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bstract

The effects of pH, organic co-solvent, salts such as sodium chloride, sodium sulfate, and co-pollutants, resin and fatty acids (RFAs) on the
echlorination of pentachlorophenol (PCP) by magnesium/silver (Mg/Ag) and magnesium/palladium (Mg/Pd) systems were examined in the
resent investigations. Such studies provide relevant information about the applicability of bimetallic systems for remediation of raw wastewaters
such as pulp bleaching effluents) or groundwater. Removal efficiencies of 10 mg L−1 PCP by Mg/Pd and Mg/Ag systems at the end of 1 h reaction
ere 93% and 78%, respectively, in the presence of acetone (1% v/v). On the other hand, the removal efficiencies were 86% and 70% for reactions

onducted in alcoholic solvents (1% v/v) using Mg/Pd and Mg/Ag systems, respectively. The efficiencies of PCP removal by the two bimetallic
ystems could be correlated to the dipole moments of co-solvents used. The second order reaction rate constant for PCP removal by Mg/Ag system
as highest (0.03 L mg−1 min−1) in the absence of any pH-control mechanism. Optimum pH for the dechlorination of PCP by Mg/Pd system was
ound to be ∼5.5 and >92% of the compound was removed within 15 min of reaction. Presence of chlorinated and non-chlorinated resin fatty
cids (RFAs) resulted in substantial reduction in the rate and extent of PCP removal by Mg/Ag system whereas dechlorination by Mg/Pd remained
naffected. Presence of sodium sulfate or sodium chloride in the reaction phase reduced the rate and extent of PCP removal by Mg/Ag system. PCP
echlorination by Mg/Pd system was adversely impacted by the addition of sodium chloride and unaffected by the presence of sodium sulfate.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Pentachlorophenol (PCP) is a potent biocide used as a
reservative to protect wood from decay and insect attack. Pen-
achlorophenol can be found in the air, water, and soil. It enters
he environment through evaporation from treated wood sur-
aces, industrial spills, and disposal at uncontrolled hazardous
aste sites. Its mobility in soil increases with increase in the
H due to reduced adsorption. It has been reported that elevated

lood levels of pentachlorophenol (>25 �g L−1) were respon-
ible for histories of habitual abortion, unexplained infertility,
enstrual disorders, or the onset of menopause in women [1].
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CP is also listed as a priority pollutant by USEPA [2]. The
se and the uncontrolled incineration of technical grade PCP
s one of the most important sources of PCDDs and PCDFs
polychlorinated dibenzo dioxins and furans, respectively) in
he environment. Proposition 65 of the Office of Environmental
ealth Hazards, EPA, CA, identifies PCP as a carcinogen [3].
armful characteristics of PCP necessitate its removal from the

nvironment.
A wide variety of advanced oxidation processes (AOPs) have

een reported for the removal of pentachlorophenol which have
een reviewed by Pera-Titus et al. [4]. Electrochemical reduc-
ive dechlorination and electrooxidation by in situ generated
ydroxyl radicals are also reported [5–7]. Advanced oxidation
rocesses (AOPs) can completely mineralize the target com-

ounds but they are non-selective (attack both, chlorinated and
on-chlorinated compounds) and especially expensive for small
nd medium scale units. On the other hand, electrochemical
eductive dechlorination of PCP may result in the accumulation
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f partially/dechlorinated intermediates. Anaerobic and aerobic
iodegradation have been shown to achieve high efficiency of
emoval of PCP and lower chlorinated phenols [8–12]. Anaer-
bic degradation of chlorophenols is known to occur under
ow reduction potential (methanogenic or sulfidogenic condi-
ions) which may limit its application in the field. On the
ther hand, aerobic degradation of PCP involves ring cleavage
rior to dechlorination and such ring-cleaved products may be
oxic if accumulated in the environment [13]. Disposal of waste
iosludge laden with adsorbed chlorinated phenols can contam-
nate groundwater due to leachate generation while incineration
f such sludge can lead to formation of highly toxic chlorinated
ioxins.

