Effect of catalyst concentration on the Pd-catalyzed
ydrodehalogenation rate

The effect of catalyst concentration (Mcat/Vsolvent) on the Pd-
atalyzed HDH rate is shown Fig. 2. The top half of Fig. 2 is for
n initial TeCB concentration of 5 mg/L, and the bottom half is
or an initial concentration of 10 mg/L. All experiments repre-
ented in Fig. 2 were conducted in a 50:50 solvent composition.
ig. 2 shows clearly that an increase in catalyst concentration

ncreases the HDH rate. This behavior is predicted by Eqs. (8)
nd (11), and it indicates that the availability of Pd surface sites
s a rate-limiting factor for the overall removal of TeCB under
he experimental conditions we tested.

As can be seen from Fig. 2, the first-order kinetic model
s a good descriptor for four of the six data sets, yielding R2

alues between 0.990 and 0.999 (based on linear regression of
og(Csolvent

TeCB ) versus t). However, when the catalyst concentra-
atalyst, and 0.67 g/L catalyst, respectively. Bottom panel: initial TeCB con-
entration = 10 mg/L; apparent first-order rate constants k1 are 0.011 min−1,
.025 min−1, and 0.082 min−1 for 0.17 g/L catalyst, 0.33 g/L catalyst, and
.67 g/L catalyst, respectively. For all experiments, the solvent composition was
50:50 mixture (v/v, before mixing) of deionized water and ethanol.
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Fig. 3. Zero-order kinetic model fit to TeCB dehalogenation data with 0.17 g/L
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Fig. 4. Effect of initial TeCB concentration on the rate of Pd-catalyzed hydrode-
halogenation of TeCB. Two experiments were conducted with C0 = 5 mg/L, and
two with C0 = 10 mg/L; all experiments were conducted with 0.33 g/L cata-
lyst concentration and a solvent composition of 50:50 (v/v, before mixing)
water:ethanol. Symbols represent experimental data, and lines represent first-
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that the observed disappearance of TeCB is due to conversion
atalyst. The solvent composition was a 50:50 mixture (v/v, before mixing) of
eionized water and ethanol.

t the data better than the first-order model. In Section 3, we
emonstrated that zero-order kinetics are to be expected when
he TeCB concentration is sufficiently high. The data in Fig. 3
uggest that a zero-order kinetic model is appropriate when the
atio of TeCB concentration to catalyst concentration is roughly
0 mg/g or higher. The zero-order rate constant k0, as defined
y Eq. (12), appears to be in the range 0.03–0.04 mg/(L min) for
he experimental conditions used here.

It appears that the zero-order model is valid for t > 10 min, but
ot valid for t < 10 min. It may be that the assumption of rapid
orption equilibrium is not valid within the first few minutes of
he experiment.

.3. Effect of initial concentration of TeCB on the
d-catalyzed HDH rate

If the reaction kinetics are first-order, as described by Eq.
8) and (9), then the apparent first-order reaction rate constant
1 should not depend upon the initial concentration of TeCB
n the reactor. To test this hypothesis, we compared the results
or two initial concentrations of TeCB: 5 and 10 mg/L. In both
ases, a 50:50 mixture of water/ethanol was used, and the cata-
yst concentration was 0.33 g/L. Two experiments were run for

0 = 5 mg/L, and two experiments were run for C0 = 10 mg/L,
or a total of four experiments. Results are shown in Fig. 4. The
ormalized concentration of TeCB (C/C0) is graphed versus time
or the four experiments. For three of the four, the normalized
oncentrations coincide very closely. The apparent first-order
ate constants for those three experiments are not statistically

ifferent at the 95% confidence level, and as seen in Fig. 4,
ll three sets of data are described quite well by an apparent
rst-order rate constant k1 = 0.09 min−1.

t
s
p

rder kinetic model. Data are presented as normalized concentration, C/C0,
n order to facilitate comparison between experiments with different initial
oncentrations.

However, one of the four experiments gave quite different
esults from the other three. We note that it was the last (by
ate) of the four experiments performed. Our hypothesis is that,
ecause the Pd-on-Al2O3 catalyst was exposed to air over a pro-
onged period of time, the catalyst had lost some of its activity
y the time the last experiment was run. Hence, slower kinet-
cs were observed. An argument against this hypothesis is that
ata from November 2005 and December 2005 exhibit different
inetics, and the catalyst might not have lost so much activ-
ty in one month’s time. However, additional data from June
006 (presented below) appear to corroborate the hypothesis
hat the catalyst was slowly losing its activity between late 2005
nd mid-2006. Thus, overall, we believe that the rate constant
1 is essentially independent of initial TeCB concentration, as
riginally hypothesized.

