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Abstract The potential for using hydroxyl radical
(OH®) reactions catalyzed by iron oxide nanoparticles
(NPs) to remediate toxic organic compounds was
investigated. Iron oxide NPs were synthesized by
controlled oxidation of iron NPs prior to their use for
contaminant oxidation (by H,O, addition) at near-
neutral pH values. Cross-linked polyacrylic acid
(PAA) functionalized polyvinylidene fluoride (PVDF)
microfiltration membranes were prepared by in situ
polymerization of acrylic acid inside the membrane
pores. Iron and iron oxide NPs (80-100 nm) were
directly synthesized in the polymer matrix of PAA/
PVDF membranes, which prevented the agglomera-
tion of particles and controlled the particle size. The
conversion of iron to iron oxide in aqueous solution
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with air oxidation was studied based on X-ray
diffraction, Mossbauer spectroscopy and BET surface
area test methods. Trichloroethylene (TCE) was
selected as the model contaminant because of its
environmental importance. Degradations of TCE and
H,0, by NP surface generated OH® were investigated.
Depending on the ratio of iron and H,0O,, TCE
conversions as high as 100 % (with about 91 %
dechlorination) were obtained. TCE dechlorination
was also achieved in real groundwater samples with
the reactive membranes.

Keywords Iron oxide nanoparticles - Functionalized
membrane - Hydroxyl radical - TCE dechlorination -
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Introduction

Nanoscale particles have been widely studied in
environmental separations and catalytic reactions
due to their unique physical and chemical properties
(Bell 2003). Their high surface area to volume ratio
provides more catalytic sites than bulk particles. In
addition, more crystal defects are generated to
enhance the catalytic performance via controlled
synthesis of nanoparticles (NPs). In the dechlorination
of chloro-organics such as trichloroethylene (TCE)
and polychlorinated biphenyls (PCBs), iron-based
NPs have attracted a growing attention in recent
years. They can degrade those toxic compounds
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effectively by reductive (Wang and Zhang 1997,
Zhang 2003; Xu et al. 2005; Savage and Diallo 2005;
Tratnyek and Johnson 2006) and/or oxidative path-
ways depending on the state of iron (Gates and Siegrist
1995; Pignatello et al. 2006; Laine and Cheng 2007).

In reductive dechlorination, zero-valent iron NPs
made by borohydride reduction are more effective
electron donors than bulk iron. A second metal such as
Ni or Pd is usually added to form bimetallic NPs (Fe/
Ni or Fe/Pd) with iron, acting as the catalyst of
hydrogen generation (Tee et al. 2009). However, both
processes lead to the corrosion of iron and formation
of iron oxyhydroxide, which lower the activity of iron
for reductive type reactions.

