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Abstract

Iron and iron oxide nanoparticles (NPs) are finding wide applications for the remediation of
various toxic chloro-organic compounds (such as trichloroethylene, TCE), via reductive and
oxidative processes. In this study, Fe NPs (30-50 nm) are synthesized by reduction from ferric
ions immobilized (by ion exchange) on a platform (two types of sulfonated silica particles), in
order to prevent the NP agglomeration. Next, the Fe NPs are oxidized and their effectiveness for
the oxidative dechlorination of TCE via the heterogeneous decomposition of hydrogen peroxide to
OHe on the surface of the iron oxide NPs was demonstrated. For the reductive approach, the use of
ascorbic acid as a “green” reducing agent in conjunction with a secondary metal (Pd) inhibits NP
oxidation and agglomeration through surface adsorbed species. The Fe/Pd NPs have been
successfully applied for the dechlorination of TCE (ksa, surface-area normalized reaction rate, =
8.1 X104 L/m2h).
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1. Introduction

The use of catalytic and reactive nanoparticles in various environmental applications is an
emerging field; however, their use has been limited because of several practical difficulties.
Among these, the major ones are NP aggregation and surface deactivation (through
oxidation or passivation). This is especially true for magnetic and electropositive zero-valent
metal NP, such as iron.! Various methods for Fe NP synthesis have been described in
literature,23 one of the most common being the reduction of inorganic iron salts using
sodium borohydride? (1).

Fe (H,0) ¢** +3BH;~+3H,0 — Fe’+3B(OH);+10.5H, (1)

Naturally occurring reducing agents can be used in the place of borohydride, especially in
the synthesis of iron nanoparticles with the co-reduction of a secondary metal. Recently, the
use of ascorbic acid (vitamin C) has been proposed® for the co-synthesis of iron and
palladium, eliminating the need for post-coating step for the formation of bimetallic NP. Our
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lab has also recently published the use of polyphenol reduced and stabilized iron particles
supported on a functionalized membrane.®

Because surface chemistry of nanoparticles plays a prominent role in their application,
attempts have been made to stabilize the nanoparticles through chelating ligands, which
impede particle agglomeration.” The decreased agglomerate size and the presence of the
adsorbed polyligands may enhance nanoparticle transport, in some important applications
such as groundwater remediation.8 Various ligands such as polysugars (interacts through
hydroxyl groups), carboxymethyl cellulose (CMC)? (interacts through both hydroxyl and
carboxylate groups), polystyrene sulfonate (PSS),10 and PSS-containing block co-
polymers,11 have been successfully implemented in the stabilization of Fe NP. A variety of
strategies for iron oxide NP stabilization have also been recently reviewed.12 One study?3
demonstrated the use of metal-carbon bonds for stabilization in non-aqueous solvents, where
decylbenzene attached to the surface acts as both a phase transfer agent from the aqueous
phase (in which particle is synthesized) to the organic phase in which it is used. Another
study!4 showed that non-metal homogeneous nanoparticles may be stabilized by a lack of
shear forces during particle formation.

While the chelating ligands do impede particle aggregation, Fe NP have also been
successfully synthesized on various platforms for ease of application. Support membranes
such as PVDF have been coated with poly(acrylic acid), and this functionalized membrane
has been used to immobilize iron ions which are reduced to iron nanoparticles.1® Activated
carbon has been used to support Fe/Pd NPs for the destruction of chloroorganics in
aqueous' as well as dense non-agueous phase liquid (DNAPL).1” Recently published work
also describes the synthesis of Pd nanotubes using membrane-based techniques for the
destruction of polychlorinated biphenyls PCBs.18

The silica platform offers potential advantages over polymers or activated carbon, and it is a
well-known support for catalysts. Recently, an ordered mesoporous silica (SBA-15) was
optimized for the synthesis of Bil® and Co2% NP by incorporation of precursor salt within
the pores. Also Pt NP were formed by the reduction of a precursor salt onto colloidal
silica,?! and both Au?2 and Ti2% NP have been co-precipitated into sol-gel silica. Some very
elegant work?4 has recently been published demonstrating the synthesis of hydrophobized
silica particles loaded with Fe NP. In this case, the hydrophobized silica particles are
synthesized by direct co-condensation of silane precursors (and simultaneous evaporation of
iron salts) in an aerosol-assisted heating process, with the iron salts subsequently reduced to
Fe NP using borohydride. A subsequent study indicated the enhanced transport of these
materials through simulated aquifers due to decreased aggregation.2®

In addition to co-condensation of silanes, the silica surface is covered in silanol (SiOH)
moieties (typically ~ 3 SiOH/nm2) which can be easily functionalized using well-known
silylation chemistry (2). This is another advantage of silica over other platforms. There are
good reviews26 of silane chemistry and silica functionalization, as well as recent papers
from our lab on the extent of functionalization?’ and use of tetrasulfur functionalized
particles for mercury vapor sorption.28 In this case, the silica is functionalized with sulfonate
groups which provide a strong ion exchange platform for ferric/ferrous ions. Alternatively a
weak ion exchanger such as carboxylate could be used with the ferrous ions only. Although
not addressed in this study, multiple functional groups could also be used for the synthesis
of hydrophobic/hydrophilic nanodomains. The ability to incorporate multiple functional
groups onto a single platform is a further advantage of silica.

