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a b s t r a c t

Nanoscale Fe–Pd bimetallic particles were synthesized and used for degradation of lindane (�-
hexachlorocyclohexane) in aqueous solution. Batch studies showed that 5 mg/L of lindane was completely
dechlorinated within 5 min at a catalyst loading of 0.5 g/L and the degradation process followed first-order
kinetics. GC–MS analysis in corroboration with GC-ECD results showed the presence of cyclohexane as the
final degradation product. The proposed mechanism for the reductive dechlorination of lindane involves
Fe corrosion-induced hydrogen atom transfer from the Pd surface. The enhanced degradation efficiency
eywords:
imetallic
anoparticles
indane
egradation
inetics

of Fe–Pd nanoparticles is attributed to: (1) high specific surface area of the nanoscale metal particles
(60 m2/g), manyfold greater that of commercial grade micro- or milli-scale iron particles (∼1.6 m2/g);
and, (2) increased catalytic reactivity due to the presence of Pd on the surface. Recycling and column
studies showed that these nanoparticles exhibit efficient and sustained catalytic activity.

© 2009 Elsevier B.V. All rights reserved.
yclohexane

. Introduction

Lindane (1,2,3,4,5,6-hexachlorocyclohexane or �-HCH) is a
road-spectrum pesticide and a persistent pollutant. Its low aque-
us solubility, relative high stability, lipophilicity and chlorinated
ature contribute to its environmental persistence and resistance
o degradation. It is neurotoxic, an endocrine disrupter in humans
nd is classified by the United States Environment Protection
gency (EPA) and World Health Organization (WHO) as a potent
arcinogen and teratogen [1–3]. It has been banned in over 50
ountries including Europe and North America. However, India con-
inues to produce and use lindane, with 5387 tonnes technical grade
indane produced from 1995 to 2005. Lindane residues have been
etected in drinking water in rural India [4] and human blood sam-
les have shown lindane levels 605 times higher than those found

n the United States (average values of 57 and 0.1 ppb for Indian
nd US samples respectively) [5]. It therefore represents an envi-

onmental risk and development of viable methods for its removal
rom water and food sources are needed.

Conventional methods viz. chemical degradation, physical
dsorption, and bioremediation have been reported for the removal

∗ Corresponding author. Fax: +91 20 25651542.
E-mail addresses: paknikar@vsnl.com, kpaknikar@gmail.com (K.M. Paknikar).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.10.063
of lindane from aqueous solutions. These include use of microwave
irradiation and degradation with NaOH-modified sepiolite [6] and
addition of hydrogen peroxide [7]. Many researchers have demon-
strated the use of microbial cultures for bioremediation of lindane
[8–14]. Lindane decomposition via sonochemical [15] and gamma
ray-induced dechlorination/destruction [16] has also been demon-
strated. However, most of these degradation methods lead to the
formation of stable but carcinogenic trichlorobenzenes (TCBs) as
the major degradation products.

The generation of toxic degradation products and the use
of environmentally harsh chemicals lead to several operational
constraints, especially for the treatment of lindane-contaminated
drinking water. Hence, for effective treatment of pesticide-polluted
ground water and surface water, advanced catalytic methods are
desirable for complete decomposition of target molecules and elim-
ination of toxic end products. One such method involves use of
zero-valent metals for catalytic reductive dehalogenation of vari-
ous organochlorine compounds like lindane. Among several metals,
zero-valent iron is a preferred choice due to its low cost and benign
environmental impact [17–19].
Nanoscale iron materials offer a potential advantage over bulk
iron due to their large surface areas, which provide more active
sites for the reaction, and hence, enhanced reaction rates. But the
reduction rate for such highly reactive nano-iron tends to decrease
with time due to the formation of oxide layers that block the

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:paknikar@vsnl.com
mailto:kpaknikar@gmail.com
dx.doi.org/10.1016/j.jhazmat.2009.10.063
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urface-active sites. Incorporation of a second, catalytic metal like
d, Zn, Ni or Pt onto the iron surface produces enhanced dechlorina-
ion rates relative to iron alone [20–24]. Enhanced dehalogenation
nd prevention of toxic byproduct formation has been observed
or iron nanoparticles coated with Pd. Zhang [20] reported 100-
old enhancement in the rate of dechlorination of trichloroethene
TCE) using Pd-coated iron nanoparticles (10–100 nm).

