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Palladium, ruthenium and silver were investigated as catalysts for the dechlorination of dichlorophen (DCP,
2,2'-methylenebis(4-chlorophenol)), an antimicrobial and anthelmintic agent largely used as algicide,
fungicide and bactericide. Experiments were undertaken under oxic and anoxic conditions for experi-
mental durations up to 180 min (3 h). The anoxic conditions were achieved by purging the solutions with
nitrogen gas. Reactions were performed in a 12+0.5mgL~! DCP solution (V=20mL) using 0.8 g of Fe?®
(40gL-1). Along with micrometric Fe?, five Fe®-plated systems were investigated: Pd (1%), Ru (0.01%), Ru
(0.1%), Ru (1%) and Ag (1%). Metal plating was controlled by atomic absorption spectroscopy. DCP degra-
dation was monitored using: (i) two HPLC devices, (ii) ion chromatography, (iii) UV and fluorescence
spectrophotometry. Results indicated: (i) total dechlorination with Fe/Pd, (ii) partial dechlorination (40%)
with Fe/Ru, and no reaction with Fe/Ag. DCP is vanished completely after 90 min of contact with Fe/Pd
following a first order kinetic. The observed degradation rate k.ps was about (3.98 +0.10) x 102 min~!,
the calculated half-life t;, about 17.4 + 0.9 min and a t5o about 10.1 + 0.5 min. A DCP degradation pathway
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map was also proposed.
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1. Introduction

Dichlorophen (DCP) has been of interest to many researchers
aware of the quality of water and the long-term effect of pesticides
and pharmaceuticals on human and animal health. This chlorophe-
nolic compound [2,2’-methylenebis(4-chlorophenol)] has been
detected in several regions of the world because of its extensive
use as algicide, fungicide and bactericide [1]. Due to its toxicity,
restriction on the use of DCP in cosmetic formulations as secondary
ingredient has already been applied. For instance, while DCP is pro-
hibited in Japan, its maximum tolerated concentration in Europe
is actually 0.5% in cosmetic formulations [2]. DCP is particularly
toxic to fish with an acute oral LD5y of 1250mgkg~! for guinea
pigs. It may exhibit high activity against immature and adult stages
of intestinal tapeworms. DCP is prescribed by veterinary doctors
to kill Taenia spp and Dipylidium spp in cats and dogs where only
10% of the prescribed amount will be used while 90% reach the
surrounding environment after excretion, mainly in urine [2]. In
addition, DCP is found to be an excellent antibacterial agent for
clothing preservation because it enhances the resistance of linen
against fungal deterioration [3]. Unfortunately, DCP was also used

* Corresponding author. Tel.: +961 1 350 000; fax: +961 1 365 217.
E-mail address: antoine.ghauch@aub.edu.lb (A. Ghauch).

0304-3894/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2008.08.048

as suicide agent by a woman discovered dead after an acute fatal
DCP poisoning where DCP concentration in her blood was found to
be around 9.77 mgL-1 [4].

Particular interest has been given to chlorophenols in 1996 when
Mansfield and Richard [5] investigated the photolysis of DCP under
anoxic conditions in acidic medium. They showed the transforma-
tion of DCP (1) to 2-(5-chloro-2-hydroxybenzyl)benzene-1,4-diol
(4, 4'), a substitution reaction of one chlorine by a hydroxyl group
(Table 1). In the presence of oxygen, DCP was transformed to a
benzoquinone-like derivative (5, 5’). On the other hand, when
irradiations have been carried out at basic pH (pH 9) in DCP
deoxygenated solution, an additional by-product (2, 2’) has been
formed showing mono-dechlorination of DCP via photohydroly-
sis of the C-Cl bond. Complete dechlorination was only observed
when the DCP solution has been spiked with isopropanol (to yield
10% alcohol composition), a hydroxyl radical scavenger, allowing
the transformation of DCP to 2,2’-methylenediphenol (3). Under
both oxic and anoxic conditions, kinetic studies were not evalu-
ated. Degradation mechanisms were proposed under acidic and
basic conditions confirming the formation of by-products (2, 2’) via
carbene intermediate step. Photodegradation of DCP was recently
investigated on various kinds of sand by Zertal et al. [6]. The degra-
dation has reached 72% after 8 days of irradiation at 275-365 nm
and 405-436 nm. Four by-products were detected by HPLC how-
ever, just one of them (2, 2’) has been identified by GC/MS
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Table 1

Structures of DCP and its degradation by-products obtained after reduction and/or oxidation/photo-oxidation processes

Compound Chemical structure
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2,2’-methylenebis(4-chlorophenol)

4-chloro-2-(2-
hydroxybenzyl)phenol

Dichlorophene (DCP)

Mono-dechlorinated
DCP

2,2’-methylenediphenol Bi-dechlorinated DCP

2-(5-chloro-2- Hydroxylated
hydroxybenzyl)benzene- mono-dechlorinated
1,4-diol DCP

2-(5-chloro-2- Benzoquinone-like

hydroxybenzyl)cyclohexa-
2,5-diene-1,4-dione

derivatives

(m/z=234-236). Authors have reported such similarity between
photodegradation of DCP in aqueous solution and on sand after the
formation of a carbene by HCl elimination considered as a first step
to yield the mono-dechlorinated compound (4, 4’) or the quinone-
like compound (5, 5’) in the presence of oxygen. DCP was also of
the interest for Davila-Vazquez et al. [7] who studied the degrada-
tion of this chlorophenol by microbiological route using versatile
peroxidase enzyme in the presence and in the absence of Mn(II)
as catalyst. Davila-Vazquez et al. [7] found that the transformation
of DCP by versatile peroxidase follows an oxidative dehalogenation
mechanism yielding the formation of quinone-like product (5, 5').