In the last decade, extensive research has been carried out
n the application of bimetallic systems to dechlorinate chlo-
inated organic compounds [14–18]. Bimetallic systems make
se of two metals, one in the zero-valent form (with a negative
eduction potential like Mg+2/Mg0, Fe+2/Fe0, etc.) to produce
ascent hydrogen by anodic corrosion, and the other metal with a
elatively high (positive) reduction potential (such as Ag+1/Ag0,
d+4/Pd0) as a catalyst. Nascent hydrogen produced, is interca-

ated by the catalyst to form a metal hydride (M-H), which reacts
ith the target substrate to reduce it [19]. The main advantage of
imetallic systems is the ability to conduct the reaction at room
emperature and pressure without exclusion of atmospheric oxy-
en. However most of the studies on dechlorination by bimetallic
r zero-valent metal systems have been carried out using pure
olutions of chlorinated organic pollutants. Very sparse literature
elated to the effects of reaction phase pH [15,20–22], type of
rganic co-solvent [23–25] and impurities (co-pollutants) other
han the target compound is available. Studies on the effect(s) of
arious environmental parameters as listed above are relevant for
ssessing the applicability of bimetallic systems for remediation
f groundwater or raw industrial effluents containing chlorinated
rganic compounds.

In our recent publications we reported that the efficient
echlorination of PCP by Mg/Ag and Mg/Pd systems through
ucleophilic substitution required the addition of acid [17,18].
owever in these studies the required amount of acid was added

n one step at the beginning of the reaction and thus pH of the
eaction phase was not maintained during the course of reaction.
t was observed that the corrosion of magnesium and hence the
roduction of hydrogen was very rapid in the initial phase of
eaction. Since the bimetallic systems involve intercalation of
ydrogen on the catalytic metal (Ag0 or Pd0), it is reasonable to
ssume that a large fraction of hydrogen produced may not have
een fruitfully utilized for the reductive dechlorination reaction.
hus regulation of pH during the course of reaction may be

mportant to facilitate slow corrosion of magnesium granules in
rder to sustain the efficiency of dechlorination.

Dechlorination of chlorinated organic pollutants in a reac-
ion mix containing large proportions (∼20–60% v/v) of organic
o-solvent has been reported using Fe/Pd system, Fe0 and

d/C [26–29]. Such studies are vital since remediation of
oils/slurries contaminated with chlorinated organic pollutants
sually involves washing with aqueous solutions containing
rganic solvents in different proportions [27]. The soil extracts
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ontaining chloro-organic contaminants are then subjected to a
uitable treatment for destruction/transformation of these com-
ounds. On the other hand smaller proportions of organic polar
olvents have been used in aqueous reaction phase for lab scale
tudies. For example, Liu et al. [30], Roy et al. [31], Kim and
arraway [16], Xu and Zhang [32], and Doong and Rai [33,34]
sed acetone and methanol in various proportions (1, 0.2, 0.5,
.05% v/v) to prepare solutions of chlorinated compounds such
s, chlorophenols, PCP, chlorobenzenes, and trichloroethylene
TCE). However, the fore-mentioned publications do not provide
ny justification for the selection of a co-solvent or its concentra-
ion. The presence of co-solvent can have profound influence on
he rate of dechlorination reaction. First, co-solvent can improve
he solubility of target chlorinated compounds thereby enhanc-
ng their mass transfer to the sites of dechlorination on the
imetallic systems. Secondly, co-solvent may directly partici-
ate in the reaction by acting as a hydrogen donor under suitable
onditions. Therefore a study on the influence of smaller propor-
ion (1% or lower v/v) of co-solvent on reductive dechlorination
s very essential.

We studied dechlorination of PCP spiked in to pulp bleaching
ffluent using Mg/Ag and Mg/Pd systems (unpublished results).
owever, both the bimetallic systems failed to remove PCP to

ny appreciable level at the concentrations of bimetals used in
revious investigations [17,18]. We therefore decided to study
he effect of major constituents of pulp bleaching effluent such as
alinity (sodium chloride and sodium sulfate) and co-pollutants
uch as chlorinated and non-chlorinated resin and fatty acids
RFAs) on PCP dechlorination by Mg/Pd and Mg/Ag systems.

In the light of ongoing discussion, objectives of present inves-
igations were to study the dechlorination of PCP using Mg/Ag
nd Mg/Pd systems: (a) as a function of reaction phase pH (b)
n the presence of small proportion of organic solvents (c) in the
resence of sodium chloride, sodium sulfate, and co-pollutants
uch as chlorinated and non-chlorinated resin and fatty acids.
his investigation is an effort to shed light on the influence of key
nvironmental factors on the rate and extent of dechlorination
f PCP by Mg/Ag and Mg/Pd systems.

