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The aqueous removal of diclofenac (DF) by micrometric iron particles (Fe0) and amended Fe0 (Me0(Fe0))
under oxic and anoxic conditions was investigated. Bimetallic systems were obtained by plating the
surface of Fe with Co, Cu, Ir, Ni, Pd and Sn. Experimental results confirmed the superiority of (Me0(Fe0))
for DF removal except for IrFe (oxic) and SnFe (anoxic). Under anoxic conditions, Pd was by far the
most efficient plating element followed by Ir, Ni, Cu, Co and Sn. However, under oxic conditions, Pd
and Cu showed almost the same efficiency in removing DF followed by Ni, Co, Sn and Ir. Oxidative and
iclofenac
merging contaminants
e0/H2O systems
imetallics
PLC/MS

reductive DF transformation products were identified under oxic and anoxic conditions respectively. In
some systems (e.g. CoFe and SnFe oxic/anoxic; PdFe oxic; NiFe anoxic), no transformation products could
be detected. This was ascribed to the nature of the plating element and its impact on the process of
the formation of metal corrosion products (MCPs). MCPs are known for their high potential to strongly
adsorb, bond, sequestrate and enmesh both the original contaminant and its reaction products. Obtained
results corroborate the universal validity of the view, that aqueous contaminants are basically removed

cipita
by adsorption and co-pre

. Introduction

During the last decade several studies have evidenced the broad
preading of emerging contaminants (mostly pharmaceuticals and
ersonal care products) in the environment, especially in municipal
1], surface [2], ground [3] and even drinking water [4,5]. Diclofenac
DF) (2-(2,6-dichloranilino)phenylacetic) is one of the most con-
umed analgesic drug. Being slightly biodegradable, it is often
etected in rivers, influents and effluents of waste water treatment
lants (WWTP) in several countries (e.g. Brazil, Germany, Sweden
nd USA) [5–8]. Recently, DF has been shown to interfere with the
iochemical functions of fish and lead to tissue damage even at
nvironmentally relevant concentrations [9]. Therefore, DF highly
harged effluents (e.g. hospitals and drug manufacturing industry
ffluents) should be treated prior to their release into rivers and
urface waters.

Many conventional remediation methods are too costly for
xtensive deployment in small municipalities and in the developing
orld. Therefore, affordable technologies using low cost materials

nd matching or exceeding the capability of conventional reme-

iation technologies are needed. Such affordable technologies will
eplace current hospital WWTP based on coagulation-floculation
nd flotation that have been proven inefficient for many phar-
aceuticals [10]. Several approaches have been tested for DF

∗ Corresponding author. Tel.: +961 1 350 000; fax: +961 1 365 217.
E-mail address: ag23@aub.edu.lb (A. Ghauch).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.05.139
tion.
© 2010 Elsevier B.V. All rights reserved.

removal including photo-Fenton [11], ozonation [12], and sonoly-
sis [13]. Presently, no report on testing the suitability of metallic
iron (Fe0 and amended Fe0) for aqueous DF removal could be
found.

Microscale iron particles (Fe0) and amended iron particles
(Me0(Fe0)) have been shown very efficient for the aqueous removal
of several organic [14–17] and inorganic [18–23] compounds. Four
main mechanisms are reported for the removal process are: (1)
contaminant adsorption on Fe0 surface or at the surface of their
corrosion products [24–29]; (2) contaminant co-precipitation with
metal corrosion products (MCPs) [20,30,31,32], (3) contaminant
oxidation within the oxide layer [33,34], and (4) contaminant
reduction including catalytic hydrodehalogenation [35–37]. The
hart fact that oxidation of some contaminants and reduction oth-
ers were reported challenges the prevailing view considering Fe0

as a reducing agent as discussed below. Redox processes may
precede or follow contaminant enmeshment/sequestration (co-
precipitation) in the matrix of transforming MCPs [17,38]. Ideally,
reaction products are released into the bulk solution. However,
because of the strong adsorptive properties of native MCPs for all
contaminants (chemicals and pathogens), quantitative release of
reaction products is not likely to occur. Based on this observation,
the importance of the discussion on the toxicity of reaction prod-

ucts was questioned and Fe0 was proposed as universal material
for water treatment [39]. The logical consequence of recent works
of Noubactep and his colleagues is that DF and other emerging con-
taminants will be removed by well-designed Fe0 filters. One of the
most important open issues is the reactivity of used materials [40].

dx.doi.org/10.1016/j.jhazmat.2010.05.139
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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he present study tests the possibility of using bimetallic systems
or aqueous DF removal.