SiiOH+X3SiR — Si;OSi(X),R+HX (X=ClI" or RO™ leaving group) (2)

Ind Eng Chem Res. Author manuscript; available in PMC 2013 July 18.
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An important application of zero-valent iron is for the detoxification of trichloroethene
(TCE), a very prevalent groundwater pollutant which is both persistent and toxic. Physical
as well as chemical oxidation and reduction have been demonstrated for detoxification of
TCE. A common physical strategy is air stripping,2® which may or may not be followed by
TCE sorption onto activated carbon. Oxidative strategies include biological oxidation,
photocatalytic oxidation,3° or in situ chemical oxidation (ISCO) techniques, such as Fenton's
reaction to generate hydroxyl radicals (OHe).31 Our lab recently demonstrated the use of
modified Fenton's reaction for ISCO; using citrate as a chelating agent for the ferrous/ferric
ions to overcome difficulties of conventional Fenton's reaction.32

Reduction of TCE can occur by either direct electron transfer or by hydrogenation,33 and
both reactions have been carried out using various catalytic schemes. Although direct
electrical current has been shown34 effective towards TCE reduction, iron is commonly used
as an electron-transfer catalyst. Hydrogenation has been carried out by traditional
hydrogenation catalysts such as Pd, Ni, Pt, etc., where the hydrogen is supplied. Because the
supply of hydrogen to contaminated underground field sites is generally considered
impractical, bimetallic catalysts have recently been developed, where a primary metal such
as Fe reduces water to hydrogen through corrosion, thus supplying the needed reactant for a
nearby hydrogenation catalyst located on the particle surface. Fe/Pd and Fe/Ni3® bimetallic
particles have been shown to be most efficient among various bimetallic combinations.38
The high surface area to volume ratio of nanoparticles, and the high prevalence of edge
defects on nanoscale particles, has been demonstrated to be more effective catalysts than
microparticle catalysts.3’

The objective of this research is to synthesize iron nanoparticles on a
sulfonatefunctionalized silica particle platform. The second objective is to further explore
iron NP synthesis using “green” reducing agents which can prevent aggregation and also
adsorb to the surface and prevent further oxidation. The third objective is to the show
reactivity toward environmentally-important compounds such as TCE, using both oxidative
and reductive approaches. With each of these objectives, materials synthesis,
characterization, application, and discussion will be considered.

2. Experimental Methods

Colloidal silica Ludox TM-50 was obtained from Grace Davison (Columbia, MD) & silica
gel from Huber Corp (Havre de Grace, MD). Sulfonated silane reagent, 3-
(trihydroxysilyl)-1-propane sulfonic acid (30-35 % in water) (THSPS), was obtained from
Gelest Inc. (Morrisville, PA). Palladium tetrachloropalladate were obtained from Sigma-
Aldrich. Deionized ultrafiltered (DIUF) water & ethanol were obtained from Fischer
Scientific.

2.1 Functionalized Silica Synthesis

Silica particles of various structural dimensions (Table 1) were functionalized with 3-
trihydroxylsilyl-1-propane sulfonic acid (THSPS) using previously reported?” methods
without the use of solvents. Briefly, a 3 wt% aqueous solution of THSPS was adjusted to pH
=4.9. Silica particles (10 g in each batch) were dispersed into 50 mL DIUF water and the
silane solution (about 75 mL) was injected with vigorous stirring. The mixture was stirred
for 15 min to disperse the silane, followed by heating (with stirring) to 100 °C until all water
was evaporated. The functionalized particles were cured for 4 h at 100 °C to complete the
silylation. They were washed with water to removed excess silane, centrifuged, and dried.

Ind Eng Chem Res. Author manuscript; available in PMC 2013 July 18.
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2.2 Extent of functionalization

The extent of functionalization was determined by infrared spectroscopy and
thermogravimetric analysis methods given in detail elsewhere.2’ Briefly, a small amount of
functionalized particles were finely ground with potassium bromide and pressed into a die.
The Fourier transform infrared spectrum was recorded based on 128 scans from 4000 to 400
cm1. The same procedure was carried out for unfunctionalized particles, and the heights of
the Si-O-H peaks at about 980 cm1 were compared; assuming that the loss of silanol groups
due to functionalization is proportional to the decrease in Si-O-H peak height. Determining
extent of functionalization by thermogravimetric analysis was done by recording the mass
loss of a sample as temperature is increased from room temperature to 1000 °C (at a rate of
10 °C/min) in an atmosphere of air. The total mass losses of a functionalized and
unfunctionalized sample were compared.