In this work, complete and rapid lindane degradation is
eported using palladized iron nanoparticles. Based on GC-ECD
nd GC–MS analysis, the proposed reductive dechlorination mech-
nism involves hydrogen atom transfer from the Pd surface to
orm cyclohexane as the final product. The Fe–Pd nanoparticles
howed higher catalytic activity than nano-iron, due to prevention
f surface passivation by the presence of Pd. The effects of catalyst
oading, repeated exposure of nanoparticles to air/water and con-
inuous flow column study on the lindane degradation efficiency
ere also examined.

. Experimental

.1. Chemicals

The following compounds were used as received: lindane
>99.9%, Sigma, USA), acetone (purity, ∼99%, Merck, UK), n-hexane
HPLC grade, Qualigens, India), iron (II) sulphate (FeSO4·7H2O,

erck, UK), sodium borohydride (NaBH4, Merck, UK) and palladium
cetate (Pd(COOCH3)2, Aldrich, USA), cyclohexane (Aldrich, USA),
odium carbonate (Na2CO3, Aldrich, USA), and sodium bicarbonate
NaHCO3, Aldrich, USA). All reagents and solutions were prepared
n ultra-pure water.

.2. Synthesis of Fe–Pd nanoparticles

Synthesis of iron nanoparticles was achieved by adding 3.1 g of
aBH4 into 6.2 g of FeSO4·7H2O in 100 mL deionized water accord-

ng to the procedure of Wang and Zhang [22]. The solution was
ixed vigorously under room temperature for 15 min (25 ± 1 ◦C).

errous ion was reduced by borohydride according to the following
eaction:

Fe2+ + BH4
− + 2H2O → 2Fe0 + BO2

− + 4H+ + 2H2 (1)

he borohydrate to ferrous ion ratio was 7.4 times of the stoi-
hiometric requirement according to the above equation. Excessive
orohydrate was the key factor for rapid and uniform growth of

ron nanocrystals [23]. The metal particles formed from the above
eaction were washed by repeated cycles (five times) of centrifu-
ation at 5000 r.p.m. and treatment with large volumes (>100 mL/g
ron) of ultra-pure water. Palladized Fe particles were prepared by
oaking freshly prepared iron nanoparticles in an ethanol solution
ontaining 0.2 wt% of palladium acetate. This caused the reduction
nd subsequent deposition of Pd on the Fe surface:

e0 + Pd2+ → Fe2+ + Pd0 (2)

he palladized iron particles were then vacuum filtered,
ashed with ethanol and acetone using the centrifugation–
ashing–centrifugation cycle and finally dried in a vacuum oven

t 80 ◦C.

.3. Characterization of nanoparticles
Brunnaer–Emmett–Teller (BET) surface area analysis of the syn-
hesized nanoparticles was performed using nitrogen adsorption

ethod with surface analyzer system CHEMBET 3000, Quan-
ichrome Instruments, USA. TEM measurements were performed
n a JEOL Model 1200EX instrument operated at an accelerating
Materials 175 (2010) 680–687 681

voltage of 120 kV. Samples for transmission electron microscopic
(TEM) were loaded on carbon coated copper TEM grids before
being introduced into the vacuum chamber. X-ray diffraction
(XRD) analysis of mineralogical characteristics of the nanoparti-
cles was carried out using a Philips diffractometer (Model No.
1730). Nickel filtered Cu-K� radiation source was used to produce
X-ray (� = 1.542 Å) and scattered radiation was measured with a
proportional counter detector at a scan rate of 4◦/min. X-ray pho-
toelectron spectroscopy (XPS) analysis was carried out on a VG
MicroTech ESCA 3000 instrument using Mg-K� radiation (photo
energy 1253.6 eV) at a pass energy of 50 eV and electron take
off angle (angle between electron emission direction and surface
plane) of 60◦. C 1s spectra was used as a reference with binding
energy value of 284.6 eV and the spectra of different samples were
corrected for surface charging.