Depositing a more electropositive metallic element on the sur-
ace of iron particles (plating) is known to increase Fe0 corrosion
ate through the formation of a galvanic cell [35,41–43] thereby
he growth of an oxide layer responsible for contaminant enmesh-

ent is sustained [17]. The view that atomic hydrogen adsorbed at
he surface of the plating element (Hads) is the primary mechanism
f dehalogenation reactions has been recently revisited [17,37,44].
hauch and co-workers [44] demonstrated that dechlorination of
lofibric acid (CLO) by PdFe was delayed while iron corrosion was
ccelerated by addition of MnO2. While accelerating iron corro-
ion, MnO2 retards the availability of “free” MCPs. No quantitative
LO removal was observed in the initial stage of the experiment,
onfirming the working hypothesis that the abundance of in situ
enerated MCPs was the primarily cause of CLO removal. It is
lear that Fe0 (E0 = −0.44 V) oxidation by MnO2 (E0 = 1.23 V) is more
avorable than oxidation by H/H2 (E0 = 0.00 V). However, the exper-
mental evidence that quantitative CLO removal is coupled to the
bundance of MCPs shows that amended Fe0 will favor contam-
nant removal regardless from any redox process. Additionally,
oubactep (2009) demonstrated that the plating element is a con-
urrent to any reducible contaminant for Fe0 oxidation. Altogether,
he prevailing view that quantitative abiotic contaminant reduc-
ion is coupled with aqueous Fe0 oxidative dissolution [45,46] was a
broad consensus” [47] and is inconsistent with many experimental
nd field observations [48,49].

This study was designed to confirm the feasibility of metallic
ron to enhance microbial decontamination of wastewaters using
F as pharmaceutical compound model by performing experiments
nder both oxic and anoxic conditions. The specific objective was to
est several plating agents and identify the most efficient to sustain
ron corrosion, and thus long-term DF removal. The identification
f DF reaction products under oxic/anoxic conditions helps in dis-
ussing the DF removal mechanism.

. Experimental methods

.1. Materials

Palladium (II) acetate ([Pd(C2H3O2)2] (Pd assay 47%)) and nitro-
en flushed micrometric iron particles (325 mesh) were purchased
rom Fluka (USA). Nickel (II) chloride (NiCl2) and Tin (II) chloride
nhydrous (SnCl2) were from Aldrich (USA). Cobalt (II) chlo-
ide, (CoCl2·6H2O), Iridium (IV) chloride (≥99.9% trace metals

asis) (IrCl4·H2O), Copper (II) sulfate monohydrate (CuSO4·H2O)
nd diclofenac sodium (C14H10Cl2NO2Na) were obtained from
igma (USA). Methanol (HPLC grade), formic acid and acetone
analytical reagent) were acquired from Riedel de Haen (Ger-

any). Hydrochloric acid (HCl) and Whatman No. 1 filter papers

able 1
heoretical standard reduction potentials for metal catalysts and their corresponding
otentials are arranged in decreasing order of E0 [49].

Mn+/M Electrochemical reaction E0 (V

PdII/Pd0 Pd2+ + 2e− �Pd0 0.91
IrIV/Ir0 Ir4+ + 4e− � Ir0 0.83
O2/H2O O2 + 4H+ + 4e− �2 H2O 0.81
FeIII/FeII Fe3+ + e− � Fe2+ 0.77
CuII/Cu Cu2+ + 2e− �Cu0 0.34
NiII/Ni0 Ni2+ + 2e− �Ni0 0.33
H+/H2 2H+ + 2e− �H2 0.00
SnII/Sn0 Sn2+ + 2e− �Sn0 −0.14
CoII/Co0 Co2+ + 2e− �Co0 −0.28
FeII/Fe0 Fe2+ + 2e− � Fe0 −0.44

heoretical standard reduction potentials for metal catalysts and their corresponding
otentials are arranged in decreasing order of E0 [50].
s Materials 182 (2010) 64–74 65

(� = 3 cm, pore size 15 �m) were purchased from Prolabo (France).
PTFE acrodisc syringe filters (� = 13 mm, pore size = 0.45 �m) were
obtained from Jaytee Biosciences (UK). Double distilled water was
used for all dilutions; deionized water for HPLC/MS analysis. Nitro-
gen and zero air gases used for purging solutions were obtained
in cylinders however, pure N2 used for the HPLC/MS was provided
from a nitrogen-hydrogen generator (Clained HG 2200, Model HG
2200 B, Italy).

2.2. Procedures

2.2.1. Metallic particles preparation
Based on their standard reduction potentials (Table 1) [50], all

catalysts were deposited on the surface of iron particles by simple
metal displacement reaction in deoxygenated solutions in order to
avoid the formation of metallic oxides at an early stage before any
contact with the aqueous reactive medium (Eq. (1)).

n

2
Fe0 + Me1

n+ → n

2
Fe2+ + Me1

0(Fe0) bimetallics (1)

where Me1
0 is the metal to be plated, n its valence.

Based on previous work done by Bransfield and co-workers [51]
and Cwiertny and co-workers [52], PdFe, NiFe, IrFe, CoFe, SnFe and
CuFe were prepared by weighing an equivalent amount of 47 �mol
of each catalyst per gram of Fe0 in order to ensure that the additive
loadings were constant (Table 1). After dissolution of the corre-
sponding salts in acetone (for Pd) or 0.01 M HCl (for Ni, Ir, Sn, Co
and Cu), 1.0 g of acid washed iron powder (20 mL 1 M HCl) was
added to the Pyrex vial to form a slurry-like material. After 5 min of
mixing metal samples were then filtered, rinsed three times with
deoxygenated double distilled water and transferred along with the
filter paper to one of the Pyrex recipient of the freeze dryer (Lab-
conco, USA) for 2–3 h to remove humidity traces. The filtrate was
recuperated and stocked in the refrigerator for atomic absorption
spectroscopy analysis (Thermo labsystems Solaar) to check that
the corresponding metals were deposited on the surface of iron
particles as previously described [53,54].