Photodegradation and/or microbiological degradation of chlo-
rinated compounds usually occurred under controlled and strict
conditions. Their mechanisms and kinetics are highly dependent
on experimental conditions for example solution pH, irradiation
wavelength, dissolved oxygen (DO) and sensitizers’ concentration
(usedtoincrease solution ionic strength)[8].In addition to high cost
operations, the efficiency of such treatments is difficult to sustain
for a long time without any maintenance. For this reason, scien-

tists directed their research on water treatment and hazardous
pollutants removal to micro/nano scale zero valent metals espe-
cially zero valent iron (ZVI). It has been demonstrated that ZVI is
a very interesting material used for water and effluent remedia-
tion technology to a long list of aromatic and linear halogenated
and/or non-halogenated organic compounds. The mechanism of
this remediation technology has been reported to be based on the
redox properties of Fe serving as electron donor for the (i) reduc-
tion of oxidized species like water to form hydrogen gas (Eq. (1))
and (ii) hydrogenolysis of other reactants like alkyl chlorides to form
dehalogenated compounds (Eq. (2)) [9].

Fe® + 2H,0 — Fe?t +H, +20H~ (1)
Fe® + R-Cl + H* — Fe?t +R-H + CI~ (2)

In addition to alkyl halides, pesticides like atrazine, parathion
[10], simazine, propazine [11], benomyl, picloram, dicamba [12],
carbaryl [13,14], thiobencarb [15], flutriafol [ 16], chlorothalonil [ 17],
etc., undergo reductive degradation in aqueous solution under
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slightly acidic conditions. However, more recently, it has been
established that ZVI particles reveal oxidative degradation mech-
anisms due to the formation of a likely Fenton reagent in the
presence of oxygen at acidic pH solutions for the treatment of
molinate exhibiting a high cancer hazard factor [18]. Feitz et al.
[19] reported that despite initial rapid oxidation of iron surface
particles, the latter have good residual oxidation power to allow
its incorporation within an on line hazardous pollutants removal
process.

In this paper, we have investigated the dechlorination of DCP
using microscale modified iron particles for kinetic degradation
enhancement. Pd, Ru and Ag salts were chosen for their reductive
potential allowing spontaneous plating in acidic solution on iron
particle surface. Anoxic and oxic experiments were undertaken to
study the effect of dissolved oxygen (DO) on (i) the degradation rate
and (ii) on the nature of reaction products.

2. Experimental
2.1. Chemicals and materials

Nitrogen flushed iron powder (325mesh) was purchased
from Fluka (USA). Palladium(II) acetate ([Pd(CoH305),] (Pd assay
47%); anhydrous silver chloride, ruthenium(Ill) chloride trihy-
drate were obtained from Sigma (USA). Methanol (HPLC grade),
formic acid (Analytical reagent), acetone (analytical reagent) and
dichlorophene at the highest purity available were supplied from
Riedel de Haen (Germany). Double distilled water was used for
dilutions and deionized water for HPLC analyses. HCI used for the
cleaning of the surface of iron powder (1 M) and for iron parti-
cles plating (0.01 M) was purchased from Prolabo. 13 mm PTFE
Acrodisc Syringe filters 0.2 um were obtained from Sigma-Aldrich.
Whatman No. 1 filter papers (d=3cm) used for the filtration of
prepared iron particles after cleaning several times with double
distilled water were acquired from Prolabo (France). NaH,PO4 and
Nay;HPO4-12H,0 to make phosphate buffer solutions (PBS) were
purchased from Merck (USA). Nitrogen gas used for purging solu-
tions was obtained in a cylinder from a local supplier. Nitrogen gas
for the HPLC/MS was obtained from liquid nitrogen with a specific
device.

2.2. Preparation of catalytic systems

Bimetallic systems were prepared based on their standard
reduction potential (—0.44 V/ESH for Fe, 0.24 V/ESH for Ru, 0.61
V/ESH for Pd and 0.80 V/ESH for Ag) through the following redox
reaction:

gFeO +Me™ - gFe2+ +Me? 3)

where Me is the metal to be plated and n its valence. Adequate
amount of AgCl (0.0133 g) and RuCl3-2H,0 (0.0241 g) noble metal
precursors were weighed, dissolved into 10 mL of 0.01 M HCI solu-
tion (pH 2) and finally mixed to 1g of ZVI particles to achieve a
plating yield of about 1%. The other Ru % plating yields (0.1 and
0.01%) were realized similarly by diluting 10 and 100 times (in
0.01 M HCI) the initial Ruthenium chloride solution. When plated
with Ru, the physical state of iron particle turned to black and
looked like charcoal particles which most probably will affect the
efficiency of electron transfer from the surface of iron particles to
the bulk solution through oxide layers. On the other hand, 0.0212 g
of [Pd(C;H305),] were weighed and dissolved in 10 mL of ace-
tone (due to the insolubility of palladium acetate in 0.01 M HCI)
then added to 1 g of ZVI to achieve a plating yield of about 1%. All
plating processes were realized under continuous nitrogen stream

(2mLmin~') using a small vortex mixer with an orbital shaker
device specifically designed for such experiments [17].