2.3 Silica-Based Fe Particle Synthesis

The first step to forming Fe/Pd particles is to immobilize the ions. The
sulfonatefunctionalized silica particles were shaken in a 0.017 M ferric chloride
(FeCl3*6H,0; 951 mg Fe/L) solution for 12 h. The pH of ferric solution was 2.5 and was
unchanged after shaking with the particles, since they were in the Na* form (by previously
adjusting silane solution pH using NaOH). After centrifugation to remove the particles, the
amount of sorbed Fe was determined by measuring the Fe concentration in the supernatant
with inductively coupled plasma (ICP) at multiple wavelengths. Next, the immobilized ferric
ion was reduced to zero-valent iron (ZV1) by borohydride. A freshly prepared 0.17 M
solution (50 mL) NaBH,4 was added dropwise to a beaker containing about 20 mg of Fe
immobilized on ~3 g silica dispersed in 100 mL deoxygenated water. The particles turned
gray due to the formation of black iron particles on the white silica surface. The reduction
was allowed to continue for 1 h, and the silica/Fe particles were centrifuged, washed with
ethanol, and dried. In the case of particles silica-based particles used for oxidative
dechlorination reactions, the Fe NP were oxidized using air bubbled through a dispersion of
these particles in water for up to 24 h. The iron oxide/iron particles on silica were then
centrifuged and dried.

2.4 Ascorbic acid as areducing agent

Besides immobilization or the use of polyligands, another method to synthesize particles
while inhibiting oxidation and aggregation is to use natural weak reducing agents, such as
ascorbic acid. Excess reducing agent adsorbs to the particle surface to prevent oxidation of
the particle, and various surface adsorbed species can also inhibit aggregation. Ascorbic acid
is a weak reducing agent, and therefore will not sufficiently reduce iron without the presence
of another reduction reaction. Therefore, bimetallic Fe/Pd particles were prepared by the co-
reduction of FeClz*6H,0 and K,PdCl, with ascorbic acid, which is a modification of a
recent procedure.® Briefly, for each batch prepared, 10 mL of a 0.1 M ascorbic acid solution
was mixed with 20 mL of 0.01 M ferric solution (FeClz*6H,0). Particles were formed upon
the addition of PdCl,2" solution (10:1 Fe:Pd ratio). Alternatively, Pd can be prepared alone
by reduction with ascorbic acid: particles were first prepared by reducing PdCl,2" to Pd?
using ascorbic acid in ten times the stoichiometric amount, 23.1 mM ascorbic acid solution
was used with four times the volume of Pd(I1) solution. Upon reaction, the solution turned
immediately gray. Then, Pd particles were prepared in various ascorbic:Pd molar ratios for
analysis.

2.5 Metal particle characterization

Metal or bimetallic particles were characterized using several methods. Nitrogen sorption
data at 77K was obtained using a Micromeritics Tristar 3000 instrument. Surface adsorbed
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species were detected by Nicolet Nexus 470 infrared spectrometer running Omnic software.
Particle morphology was determined in Jeol 2100 TEM at 200kV accelerating potential on a
copper grid. Dynamic light scattering (Beckman Coulter Delsa Nano C Particle Analyzer)
was used to determine hydrodynamic radius.

2.6 TCE degradation experiments

TCE degradation experiments were carried out in 20 mL EPA glass vials with a gas-tight
PTFE-coated PDMS septum. Samples were initially loaded with particles and TCE solution
(20-30 mg/L). A control vial was prepared without particles to ensure that no TCE was
volatilized. The concentration of TCE in a sample was determined after a certain time
interval by extraction of the sample with pentane (5 L ethylene dibromide (EDB) as an
internal standard, per 100 mL pentane) and analysis using gas chromatography (HP Series |1
model 5890) with a mass spectrometer (HP 5971A) detection system (GC-MS). Each
sample was used for only a single data point. Standard solutions (1 to 30 mg/L) of TCE in
pentane were prepared, also using EDB as an internal standard. The lowest detection limit
was 1 mg/L TCE in pentane.

For oxidative dechlorination experiments (using oxidized particles), each sample vial was
loaded with reactive particles (average loading = 0.16 g/L Fe; detected by acid digestion
followed by atomic absorption), hydrogen peroxide (Cjitial = 1409 mg/L), and TCE (Cinitial
=22 mg/L) in deoxygenated water. Each vial (20 mL clear EPA vial with Teflon-coated
septum) was shaken for a time and opened only once, where 4 mL of the solution was
removed. This solution was extracted by shaking with the EDB-containing pentane. After 2
h extraction, the concentration of TCE in the pentane was determined by GC-MS. For
reductive dechlorination experiments, the same sampling and analysis procedure was used.
The initial concentrations were 1 g/L Fe loading, 30 mg/L TCE, and no hydrogen peroxide.