2.2.2. Batch experiments
DF solutions (32 �M) were daily prepared by simple dissolu-

tion in double distilled water of the corresponding sodium salt.
The resultant solutions were filtered (Nylon membrane of 0.45 �m
pore size) and stocked in amber bottles to avoid photo-degradation.
The concentration of dissolved oxygen measured with a portable
oxygen meter (Thermo Scientific Orion, USA) in the double dis-

tilled water used was about 8 mg L−1. Reactions were realized at
room temperature under both oxic and anoxic conditions. The
nomenclature oxic vs. anoxic conditions is preferred to aerobic vs.
anaerobic because the former is more general and refers to the
redox properties in general while the later is limited to the molec-

salt masses (equivalent 47 �mol) used for the synthesis of (Me0(Fe0)). Electrode

) Salt Mass × 10−3 (g)

5 Pd(C2H3O2)2 10.6
5 IrCl4 15.8

– –
– –

1 CuSO4·H2O 11.8
9 NiCl2 6.1
0 – –
1 SnCl2 9.0
2 Co(Cl)2·6H2O 11.2
0 – 1000

salt masses (equivalent 47 �mol) used for the synthesis of (Me0(Fe0)). Electrode
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Its removal efficiency was even worst than that of Fe0 alone. For
this particular bimetallic system, DF removal occurs during the first
20 min of contact and no additional removal was noticed through
the end of the experiment. In contrast, DF removal was progressive
6 A. Ghauch et al. / Journal of Ha

lar oxygen content [55,56]. A previously described apparatus was
sed to study DF elimination kinetics [53,54] in the aim to keep the
ame experimental conditions (reactor shape, shaking device, etc.)
llowing comparison of results on a case-to-case basis. In order
o insure saturated air solution for oxic conditions, comparative
xperiments were realized at open atmosphere however with air
parging solution. The results did not show any significant differ-
nce with experiments occurring under open atmosphere without
ir sparging. Accordingly, all oxic experiments were realized in an
pen atmosphere reactor without air sparging. As for anoxic con-
itions, all solutions were sparged with nitrogen before adding the
etallic systems for 15 min in order to assume complete dissolved

xygen escape. Furthermore the nitrogen flow was maintained con-
tant throughout the reaction in order to avoid any atmospheric
xygen diffusion into the reactive medium. The pH was measured
sing a pH meter equipped with a micro-combination pH electrode
Thermo Scientific, USA). Two-point calibrations (pH 4, 7) were per-
ormed before measurements and for multiple samples to insure
ccurate pH data. No buffer was used throughout the experiments
owever a slightly basic pH was noticed for all starting solutions
pHi) due to the near neutral pH of the double distilled water used
7.5 < pHi < 8.5).

Prior to each experiment and before the addition of any
etallic system, a reference of 0.5 mL was withdrawn from each

ial for kinetic studies. For an iron load of about �m = 40 g L−1

sed, the calculated ratio of diclofenac to bimetallics was about
/22,185 mol/mol. Samples (0.5 mL) were taken at 10 min intervals
or 1 h then 30 min until 2 h, filtered through a PTFE syringe fil-
er disc (0.45 �m) directly into the 1.5 mL HPLC Agilent vials then
tored in the refrigerator at 4 ◦C before analysis. Experiments were
epeated twice for reproducibility measurements.

.2.3. Metallic systems characterization
An XRD instrument (Bruker) was used to characterize fresh and

sed iron particles. The results obtained were similar to our previ-
us investigations on micrometric iron particles [57]. Despite the
ow sensitivity of the XRD technique, only traces of Fe3O4 were
etected on used iron particles proving the formation of MCPs dur-

ng the reaction.
PIXE (particle induced X-rays emission) and RBS (Rutherford

ack-scattering) techniques were also used for the characteriza-
ion of fresh and used metallic systems (Fe and CuFe). PIXE and RBS
xperiments were carried out by using 3 MeV proton beam deliv-
red by a NEC 1.7 MV 5-SDH tandem accelerator (Lebanese Atomic
nergy Commission). The beam (∼3 mm diameter) hit the target at
◦. X-ray emission from targets was detected using a Si(Li) detector.
ith 12.7 �m thick Be window and 165 eV measured full width at

alf maximum, the energy resolution was set at 5.9 keV. For RBS
easurements, a silicon PIPS detector situated at 165◦ referring to

he beam direction was used. A detailed description of the experi-
ental setup has been reported elsewhere [58]. The PIXE and RBS

pectra were treated using GUPIX and SIMNRA codes, respectively.

.2.4. LC–MS analysis
The quantitative analysis of DF and the identification of its trans-

ormation products were carried out on an Agilent Series 1100
iquid chromatograph coupled to a diode array detector (DAD) and
n extra capacity ion trap mass selective detector (MSD-XCT). The
atter is equipped with an atmospheric pressure photo-ionization
APPI) source and scanned a mass/charge ratio ranging from 100
o 2200 m/z. For signal enhancement, triple distilled acetone was

sed as dopant to increase the ionization yield [59,60] thereby low-
ring the limit of detection of the instrument. Acetone was directly
ntroduced into the ionization chamber of the mass spectrometer
fter mixing with eluent using a Tee and a micro-infusion syringe
ump (kd Scientific Massachusetts, USA) at a flow of 1 �L min−1.
s Materials 182 (2010) 64–74

The chromatographic separations were achieved on a Discovery
C18 reversed phase column (5 �m; 4.6 i.d. × 250 mm long) coupled
to a security guard column HS C18 (5 �m; 4.0 i.d. × 20 mm long,
Supleco, USA) all maintained at 30 ◦C during analysis. Chromato-
graphic elution conditions are fixed as follow: the eluent was a
mixture of 80/20 MeOH/Formic acid 0.1% (v/v) with a flow rate of
about 0.9 mL min−1. The system was controlled by the HPLC/MSD
ChemStation software version A.09.03.