. Materials and methods

.1. Sources of chemicals

Magnesium granules (∼20 mesh), potassium hexachloropal-
adate (K2PdCl6), potassium carbonate, 2,4,6-trichlorophenol,
,4,5-trichlorophenol, 2,3,6-trichlorophenol, 2,3,4-
richlorophenol, pentachlorophenol, 1,1-dichloro-2,2-bis
4,-chlorophenyl) ethylene (DDE) were purchased from
igma–Aldrich Chemical Company. Cyclohexane, glacial
cetic acid, 1-propanol, ethanol, and acetone were purchased
rom Merck India Ltd. Silver nitrate was procured from Quali-
ens. Methanol and acetic anhydride were purchased from
.D. FineChem Ltd. Dehydroabietic acid, chlorodehydroabietic

cid, dichlorodehydroabietic acid, 9,10-dichlorostearic acid,
,10,12,13-tetrachlorostearic acid were purchased from Helix
iotech corporation, Canada. Stearic acid and pentachlorophe-
ol sodium salt (≥90%) were purchased from Fluka. All the
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hemicals were of high purity and analytical grade. Potassium
arbonate was baked in furnace at 400 ◦C, overnight, prior to
se. No pretreatment was carried out with other chemicals.
eionized water (17 m�) obtained from Barnstead deionization

ystem was used for making reagents.

.2. Effect of co-solvents on PCP dechlorination using
g/Ag and Mg/Pd systems

Experiments were carried out in test tubes by taking 4 mL
f 10 mg L−1 aqueous PCP solution containing 1% (v/v) of
hosen organic co-solvent. PCP was added from stock solu-
ions (1000 mg L−1) prepared in four different solvents, viz.,

ethanol, ethanol, acetone, and 1-propanol. For Mg/Ag system,
he reaction mixture contained 206 mM Mg0, 1.46 mM AgNO3,
nd 175 mM acetic acid. For Mg/Pd system, the reaction mix-
ure contained 154 mM Mg0, 0.063 mM K2PdCl6, and 175 mM
cetic acid. Reaction samples were covered using punctured
arafilms and incubated for 1 h. Two consecutive experiments
ere performed (each with triplicate test samples) at 30 ◦C in
temperature controlled oscillatory shaker set at 100 oscil-

ations/min. To determine the concentrations of compounds
orbed on to residual solid surfaces, 175 mM acetic acid was
dded into the reaction mixture and incubated until all residual
agnesium particles underwent corrosion and became silvery
hite. The solution was then analyzed to determine total residual

oncentration of parent compounds and products.

.3. Effect of pH on PCP dechlorination using Mg/Ag and
g/Pd systems

Kinetics of PCP dechlorination was studied in a com-
letely mixed batch reactor (CMBR) of 1 L capacity. 500 mL
f 10 mg L−1 PCP (prepared using 1000 mg L−1 PCP stock
ade in methanol) solution was taken in the reactor to which

.063 mM K2PdCl6 and 154.4 mM of magnesium (for Mg/Pd
ystem) or 1.46 mM AgNO3 and 206 mM magnesium (for

g/Ag system) were added. The pH of reaction phase was main-
ained at 4.5, 5, and 5.5 by careful addition of either 20% (v/v)
cetic acid or glacial acetic acid using automatic pH controller
Cole-Parmar model A22025). Sorption of compounds on solid
urfaces was determined as per the procedure outlined in the
revious section. All the pH values mentioned above were main-
ained within ±0.2 pH unit of the set pH value. Total volume of
cid required for all the experiments was <10% of the reaction
olume and hence dilution effect was neglected. In the case of
H-uncontrolled experiments, the reaction was commenced by
he direct addition of 175 mM acetic acid [17,18].

.4. Effect of the presence of sodium chloride and sodium
ulfate on PCP dechlorination by Mg/Pd and Mg/Ag
ystems
Experiments were conducted in a CMBR containing 150 mL
f 10 mg L−1 PCP solution (prepared from methanol stock)
nd 50 mM sodium sulfate (anhydrous) or 50 mM sodium chlo-
ide. Concentrations of bimetals were as mentioned in Section

o
r

ous Materials 156 (2008) 308–316

.3. Acetic acid (175 mM) was included in each experiment.
he sequence of addition of reactants was: PCP solu-

ion → Mg0 → AgNO3 (for Mg/Ag system) or K2PdCl6 (for
g/Pd system) → sodium chloride or sodium sulfate → acetic

cid. All the experiments were conducted in duplicate.

.5. Effect of the presence of chlorinated and
on-chlorinated resin fatty acids on PCP dechlorination by
g/Pd and Mg/Ag systems

Experiments were conducted in a CMBR containing 150 mL
f 10 mg L−1 PCP solution in the presence of chlorinated or
on-chlorinated resin fatty acids (RFAs). Concentrations of
imetals were as mentioned in Section 2.3. The total concentra-
ion of mixture of chlorinated RFAs was 1 mg L−1 constituting
f 0.25 mg L−1 each of dichlorostearic acid, tetrachlorostearic
cid, dichlorodehydroabietic acid, monochlorodehydroabietic
cid while that of non-chlorinated RFAs was 1 mg L−1 consti-
uting of 0.5 mg L−1 each of dehydroabietic acid and stearic
cid. The stock solutions of PCP and RFAs were added from
tock solutions prepared in methanol in such a way that the final
oncentration of methanol in the reaction medium was 1% (v/v).