3. Results and Discussions

The two schemes presented in Figure 1 were used to synthesize silica-based iron and iron/
iron oxide nanoparticles, and ascorbic acid-stabilized Fe/Pd bimetallic nanoparticles. The
first objective of this research was to quantify the silica functionalization, to characterize the
Fe NP and the oxidized Fe NP (for dechlorination), and to demonstrate the utility for
dechlorination. The second objective was to synthesize, characterize, and demonstrate the
reductive dechlorination of the ascorbic acid-stabilized Fe/Pd bimetallic particles. These are
also compared and contrasted with results from similar recent studies to show key outcomes.

3.1 Unfunctionalized Silica Characterization

Two types of silica were functionalized with 3-(trihydroxysilyl)-1-propanesulfonic acid
(“THSPS”). One type of silica used is Ludox TM-50 colloidal silica from Grace Corp. The
manufacturer reported these to be monodisperse 22 nm silica spheres, and SEM
measurements as well as dynamic light scattering measurements previously performed in
our lab have confirmed this. This type of colloidal silica has no intraparticle pore structure,
only gaps between particles. The surface area (Ag) of 22 nm solid silica spheres, assuming
no aggregation, is computed geometrically (using density, p, of 2.65 g/cm3) to be 103 m2/g,
using (3).

_ 472 3

imrip 1p

©)

S

However due to aggregation during the required drying to nitrogen sorption measurements,
the BET surface area was computed to be 87 m2/g. The other type of silica used is porous
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silica gel, with 3 pum particles, and a wide distribution of intraparticle pores (average
diameter ~10 nm) has a BET surface area of 585 m2/g.

3.2 Extent of Silica Functionalization

The extent of functionalization is determined through two methods, IR spectroscopy and TG
analysis. Using the IR spectra, the relative heights of the SiOH vibration (980 cm1) are
compared. Although another OH vibrations is present (the broad peak around 3400 cm™1),
this is not suitable for analysis as it decreases with the removal of surface bound water as
well as the condensation of silanol groups with the silane. For the Ludox, IR spectra (Figure
2a) indicate that 47 % of the silanol groups are reacted after sulfonate functionalization. For
the silica gel, IR spectra indicate that 68 % surface silanol groups are reacted. These are
consistent with previous functionalization results for these silica platforms in our lab.2’
Extent of silica functionalization (g silane / g silica or % silane) is computed from TGA
(Figure 2b) data. Using the high temperature data of mass loss, the extent of silica
functionalization is given by

% silane=mass at 120 °C — massat 800 °C (4)

TGA indicates that the organic silane is 10 mass% of the functionalized Ludox particles. For
the functionalized silica gel, organic silane is 7.0 mass%. Using the nitrogen sorption data,
the sulfonate (silane) groups per nm? (a.go3) is approximated, and the original silanol
number (asjon), before the functionalization, can also be theoretically calculated.

_sulfonate _ %  silane X N,
SO am? A X MWjigne X 100 x 1018

a

®)

MWsjjane is the molar mass of organic portion of the silane, as the new siloxane bond should
be stable against thermal degradation; the value used is 158.2 (calculated by subtracting
MW for one Si and one Oxygen from MW of the silane). N is Avogadro's number, and Ag
is surface area of functionalized silica in m2/g. Using these theoretical calculations, for
functionalized Ludox, asps = 4.1 and for functionalized silica gel, agpz = 0.95. The
computed cross-sectional area of THSPS is 0.2855 nm? (using Chemicalize beta software,
http://www.chemicalize.org). For silica gel, the agoz = 0.95 is very reasonable, as two
THSPS molecules would occupy a cross sectional area of 0.27 nm2. However, for Ludox,
the theoretically calculated aspz = 4.1 is too large to occupy the silica surface, indicating
the presence of multilayer silane network around the Ludox silica nanoparticles. Based on
the number of number of silanol groups reacted (from IR data), and the TG data, it is
possible to compute the original silanol number (asjon)-

silanol 3 100 X

SO3 (6)

a - .
nm?2  Y%silanol  reacted

SioH—

For Ludox, asjon = 8.9, and for silica gel, agjoq = 1.4. The highest reported theoretical
silanol number is 8,38 again indicating that for functionalized Ludox, the silane is present as
a multilayer network around the silica. For the silica gel, the silanol number is lower than
previous reports that have found asjon values of 2.9 up to 3.6,39 indicating that the %silanol
calculated by IR has some error.

3.3 Morphology of Functionalized Silica

Functionalization of Ludox doesn't significantly change the BET surface area (87 and 92
m?2/g), because the particles are non-porous. The nitrogen sorption isotherm (Figure S1a)
indicates the similar morphology before and after functionalization. The silica gel has a wide
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size range of intraparticle pores, and functionalization narrows the pores of all sizes, as well
as blocks many of the micropores (Figure S1b). The functionalization of silica gel decreases
the BET surface area from 558 m?/g to 264 m2/g due to shrinkage and blockage of the pores.