After 10 min of mixing, the plating solution was withdrawn from
the Pyrex vial and placed in a refrigerator for later analysis by AAS
(Thermo labsystems Solaar) in order to control plating achievement
of the transition metals on the surface of iron particles [17]. Three
hollow cathode lamps were used at the following emission wave-
lengths: 247.6, 328.1 and 349.9 nm for Pd, Ag and Ru respectively.
Measurements showed the absence of any signal characterizing
the studied cations that is successful plating was achieved even
if non-detectable amounts of these cations could remain into the
solutions.

The remaining iron was flushed two times with deoxygenated
double distilled water then placed in the freeze dryer for a period of
2 hto assure complete humidity removal. 0.8 g of each catalyst were
then weighed and used later for degradation experiment under
anoxic and PBS oxic conditions. Experiments were repeated three
times for reproducibility measurements.

2.3. Experimental procedure

1 Lof aDCP solution was prepared by dissolving solid white crys-
tals in double distilled water at a concentration of 12.0 £ 0.5 mg L1,
filtered (0.45 m) and stocked in amber bottles to avoid photo-
oxidation reactions. All reactions were carried out at room
temperature under anoxic conditions in a 25 mL Pyrex vial using
continuous nitrogen stream purging (2.5mLmin~1) as previously
described [17]. Additional experiments were realized with Fe/Pd 1%
reductive catalyst and non-modified iron in oxic phosphate buffer
solution (PBS) to study any difference that could exist in the chem-
ical structure of by-products obtained in anoxic and oxic solution.
Buffer was particularly used under oxic conditions in order to avoid
potential raise of the pH resulting from an increase in the concen-
tration of OH~. Hydroxyl species are generated after iron oxidation
(Eq. (4)) by the reduction of DO in water (Eq. (5)).

Fe — Fe’* 4 2e~ 4)
0, +2H,0 + 4e~ — 40H~ (5)

Increasing the pH medium will dramatically reduce the iron
corrosion process responsible of the formation of iron oxide lay-
ers. This permeable oxide film (Fe(OH),, Fe(OH)3, FeOOH Fe,03,
Fe;04) plays a very important role in promoting dechlorination
as well as precipitation and co-precipitation reactions for con-
taminant removal [20,21]. However, under anoxic conditions, an
increase in the pH has not been noticed and continuous nitrogen
bubbling maintained a pH < 6.5 favorable for iron corrosion [17].

At the beginning of each experiment, aliquot (1 mL) used as ref-
erence for kinetic studies was withdrawn from the reactive media
before the addition of any reductive material. 0.5 mL solution was
withdrawn at different times of the reaction (5-180 min), filtered
with a PTFE syringe filter disc (Pall, 13 mm ID) at 0.2 wm directly in
the 1.5 mL HPLC Agilent vial ready for analyses.

2.4. Analysis

2.4.1. Liquid chromatography-mass spectrometry (HPLC/MS)

Two HPLC devices (Agilent /hp 1100 series) were used for
the monitoring of DCP and its degradation products using three
different detectors: (1) a diode array detector (DAD) covering
the 190-400nm range for UV absorbance (ABS) measurement,
(2) a fluorescence detector (FLD) for fluorescence measurements
for 300-500 nm range and (3) a MS detector (MSD) having two
different ionization sources: (i) an atmospheric pressure photo-
ionization (APPI) and (ii) an electrospray ionization (ESI) sources
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Fig. 1. Reduction of 12+ 0.5 mg L~ DCP solution by Fe® in the absence (dashed line)
and in the presence (solid line) of phosphate buffer. Metal to solution ratio was
0.8g20mL-".

used separately for scanning mass/charge ratio from 100 to 400
m/z. All experimental conditions for APPI and ESI were fixed as
previously described [16,17]. Chromatographic ESI elution condi-
tions are as follow: for DCP treated by bimetallic in the absence of
phosphate buffered solutions (NPBS), the eluent was a mixture of
80/20 MeOH/Formic acid 0.1% (v/v) however for experiments car-
ried out in PBS the eluent composition was 71/29 MeOH/Formic
acid 0.1% (v/v) allowing good resolution of DCP chromatographic
peaks. No formic acid was added to the eluent when the APPI was
used.