.6. Gas chromatography (GC) analyses

Samples were prepared for GC analyses as per the proce-
ure described by NCASI 86.02 [35]. At designated time points
uring the kinetic studies, 0.3 mL of samples were withdrawn
from test tubes or CMBR), made up to final volume of 3 mL
nd derivatized by adding 78 �L of 4.35M potassium carbon-
te solution and 90 �L of acetic anhydride. Subsequently, the
erivatized samples were extracted twice with 1.5 mL of cyclo-
exane on high-speed vortex mixer for 45 s and 0.2 �L of pooled
xtracts were injected for GC-ECD. GC analyses were carried
ut using an Agilent 6890N model equipped with �ECD and
ID. HP-5 or HP-1 column (30 m × 0.32 mm ID × 0.25 �M film

hickness) was used. Temperature program used was: 1 min at
5 ◦C, temperature ramp 1: 45–100 ◦C @ 20 ◦C min−1, hold
ime of 0.3 min, temperature ramp 2: 100–215 ◦C @ 4 ◦C min−1,
nal hold time of 1 min. Injector and detector temperatures
ere set at 210 ◦C and 300 ◦C, respectively. Injections were
erformed in splitless mode using nitrogen as carrier gas (gas
elocity 36 cm s−1). Purge time and flow were set at 0.5 min

100 mL min−1. Calibration plots for all chlorophenols were
repared in the concentration range of interest and were found
o be linear with R2 values >0.98. DDE (1,1-dichloro-2,2-bis
4-chlorophenyl] ethylene) was used as an internal standard for
C-ECD analyses.

. Results and discussion

.1. Effect of co-solvent on PCP dechlorination by Mg/Ag
nd Mg/Pd systems
Fig. 1 shows the effect of various co-solvents on the efficiency
f PCP dechlorination by Mg/Ag system and the distribution of
esidual PCP between the aqueous and solid phases after 1 h
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Fig. 1. Effect of co-solvent on the extent of PCP dechlorination by Mg/Ag
system and relative distribution of residual PCP between aqueous and solid
phases after 1 h of reaction. Reaction conditions: reaction volume, 4 mL; Mg0,
206 mM; AgNO3, 1.46 mM; acetic acid, 175 mM; solvent concentration, 1%
( −1
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Fig. 3. Co-relation between dipole moments of co-solvents and efficiencies of
dechlorination of PCP by Mg/Ag and Mg/Pd systems. Values shown within
figure are dipole moments of chosen co-solvents. Total residual PCP = PCP in
supernatant + PCP sorbed at the end of reaction. M, methanol; A, acetone; E,
e
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v/v); PCP, 10 mg L . Data presented represent average values obtained from
xperiments conducted in triplicate. Legend: SUP is the concentration in aqueous
hase, TOT the total concentration (sorbed + supernatant).

f reaction. Comparison amongst various solvents suggested
hat the maximum removal of PCP and minimum sorption was
chieved in the presence of acetone. This effect may be attributed
o improvement of mass transfer rate due to enhanced solubility
f PCP by the acetone. While the aqueous phase concentrations
f residual PCP were more or less similar for all the solvents,
he concentrations of sorbed PCP were substantially higher for

ethanol, ethanol and 1-propanol.
Fig. 2 shows the effect of various co-solvents on the efficiency

f PCP dechlorination by Mg/Pd system and the distribution of

esidual PCP between the aqueous and solid phases following
h of reaction. Here too, it can be seen that acetone achieved
aximum removal of PCP while the extent of sorption of this

ig. 2. Effect of co-solvent on the extent of PCP dechlorination by Mg/Pd system
nd relative distribution of residual PCP between aqueous and solid phases after
h of reaction. Reaction conditions: reaction volume, 4 mL; Mg0, 154.5 mM;

2PdCl6, 0.063 mM; acetic acid, 175 mM; solvent concentration, 1% (v/v); PCP,
0 mg L−1. Data presented represent average values obtained from experiments
onducted in triplicate. Legend: SUP is the concentration in aqueous phase, TOT
he total concentration (sorbed + supernatant).
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thanol; P, 1-propanol. 1 D (Debye) = 3.3356 × 10−30 coulomb-meter. Dipole
oment values were noted from Lange’s handbook of chemistry, 16th edition

40]. Concentration of co-solvent: 1% (v/v).

ompound to solids was insignificant irrespective of the type of
olvent used.