3. Results and discussion

3.1. Reactivity of bimetallic systems

3.1.1. Anoxic conditions
Fig. 1 depicts the kinetic profiles of aqueous DF removal and

evidences the superiority of PdFe over other bimetallic systems. In
the PdFe system, 80% DF removal is achieved within 10 min and
complete removal after 2 h. A significant fluctuation in the repre-
sentative time course in the range of 20–100 min can be noticed.
The large variation of the standard deviations for data correspond-
ing to the experimental phase between 20 and 100 min can be
attributed to the complexity of the removal process in the sys-
tem [31,32,61]. Accordingly, the system is far from any steady state
which is characterized by a better reproducibility of results. Pro-
cesses yielding DF removal are those yielding to the formation and
transformation of MCPs [62,63]. The same trend can also be noticed
with the other bimetallics (CoFe, SnFe, CuFe, NiFe and IrFe) within
almost the same time scale. For IrFe, it is obvious that a real steady
state was not yet achieved at the end of the experiment.

It is interesting to notice that SnFe showed the least DF removal.
Fig. 1. Time courses illustrating the loss of DF from solution as a result of reaction
with Fe0 and (Me0(Fe0)) in anoxic solutions. Experimental conditions: [DF]0 = 32 �M,
pHi = 7.5–8.5, �m = 40 g l−1, reactor volume 20 ml, room temperature. The solid lines
reflect best fits to the concentration of DF based on exponential decay. Vertical bars
represent standard deviations of the means.
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Fig. 2. Time courses illustrating the loss of DF from solution as a result of reaction
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ith Fe0 and (Me0(Fe0)) in oxic solutions. Experimental conditions: [DF]0 = 32 �M,
Hi = 7.5–8.5, �m = 40 g l−1, reactor volume 20 ml, room temperature. The solid lines
eflect best fits to the concentration of DF based on exponential decay. Vertical bars
epresent standard deviations of the means.

hroughout the experiment in the Fe0/H2O system. Discussing the
eason for the less reactivity of SnFe is beyond the present work, it
s sufficient to consider that Sn is not a suitable plating element to
ustain aqueous Fe0 reactivity.

For IrFe, NiFe and CuFe bimetallics, one can notice that DF
emoval occurs to an extent of 38%, 23% and 21% respectively after
h of reaction. Finally, the decreasing order of bimetallics reactivity
ver 2 h of reaction toward DF under anoxic conditions is:

dFe >>> IrFe > NiFe ≈ CuFe > CoFe ≈ Fe > SnFe.

.1.2. Oxic conditions
Fig. 2 depicts the time dependence of DF removal by Fe0 and

Me0(Fe0)) under oxic conditions. Again, DF removal was rapid for
he first 10 to 40 min after contact with metallic systems. PdFe
hows an outstanding reactivity, followed by CuFe, NiFe, CoFe, SnFe
nd IrFe. However, unlike under anoxic conditions, where 100% of
F removal was reached e.g. PdFe, DF was not totally removed after
h of reaction.

Fig. 2 also shows a better reproducibility of data (error bars) than
hose observed under anoxic conditions for most of the bimetallics
reviously investigated (Fig. 1). Furthermore, one can notice that
or PdFe and NiFe bimetallics, a pseudo steady state in DF removal
s achieved after 10 and 40 min respectively.

The last important feature from Fig. 2 is that the IrFe system
s less reactive toward DF removal than Fe0. Thus, the decreasing
rder of bimetallics reactivity over 2 h under oxic conditions was:

dFe ≈ CuFe > NiFe > CoFe > SnFe > Fe > IrFe.
.2. Oxic vs anoxic

In order to compare the reactivity over 2 h of all bimetallics
egarding the presence or the absence of oxygen into the solutions,
Fig. 3. Bar graph showing the ratio of kobs calculated for each of the metallic catalysts
used under oxic conditions to the kobs values of their similar systems calculated
under anoxic conditions. kobs is the slope of the graph obtained by plotting ln(C/C0)
vs time of reaction.

the experimentally observed removal rates kobs were calculated by
plotting ln(C/C0) vs reaction time. In that case, all curves show good
agreement with pseudo-first order kinetic model (except for PdFe
oxic) in which kobs is the slope of the corresponding decreasing
line. To get more accuracy in the kobs values calculated, the whole
reaction time (e.g. 2 h) was used. The rationale of this relies in (i)
covering a maximum number of DF half-lives for all bimetallics
tested and by (ii) taking into accounts the loss in bimetallics effi-
ciency with time after “catalyst exhaustion”. As it can be noticed
from Fig. 3, dissolved oxygen (DO) has the highest impact on the
reactivity of SnFe (9.3) followed by CuFe (8.0), CoFe (6.3), Fe (3.7)
and NiFe (3.3). The digits in parentheses represent the values of the
oxic:anoxic ratio of kobs for the bimetallic systems. In contrast, DO
seems to slow down the reactivity of PdFe (0.6) and IrFe (0.7) by
decreasing their corresponding kobs values. This might be due to
their positive redox potential (Table 1) providing them an extreme
initial reactivity toward DO being rapidly covered by relative dense
oxide scales. Those inhibit fast DF removal compared to anoxic
conditions where metallic surface oxidation is progressive and the
surface coverage with oxide scales delayed.