2.4. Batch experiments

All experiments were performed in 30 mL serum bottles with
15 mL of liquid volume. In each batch bottle, 5 mg/L lindane solu-
tion was prepared in deionized water (solubility of lindane in
water = 8 mg/L). The solution contained a fixed amount of Fe–Pd
nanoparticles in the range 0.1–0.5 g/L. The pH of the reaction mix-
ture was ∼6.5. All degradation experiments were performed in
an open batch system at room temperature (25 ± 2 ◦C). Solutions
were stirred with an agitator to keep the nanoparticle powder sus-
pended. Samples were withdrawn from the bottles at fixed time
intervals and extracted into HPLC grade hexane by liquid–liquid
extraction process (100 �L of sample was added to 1000 �L hex-
ane, rapidly mixed using ultrasound, and finally the hexane layer
was separated). An aliquot of the hexane-extracted sample (0.5 �L)
was then analyzed for the degradation of lindane using gas chro-
matography.

2.5. Lindane degradation and metabolite detection

A gas chromatograph system (ASXL, PerkinElmer, USA)
equipped with an electron capture detector (ECD) and a capillary
column SGE 3780B21 (length – 25 m, type – bonded phase, mate-
rial – silica, phase – BP5 non-polar, film thickness – 0.5 �m) was
used for degradation studies. The column temperature started at
50 ◦C, held for 10 min, ramped up to 150 ◦C at a rate of 10 ◦C/min,
held for 10 min, ramped to 240 ◦C at a rate of 10 ◦C/min and finally
held for 15 min. The temperature of the injector and detector were
maintained at 230 ◦C and 280 ◦C respectively. The sample aliquot
was eluted with nitrogen carrier gas at 35.0 mL/min. GC–MS anal-
ysis was performed on a Trace GC 2000, Thermo Instruments, USA
equipped with a Mega 5 MS capillary column (30 m, 0.25 mm ID and
0.5 �m film thickness). The column temperature started at 50 ◦C,
held for 10 min, ramped up to 150 ◦C at a rate of 10 ◦C/min, held
for 10 min, ramped to 240 ◦C at a rate of 10 ◦C/min and finally held
for 15 min. Electron impact mass spectrometry was carried out at
70 eV ionization potential and 230 ◦C ion source temperature. For
GC–MS analysis, degradation samples (100 �L) were extracted in
HPLC grade toluene (1000 �L) instead of hexane using liquid–liquid
extraction to avoid solvent interference during metabolite quantifi-
cation. Quantification of chloride ions was performed using an ion
chromatograph (Dionex DX-120) equipped with a Dionex Ion-Pac
column (AS-14) and a conductivity detector. The eluent composi-
tion was 3.5 mM Na2CO3 + 1 mM NaHCO3.
2.6. Column studies

A small-scale differential column reactor (DCR) was constructed
using glass column of 1.5 cm diameter and 30 cm in length for pack-
ing of nanoparticles. The column was packed while maintaining the
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2p1/2 respectively. A broader peak was observed at 704 eV, which is
associated with zero-valent iron (Fe0 2p3/2). The Pd 3d5/2 core level
XPS spectrum showed two peaks at 336.7 and 339.3 eV, which are
characteristic peaks of zero-valent palladium (Pd0). The total iron
content in Fe–Pd nanoparticles determined by AAS was 59.2%.
Fig. 1. XRD spectrum of Fe–Pd nanoparticles.

acked materials under ultra-pure water. The differential column
ontaining sand-nanoparticle dual zones was prepared as follows:
he column was packed by first filling it with nanopure water and
lacing a small amount of glass wool at the bottom of the column.
orizontally on top of this glass wool, 5 g of pre-washed beach

and was added. The sand was first sieved through a 2 mm sieve
nd washed copiously with distilled water till the washings were
olorless. The washed sand was then dried at 100 ◦C overnight.
fter proper placement of the sand bed, Fe–Pd nanoparticles were
dded to the column directly as vacuum-dried powder and the total
mount added was 10 mg. This value was calculated based on the on
he concentration of nanoparticles used in the batch studies (0.5 g/L
anoparticles to degrade 15 mL of lindane aqueous solution). Upon

eveling the surface of the nanoparticle bed, another 5 g of sand was
laced on top of the nanoparticles. The total amount of sand in the
olumn (10 g) corresponded to a total void volume of 15 mL. Test
olution for column experiments containing 5 mg/L lindane was
tored in a 2 L glass tank and solutions were pumped through the
acked beds using an Ismatec MCP 552 (Switzerland) peristaltic
ump. Samples were collected directly from the column effluent
ubing into 10 mL glass sample bottles. To match the retention time
f lindane in the column with the total time of reaction (5 min), the
utflow rate was adjusted to 3 mL/min.