Effect of co-solvents on the extent of solubility, rates of mass
ransfer and dechlorination of PCP may be related to their ther-
odynamic and physical properties such as dielectric constants,

ipole moments, viscosity and octanol–water partition coeffi-
ient, etc. In the present investigation, efficiencies of removal
f PCP by Mg/Ag and Mg/Pd systems correlated well with
he dipole moments of co-solvents (Fig. 3). It is evident from
ig. 3 that the maximum dechlorination of PCP was achieved by
g/Pd system using 1% acetone as the co-solvent, which had the

ighest dipole moment. It may be noted that dipole moments for
he alcoholic co-solvents were very close to each other (1.5–1.7)
nd so were the concentrations of residual PCP after 1 h of reac-
ion. Another property of the solvent, which may influence the
ate of dechlorination, is its tendency to solvate the attacking
ucleophilic species. It is well known that reductive dechlori-
ation reactions progress by nucleophilic substitution. In this
ontext, acetone, a polar aprotic solvent, enhances nucleophilic
ubstitution by leaving the anionic groups unsolvated [36]. Thus
esults of PCP dechlorination by Mg/Ag and Mg/Pd systems
evealed that the type of organic co-solvents, although used in
mall proportions, had significant impact on the efficiency of
echlorination of PCP.

The rate of reaction and chemo-selectivity of the target
ompounds in the reductive catalytic hydrogenation/hydro-
echlorination reactions using catalysts such as Pd/C [23,29],
dCl2 [24], Raney-nickel [25] and Pd/Fe [27] have been shown

o be influenced by the type of organic solvents used. These
ffects were attributed to thermodynamic interactions between

he co-solvent and reactants which in turn improved the rate
f mass transfer. However, the effects have been reported for
ery high proportions 18–60% v/v) of the co-solvent and thus
irect comparison with the results of present investigation was
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ot possible. Clark et al. [26], reported decrease in the reaction
ate constant values for the dechlorination of perchloroethylene
PCE) by ZVI with increase in ethanol fraction from 0 to 50%
v/v), and attributed this effect to the increased solubility and
hus reduced sorption of PCE on ZVI surfaces. Korte et al.
27] employed ethanol:water and isopropanol:water (40:60 v/v)
ixtures as reaction phases to study the dechlorination of poly-

hlorinated biphenyls (PCBs). The authors attributed better
emoval efficiency in ethanol:water phase to higher dielectric
onstant of ethanol in comparison to that of isopropanol. Electro-
atalytic dechlorination of 4-chlorobiphenyl (4-MCB) on Pd/Ni
athode was studied by Yang et al. in solvent:water (30:70) mix-
ure using methanol, ethanol, isopropanol, and ethylene glycol
s the co-solvents [37]. The authors ascribed higher efficiency
f dechlorination of 4-MCB in methanol:water mixture to lower
iscosity of methanol among the solvents employed. Based on
he reported data and results obtained in the present study it is
lausible that different thermodynamic properties of co-solvent
ay play dominant role depending upon on the type of reaction

ystem. Nevertheless, one conclusion that can be drawn is that
he organic co-solvents used in smaller or larger proportions,
nfluence the rate and extent of dechlorination reactions.

.2. Effect of pH on PCP dechlorination by Mg/Ag and
g/Pd systems

.2.1. Dechlorination of PCP by Mg/Ag system as a
unction of constant pH

Fig. 4(a)–(c) compares the time course profiles of PCP
emoval by Mg/Ag system, and emergence of tetrachlorophe-
ols (TeCPs) and 2,4,5-TCP, respectively, at pH values of 4, 5,
nd 5.5, and that in the absence of a pH-control mechanism.
mportant observations to be noted from the Fig. 4 (a)–(c) are:

(i) The rate of PCP removal was highest in the absence of
pH-control mechanism. The second order rate constant
values for the removal of PCP by Mg/Ag system were
0.014 L mg−1 min−1 and 0.016 L mg−1 min−1 at fixed pH
values of 4.0 and 5.5, respectively. In comparison, the rate
constant value was twofold higher (0.03 L mg−1 min−1) for
PCP dechlorination by Mg/Ag system in the absence of a
pH-control mechanism.

ii) The total concentrations of TeCPs and 2,4,5-trichlorophenol
accumulated at the end of 1 h of reaction were the least in
the absence of pH-control mechanism. The patterns of emer-
gence of these dechlorinated intermediates were dissimilar
for the pH-controlled and pH-uncontrolled experiments.