The above presentation could help to answer the question
whether the oxide scale on iron is a diffusion barrier or an imper-
vious layer for DF which is supposedly reduced at the surface of
Fe0. The fact that almost all plating elements accelerated corrosion
and favored DF removal has already confirmed the beneficial role
of the oxide scale in the process of aqueous contaminant removal.
It is also obvious that the initial oxide scale is a path as it is porous
[62,64]. This initial path (porous layer) could be transformed to a
barrier (impervious or compact layer) depending on the relative
kinetics of two fundamental processes: (1) the Fe0 further dissolu-
tion and (2) the oxide scale growth [64]. Accordingly, the observed
differential behavior of plating elements is a reflect of their impact
on the transformation of the initial oxide scale from a path to a
barrier.

It is well-documented that the transformation of an oxide scale
on Fe0 from a path to a barrier depends primarily on the precipi-
tation rate of the species forming the scale (here iron hydroxides).
As the Fe0 surface corrodes under the scale, corrosion continuously
undermines the scale [64]. Thereby, voids or pores are created and

are progressively filled up by the ongoing precipitation. If the rate
of precipitation at the Fe0 surface is superior to the rate of Fe0

dissolution, dense protective scales form (case 1). Similarly, if Fe0

dissolution undermines the newly formed scale faster than precip-
itation can fill in the voids, a porous scale forms (path) (case 2). The
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resentation above suggests that PdFe and IrFe exhibit case 2 under
noxic conditions and case 1 under oxic conditions. All other plating
lements exhibit case 1 under both anoxic and oxic conditions.

.3. Rationale of MCPs formation

The argumentation regarding the kinetics of Fe0 corrosion and
xide scales growth (as a path and/or as a barrier) corroborates
he concept introduced by Noubactep [48,49,65,66] and recently
alidated by Ghauch and co-workers [44]. In fact, when metallic
ations Me1

n+ are being plated on the surface of iron particles, the
rst reaction is the deposition of the corresponding metal on their
urface as Me1

0. However, the formation of porous oxide scales on

e is an instantaneous phenomenon following metal immersion

see Eqs. (2)–(16)). Accordingly, Me1
n+ can be entrapped into the

xide film after migration and be further reduced to Me1
0 within

he film [38]. Me1
0, inside the oxide layers constituted of different

ind of MCPs, can strongly promote DF removal via different routes.

Fig. 4. pH variation during the treatment of DF solutions with different bimeta
s Materials 182 (2010) 64–74

As a result of these observations, one can confirm that DO
plays an important role in the elimination of DF at neutral and
near neutral pH solution without any prior solution buffering.
pH profile curves presented in Fig. 4 shows a drop of the initial
pH (pHi) about almost 2.0 pH unit. This may create on the sur-
face of the heterogeneous catalyst a micrometric zone being very
acidic (pH < 4.5) which can favor the formation of hydroxyl radi-
cals and consequently the appearance of DFo as reaction product
(DFo: Hydroxylated DF, see next section). Those radicals cannot be
formed in Fe0/H2O systems at circumneutral pH values (pH 6–8)
as reported earlier [33,34]. It can also be noticed that after the first
10 min of reaction and over 2 h, a general slightly increasing trend
in the pH is shown due to oxygen reduction in aqueous medium.

The presence of DO indirectly favors the formation of scales of
mixed oxides including FeOOH, Fe2O3 and Fe3O4 [64,67,68] after
a primarily iron dissolution process (passivation, Eq. (2)) followed
by depassivation (Eqs. (3)–(5)). However, under circumneutral pH
conditions the production of dihydrogen decreases progressively

llic systems. All experimental conditions are the same as in Figs. 1 and 2.
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Eq. (6)) therefore O2 reduction is more favorable (Eq. (7)). At this
tage, oxygen can oxidize Fe2+ into Fe3+ (Eq. (8)). When the concen-
ration of iron (Fe2+ or Fe3+) exceeds the limit of solubility (>10−5 M
t 5 < pH < 10), iron hydroxides are formed (Eqs. (9) and (10)) thus
ndergo dehydration (Eqs. (11)–(14)). The oxide scales formed
re mostly non-protective layers and responsible of the entrap-
ent of foreign species (including DF) by adsorption (Eq. (15)) and

o-precipitation (Eq. (16)) [69] especially under oxic conditions.
y increasing the charge transfer between two plated metals, an

mprovement of iron corrosion occurs followed by MCPs forma-
ion. Accordingly, more “free” MCPs products will be available for

ore DF removal.

e0 + H2O → Fe(O)ads + 2H+ + 2e (2)

e(O)ads + 2H+ → Fe2+ + H2O (3)

e(O)ads + H2O → Fe(OH)2 (4)

e(O)ads + OH− → HFeO2
− (5)