2.4.2. Ion chromatography (IC)

Analysis with IC was achieved using the Alltech high perfor-
mance Odyssey IC (Alltech Associates, Deerfield, IL, USA) assisted
by EZStart™ software for instrument control and data handling.
This system consists of the 526 metal-free HPLC pump, 530
column heater, ERIS 1000HP Autosuppressor, and the 550 con-
ductivity detector. Injections (20 pL) were carried out using the
Alltech Model 570 autosampler. Chloride ions (Cl~) were separated
and quantified on an Alltech Column (Allsep, 150 mm x 4.6 mm,
7 pm) using 1.7 mM NaHCO3:1.8 mM Na, CO3; mixture solution. The
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elution flow was 1.0mLmin~!. The retention time recorded for
chlorides anions was about 4.5 min.

3. Results and discussion
3.1. Transformation of DCP by iron powder

Fig. 1 illustrates the reduction of DCP by non-modified acid
washed zero valent iron (ZVI) particles under oxic and anoxic con-
ditions. Oxic experiments were performed in the presence of a PBS.
The initial concentration of DCP was 12 + 0.5 mg L~!. As shown, DCP
disappearance has reached 30% of degradation after 3 h of reaction
with ZVI under anoxic conditions (Fig. 1, dashed line). However, in
the presence of phosphate and under oxic conditions, it seems that
the degradation is decelerated and reached only 23% (Fig. 1, solid
line). In both cases, the degradation rates were unsatisfactory to be
considered as efficient after 3 h of reaction. For this reason, we have
directed our research to the use of catalysts known for their ability
to accelerate iron corrosion kinetics and promote dechlorination
reactions. We start first by showing results on Pd amended iron
in parallel to full spectroscopic and spectrometric studies for the
identification and the characterization of by-products. Later on, we
will discuss results obtained with Ag and Ru as potential catalysts
for DCP removal in deoxygenated solutions.

3.2. Transformation of DCP by Fe/Pd catalytic systems

In view of the unsatisfactorily results with non-modified Fe®
reported above and based on published data concerning the resis-
tance of chlorophenols to reduction reactions using non-modified
iron particles [22,23], degradation reactions were undertaken using
amended iron particles. At a first tentative, Fe/Pd 1% was chosen as
bimetallic catalyst for DCP degradation under the same conditions
as before; that is 0.8 g of Fe/Pd 1% has been used to treat 20 mL
of 12+0.5mgL~! DCP aqueous solution in both anoxic and oxic
conditions. Fig. 2 illustrates chromatograms of DCP solution during
contact with Fe/Pd 1%. As it can be seen, after 5 min of contact with
amended iron particles, DCP (1) eluted at Rt=8.2 min presents a
decline about 40% to completely disappear after 1.5 h of treatment
in favor of one intermediate product (2, 2’) at Rt=6.5min and a
final product (3) at Rt=5.4 min. Based on the literature describing
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Fig. 2. HPLC chromatogram plot of 12+0.5mgL~" DCP (1) solution during treatment with 0.8 g Fe/Pd 1% under anoxic conditions at room temperature was obtained at
226 nm by the HPLC diode array detector. The inset shows the most plausible degradation pathway map of DCP under the current conditions. The identification of the

chemical structures of by-products (2, 2') and (3) is discussed in Section 3.3.
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Fig. 3. (a) DCP (12+0.5mgL!) treated with 0.8¢ Fe/Pd 1% under anoxic conditions and by-products distribution over 3 h of reaction. The upper curve represents the
degradation of DCP under oxic condition in the presence of a phosphate buffer solution (PBS) pH 6.3. (b) Plot of In([DCP]/[DCP]o) vs. time of reaction showing first order

kinetic reaction.

the reduction reaction by Pd amended iron particles, one should
expect before any tentative of identification procedure, successive
and/or simultaneous dechlorination reactions. So, the intermedi-
ate product (2, 2') is supposed to be the mono-dechlorinated DCP
that reaches a maximum of concentration after 15 min of reaction
to completely vanishing in favor of the final product (3) after 2 h of
reaction. The time-dependent evolution of the concentration of DCP
and its (intermediate and final) reaction products are presented in
Fig. 3a. Results showed that the time needed to degrade 50% of
the initial concentration of DCP (ts5q) is about 10.1 £+ 0.5 min how-
ever, if a first order fitting plot was used (Fig. 3b), the half-life of
DCP (ty),) is estimated to 17.4 + 0.9 min. This significant difference
between tsp and ty, is most probably due to the fact that at the
beginning of the treatment, there are less accumulated reaction
products than after 20 to 30 min of reaction. This result is in confor-
mity with the literature; the tsg of benomyl, dicamba and picloram
pesticides (~1.00-1.20 mg L~1) were found to be approximately 1.5
times less than the calculated t;, using pseudo-first order kinetic
[12]. DCP half-life obtained under our experimental conditions is
very satisfying compared to t;), of different chlorophenols (ortho,
meta and para) treated with Fe/Pd bimetallic in the presence of oxy-
gen [23]. For example, t;, of 0-, m-, and p-chlorophenols have been
found to be 32.2, 44.7 and 61.9 min respectively. Regardless the dif-
ference in the chemical structures of chlorophenols and DCP, this
is presumably attributed to smaller metal plating load on the one
hand (0.048% of Pd against 1% in this work) and to the presence
of DO in the solution on the other hand. It is very well established
that DO participates to iron oxide formation by increasing the oxide
film thickness then decreasing definitely electron transfer from the
surface of iron particles to the bulk solution. This was confirmed
after carrying out similar experiments at pH 6.3 under oxic condi-
tions. Results appearing at the upper curve of Fig. 3a plot revealed
insignificant degradation of DCP with Fe/Pd 1% in the presence of
a controlled pH oxic solution. The conversion of DCP reached only
15% after 3 h of reactions. In addition, one can notice from the cor-
responding upper curve a fluctuation in the concentration of DCP
during reaction. This can be due to co-precipitation reaction with
the oxidation iron products (e.g., Fe(OH),, Fe(OH)s, ferrihydrites),
and/or adsorption/desorption reactions on the active or passive
sites of iron particles and oxide layers [20,21] in addition to the
iron-phosphate complex [16]. Analysis of the oxidation states of
Pd as well as other noble metals when plated on iron particles
was recently studied [24] using electron spectroscopy for chemi-
cal analysis. It has been reported in deoxygenated solutions that
Pd particles quickly deposited on the active sites of iron parti-
cles aggregate through heterogeneous distribution increasing by
this the total surface area compared to non-plated iron [24]. Rapid
dechlorination could be attributed to the formation of unstable