.4. Transformation of TeCB by the Pd-catalyzed
ydrodehalogenation

The experimental data presented in Figs. 1–4 show clearly
hat the concentration of TeCB in the water/ethanol solvent
ecreases over time. However, one might still question whether
he observed disappearance of TeCB is due to Pd-catalyzed
ydrodehalogenation, or due to some other process (e.g., slow
olatilization into the reactor head space, slow sorption onto
he catalyst surface). A mass balance is required to ascertain
o a reaction product. Furthermore, for development of the full-
cale REACH process, it is important to know the chemical
roducts of the HDH reaction. For instance, do chlorinated
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Fig. 5. Transformation of 1,2,4,5-tetrachlorobenzene (TeCB) to 1,2,4-
trichlorobenzene (TCB) and benzene. The solvent composition was a 50:50
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ixture (v/v, before mixing) of deionized water and ethanol, the initial con-
entration of TeCB was 23 �M, and the catalyst concentration was 0.33 g/L.
ymbols represent experimental data.

y-products accumulate in the system? To answer these
uestions, and to determine a proposed reaction pathway, a mass-
alance study was performed. Experiments were conducted as
escribed above, but samples were analyzed by purge-and-
rap gas chromatography (GC) with mass spectrometry (MS)
etection in order to quantify the concentrations of all reac-
ion products. The GC/MS work was performed by an outside
ommercial laboratory (Advanced Technologies & Testing Lab-
ratories, Gainesville, FL) through the EPA purge-and-trap
ethod 8260 [28].
Experimental results are presented in Fig. 5. Minor amounts

f 1,2,4-trichlorobenzene (TCB) as an intermediate chlorinated
y-product were formed, but the TCB did not persist or accu-
ulate. The concentration of benzene, which is the end product

f the HDH reaction, increased as the TeCB was removed. This
nding is consistent with that of previous research [9–11]. Fig. 5
hows excellent closure of the mass balance, meaning that all
eCB originally present in the system is accounted for by con-
ersion to TCB or to benzene. This verifies that any observed
oss of TeCB is due to hydrodehalogenation, not due to any other
oss process.

The experiment shown in Fig. 5 was performed in June 2006.
he kinetics exhibited in Fig. 5 are slower than the kinetics
xhibited under identical reaction conditions tested earlier (as
hown in Figs. 1, 2 and 4, and summarized in Table 3). This cor-
oborates our hypothesis that the catalyst was losing its activity
etween November 2005 and June 2006. Therefore, the kinetics
xhibited in Fig. 5 are probably slower than would be observed

ith fresh catalyst. With fresh catalyst, it is possible that even

ess trichlorobenzene would be formed as an intermediate. In
eneral, the amount of TCB formed as a reactive intermediate
s essentially negligible.

w
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A possible reaction pathway for the transformation of TeCB
o benzene by the Pd-catalyzed HDH method is

,2,4,5-TeCB
k∗

−→1,2,4-TCB
k∗∗
−→benzene

here k* and k** are kinetic constants, and k** is much larger
han k*. Accordingly, an intermediate product is formed, but it
eacts very quickly, so effectively it appears that 1,2,4,5-TeCB
s converted to benzene via a direct transformation.

In certain circumstances, conversion of TeCB to benzene
ight be considered a significant improvement, because dechlo-

ination generally renders compounds less toxic. However,
enzene is a regulated contaminant. In future investigations, we
ill likely employ both palladium catalyst and rhodium (Rh)

atalyst, because Rh is known to catalyze hydrogenation of
he aromatic ring [12]. Hence, we expect that TeCB could be
onverted to cyclohexane, which might represent a preferable
nvironmental endpoint.

. Conclusions

The long-term goal of this research is to develop a
ew technology for cleaning soils contaminated by halo-
enated hydrophobic organic compounds (HHOCs). The
roposed technology is called remedial extraction and catalytic
ydrodehalogenation, or REACH. Towards that goal, we have
nvestigated the Pd-catalyzed HDH of a selected target contam-
nant, 1,2,4,5-tetrachlorobenzene (TeCB), in mixtures of water
nd ethanol.

The goals of this investigation were (1) to assess the potential
or hydrodechlorination of the target contaminant, (2) to deter-
ine the effect of the solvent composition (i.e., the water:ethanol

atio), and (3) to develop a model for the kinetics of the dehalo-
enation process. These goals were accomplished through a
eries of experiments conducted in a batch reactor.

We found that TeCB can be completely dehalogenated at
oom temperature under mild hydrogen pressure (0.21 MPa).
herefore, we believe that the proposed REACH technology
ay be technically and economically feasible for treatment of

oils contaminated by HHOCs. Other significant findings of this
tudy are:

The rate of hydrodehalogenation depends strongly on the sol-
vent composition, decreasing as the ethanol fraction of the
solvent increases.
The HDH rate increases as the catalyst concentration in the
reactor increases.
When enough catalyst is present, the HDH reaction appears
to follow first-order kinetics, but the kinetics appear to be
zero-order at low catalyst concentrations.

These experimental results are all consistent with a
angmuir–Hinshelwood model for heterogeneous catalysis,

hich we have developed herein.
TeCB was converted stoichiometrically to benzene by the

d-catalyzed HDH reaction. We observed low concentrations
f a transient intermediate, 1,2,4-trichlorobenzene (TCB). The
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