H+ + 2e → H2 (6)

2 + 2H2O + 4e → 4OH− (7)

e2+ → Fe3+ + e (8)

e2+ + 2OH− → Fe(OH)2 (9)

e3+ + 3OH− → Fe(OH)3 (10)

e(OH)2 → FeO + H2O (11)

Fe(OH)3 → Fe2O3 + 3H2O (12)

Fe(OH)3 → Fe(OH)2 + Fe3O4 + 5H2O + (1/2)O2 (13)

e(OH)3 → FeOOH + H2O (14)

eOOH + DF(aq) ↔ FeOOH-(DF) (15)

F(aq) + nFex(OH)y
(3x−y) ↔ (DF)[Fex(OH)y

(3x−y)]n (16)

n Eqs. (15) and (16), DF = diclofenac and Fex(OH)y
(3x−y) = iron

ydroxide.
Our results regarding DF removal corroborate with our pre-

ious findings on chlorothalonil pesticide that underwent anoxic
echlorination with bimetallics following the decreasing order:
dFe 	 CuFe > CoFe [53]. Those are also in agreement with Brans-
eld and co-workers study on the removal of 1,1,1-trichloroethane
1,1,1-TCA) [51]. The reactivity trend noticed was almost similar
PdFe > CuFe) however PdFe is found to be only 2.2 times more reac-
ive than CuFe compared to Fe0 ([kobs catalyst/kobs Fe] = 3.8 and 8.5)
hile in the present study, PdFe is proved to be 12.2 times more

eactive than CuFe under anoxic conditions ([kobs catalyst/kobs
e] = 1.9 and 23.2 respectively). In contrast, in the presence of oxy-
en, the reactivity of PdFe and CuFe was almost similar ([kobs
atalyst/kobs Fe] = 3.87 and 4.12 respectively).

.4. DF reaction products

Table 2 summarizes the chromatographic, UV and MS data of
F and its reaction products identified by HPLC/MS. Fig. 5 shows

he MS spectra of all detected DF-related compounds under both
+) and (−) APPI ionization mode. The reaction products can be
ivided into two categories: (1) Oxidation products for reactions
ccurring under oxic conditions (DFo: Hydroxylated DF isomers)
nd (2) reductive products for those occurring under anoxic con-

itions (DF1 mono dechlorinated DF; DF2 fully dechlorinated DF).
deep study of the MS spectra of all reaction products (Fig. 5)
as conducted for the identification of all compounds since no

uthentic standards were available. It has been found that DF
retention time Rt = 8.2 min) presents a molecular ion [M−H]−
s Materials 182 (2010) 64–74 69

at 293.9 m/z with a fragment at 249.9 m/z resulting from a CO2
neutral loss. DF1 (Rt = 7.5 min) identified as the mono dechlo-
rinated DF has a molecular ion [M−H]− at 259.9 m/z and two
fragments [M−CO2]− and [M−CO2−Cl]− at 215.9 and 179.9 m/z
respectively. DF2 (Rt = 5.8 min) shows [M−H]− at 225.9 m/z and
a fragment [M−HCOO]− at 182.2 m/z confirming the absence of
any chlorine atom in its structure in contrast to DF and DF1
where the isotopic abundance of the chlorine atoms were obvious.
DFo (Rt = 4.6 min) shows chlorine isotopic pattern however with
a hydroxyl group most probably on the non-chlorinated benzene
ring. It shows a molecular ion [M−H]− at 309.9 m/z and differ-
ent fragments [M−H2O]−, [M−HCOO]− and [M−HCOO−Cl]− at
293, 266 and 230 m/z respectively. Unfortunately, a last unknown
non-chlorinated reaction product DFu (Rt = 10.6 min) presenting a
molecular ion [M−H]− and a corresponding fragment [M−CO2]− at
277.0 and 233.0 m/z respectively has not been identified.

As it can be noticed from Table 3, these reaction products
were not visible for all bimetallics under both oxic and anoxic
conditions which comfort the hypothesis of the adsorption and co-
precipitation of DF and its reaction products with the in situ formed
MCPs. For example, reaction with Fe did not show any dechlori-
nated reductive product under anoxic conditions while under oxic
conditions, the DFo hydroxylated DF isomers were detected. As
for bimetallics, neither CoFe nor SnFe showed reaction products.
Also PdFe did not show neither oxidative nor reductive products
under oxic conditions while under anoxic conditions DF1 and DF2
were clearly discernible. In contrast, NiFe showed the presence
of hydroxylated DF (DFo) under oxic conditions while in anoxic
solutions none of the reductive products was apparent (DF1, DF2).
However, CuFe and IrFe were the only two bimetallics showing the
presence of DFo reaction products in oxic solutions and the corre-
sponding reductive reaction products (DF1 and DF2) under anoxic
conditions (Table 3).