3.4 Iron Immobilization on Functionalized Silica

The first step in synthesis of sulfonated-silica based iron nanoparticles is immobilization of
the ferric ions. Both silica platforms indicate the same capacity of Fe3*, about 7.0 mg Fe/g,
or 0.125 mmol Fe/g. The immobilization of ferric ions is the same process as conventional
sulfonated ion exchange resins. Dow's (Rohm & Haas) Amberlite has total capacity of 0.8
mmol ferric ion/g. However, functionalized silica gel has advantages of open mesoporous
structure and also the further advantage of facile multifunctional silylation. The
functionalized silica gel (2.0 sulfonate/nm?) has 2.5 mmol sulfonate/g, indicating an
experimental Fe:sulfonate ratio of 0.05. The theoretical Fe:sulfonate ratio is 0.33, indicating
that only about 15% of the sulfonate groups are ion-exchanged with Fe3*. For Ludox, the
experimental Fe:sulfonate ratio is 0.035, or only 11% of sulfonate groups.

This process exchanges one Fe3* ion for three Na* ions (subscript “s” means surface-
bound).

Fe*+3 Naj*<=>Fej *+3 Na® (7)

According to the law of mass action, which describes general exchange equilibria in ionized
systems (for surface activity coefficients which are unity), the apparent equilibrium constant,

K°Fo na 1S given by
4 4
n X Na [ ¢ ” Fe
K;Nf(—ﬂ) (—” ) Q
’ Cre ny,

where ¢; is the supernatant concentration [mol m-3] and n; is the exchanger-bound
concentration [mol kg exchanger]. Based on the observed Fe3* supernatant and exchanger-
bound concentrations, the equilibrium constant for these functionalized silica platforms as
3.4 x 104 (g silica/L)2.

3.5Iron Particles on silica

Once ferric ions are immobilized on the sulfonate-functionalized silica, they are reduced to
zero-valent iron particles using freshly prepared aqueous sodium borohydride. As it
dissolves, the BH,~ anion reduces water to hydrogen as well as reducing Fe3* to Fe?;
borohydride itself is oxidized to various borate species. The formation of Fe? is physically
seen as the silica suspension changes from white (silica with ions) to gray (silica with black
FeO particles. The agglomeration of the Fe NP (due to both electrostatic and magnetic
forces) is limited by the immobilization of the iron on the silica surface and in the pores of
the silica gel. The Fe NP with Ludox forms in the sulfonated silane network, resulting in Fe
NP that are physically mixed with the colloidal Ludox silica NP.

Transmission electron microscopy (Figure 3) indicates that the iron nanoparticles are located
both on the surface and pore mouths of the silica gel, as well as aggregated (apart from the
silica surface) in chains that are typical of Fe9 nanoparticles. Due to the sonication and
drying during sample preparation, it is impossible to obtain a true image of the iron
nanoparticles during the reactions. However, the particle size of ~50 nm can be determined
and elemental analysis (energy dispersive x-ray spectroscopy, EDS) is used to show that
they are indeed Fe? nanoparticles with a thin oxidized shell due to drying. EDS information
alone does not indicate valence state, but the line-scan is used to show that the oxygen
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increases near the particle edges, when a thin layer of iron oxide would be the only material
present. As the line scan proceeds across the particle, the oxygen content remains constant
(from this oxide shell surrounding the particle of constant thickness) even as the iron signal
increases due to the increasing depth of the iron core. The particles on the Ludox silica
(Figure 4) also were found to be somewhat smaller (~30 nm). The silica nanoparticles are
also on the order of that size (22 nm), they form a mixture of silica and agglomerated Fe
nanoparticles. EDS line scan indicates that the particle composition is Fe (with Si also
indicated because of the proximity to silica particles).

The iron nanoparticle alters the pore structure and surface characteristics of the
functionalized material. Fe NP on Ludox (Figure S1b), both microporous and macroporous
surface areas increase, corresponding to sorption of nitrogen in the interparticle spacing as
well as on the surface of the NP. Overall, the surface area increase for Fe particles on Ludox
is from 87 to 110 m%/g. Using Equation (3), the expected increase in surface area for 30 nm
Fe NP would be 25 m2/g Fe, which is consistent with the experimentally determined
increase (23 m2/g ). For the Fe NP on silica gel (Figure S1a), microporous surface area
decreases, corresponding to pore blockage. The macroporous surface area increases,
corresponding to sorption of nitrogen on surface of the NP. Overall, the BET surface area
decreases from 264 to 224 m?/g.