It was observed that the physical sloughing of metallic sil-
er deposits from Mg0 granules was significantly delayed for
xperiments conducted at constant pH values of 4, and 5.5
s compared to that observed in pH uncontrolled experiments.
elayed sloughing of metallic silver from Mg0 granules during
he initial reaction period may have resulted in reduced area of
atalytic surface of silver thereby decreasing the rate of removal
f PCP. On the other hand when the same reaction was conducted
ith one step addition of acid at the beginning of reaction there

b
m
S
m

gNO3 concentration, 1.46 mM; initial concentration of PCP, 10 mg L . Data
resented represent average values obtained from experiments conducted in
uplicate.

as almost instantaneous complete sloughing of silver deposits
rom the surface of Mg0 granules which in turn enhanced the
nitial rate of PCP dechlorination. It may be concluded from the
ngoing discussion that pH-controlled experiments did not offer
ny specific advantage in terms of rate and extent of PCP removal

y Mg/Ag system when compared to pH uncontrolled experi-
ents. The result obtained by us is in contrast to that reported by
iantar et al. [38]. The authors demonstrated that the transfor-
ation of 1,2-dibromo-3-chloropropane (DBCP) in unbuffered
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Fig. 5. Comparison of time course profiles of PCP removal by Mg/Pd sys-
tem as a function of pH. Reaction conditions: reaction volume, 500 mL; Mg0
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oncentration, 154.4 mM; K2PdCl6 concentration, 0.063 mM; initial concentra-
ion of PCP, 10 mg L−1. Data presented represent average values obtained from
xperiments conducted in duplicate.

roundwater by zero-valent iron was 16–30 times slower as com-
ared to that in HEPES buffer at pH 7. The authors proposed
hat the slower transformation rate resulted from the increase in
H from 8.0 to 9.0 during the course of reaction. However the
eduction of pH to 7.0 by the dosing of acid into groundwater
nhanced the rate of transformation by ∼25%.

.2.2. Dechlorination of PCP by Mg/Pd system as a
unction of pH

The PCP disappearance profiles shown in Fig. 5 are the results
f experiments conducted by maintaining pH at 4, 5, 5.5, 6.0,
nd that without any pH-control mechanism in the reactor using
g/Pd system. Accumulation of partially dechlorinated prod-

cts at any time point during the course of reaction was found to
e less than 0.1 mg L−1 and hence their profiles are not shown
n the figure. As depicted in Fig. 5, removal of PCP was very
apid within the first 5 min of reaction followed by a slow rate
f reaction between 5 and 15 min at all pH values. We were
nable to determine the order of reaction or rate constant values

ince the initial rate was very high. However the initial rates of
eactions were estimated. Table 1 shows data related to initial
ates of PCP removal by Mg/Pd system and concentrations of
orbed PCP as a function of pH. It may be seen from Table 1

able 1
ffect of pH on PCP dechlorination by Mg/Pd system

H Initial reaction
rate (dCPCP/dt)
(mg L−1 min−1)

Concentration of
sorbed PCP
(mg L−1)

1.71 –
1.67 Negligible

.5 1.55 0.67

.0 1.4 2.0
H uncontrolled 1.53 ∼0.9

3
P

c
w
f
i
s
f
b
t
t
c
w

ous Materials 156 (2008) 308–316 313

hat there was marginal increase in the estimated initial reaction
ate (dCPCP/dt) with the decrease in pH of the reaction medium.
his result may be explained on the basis of increased corro-
ion of Mg0 and reduced passivation of the metal at lower pH
alues [22]. It may be also noted from Table 1 that substantial
orption of PCP (∼2 mg L−1) on the residual solid surfaces was
bserved for experiments conducted at pH value of 6.0 while
lmost complete dissolution of magnesium was observed at the
nd of 45 min of reaction conducted at pH 4.0. Linear increase
n the reaction rate constant with decrease in reaction pH has
een also reported for the dechlorination of carbon tetrachlo-
ide, atrazine, and trichloroethylene using Fe0 by Matheson and
ratnyek [20], Dombek et al. [21], and Chen et al. [22], respec-

ively. Based on the results presented in Table 1, the optimum
H for PCP dechlorination by Mg/Pd system may be consid-
red to be ∼5.5 which required nominal dosing (70 mM) of
cid. At this pH, PCP was removed efficiently with negligible
orption.