Pd(11)-O-Fe bonds that undergo suddenly into Pd®. The latter will
promote the formation of significant amounts of hydrogen gas by
accelerating the corrosion of iron known by the galvanic corro-
sion phenomenon. Under our experimental conditions (anoxic and
slightly acidic DCP solution), redox reactions take place on the sur-
face of the anode (Eq. (4)) and the cathode (Eqgs. (6) and (7)) as
follow:

H* + e~ +Me® & Me®H,q (6)
Me®H, 45 + Me®H,qs — Hy +2Me° (7)

Part of the generated H, adsorbed as atomic hydrogen on the
surface of Pd ([Me®H,q)] is used to increase the dehalogenation
process. Dechlorination was first confirmed by the mean of IC anal-
ysis run on the same samples previously analyzed by HPLC. The
maximum concentration of free CI- during the anoxic treatment
with Fe/Pd 1% was reached after 1 h of treatment. This result com-
forts the degradation kinetic study in relation to the complete
transformation of DCP to non-chlorinated final product after 60 min
of reaction (Fig. 4). As it can be noticed, the CI~ curve is ending
with a plateau however a slight negative fluctuation is also shown.
This can be explained by some adsorption/desorption of chlorides
on iron particles especially iron oxide layers (Fig. 4). In order to
get insights on DCP dechlorination mechanism, spectroscopic and
spectrometric techniques were used. The corresponding data are
discussed below.

3.5 4
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1.5 A

ppm (CIY)
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0 9 ; ‘ ‘ : . |
0 30 60 90 120 150 180
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Fig. 4. Monitoring of the chloride ions concentration by ionic chromatography dur-
ing the treatment process of DCP (12+0.5mgL~") in anoxic solution using 0.8 g
Fe/Pd 1%.



670 A. Ghauch, A. Tugan / Journal of Hazardous Materials 164 (2009) 665-674

3.3. Spectrometric and spectroscopic identification of
intermediate and final products

3.3.1. ABS and fluorescence spectroscopy

ABS and fluorescence spectroscopy were used first for the
identification of degradation products using the DAD and FLD
of the Agilent 1100 HPLC during the treatment process. DCP (1)
presents two maxima at 200 and 288 nm as well as shoulder at
226nm (Fig. 5). While the degradation reaction progresses, the
DCP spectrum shifts to shorter wavelength by 6 nm (2, 2’) and
12 nm (3) as it can be clearly noticed by studying the UV/vis spec-
tra of the corresponding products (Fig. 5a). The first shift could
be attributed to the loss of one Cl (first ring) however the sec-
ond one could be due to the loss of a second Cl (second ring).
In order to support this hypothesis, analyses of standard com-
pounds corresponding to the intermediate and end products using
the same HPLC-DAD should present overlapped UV-vis spectra
with those of in situ formed reaction products (2, 2’) and (3)
respectively. A second alternative is to confirm the identity of
these products by HPLC mass spectral analyses (next section). Our
assumption relating dechlorination to blue shifts was supported
by similar results recently obtained by Ghauch and Tuqan [17].
The authors studied the dechlorination of chlorothalonil (a tetra-
chlorinated dicyanobenzene ring) by Fe/Pd 1% and confirmed the
identity of all dechlorinated products by HPLC-APPI-MS. Based
on these results, we conclude that similar blue shifts should cor-
respond to dechlorination mechanisms. Furthermore, our results
are in compliance to those obtained on chlorophenol in contact
with nano zero valent iron [22]. However, absorbance measure-
ments done by Cheng et al. [22] gave a greater blue shift about 15
and 10 nm for the characteristic peaks of chlorophenols 225 and
280 nm respectively. Despite the difference in structures between
DCP and p-chlorophenol, three assumptions can explain this obser-
vation. First, the resolution of the used spectrophotometer is less
than that of the HPLC DAD; second, the absorbance measurement
was done on the whole solution which contains also traces of
oxidative reaction products; third, the matrix effect that could
play an important role on solvent polarity thereby on wavelength'’s
shift.