Silica-based Fe NP have been used as catalysts for well known Fischer-Tropsch
hydrocarbon synthesis (particularly when using coal-derived syn gas*®) and more recently as
catalysts for carbon nanotube synthesis.** The uniqueness of our system over many previous
studies is that functionalized silica was used to immobilize the Fe NP, rather than reduction
of Fe salts on the surface or mixed with unfunctionalized silica. Catalytic advantages of
silica-supported Fe NP are improved thermal stability, decreased deactivation, and improved
selectivity.42 The silica is thought to play a role in the reduction and drying process which
preserves a high surface area. However, Fe NP on silica have been found to have lower
activity than those on other supports or unsupported catalysts, due to the stronger
interactions between silica and Fe NP including the formation of iron silicate interfacial
species.*3 This effect increases with increasing silica:Fe ratio.*22 Fe NP on silica in these
studies have been reported to be 5 to 20 nm.

3.6 Synthesis of Pd and Fe/Pd NP by ascorbic acid

The use of natural products as reducing agents (antioxidants) for the synthesis of metal NP
has emerged as an important area of research. Not only are the natural products completely
“green” but they also can stabilize the particles against agglomeration and oxidation.
Various natural products have been suggested, including the use of polyphenols,*
commonly found in tea, coffee, wine, and fruit juices. Typically, the EC value of these
compounds is sufficient to reduce ferrous or even ferric iron to zero-valent iron. Another
natural product which has been used is ascorbic acid; however, the reduction potential of
ascorbic acid to dehydroascorbic acid is not sufficient to reduce iron alone.*> The use of
ascorbic acid requires a secondary metal, such as Pd, which is reduced along with Fe to form
Fe/Pd particles. Although other secondary metals have been described, Pd was chosen
because Fe/Pd bimetallic nanoparticles have been shown effective in dechlorination of TCE.
The reactions for the formation of Fe/Pd particles are shown in Table 2.

The use of natural reducing agents such as ascorbic acid can stabilize the nanoparticles
against oxidation as well as inhibit particle growth. After synthesizing Fe/Pd nanoparticles,
an IR spectrum (Figure 5) of the particles was compared to spectra from the pure
dehydroascorbic acid and ascorbic acid (chemical structures shown in Figure 1b). The
difference between the two compounds is seen by the peak intensity at 1753 cm™! (C=0) and
1660 cm™ (C=C). The shift of the C=C peak in the dehydroascorbic acid is caused by
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additional ring strain of three carbonyl moieties on a 5-membered ring. The spectra indicate
that both C=0 and C=C functional groups were present on the surface, which demonstrates
that ascorbate (as pH > 4.17) was adsorbed on the surface, and the peaks have slightly
shifted to a lower wavenumber (lower energy). Also, the intensities of the two peaks for the
Fe/Pd particles are about the same; for only ascorbic acid, the C=C peak is much more
intense than the C=0 peak. This may indicate that dehydroascorbic acid (with its more
intense C=0 peak) is also present on the surface.

The particle size can be limited by use of excess ascorbic acid as indicated by Figure 6. In
this case the particles were not Fe/Pd but pure Pd, which has also been used for reductive
dechlorination in the presence of supplied hydrogen. The ascorbate adsorbs to the surface
and impart a surface charge which inhibits agglomeration. As a higher ascorbic acid:Pd
mole ratio was used, the measured hydrodynamic particle radius was significantly lowered,
though ascorbic acid:Pd molar ratio >7 rendered no more decrease in size. For this reaction,
stoichiometric ratio is 2. Smaller Pd particles have been synthesized by other methods, such
as the use of polyligand stabilizers and ascorbic acid reduction,*® as well as the in vivo
synthesis of bio-Pd.46 However, this simple method yields stable, small Pd or Fe/Pd NP.
TEM of the ascorbic acid-synthesized particles at lower pH indicates the unusual growth of
crystals with agglomerate diameter ~100 nm (Figure 7). Although the exact role of
dehydroascorbic acid and ascorbate in directing the crystal growth is not known, other
studies have indicated the synthesis of crystallites of various shapes using natural product
reducing agents.>0

3.7 Oxidative Dechlorination

Recent results have shown success using silica-supported Fe NP for reductive dechlorination
of TCE24; however, heterogeneous oxidative dechlorination by Fe/Fe,O3 particles is an
emerging area of research and holds great promise because of the naturally occurring
oxidized iron in aquifers and other typically contaminated sites. Oxidative detoxification of
TCE is accomplished using Fe/Fe,Os particles as catalysts for the heterogeneous
decomposition of H,0,, resulting in the formation of OH- (a strong oxidant with E? = 2.73
V). To show the usefulness of this approach with our silica-based particles, we deliberately
oxidized the Fe particles supported on Ludox and tested their efficiency. The primary
species present is Fe,O3 which may surround a zero-valent Fe core.