3.5. Rationale of the presence and/or the absence of reaction
products

It is generally accepted that when MCPs are less abundant,
the probability of detecting reaction products in the reactive
medium increases [57]. Accordingly, in the absence of oxygen,
dehalogenated products appear while in oxidative environment
hydroxylated compounds could be detected. Basically, oxidative
products should occur at low pH value (<4.5) when microscale
iron particles are used [34]. The oxidation reaction is primarily
governed by hydroxyl radicals generated via a Fenton’s like reac-
tion at the vicinity of in situ formed MCPs. In addition, our results
showed that when bimetallics are used instead of Fe0, hydroxyl
radicals could be generated at almost neutral pH as reported above
(Section 3.2) and evidenced by the hydroxylated DF reaction prod-
ucts (DFo isomers). The initial pH solution in all experiments were
around 7.5–8.5, and dropped by 1.0 to 2.0 units during the first
10 min of reaction, then reached in the range of 6.0–7.5 (Fig. 4).
This pH variation is attributed to the fact that reductive dehalogena-
tion by adsorbed hydrogen generates the proton into the solution
(Eq. (17)). Once the proton released, it can participate in further
reductive reactions such as: formation of (i) H2 after Fe0 corro-
sion (Eq. (18)) or (ii) Hads after reduction on the surface of Me0

(Eq. (19)). Hads could be released over into the solution as H2
(Eq. (20)) [70].

H2 + R–Cl → R–H + H+ + Cl− (17)
Fe0 + 2H+ + Fe2+ + H2 (18)

H+ + e− + Me0 ⇔ Me0–Hads (19)

Me0–Hads + Me0–Hads → H2 + 2Me0 (20)
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Table 2
UV and MS data of DF and its degradation products in oxic and anoxic solutions observed with Fe0 and all bimetallic systems used. Transformation products are arranged by decreasing retention time.

Product Rt (min)a Proposed Structures Exact Mass g
mol−1

UV data
(�max, nm)

Molecular ion and
Product ions (relative
abundance %) (−) APPI

Molecular ion and
Product ions (relative
abundance %) (+) APPI

Chemical
formula

IUPAC name/(name
adopted in the text)

DFu
c 10.6 n.d.b 278.0 200, 228

[M−H]− 277.0 (100) [M+H]+ 279.1 (75.6)
n.d.b n.d.b[M−CO2]− 233.0 (1) n.d.b 167.2 (100)

n.d.b 149.2 (67)

DF 8.2 295.0 200, 276

[M−H]− 293.9 (100) [M+H]+ 296.0 (100)

C14H11Cl2NO2
2-(2-(2,6-dichlorophenylamino)phenyl)acetic
acid (DF)

[M−CO2]− 249.9 (37) [M−H2O]+ 278.1 (13)
[M−H2O−CO]+ 250.1 (11)
[M−H2O−CO−Cl]+ 215.2 (17)

DF1 7.5 261.0 207, 281

[M−H]− 259.9 (53) [M+H]+ 262.1 (100)

C14H12ClNO2
2-(2-(2-chlorophenylamino)phenyl)acetic
acid (DF1)

[M−CO2]− 215.9 (100) [M−H2O]+ 244.1 (15)
[M−CO2−Cl]− 179.9 (3) [M−H2O−CO]+ 216.2 (15)

[M−H2O−CO−Cl]+ 181.2 (10)

DF2 5.8 227.0 202, 284
[M−H]− 225.9 (89) [M+H]+ 228.1 (100)

C14H13NO2 2-(2-(phenylamino)phenyl)acetic acid (DF2)

[M−CO2−H]− 182.2 (100) [M−H2O]+ 210.1 (17)
[M−H2O−CO]+ 182.2 (26)

DFo 4.6 311.0 208, 266

[M−H]− 309.9 (100) [M+H]+ 312.0 (100)

C14H11Cl2NO3

2-(2-(2,6-dichloro-3-
hydroxyphenylamino)phenyl)acetic acid
(DFo)

[M−OH−H]− 293 (5) [M−H2O]+ 294.0 (5)
[M−CO2−H]− 266 (70) [M−CO]+ 282.0 (21)
[M−CO2−Cl−H]− 230 (4) [M−CO2]+ 266.0 (11)

Summary of the DF reaction products obtained with Fe0 and (Me0(Fe0)) under both oxic and anoxic conditions.
a Rt: retention time.
b n.d.: not determined.
c Unknown.
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Fig. 5. (a, a′), (b, b′), (c, c′), (d, d′), (e, e′) are the corresponding (+) and (−) APPI/MS spectra of compounds [DF2], [DF1], [DF], [DFu] and [DFo] analyzed in positive and negative
ionization modes respectively. All MS characteristic of these compounds are summarized in Table 2.
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Table 3
Summary of identified DF reaction products obtained with bimetallic systems under
oxic and anoxic conditions.

By-Products Name
Oxic Anoxic

Fe x – DFob

Bimetallics
PdFe – x DF1

a

DF2
a

CuFe x x DF1
a

DF2
a

DFob

NiFe x – DFob

CoFe – – –

IrFe x x DF1
a

DF2
a

DFob

SnFe – – –

UV and MS data of DF and its degradation products in oxic and anoxic solutions
observed with Fe0 and all bimetallic systems used. Transformation products are
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Fig. 6. (a) PIXE and (b) RBS spectra of CuFe bimetallic system (fresh and used in oxic
rranged by decreasing retention time.
F1: monochlorinated DF; DF2: dechlorinated DF; DFo: Hydroxylated DF
a Anoxic
b Oxic

onsequently, this might decrease the pH at the interface
e1

0(Fe)/solution to less than 4.5 therefore favoring the formation
f hydroxyl radicals in the presence of oxygen. Recall that all these
bservations could not happen without iron corrosion considered
he main process responsible of contaminants’ removal.