The spectroscopic characterization of DCP and by-products (2,
2’) and (3) was also studied using the FLD configured in series with
the DAD. As it can be noticed (Fig. 5b) that DCP exhibits a max-
imum of fluorescence emission at 320 nm. Reaction product (3)
shows a blue shift about 9 nm (Aem =311 nm), however, products
(2, 2") present almost the same maximum of emission wavelength
as DCP located around 322 nm. Taking the emission spectrum of
DCP as reference (Aem =320 nm), the blue shift observed for product
(3) can be explained by the loss of two strong electron withdraw-
ing groups (EWG) inducing an increase in the relative fluorescence
quantum yield (q’){e'). In general, heavy atoms, e.g., Br, Cl, Tl are
known for their property of phosphorescence enhancing and flu-
orescence quenching. Furthermore, the absence of chlorine atoms
on the para positions of the two phenol cycles reduces the electron
conjugation within each moiety ring (Fig. 6a). This will increase
the energy gap between the lower unoccupied and higher occu-
pied molecular orbitals Eymo-numo) responsible of hypsochromic
shift. d)ge‘ was calculated taking the ratio of relative quantum yield
of by-products (2, 2’) and product (3) with respect to that of DCP as
reference by using ABS at 226 nm and measuring area of the whole
fluorescence spectra as for the following equation:

J FLU(Product)
J FLU(DCP)

226
¢rel _ ¢(Pr0duct) _ Aproduct
£ = Tgep) - Az

where A is the ABS of the studied molecule at 226 nm and the inte-
gral is the area under the fluorescence spectra from 280 to 400 nm.
Products (2,2') showed a ¢! of about 0.63 however ¢! of the final
product (3) was about 2.65.

On the other hand, the slight shift observed for products (2, 2")
(Aem =322 nm) might be attributed to the structure of the mono-
chlorinated molecule similar to that of DCP at least in one of the two
cycles (Fig. 6b). In addition, one can notice the absence of compe-
tition between Cl atoms as in DCP where equilibrium in electron
density within the two cycles exists. In DCP, the electron with-
drawing effects of chlorine atoms reinforce each other and more
electron conjugation is observed (Fig. 6¢). Consequently, a decrease
of the E(;ymo-numo) occurred resulting in longer wavelength shifts
for absorbance and fluorescence spectra.

3.3.2. ESI and APPI mass spectrometry

Samples analyzed by HPLC/DAD, HPLC/FLD and IC were also ana-
lyzed by HPLC/MS with two different ionization techniques: ESI
and APPI in negative ionization mode. A total ion chromatogram
of a treated sample is presented to show difference in detec-
tor response when ESI or APPI techniques are used. As it can be
seen (Fig. 7a, a’), DCP, by-products (2, 2’) and (3) are more sen-
sitive to ESI than APPI technique. This is due to the presence of
(i) hydroxyl groups in all products allowing an easily negative
ionization and (ii) chlorine atoms in DCP and by-products (2, 2')
also known by their ability to be negatively ionized in the ioniza-
tion source [25,26]. Fig. 7 illustrates also three derived extracted
ion chromatograms (Fig. 7b-d) of the treated DCP solution after
5min of reaction with 0.8 g of Fe/Pd 1% under anoxic conditions.
As it can be seen, DCP eluted at 8.2 min presents only a molecu-
lar ion of (267 +0.5) m/z with an isotopic distribution and isotopic
abundances that indicate the presence of two chlorines in this ion
[M —H]~ (Fig. 7b). Similarly, the same chromatogram has been
extracted at ion of (233 +0.5) m/z and showed also isotopic dis-
tribution but isotopic abundance indicating the presence of only
one chlorine atom [DCP — Cl — H]~ (Fig. 7c). However, by extracting
the same chromatogram at ion of (199 £ 0.5) m/z, a total absence
of chlorine isotopic ratio is noticed showing that the correspond-
ing final product is free of chlorine atoms [DCP — Cl — H] (Fig. 7d).
Combining all spectroscopic and spectrometric data, a degradation
pathway map is proposed showing the transformation of DCP into
dechlorinated final product via a mono-dechlorinated chlorophe-
nol derivative (Fig. 2, inset).