. Results and discussion

.1. Nanoparticle characterization

Fig. 1 shows the XRD spectrum of the nanoparticles, showing
he presence of bcc Fe0 at 2� = 44.98o. However, no peaks corre-
ponding to Pd0 or Fe-oxide were observed. A mean particle size of
0 nm was calculated using Scherrer equation,

= 0.9�

B cos �
(3)

here t is the median particle size, B is the full width in radians
t half-maximum intensity, � is the X-ray wavelength and � is the
ngle at maximum diffraction curve intensity.

The morphology and structure of the Fe–Pd nanoparticles is
hown in the TEM images (Fig. 2). The spherical nanoparticles,
5–40 nm in diameter are connected in chains of beads. This obser-

ation is due to the magnetic and electronic interactions between
he metals [25]. The small size of the nanoparticles can be explained
y the low molarity of Fe2+, together with the excess of borohydride
sed in the synthesizing process. This causes the rapid reduction
ate of Fe2+ for the formation of more nuclei, and thus less metal
Fig. 2. TEM image of Fe–Pd nanoparticles.

atoms are available for particle growth. This produces nano-Fe and
subsequently nano-Fe–Pd with small particle size, and high BET
surface area (60 m2/g).

XPS measurements (Fig. 3a and b) showed peaks at 710.6 eV
and 724.6 eV, which are characteristic peaks for Fe2+ 2p3/2 and Fe2+
Fig. 3. XPS spectra of (a) Fe 2p core level and (b) Pd 3d5/2 core level spectra of Fe–Pd
nanoparticles. For (b), the black dots and solid black line correspond to the raw data
and smoothened data respectively.
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rination).
Dechlorination reactions on Fe–Pd catalyst occur by adsorption

of the chlorinated compound (like lindane) on the particle sur-
face [31]. The Pd on the surface acts as a collector of hydrogen
gas produced via reduction of water by iron, i.e., the iron corrosion
ig. 4. Kinetics of lindane degradation and chloride generation using Fe–Pd
anoparticles. ([Lindane] = 5 mg/L, [Fe–Pd] = 0.5 g/L, pH 6.5, T = 25 ◦C).

.2. Kinetics of lindane degradation

Fig. 4 illustrates the efficiency of these nanoparticles to degrade
indane. A 5 mg/L sample of lindane was completely degraded
n 5 min by Fe–Pd (0.5 g/L) within the detection limit of GC-ECD
∼10 pg). The degradation of lindane followed a first-order kinetic

odel:

= C0 exp(−kobst) (4)

here C is the lindane concentration at time t, C0 is the ini-
ial lindane concentration, and kobs is the first-order degradation
ate constant. Using the above model, the rate constant obtained
as 1.02 ± 0.16 min−1. The concomitant increase in chloride ion

oncentration (Fig. 4) confirmed that lindane was removed from
queous solution through reductive dechlorination and not via
dsorption on the nanoparticle surface. However, complete chlo-
ide mass balance was not achieved (15% deficit). The chloride ions
an be either lost through adsorption or covered by the precipita-
ion of iron hydroxide layers on the nanoparticle surface, as shown
reviously by Burris et al. [26] and Xu et al. [27]. Alternatively,

ncomplete chloride mass balance may be also attributed to loss by
vaporation of HCl or Cl2 formed during the degradation process.

To establish the advantage of a palladized nano-iron catalyst,
he degradation efficiency of Fe–Pd nanoparticles was compared
ith iron nanoparticles, commercial bulk iron powder (300 mesh)

nd palladium-coated bulk iron, under similar experimental con-
itions. Iron nanoparticles were synthesized using the borohydride
eduction process described earlier. Bulk iron powder (0.5 g/L) was
retreated with 6 M HCl for 10 min and washed with ultra-pure
ater to remove the residual HCl and Fe2+. Palladium-coated bulk

ron was prepared by reacting the acid-treated powder with 0.2 wt%
alladium acetate. In contrast to the rapid degradation observed
y Fe–Pd, the iron nanoparticles exhibited lower degradation effi-
iency (Fig. 5). Bulk iron powder, on the other hand, did not degrade
indane even at a higher metal concentration (50 g/L) due to the
ower surface area (1.6 m2/g) of the particles. Pd-coated bulk iron
howed negligible lindane degradation efficiency.