The modified Haber-Weiss mechanism is commonly used to describe the decomposition of
H,0, on iron oxide surfaces.*8 Although many reactions are involved, the formation of OH-
is driven by oxidation (9) of surface ferrous species (=Fe(I1)) and direct decomposition (10)
of H,0, by hydroperoxyl radicals (HO,:). Overall, the decomposition of H,O, is modeled
as a heterogeneous pseudo-first order reaction (11).

= Fe (II) +H,O, —= Fe (III) +OH™+OH- (9)
H>O02+HO;- — H,0+0,+0H- (10)

dC

Hy0y

11
m (1)

=K, AspmC

Hy0,

In the case of our reactions, the Fe loading (0.16 Fe/L) was lower compared to other studies,
which slowed the reaction, with initial H,O, concentration of 41.4 mM (1409 mg/L).

The TCE is then oxidized by the generated OH-, which is given as a second order reaction.

Ind Eng Chem Res. Author manuscript; available in PMC 2013 July 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Meeks et al.

Page 10

dC
T —kC,...C (12)

dt TCE —OH*

Previous studies have found Cgoy. is small and constant,#° so that in many cases the
oxidation of TCE can be given as pseudo-first order. Pseudo-first-order kinetics have been
seen for the Fe-catalyzed oxidation of quinoline®® (using Fe-containing aquifer material) and
trichlorobenzene®! (using hematite, Fe,03) under reaction conditions similar to this study.
However, others have found this Fe-catalyzed oxidation to be pseudo-zeroth order. In this
case the decomposition of H,O, was not measured, only the oxidation of TCE. Figure 8
shows the 50% dechlorination in 50 hours of using these particles. However, the result
depends on Fe loading and H,O, concentration, as well as Fe:H,05 ratio. The TCE
oxidation kinetics fit a first-order reaction with R2= 0.95 (as shown in Figure 8). The
usefulness of Fe/Fe,O3-catalyzed production of OH- for oxidative dechlorination is
demonstrated. Chloride measurements indicated that after the reaction had ceased (50 hrs),
the recovery of CI- was 91% of the theoretical Cl- production, based on 3 mol chloride:1
mole TCE degraded. Given that the initial hydrogen peroxide concentration is high and that
its decomposition is proportional to surface area (11), we speculate that the cessation is due
to passivation of the Fe surface.

The role of silica in the oxidative dechlorination of TCE is not well understood. Recent
reports have speculated that the silica alters the rate of H,O, decomposition because the
lower point of zero charge renders the silica-Fe/Fe;O3 negatively charged at near neutral
pH.52 Altered rates of decomposition were found to be dependent upon sand species present
when using real sand-based Fe oxide catalysts,%0 though efforts to model the complete
process were incomplete. It may also be that the surface of the sulfonated silica (Lewis base)
impedes the conversion of Fe2* to Fe3*, which is postulated? to be the rate-limiting step of
the catalytic cycle for H,O, decomposition. However, more study in this area is needed, as
recent reports suggest faster and complete decomposition using silica-based iron oxide
catalysts, and also incomplete oxidation using soil-based Fe catalysts.

The silica-based iron particles may also be used for reductive degradation of TCE. Recent
work24 shows that unfunctionalized silica containing iron nanoparticles dechlorinated TCE.
In the case of partially hydrophobized silica, there was an immediate decrease in the bulk
concentration of TCE due to absorption (partitioning of TCE to the hydrophobized surface)
followed by quantitative conversion to product after 96 hours reaction. This study also
reports the same immediate decrease in bulk TCE concentration, but without destruction,
when hydrophobized silica is used without iron.

3.8 Reductive Dechlorination

The overall reductive dechlorination is modeled as a pseudo-first order heterogeneous
reaction, and the reaction constant determined by (13).

dc
- — kobs C

I =k, , AspmCrep  (13)

TCE

where Ag is specific surface area and py, is the loading of particles. In the case of very small
particles (such as those ascorbic acid synthesized particles at near-neutral pH), the specific
surface area (A) is calculated as surface-to-volume ratio (Equation 3) divided by the
intrinsic density of the material (pre = 7.9 g/cm3 and ppg = 12.0 g/cm?3). Based on weighted
average of Fe/Pd composition (3.8 wt% Pd), the density (p) of the Fe/Pd NP is 8.1 g/cm?3. Ag
for the ascorbic acid-synthesized Fe/Pd NP (r = 5 nm) are 74.1 m2/g. Under the reaction
conditions described in Figure 9, the kga is calculated to be 8.1 X104 L/m2h. A recent study
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using CMC-stabilized Fe/Pd bimetallic particles indicated kg of 64 x10 L/m2h for
particles with diameter of 4.3 nm.36 Although the reaction rate is lower than some reported
values, these small stable particles may be more useful for reductive dechlorination in dilute
TCE-contaminated groundwater plumes, where stability and dispersion of particles is an
important consideration.