3.4. Transformation of DCP by Fe/Ag and Fe/Ru bimetallic systems

The successful rapid dechlorination of DCP using Pd as cat-
alyst encouraged us to test less expensive catalysts known for
their ability to accelerate reduction reactions as well as promoting
dehalogenation reactions at the surface of solid matrices [24,27].
Ag and Ru were tested for DCP dechlorination under similar anoxic
experimental conditions as for Fe/Pd (1%) to investigate the effi-
ciency of these metals as catalytic additives to Fe. As it can be
seen in Fig. 8d, Ag did not show any degradation after 3h of con-
tact with DCP solution. Our results are in disagreement with those
obtained by Patel and Suresh [28] who reported 85% removal of
pentachlorophenol (PCP) after 1 h of reaction in 87-175 mM acetic
acid solution. In addition to the difference in chemical structures
between DCP and PCP, the authors [28] used silver plated on
magnesium (Mg/Ag) rather than on iron particles. Their case is
totally different and any informative conclusion cannot be deduced
except that dechlorination reaction is enhanced due to the pow-
erful reductive standard potential of the redox couple Mg2*/Mg
(E®=—-2.36 V/ESH) compared to that of Fe2*|Fe (E? = —0.44 V/ESH).
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Fig. 5. (a) UV-vis absorbance spectra of 12+ 0.5mgL~' DCP solution (V=20 mL) after 15 min of contact with 0.8 g Fe/Pd 1% under nitrogen stream. Products (1), (2, 2') and
(3) are eluted at 8.2, 6.5 and 5.4 min respectively. Absorbance spectra were registered with the diode array detector from 190 to 350 nm however fluorescence spectra were
acquired with the fluorescence detector at Aex/Aem =226/315 nm. (1) is the absorbance spectrum of DCP, (2, 2') of the mono-dechlorinated DCP (DCP-1Cl) and (3) of the final
dechlorinated DCP (DCP-2Cl). Inset (b) illustrates emission spectra of the studied compounds (1), (2, 2’) and (3). The DCP shoulder at 226-230 nm disappeared completely

while a new shoulder is appearing at 218 nm.

To be reasonable, any comparison should be done between two
experiments under almost the same working conditions, e.g., metal
loading, temperature, pH, shaking intensity, solute concentration,
etc. In our case, it seems that when plated on iron, silver is
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quickly oxidized by forming stable Ag(I)—O—Fe bonds similar to
what was observed by Lin et al. [24] when platinum was used as
catalyst. However, in the presence of Mg, unstable Ag(I)—O—Mg
were formed and then collapse spontaneously into the element

OH*

O=—==

Fig. 6. Electron conjugation of DCP and its degradation by-products. (a) Final by-product (3), (b) by-products (2, 2), (c) product (1) DCP.
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Fig. 7. ESI/MS (a) and APPI/MS (a’) total ion chromatogram and the corresponding extracted ion chromatograms (b-d) obtained by HPLC/ESI/MS in negative ionization mode
on the DCP solution (12 +0.5 mgL~") after 5min of contact with Fe/Pd 1% in anoxic solution at (267 +0.5), (233 +0.5) and (199 4 0.5) m/z for DCP (1), mono-dechlorinated
DCP (2, 2') and bi-dechlorinated DCP (3) respectively. Insets represent MS spectra of the corresponding cited products and their proposed structure.

state. The complete absence of DCP removal in this study suggests
absence of sorption process on all surfaces likely to be present
in the system: Fe%, Ag?, silver oxides and iron oxides. Because
DCP should normally adsorb onto and/or co-precipitate with iron
oxides [20,21], the lack of DCP mitigation suggests the formation
of an impervious layer on Fe® in the presence of silver cations,
which instantaneously stops iron corrosion. The detailed inves-
tigation of this process is over the scope of this study. Another
fundamental parameter could be highly responsible of dechlori-
nation and reduction mechanisms when Fe/Ag system is used. It
is related to bimetallic particle size that could also play an impor-
tantrole in promoting reductive reactions (partial dechlorination of
chlorobenzenes) occurring on the surface of submicrometric Fe/Ag
particles prepared by plating Ag on synthetic nano-iron particles
under colloidal state [27]. For example, Xu and Zhang [27] reported
that the effect of silver loading (0.5-1.5%) with bimetallic parti-
cles could promote the iron oxidation therefore the rate and extent
of dechlorination of hexachlorinated benzenes. They also reported
the stability of Fe/Ag system over 10 days allowing its applica-
tion to longer period of time in the solution. However, only partial
dechlorination has been obtained as well as selective accumulation
of some partial dechlorinated by-products. A closer examination
of the DCP curve (Fig. 8d) reveals a slight fluctuation that could
be attributed to some sorption/desorption reversible processes
on the silver and iron oxide layers. This could be closely related
to the nitrogen bubbling flow in addition to the orbital shaking

intensity. Furthermore, the MS measurements did not indicate the
formation of any traces of by-products (2, 2") or product (3) mean-
ing that any dechlorination did not occur with Fe/Ag bimetallic
system.