In oxidative dechlorination, the heterogeneous
Fenton reaction using granular size iron oxides such
as goethite, ferrihydrite, hematite, and magnetite
activated by H,0O, has been extensively studied for
water remediation (Tyre et al. 1991; Ravikumar and
Gurol 1994; Miller and Valentine 1995; Lin and Gurol
1998; Valentine and Wang 1998; Watts et al. 1999;
Huang et al. 2001; Yeh et al. 2004; Costa et al. 2008).
It takes place on iron oxide surfaces and very little iron
is dissolved at near-neutral pH. The hydroxyl radicals
(OH®) or ferryl ions (Fe[IV]) are formed based on
different mechanisms due to the catalysis of iron oxide
(Keenan and Sedlak 2008). These oxidants further
mineralize various recalcitrant organic contaminants.
A recent study (Voinov et al. 2011) further proved that
the free radical production in heterogeneous Fenton
reaction was primarily attributed to the surface
catalysis of iron oxide instead of the dissolved iron
(Fe*™ or Fe’ ™) released by the particles. The catalytic
sites were much more effective than the dissolved
ferric ions in the production of OH®. The catalytic
decomposition of H,O, with goethite, ferrihydrite, and
hematite has similar surface area normalized rate
constants (Valentine and Wang 1998; Huang et al.
2001; Kwan and Voelker 2003). The differences in
rate of H,O, decomposition are attributed to the
specific surface area of iron oxide. Therefore, iron
oxide NPs and nanowires with high specific surface
area were employed to promote the production of
intermediate oxidants from H,0, decomposition
(Ai et al. 2007; Zelmanov and Semiat 2008; Giraldi
et al. 2009; Lewis et al. 2011; Sun and Lemley 2011).
To obtain smaller and segregated NPs, different
stabilizers (Peng et al. 2006; Guo et al. 2006; He
et al. 2007) and supports can be used in the synthetic
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process, such as membranes (Xu and Bhattacharyya
2008; Smuleac et al. 2010; Lewis et al. 2011),
copolymers (Dhananjeyan et al. 2001), silica, and
alumina (Lim et al. 2006; Pham et al. 2009). The
recent development of functionalized membrane
makes it an ideal platform for NP immobilization.
Membrane pores functionalized with polyelectrolytes
have ion exchange groups such as carboxylic acids
(Hu and Dickson 2007; Singh et al. 2008) and sulfonic
acids (Wycisk and Pintauro 1996; Wang et al. 1998),
creating a nanoscale polymer matrix inside the pores.
Our group also reported the functionalization of
polyvinylidene fluoride (PVDF) and polyether sulfone
(PES) membranes with polyacrylic acid (PAA) in both
organic and aqueous phase for iron NP synthesis (Xu
et al. 2005; Xu and Bhattacharyya 2007; Smuleac et al.
2010). However, the direct synthesis and immobiliza-
tion of iron oxide NPs in the polymeric membranes for
water treatment has not been explored.

The objective of this study is to synthesize
stabilized iron oxide NPs with high specific surface
area in the aqueous phase and inside the membrane
pores. Once the iron oxide NPs are immobilized in
the PAA functionalized PVDF membranes, the
polymer matrix within the pores prevents the particles
from aggregation and reduces the particle loss by
recapturing the metal ions. TCE was selected as the
target contaminant for the oxidative degradation by
surface-catalyzed free radical reactions in the pres-
ence of H,O,.

Experimental section
Chemicals

All chemicals used in the study were reagent grade
without further purification. Sodium borohydride
(99.99 %), sodium carboxymethyl cellulose (CMC)
MW = 90,000), titanium oxysulfate (99.99 %),
y-Fe,O3 NPs (<50 nm), 1,2-dibromoethane (EDB,
99.5 %), and acrylic acid (99 %) were purchased from
Sigma-Aldrich. Hydrogen peroxide (30 wt%), sodium
hydroxide (1 M), sulfuric acid (1 M), pentane
(99.9 %), ferrous chloride tetrahydrate, and TCE
(99.9 %) were obtained from Fisher Scientific. Etha-
nol (99.5 %) was purchased from Ecros. Potassium
persulfate was purchased from EM Science and
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ethylene glycol (EG) was from Mallinckrodt.
Hydrophilized PVDF microfiltration membranes (diam-
eter: 142 mm, thickness: 125 pm, pore size: 0.65 pum,
porosity: 70 %) were obtained from Millipore. All of the
solutions were prepared by deionized ultrafiltered water
(DIUF) from Fisher Scientific. Deoxygenated and DIUF
was obtained by purging N, into DIUF water for 30 min.

Synthesis of iron oxide NPs

As shown in Fig. 1, CMC-stabilized iron oxide NPs
were prepared by controlled oxidation of iron NPs in
the aqueous phase. Typically, 0.5 g of CMC was
dissolved in 100 mL of deoxygenated and deionized
water followed by addition of FeCl, (0.2 M, 20 mL).
N, was purged for 15 min to promote the formation of
Fe’"-CMC complex (He and Zhao 2008). 50 mL of
NaBH, (0.2 M) was then added into this precursor
solution dropwise (5 mL/min) and the black iron NPs
were formed immediately (Wang and Zhang 1997).
After NaBH, was consumed, the compressed air was
bubbled into the solution at a flow rate of 40 mL/min.
The solution turned brown due to the oxidation. To
stop the oxidation, the particles were centrifuged and
washed with ethanol twice. After washing, the parti-
cles were redistributed in ethanol and dried in the oven
at 90 °C.