Although nano-iron provides an increased surface area for the
echlorination reaction compared to bulk iron, the enhanced cor-
osion rate leads to rapid formation of surface-passivating oxide
ayers. These oxide layers block the active sites on the catalyst
urface and inhibit the dechlorination reaction. Thus, rapid lin-

ane dechlorination occurred at the initial stage (Fig. 5), but the
atalytic activity was subsequently inhibited by surface passiva-
ion, leading to incomplete degradation. Reductive dechlorination
sing nano-iron requires direct access of lindane to the iron sur-
ace. This can occur only at cracks in the surface oxide/hydroxide
Materials 175 (2010) 680–687 683

film and thus only a small fraction of the iron metal would be
available for dechlorination, leading to lower degradation efficien-
cies. This is consistent with the findings of Farrell et al. [28], who
showed that trichloroethylene dechlorination rates on cathodically
protected iron were 2–3 orders of magnitude faster than those on
oxide-coated iron. On iron coated with electrically conductive mag-
netite or semiconducting Fe(III) oxides, halocarbon reduction may
also occur via electron tunneling through the oxides [29,30]. In
the present study, however, rapid oxide layer formation and the
absence of any deliberately coated electrically conducting oxide
film on the surface inhibited direct electron transfer from the iron
surface to lindane.

In the Fe–Pd bimetallic system, the rapid oxidation of iron to
generate electrons and hydrogen is similar to the corrosion pro-
cess in nano-Fe. However, the surface Pd catalyzes the adsorption
and dissociation of hydrogen to form surface Pd-hydrides, which
are powerful reducing agents [31]. It is also known that iron oxi-
dizes faster when it is in contact with a less active (noble) metal like
Pd [32]. Thus, iron is preferably oxidized (acts as anode) whereas
palladium is protected (acts as cathode). The subsequent formation
of galvanic cells between the coupled iron and palladium species
results in continuous electron flow and enhanced catalytic activity.
The importance of active surface sites (like Pd), capable of utilizing
hydrogen in the dechlorination reaction, has been demonstrated by
Liu et al. for TCE dechlorination [33]. Since Pd reduces surface pas-
sivation by oxide layers and promotes adsorption–dissociation of
hydrogen gas into strongly reducing atomic hydrogen, Fe–Pd offers
a double advantage over nano-iron.

3.3. Product identification and degradation mechanism

GC–MS analysis of the lindane solution treated with Fe–Pd
nanoparticles showed the presence of cyclohexane as the final
degradation product. No additional chlorinated intermediates or
products were detected, which corroborated with the GC-ECD
results. The kinetics of lindane degradation and cyclohexane for-
mation are shown in Fig. 6. The simultaneous generation of
cyclohexane and chloride ions (Fig. 4) indicated that lindane degra-
dation with Fe–Pd followed a sequential reduction process through
the replacement of all chlorines atoms by hydrogen (hydrodechlo-
Fig. 5. Comparison of lindane degradation using Fe–Pd nanoparticles, iron nanopar-
ticles and commercial bulk iron. ([Lindane] = 5 mg/L, [catalyst] = 0.5 g/L, pH 6.5,
T = 25 ◦C).
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ig. 6. Kinetics of lindane degradation and cyclohexane formation using Fe–Pd
anoparticles. ([Lindane] = 5 mg/L, [Fe–Pd] = 0.5 g/L, pH 6.5, T = 25 ◦C).

eaction:

e0 + 2H2O → Fe2+ + H2 + 2OH− (5)

n the Pd surface, the diatomic dissociation of H2 can lead to the
ormation of metal hydride for the dechlorination reaction:

Pd0 + H2 → 2Pd–H (6)

he C–Cl bond of the adsorbed lindane is then broken, and hydrogen
rovided by the active metal hydride replaces all the chlorine atoms
o form cyclohexane:

Pd–H + C6H6Cl6 → 6Pd0 + C6H12 + 6Cl− (7)

lternatively, dissociation of H2 gas on Pd can lead to formation of
ydrogen radicals:

d0 + H2 → 2H• (8)

hese hydrogen radicals are highly reactive to C–Cl bonds and thus,
adical-induced lindane dechlorination to form cyclohexane is also
ossible.