—e—Fe/Ru 1%
—&— Fe/Ru 0.01%

—8—Fe/Ru 0.1%

—x— FelAg 1%

(d)
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0 T T T T
60 90 120
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Fig. 8. Time-dependent profiles for removal of 12+0.5mgL~! DCP solution
(V=20mL) using 0.8 g of varying concentrations of Fe plated with Ru (0.01, 0.1 and
1%) and Ag (1%) in anoxic solution. (a) Fe/Ru 0.01%, (b) Fe/Ru 1%, (c) Fe/Ru 0.1% and
(d) Fe/Ag 1%.
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On the other hand, Fig. 8 showed also the use of a less famil-
iar bimetallic system, i.e., Fe/Ru. The Ru-based “catalytic” system
was tested under anoxic conditions at three different plating metal
loadings, i.e., 0.01, 0.1 and 1%. As it can be seen the highest degra-
dation rate was obtained with Fe/Ru 0.01% to reach 40% after 2h
of reaction (Fig. 8a), however 30% and only 10% were obtained
with Fe/Ru 1% (Fig. 8b), and Fe/Ru 0.1% (Fig. 8c), respectively. The
removal of DCP via Fe/Ru showed a little similarity with the treat-
ment of a trichloroethylene (TCE) solution using different Ru mass
loading, i.e., 0.25, 1.0, 1.5 and 2.0%, w/w [24]. However, a corre-
lation between metal loading and degradation rate has not been
established. For example, an increase in the DCP dechlorination
rate was not obtained when Ru loading increased from 0.1 to 1%.
The maximum of degradation was achieved with the lowest metal
loading Fe/Ru 0.01%. A conclusion can not be elaborated because
Lin et al. [24] did not carry on TCE degradation experiments with
low Ru loadings, e.g., 0.1, 0.01%. Furthermore, for different pn,, one
can notice that the maximum of degradation is reached after 2 h
of reaction however a slight increase in the concentration of the
remaining DCP is revealed after 2.5-3 h. This observation can be
explained by desorption of subsequent DCP previously adsorbed
on the oxidative insoluble corrosion products. During the prepara-
tion of bimetallic Fe/Ru system, Ru turned the color of iron particles
to black which appears like charcoal granules used for pollutants
removal via adsorption process. It is certain that, under anoxic con-
ditions at pH ~ 5.0-6.0, the Fe/Ru (0.01%) system is more efficient
for DCP removal than Fe? alone. The monitoring of hydrogen gen-
eration rate at the surface of each catalyst would have been useful
in the understanding of differences in the DCP degradation rates at
different catalysts mass loading [24].

4. Conclusions

This study showed that DCP removal depends on the nature
of the catalyst (Pd, Ru, Ag) used under particular conditions. For
example, DCP undergoes rapid dechlorination (t;, =10.2 + 0.2 min)
when treated by Fe/Pd 1% however it remains consistent after
contact with Fe/Ag 1%. The latter definitely stopped the electron
transfer from the surface of iron particles to DCP into the solution.
The rapid oxidation of Ag into silver oxide is most probably respon-
sible for the passivity of the Fe/Ag surface towards DCP molecules.
However, Ru illustrated positive effect on the degradation of DCP at
different mass loadings (0.01, 0.1, and 1%) although more confident
results were expected. Unfortunately results showed that even if
Ru is classified as good catalyst, it can never reach the powerful
reducing effect of Pd when plated on the surface of iron particles.
The electronic configuration of Ru ([kr] 4d’5s!) containing four
unpaired electrons may be responsible for its low reactivity com-
pared to Pd ([Kr] 4d'°]) having an empty s orbital with only paired
electrons accommodated in a completely filled d orbitals. This
paper showed also that PBS is not the ideal medium for reductive
reactions even if it has been demonstrated previously very favor-
able for flutriafol degradation under oxic conditions. Each molecule
has different behavior towards Fe-H,0 system. The degradation
rate enhancement was only dominated by the catalytic property
of Pd. Spectroscopic and spectrometric data of DCP and its degra-
dation products showed complete agreements at two levels: first,
blue shifts were observed for ABS and fluorescence spectra (except
for the mono-chlorinated fluorescence by-product spectra (2, 2'));
second, chlorine isotopes cluster progressively disappeared to yield
complete dechlorinated DCP (3). ZVI particles showed again their
importance in the removal of hazardous substances. The removal
efficiency depends on the pollutant itself, the physical and chem-
ical conditions of iron particles especially the loading mass of the

catalytic metal. It is obvious that iron and amended iron particles
are not a miraculous solution for water treatment but every time a
new molecule is tested, degradation is observed allowing at least
less resistance of these particular molecules to anaerobic and aero-
bic microorganisms involved in the biological degradation of these
pollutants.

Recent reviews [20,21] of possible mechanisms of abiotic con-
taminant removal in Fe®-H,0O systems reveal that (organic and
inorganic) contaminants are primordially adsorbed by poorly
ordered hydrous iron oxides from Fe oxidation. Adsorbed species
are subsequently entrapped in the matrix of ageing iron hydrox-
ides (co-precipitation). Depending on the intrinsic properties of the
individual species and the availability of reductants (Fe, Fe'', H/H5),
adsorbed and co-precipitated species may be further reduced. The
view that species are removed in Fe?~H, 0 systems by an unspecific
mechanism might explain why bimetallics are not efficient in the
long-term [29,30]. In fact, Ag, Pd, Ru added at the Fe? surface might
enhance contaminant removal in the early stage of material ser-
vice life but resulting Ag!, Pd" and Ru!' species are co-precipitated
with iron hydroxides and are no more available for catalytic reac-
tions. Thus, more detailed and comprehensive investigations are
crucial to determining modes of action of bimetallics and, in turn,
permeable reactive barrier’s effectiveness as a long-term treatment
technology.
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