Comparison of time course profiles of PCP removal for pH-
ontrolled experiments revealed that most of the PCP removal
ccurred within 10–15 min of reaction (Fig. 5). Since the amount
f acid dosed within this period, was much less (approximately
0 and 70 mM for pH 6.0 and 5.5, respectively), a very low
ustained rate of magnesium corrosion and evolution of hydro-
en along with a uniformly distributed colloidal suspension of
d0 particles were observed [18]. The uniform suspension of
olloidal Pd0 particles provided very high surface area onto
hich hydrogen was efficiently intercalated. On the other hand,

n pH uncontrolled experiments, where 175 mM acetic acid
as provided in a single dose at the beginning of reaction,

he corrosion of magnesium was very rapid resulting in rapid
volution of hydrogen gas, a large fraction of which was unuti-
ized and escaped into the atmosphere. It was also observed
hat after 2–3 min of the addition of acetic acid, the colloidal
uspension of Pd0 particles agglomerated to form larger Pd0 par-
icles thereby reducing the effective catalytic surface area. Thus,
educed removal of PCP in pH-uncontrolled experiment (Fig. 5)
ay be attributed to lower efficiency of hydrogen intercalation.

.3. Effect of the presence of inorganic salts and resin and
atty acids on PCP dechlorination by Mg/Ag and Mg/Pd
ystems

.3.1. Impact of inorganic salts and resin and fatty acids on
CP dechlorination by Mg/Ag system

Data presented in Table 2 reveal that the second order rate
onstant values and the extent of PCP removal by Mg/Ag system
ere substantially reduced in the presence of chloride, sul-

ate, chlorinated and non-chlorinated RFAs. Maximum adverse
mpact on the dechlorination was observed in the presence of
alts. Also the concentration of PCP sorbed on residual solid sur-
aces was higher (∼2.5 mg L−1) in the presence of salts. It may
e noted that the concentration of chlorinated RFAs included in

he reaction mixture was much lower as compared to PCP and
herefore the possibility of direct competition between PCP and
hlorinated RFAs for dechlorination can be ruled out. This fact
as further substantiated by the comparison of second order rate
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Table 2
Effect of the presence of inorganic salts and RFAs on PCP dechlorination by Mg/Ag system

Impurity and its concentration Second order reaction rate
constant (L mg−1 min−1)

Net PCP removal at the end
of 1 h reaction (%)

Concentration of sorbed PCP
(mg L−1)

NaCl (50 mM) 0.006 56 2.4
Na2SO4 (50 mM) 0.009 51 2.8
C −1

N
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hlorinated RFAs (1 mg L ) 0.018
on-chlorinated RFAs (1 mg L−1) 0.014
one (control) 0.030

onstant values for the dechlorination of PCP by Mg/Ag system
hich were 0.018 L mg−1 min−1 and 0.014 L mg−1 min−1 in the
resence of chlorinated and non-chlorinated resin fatty acids,
espectively. Doong and Lai [33], studied the effect of the pres-
nce of humic acid on tetrachloroethylene using ZVI. They
eported that humic acid out-competed tetrachloroethylene for
orption on to reactive sites resulting in the reduction of reaction
ate constant. Since RFAs are also long chain carboxylic acids
imilar to humic acid, their competition with PCP for sorption
ay be responsible for reduced reaction rate constant for PCP

echlorination by Mg/Ag system. To the best of our knowl-
dge there are no reports on the effects of salts or RFAs on
echlorination by Mg/Ag system.

.3.2. Impact of resin and fatty acids and inorganic salts on
CP dechlorination by Mg/Pd system
Fig. 6 shows the effect of the presence RFAs on PCP dechlo-
ination by Mg/Pd system. Results indicated that Mg/Pd system
as almost unaffected by the presence of RFAs and thus, pal-

adium proved to be a better catalyst as compared to silver.

ig. 6. Comparison of PCP disappearance profiles using Mg/Pd system in
he presence and absence of resin and fatty acids. Reaction conditions: reac-
ion volume, 150 mL; Mg0 concentration, 154.4 mM; K2PdCl6 concentration,
.063 mM; acetic acid dosage, 175 mM; initial concentration of PCP, 10 mg L−1;
nitial concentration of chlorinated RFAs (0.25 mg L−1 of each of monochloro-
ehydroabietic acid, dichlorodehydroabietic acid, 9,10-dichlorostearic acid, and
,10,12,13-tetrachlorostearic acid) or non-chlorinated RFAs (0.5 mg L−1 of each
f DHA and stearic acid), 1 mg L−1. Data presented represent average val-
es obtained from experiments conducted in duplicate and error bars represent
1 S.D.

t
i
s
e
p
t
s

F
s
r
t
1
a
r

68 0.9
70 1.2
81 1.0

hese results are consistent with that reported by Doong and
ai [34]. The authors studied the effect of the presence of
–80 mg L−1 of humic acid on the dechlorination of 1 mg L−1

f tetrachloroethylene using Pd/Fe system and showed that the
eaction rate constant was almost unaffected in the presence of
mg L−1 of humic acid as compared to that in the absence of
umic acid. However, the rate constant value for the dechlo-
ination of tetrachloroethylene decreased with further increase
n humic acid concentrations. Since we have used a relatively
maller concentration of RFAs as compared to PCP, the effect
f RFAs on PCP dechlorination by Mg/Pd system may be negli-
ible.