In our knowledge, this is the first report of cyclohexane forma-
ion during lindane dechlorination using heterogeneous metallic
nd bimetallic catalysts. Prior studies have shown that lindane
as dechlorinated to benzene and chlorobenzene by Fe–Cu, Al–Cu

nd Mg–Cu [34]. Also, lindane dechlorination using Pd nanoparti-
les [35] and Pd-doped Al2O3 [36] generated benzene as the final
egradation product. Wang et al. [37] also reported that lindane
echlorination using granular zero-valent iron led to the formation
f benzene (major) and chlorobenzene (minor) as the main prod-
cts. In the case of zero-valent iron, direct electron transfer from
he metal surface results in sequential elimination of two chlorine
toms (dichloroelimination) or one HCl molecule (dehydrochlo-
ination) to form chlorobenzene and/or benzene [38]. Moreover,
he formation of benzene in the bimetallic systems also suggests
hat the role of second metal was limited to prevention of surface
assivation and sustained electron flow. In the present study also,
C–MS analysis of the lindane solution treated with nano-Fe con-
rmed the presence of benzene as the sole degradation product
data not shown).

However, in the Fe–Pd bimetallic system, the dechlorination
rocess is initiated by the Pd-mediated dissociation of H2 into H

toms, which replace the chlorine atoms on the lindane molecule
hydrodechlorination). The importance of Pd as the hydrogen-
ctivation catalyst is evident from the fact that lindane degradation
y bimetallic Fe–Cu generated benzene and not cyclohexane as
he final product [34]. The high hydrogen adsorption–dissociation
Materials 175 (2010) 680–687

capacity of Pd (900 times its own volume) and the formation of
cyclohexane imply that the deposited metal on the iron surface
critically governs the lindane dechlorination pathway in Fe-based
bimetallic systems. Interestingly though, both Pd0 nanoparticles
[35] and Pd0-on-Al2O3 [36] in the presence of externally added
H2 gas generated benzene and not cyclohexane during lindane
dechlorination. Although lindane dechlorination by heterogeneous
Pd-based catalysts involves hydrogenation via H2 activation, the
formation of cyclohexane using Fe–Pd nanoparticles and benzene
using Pd0 and Pd/Al2O3 indicates the crucial role of (a) catalyst
type/nature of support, (b) source of H2, (c) the presence/absence
of bimetallic structure, and/or (d) acido-basic properties of the cat-
alyst, in deciding the mechanistic pathway.

The selectivity in product formation by Pd-mediated hydro-
genation (selective hydrogenation) is strongly influenced by the
catalyst properties such as Pd particle morphology, crystallographic
orientations of Pd on the support surface and its electronic char-
acter [39]. Also, the electronic and geometric structure of Pd
is ultimately dependent on the choice of the support (oxides
like Al2O3, SiO2 or activated carbon or graphite) [40], which
subsequently influences the nature of the chemisorbed intermedi-
ate(s) [41] and product selectivity. The bimetallic nature of Fe–Pd
nanoparticles would also affect the electronic properties of Pd,
due to the formation of a galvanic cell between the two met-
als. The different electronic interactions in Fe–Pd and Pd0/Al2O3
catalysts may contribute to dissimilar lindane adsorption orien-
tations and reactivity, leading to different products (cyclohexane
or benzene). Additionally, the nature of the final product is also
affected by the nature of the active hydrogen species (hydro-
gen emerging from the bulk of the Pd metal or surface hydrogen
[42]).

In case of Fe–Pd nanoparticles, the bimetallic contact between
the two metals on the iron surface and the evolution of H2 on
the iron particles (Eq. (5)) may generate active hydrogen species
in the Pd bulk. In contrast, the Pd0 and Pd0/Al2O3 systems utilize
externally added H2, wherein formation of surface-active hydrogen
species is more probable. Since surface hydrogen is less energetic
compared to those generated in bulk Pd, it provides better product
selectivity in hydrogenation reactions [43]. Finally, the acid–base
properties of the catalyst support (especially oxides like Al2O3
and corrosive metals like Fe) are strongly affected by the solu-
tion pH, which changes the adsorption–desorption equilibrium of
the surface-adsorbed species (reactant, intermediates and prod-
uct) [44]. Thus, all these factors, alone or in combination, may
contribute to different lindane dechlorination pathways and final
product profiles for Fe–Pd bimetallic nanoparticles and Pd0 or
Pd0/Al2O3.