In parallel, when DO is abundant, DF can adsorb onto the sur-
ace of iron particles, more particularly on the surface of the in
itu formed highly reactive MCPs to form hydrogen peroxide that
ndergoes Fenton’s reaction (Eqs. (21)–(23)), yielding hydroxy-

ated DF isomers. DFo were identified by those slightly different
etention times (chromatograms are not shown) and MS spectra
howing the same molecular weight with different fragment abun-
ance percentages.

O2)ads + e → O2
•− or HO2

•
(21)

O2
• + HO2

• → H2O2 + O2 (22)

e2+ + H2O2 → FeOH2+ + HO• (23)

Finally, the absence of reaction products can be explained by:
i) the formation of MCPs at a case-by-case model of bimetallic
ystems responsible of the removal of DF reaction products (and
ven DF itself in oxic solutions) via sequestration/co-precipitation;
ii) the possible adsorption of DF reaction products on MCPs fol-
owed by a partial desorption due to a change occurring in the
hysical properties of the oxide scales under disturbed conditions;
iii) the mineralization of a small part of the original probe after
eing highly oxidized at the vicinity of MCPs by extremely reactive
ydroxyl radicals.

.6. Characterization of metallic systems (Fe and CuFe)

The formation of iron oxide scales at the surface of metallic iron
nd bimetallic systems was qualitatively investigated by PIXE and
BS techniques. CuFe was chosen as a representative model of the
ultiple bimetallic systems tested. PIXE spectra (Fig. 6) showed
learly the presence of Cu at the surface of iron particles just after
lating (fresh CuFe) and 2 h after reaction with DF solution under
oth oxic and anoxic conditions. As it can be noticed, under oxic
onditions, the number of X-Rays per �C (relative to Cu) emitted
rom the used CuFe bimetallics (790 X-rays/�C) is less than the
and anoxic solutions). (c) RBS spectra of Fe0 used (in oxic and anoxic solution). The
used metallic particles were collected after 2 h of reaction with DF solution under
the same conditions as previously described.

one reported under anoxic conditions (961 X-rays/�C). This differ-
ence (171 X-rays/�C) is significant in such analysis knowing that
the limit of detection of Cu for PIXE technique is about 8–10 X-
rays/�C. As a result, one can conclude that under oxic conditions, an
enhanced alteration of the surface of the bimetallic system occurs
especially after oxidation in the presence of dissolved molecular
oxygen.

RBS analysis undertaken on the same sample confirmed more
oxidation of the CuFe surface by depicting a wider oxygen peak
under oxic conditions than in the absence of oxygen (Fig. 6b). Fur-
thermore, RBS spectra showed less iron content for CuFe used

in oxic solution than in anoxic medium considered as a reason-
able consequence of more iron oxidation. It is also important to
notice that even under anoxic conditions, iron corrosion occurs in
water however with lesser extent (presence of oxygen peak under
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noxic conditions). This explains the slight DF removal observed
n anoxic solutions (20% in anoxic versus 80% in oxic solution,
igs. 1 and 2). The RBS spectra of iron particles showed however
mproved discrepancy in the oxygen peaks between particles used
n oxic and anoxic solutions (Fig. 6c). It corroborates the principle of
F removal enhancement in the presence of oxygen yielding more

ron particles corrosion and consequently the formation of a multi
article porous media able to sequestrate and adsorb dissolved
ontaminants.

. Conclusions

In this study, it was demonstrated that bimetallic systems suc-
essfully remove DF from water and thus could be used for the
reatment of DF charged solutions like hospital effluents or hotspots
t almost neutral pH values without prior buffering. PdFe was found
y far the most powerful system among all bimetallics investi-
ated under anoxic conditions. However, CuFe showed similar high
eactivity as PdFe toward DF and can substitute Pd for an effec-
ive treatment cost especially under oxic conditions. The latter is
roved to be more favorable for the removal of DF via retention and
ttenuation within the porous scale layer formed during the iron
orrosion process. The identification of DF transformation prod-
cts indicated oxidative reaction products under oxic conditions
DFo) and reductive products under anoxic conditions (DF1, DF2
nd DFu). PIXE and RBS surface analyses showed evidence that iron
urface oxidation is more improved in oxic solutions. The nature
f the metal plated on the surface of iron particles and oxygen
bundance into the solution are found to be the key factors deter-
ining the reactivity of bimetallics. The elimination mechanism of
F as well as the rate of appearance of reaction products into the

olution could be explained by the identity of the plated transi-
ion metals and their ability to promote iron corrosion after being
xidized.

Finally plating the same Fe0 with several more electropositive
lements (Co, Cu, Ir, Ni, Pd, Sn) in bimetallic systems is proven a
owerful tool to investigate the impact of the kinetics of oxide
cale formation and its significance for the Fe0 reactivity. Results
onfirmed the prevailing view that the porosity of the oxide scale
epends on the relative kinetics of (1) Fe0 oxidative dissolution, and
2) oxide scale growth. This aspect will be deeply investigated later.
ere, Fe0-based trimetallic systems will be used and the results will
e discussed with those presented above.
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