Fig. 7 depicts the effects of the presence of inorganic salts on
CP dechlorination by Mg/Pd system. Results suggested that

he profiles of PCP disappearance in the absence and presence
f sodium sulfate were nearly superimposable. On the other hand
he rate and extent of PCP removal were significantly reduced
n the presence of sodium chloride. The concentration of PCP
orbed on the residual solid surfaces was also higher in the pres-

−1
nce of sodium chloride (∼1 mg L ) as compared to that in the
resence of sodium sulfate (∼0.5 mg L−1). Addition of NaCl
o Mg/Pd system may affect the rate of corrosion of magne-
ium, and/or catalytic activity of Pd. Further, the addition of

ig. 7. Comparison of time course profiles for PCP disappearance using Mg/Pd
ystem in the presence and absence of inorganic salts. Reaction conditions:
eaction volume, 150 mL; Mg0 concentration, 154.4 mM; K2PdCl6 concentra-
ion, 0.063 mM; sodium chloride or sodium sulfate, 50 mM; acetic acid dosage,
75 mM; initial concentration of PCP, 10 mg L−1. Data presented represent aver-
ge values obtained from experiments conducted in duplicate and error bars
epresent ±1 S.D.
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hloride, a product of dehalogenation may reduce the rate of
CP dechlorination. Sianter et al. studied hydrodechlorination of
,2-dibromo-3-chloropropane (DBCP) by zero-valent iron and
ydrogen/palladium system in the presence of various anions in
roundwater [38]. Dechlorination of DBCP by Fe0 was inhibited
y the presence of oxygen and nitrate/nitrite while sulfate and
hosphate had little effect. In the same publication the authors
eported that the rate of hydrodechlorination of DBCP by hydro-
en/palladium system was reduced by ∼50% in the presence of
ulfate, nitrate and chloride while sulfite caused 90% reduction
n the rate. Schreier and Reinhard [39] reported that the rate of
ydrodechlorination of perchloroethylene by 1% Pd-activated
arbon powder in the presence of H2 was reduced by 14% in
he presence of 0.19 mM sulfate and almost unaffected in the
resence of 10 mM sodium chloride. Complete deactivation of
alladium was observed in the presence of 2 mM sodium bisul-
de. Direct comparison of these results with ours may not be
ossible since the salt concentrations used in our study were
uch higher.

. Conclusions

Following salient conclusions can be drawn from our study:

(i) Co-solvents, although present in small proportions (1%
v/v) can significantly affect the rate and extent of PCP
dechlorination by bimetallic systems such as Mg/Ag and
Mg/Pd systems. Thus it is important to choose a right sol-
vent for washing of contaminated soil or preparation of
stock solutions. Amongst the four solvents used (ethanol,
methanol, 1-propanol and acetone) maximum removal and
minimum sorption of PCP and dechlorinated intermedi-
ates was achieved in the presence of acetone probably due
to its higher dipole moment in comparison to alcoholic
solvents.

(ii) pH of the reaction medium influenced the rate and extent
of PCP removal by Mg/Pd and Mg/Ag systems. A pH of
∼5.5 was optimal for PCP dechlorination by Mg/Pd system
while maximal dechlorination efficiency was noted using
unbuffered medium with Mg/Ag system.

iii) The presence of chlorinated and non-chlorinated RFAs sig-
nificantly reduced the rate and extent of PCP dechlorination
by Mg/Ag system probably due to structural properties of
RFAs. However, the presence of RFAs did not affect PCP
dechlorination by Mg/Pd system.

iv) The presence of chloride had an adverse impact on the rate
and extent of PCP dechlorination by Mg/Ag and Mg/Pd sys-
tems. PCP dechlorination by Mg/Pd system was unaffected
by the presence of sodium sulfate while Mg/Ag system was
adversely impacted by the salt.
Information related to the effect of environmental parameters
uch as pH, presence of co-solvents, salts and co-pollutants on
he rates of dechlorination reactions is vital to assess the appli-
ability of bimetals for the treatment of groundwater or raw
ndustrial wastewaters such as pulp bleaching effluents.
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