3.4. Effect of Fe–Pd mass concentration

Since the dechlorination reaction is a surface-mediated pro-
cess, the nanoparticle surface area can affect the dechlorination
rate. As the Fe–Pd mass concentration is increased, the concen-
tration of reactive Fe and Pd sites will increase simultaneously.
This should lead to increased total surface area and enhanced
dechlorination activity. Fig. 7 shows the effect of Fe–Pd mass con-
centration on the lindane degradation efficiency. Although the
degradation rate constant (kobs) increased linearly with Fe–Pd con-
centration, the relationship between kobs and [Fe–Pd] is not first
order. For instance, at Fe–Pd concentration of 0.1 g/L, the kobs
value is 0.65 min−1. A first-order relationship would require that

a two-fold increase in Fe–Pd loading leads to a two-fold increase
in the kobs value. However, a kobs value of 0.7 min−1 is obtained
at 0.2 g/L nanoparticles concentration. In the case of iron-based
catalysts, the relationship between the rate constant and catalyst
concentration can be first order only if (a) fraction of redox-active
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increase in pH, which leads to passivation of the catalyst surface
Since, all lindane degradation experiments were carried out at
near-neutral pH, continuous iron corrosion leads to generation of
hydroxyl ions (Eq. (5)) and increases the pH. This causes the precip-
ig. 7. Effect of Fe–Pd concentration on lindane degradation. [Lindane] = 5 mg/L, pH
.5, T = 25 ◦C.

otal iron surface area, and (b) the intrinsic reactivity of iron, is
ssentially constant for all catalyst concentrations. Cwiertny and
oberts [45] have reported that the fraction of active iron sur-

ace area remains constant with change in iron particle loading,
ven under mass-transfer-limiting conditions. However, the intrin-
ic reactivity of iron is critically dependent on the corrosion rate,
hanges in solution pH, and rate and/or extent of surface passiva-
ion. With increasing Fe–Pd concentration, the total surface area
vailable for iron corrosion increases, leading to increase in solu-
ion pH. This subsequently leads to enhance surface passivation
nd thus, the intrinsic reactivity of iron cannot remain constant
t all catalyst concentrations. This results in a non-linear behavior
etween the lindane degradation rate constant and Fe–Pd concen-
ration.

.5. Efficiency of the recycled catalyst

In order to test the economy of the reductive degradation pro-
ess, which is a measure of the number of times the catalyst can be
eused without sacrificing its efficiency, the life span of the Fe–Pd
anoparticles was tested. Repeated use of nanoparticles after con-
inuous exposure to air and water was studied to correlate the
eaction rate with the status of the catalyst surface and its reactiv-
ty. After the first degradation cycle, the treated solution was kept
tanding for 24 h and then the aqueous supernatant was decanted.
he particles were then washed thoroughly with distilled water
nd reused for degradation of a fresh lindane sample. In parallel,
mmediately after the first cycle, the lindane solution was decanted.
he nanoparticles were exposed to air for 24 h and then reused for
egradation of a fresh lindane sample. The results for a 5-min degra-
ation reaction using the air-exposed nanoparticles are shown in
ig. 8. A similar profile was obtained for the Fe–Pd nanoparticles
xposed to water. The reactivity of the nanoparticles decreased
lightly over a period of 10 days, with the lindane degradation
fficiency dropping to ∼92% after 10 days. However, this data is
or a 5-min reaction time only and, hence, a ∼6–8% decrease in
he degradation activity can be compensated by increasing the
eaction time. In an additional experiment, the 10-day-old cat-
lyst was reacted with a fresh lindane sample with an increase
n reaction time to 10 min. The catalyst showed 100% lindane

egradation efficiency. These results show that Fe–Pd nanopar-
icles showed good reactivity even after continuous exposure to
ir and water. However, repeated lindane degradation cycles for
onger exposure time (more than 3–4 months) and simultaneous
EM/TEM imaging of the surface-exposed particles need to be per-
Fig. 8. Lindane degradation efficiency of recycled Fe–Pd nanoparticles exposed to
air. ([Lindane] = 5 mg/L, [Fe–Pd] = 0.5 g/L, pH 6.5, T = 25 ◦C).

formed to establish the long-term stability and shelf life of these
nanoparticles.