4. Conclusions

In this study we have demonstrated the stabilization of Fe and Fe/Pd bimetallic NP through
use of covalently functionalized sulfonated silica platforms as well as the substitution of
borohydride with non-toxic, natural product ascorbic acid as a reducing agent. The silica has
a number of advantages including the dispersion of particles to prevent agglomeration and
the versatility of surface functionalization. Nanoparticles were effectively synthesized either
in the pore mouths or on the surface of silica with different morphologies (colloidal and
porous silica gel). The synthesis of stable Fe/Pd NP was also achieved through the use of
ascorbic acid as a reducing agent, where the ascorbate (and possibly dehydroascorbic acid)
inhibit agglomeration and the excess ascorbic acid protects the surface from oxidation. Both
strategies yielded nanoparticles which were reactive toward the detoxificiation of
trichloroethylene, a widespread persistent and toxic water pollutant. One can easily extend
our approach to include the synthesis of other moieties on silica platforms to potentially
increase partitioning of TCE from water, and also further development of the NP synthesis
techniques using other non-toxic natural product reducing agents.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic of various Fe and Fe/Pd nanoparticle synthesis. (a) Silica-gel based synthesis of
zero-valent iron nanoparticles for reductive dechlorination or iron/iron oxide nanoparticles
for oxidative dechlorination. (b) “green” synthesis of bimetallic particles where excess
reducing agent inhibits oxidation as well as agglomeration of particles. In this reaction,
ascorbic acid is oxidized to dehydroascorbic acid.
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Figure 2.

Two methods for measuring extent of silica functionalization are normalized FT-IR spectra
and thermogravimetric analysis. Heating rate: 10 °C/min. (a) Representative normalized FT-
IR spectra for sulfonate-functionalized Ludox silica and unfunctionalized silica. The peak at
980 cm™1 indicates the surface Si-OH, which decreases upon functionalization. (b)
Representative TGA for sulfonated silica samples.
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F(a) s el

Figure 3.

Transmission electron micrographs of Fe particles on silica gel. (a) Fe particles (~50 nm)
formed on surface and in the pores of silica gel. Brighter spots indicate Fe (higher atomic
number). Scale bar is 200 nm. (b) Higher resolution image of spherical Fe nanoparticles
with path indicating line scan for EDS. (c) EDS confirms elemental Fe composition of
particle with silica background.
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(c)

Figure4.

Transmission electron micrographs of Fe particles on Ludox silica. (a) Fe particles (30-50
nm) formed on surface of silica nanoparticles (22 nm). Brighter spots indicate Fe (higher
atomic number). Scale bar is 50 nm. (b) Higher resolution image of spherical Fe
nanoparticles with path indicating line scan for EDS. (c) EDS confirms elemental Fe
composition of particle with silica background.
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Fe/Pd Nanoparticles
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Figure5.

IR spectra of known ascorbic acid and dehydroascorbic acid (structures shown in Figure 1)
with Fe/Pd nanoparticles synthesized by reduction with ascorbic acid. The nanoparticle
spectrum indicates both ascorbate ion (C=C bond) and dehydroascorbic acid (C=0 bond)
adsorb to the nanoparticle surface. (Ascorbate ion is present above pH 4.7)
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Figure®6.

Decrease in particle size (hydrodynamic radius measured by DLS) for Pd particles
synthesized by reduction with ascorbic acid, due to presence of surface adsorption of excess
ascorbate and dehydroascorbic acid. The synthesis reaction is same as presented in Figure 1,
without the presence of Fe.
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Figure?7.
TEM of ascorbic acid-synthesized Fe/Pd NP at lower pH (<4.2).
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Figure8.
Oxidative degradation of trichloroethylene by air-oxidized Fe/Fe,O3 particles on Ludox by
hydroxyl radical reaction (use of HyO3). Ctcg o = 21.5 mg/L.
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Figure9.

Reductive degradation of trichloroethylene by Fe/Pd particles synthesized by reduction with
ascorbic acid. Cycg o = 27 mg/L
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Table 1

Structural characteristics of unfunctionalized and functionalized silica samples used as platform for
nanoparticle synthesis.

BET surface area (m?/q):

Aggregatesize (um)  beforefunctionalization ~ After functionalization Fe NP-silica

Ludox 0.022 87 92 110
Silica gel 3.7 585 264 224

Ind Eng Chem Res. Author manuscript; available in PMC 2013 July 18.

Page 24



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Meeks et al.

Table 2

Reactions for the “green” synthesis of Fe/Pd bimetallic nanoparticles by ascorbic acid. (see Figure 1 for
chemical structures)

Reaction EC value (V)
2 Ascorbic acid — 2 dehydroascorbic acid + 4 e + 4H* -0.116

2/3 Fe3* + 2" — 2/3 Fel -0.0247
Pd%* + 2e- — Pd° +0.951
Overall:

2 Ascorbic acid + 2/3 Fe3* + Pd?* — 2 dehydroascorbic acid + 2/3 Fe + Pd® + 4H*  +0.810V
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