3.6. Continuous flow column studies

The high catalytic efficiency and excellent stability of Fe–Pd
nanoparticles for lindane degradation was established for lab-
scale volumes only. But, performance of these nanoparticles for
large-scale applications depends on efficient treatment of large vol-
umes of contaminated aqueous solutions. was treated with Fe–Pd
nanoparticles in a continuous flow column mode. Continuous flow
column experiments using a fixed-particle, dual-zone bed (beach
sand + nanoparticles) were undertaken to provide a quantitative
estimate of the absolute volume of lindane aqueous solution, which
can be treated efficiently using a single batch of Fe–Pd nanoparti-
cles.

The capacity of Fe–Pd nanoparticles for lindane degradation
under dynamic flow conditions was determined using a break-
through curve (Fig. 9). The gradual loss in activity of Fe–Pd
nanoparticles can be explained in terms of iron corrosion-induced
Fig. 9. Breakthrough curve for lindane in a Fe–Pd nanoparticles fixed-bed column.
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tation of Fe2+ ions on the surface as Fe2+-hydroxides/oxides, which
an prevent or reduce contact between surface palladium and lin-
ane, or cause palladium to lose contact with the base iron metal.
nder these circumstances, generation of Pd-hydride and lindane
ydrodechlorination is inhibited and catalytic efficiency gradually
ecreases.

The breakthrough point (BP) is defined as the time when the
ffluent concentration (C) reaches a percentage of the influent con-
entration (C0), which is considered unacceptable, e.g., 10% (90%
egradation or C/C0 = 0.1) [46]. For C/C0 = 0.1, the total number of
ed volumes (BV) passed through the nanoparticles zone were 40.
o adsorption or degradation of lindane on the sand bed alone
as observed. The total number of BV treated at BP is a mea-

ure of the total lindane concentration degraded using a fixed-bed
anoparticles zone under continuous flow. Thus, at a flow rate of
mL/min and a single bed volume containing 5 mg/L lindane, the

otal mass of lindane degraded in aqueous solution using 0.5 g/L
e–Pd nanoparticles at breakthrough point was 200 mg. The total
ron concentration in the column effluent measured by AAS after 90
ed volumes was 81 �g/L (or 81 ppb). Thus, the total iron leached
ut in the column effluent was 0.004% of the total concentration in
he nanoparticles (1850 mg/L for 10 mg nanoparticles). The palla-
ium concentration in the effluent was not detectable due to the

nherent low concentration in the nanoparticles (0.2 wt%). The very
ow iron concentration in the column effluent indicates that all
anoparticles and majority of the iron species generated through
orrosion were retained inside the packed sand bed.

In summary, rapid and complete dechlorination of lindane in
queous solution was achieved using Fe–Pd bimetallic nanopar-
icles. The degradation reaction followed first-order kinetics, but
he dechlorination rate constant showed non-first-order depen-
ence on the nanoparticles concentration. GC–MS analysis showed
he presence of cyclohexane as the final product, which indi-
ated that surface Pd-mediated lindane hydrodechlorination was
he prevalent degradation pathway. The potential advantages of
e–Pd nanoparticles for treatment of lindane aqueous solutions
nclude: (1) High surface area, (2) Enhanced catalytic activity, (3)
irst demonstration case in which lindane dechlorination does not
ield toxic intermediates such as 1,2,4-trichlorobenzene and/or
hlorinated benzenes at ambient reaction conditions, and (5) long
fficient life span.

Although, the gradual loss of Fe0 and oxide layer formation in
e–Pd nanoparticles are severe drawbacks, the in situ generation of
2 for hydrogenation provides a huge advantage for in situ pollutant
egradation. In contrast, both Pd0 and Pd/Al2O3 require external H2
ddition with high concentrations and pressures. This offsets the
dvantage offered by continuous reactivity and enhanced catalyst
tability. Also, continuous hydrogen bubbling for Pd/Al2O3 sys-
ems during on-site applications is costly and requires additional
nfrastructural facilities. This also decreases the overall cost-benefit
chieved by sustained catalyst activity, long-term stability and
eusability. In case of Fe–Pd nanoparticles, the abundance and
heap cost of iron may allow use of multiple catalyst batches dur-
ng a single treatment cycle to compensate for activity loss. Thus,
e–Pd nanoparticles offer potential advantages for in situ applica-
ions (as permeable reactive barriers for groundwater treatment or
s injectable catalysts for soil remediation), while [Pd/Al2O3 + H2]
ystems are superior catalysts for ex situ applications (treatment of
ndustrial effluents and wastewater)”.
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