Fig. 1 Schematic of CMC-
stabilized iron and iron
oxide NP synthesis: a Fe°
NPs, b iron/iron oxide NPs
synthesized by air oxidation
of Fe” NPs

FeCl,-4H,0(0.2 M, 20 mL)

f PurgeN,

Carboxymethyl Cellulose (CMC) dropwise

Mix for 30 min

Functionalization of PVDF membranes with PAA

PVDF membranes were functionalized by PAA which
was formed via in situ polymerization of acrylic acid
(Smuleac et al. 2010). The polymerization solution
was composed of monomer acrylic acid (10 mL),
initiator potassium persulfate (0.77 g), cross-linker
EG (0.5 mL), and deoxygenated and deionized water
(40 mL). PVDF membranes were dipped into this
solution for 5 min and sandwiched between two glass
plates. Then the plates were put into the oven at 90 °C
for 4 h. N, was purged into the oven to remove O, and
protect the polymerization of acrylic acid. Due to the
thermal treatment, cross linked PAA chains were
formed inside the PVDF membrane pores. After the
functionalization, the membranes were washed with
DIUF water and soaked in ethanol for 12 h to dissolve
the unreacted monomers and byproducts.

Synthesis of iron oxide NPs in PAA/PVDF
membranes

PAA/PVDF membranes (diameter: 4.7 cm) were
dipped in 200 mL of NaOH solution (pH 9.5-10) to
convert the carboxyl groups (-(COOH) on PAA chains
into -COONa. NaCl (68.4 mM) was added to enhance
the ion exchange process. After 12 h, the membranes
were washed with DIUF water until the pH of washing

Add NaBH, (0.2 M, 50 mL)

Fe®nanoparticles
4 PurgeN,
A

Vi PurgeN,

Mixfor 2 h

Fe’* +2BH, +6H,0 — Fe’ +7TH, +2B(OH),

Fe,0;

Core-shell

Or  at90°C

Completely oxidized

Wash and centrifugatethe
particlesin ethanol twice

Dry the particles B B

Chs

!

Purge compressed air
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solution became neutral. Then they were immersed in
200 mL of FeCl, solution (3.57 mM) at pH 5-5.3 for
4 h to capture Fe®" by cation exchange. Each ferrous
ion was associated with two carboxyl groups and Na™
was released from the membranes. N, was bubbled to
prevent the oxidation of Fe*". After the ion exchange,
the membranes were immersed in 50 mL of NaBH,
(264 mM), which reduced Fe* to Fe’. The mem-
branes turned black and generated H, immediately.
Following the reductive treatment, compressed air was
purged into the solution at the flow rate of 20 mL/min.
The membranes turned brown after the oxidation and
were stored in ethanol after washing with deoxygen-
ated and deionized water.

Characterization of NPs and membranes

The hydrodynamic diameters and zeta-potentials of
particles were determined using dynamic light scatter-
ing (DLS) and electrophoretic light scattering (ELS)
within a Delsa” Nano submicron particle size and zeta
potential analyzer. Brunauer—-Emmett-Teller (BET)
surface areas of iron and iron oxide NPs were
determined using N, physisorption in a Micromeritics
TriStar 3000 surface area and pore size analyzer. The
samples were degassed in N, overnight at 120 °C
before the analysis. The analytical error was <7 %.

A Hitachi S4300 Scanning Electron Microscopy
(SEM) and a JEOL 2010F Transmission Electron
Microscopy (TEM) coupled with energy dispersive
X-ray spectrometer (EDX) were used to observe the
NP morphology and analyze the elemental composi-
tion. The membrane cross-sectional samples for SEM
were obtained via freezing and fracturing the mem-
brane in liquid N,.

Méssbauer spectroscopy with °’Co y-ray radiation
and X-ray photoelectron spectroscopy (XPS) employ-
ing a Kratos XSAM 800 surface analysis system with
Mg-Ko (1253.6 eV) radiation were used to identify
the oxidation state and surface composition of iron
oxide NPs.

X-Ray diffraction (XRD) analysis was performed
with Cu-Ka (1.5418 A) radiation using a Bruker-AXS
D8 Discovery diffractometer to detect the material
crystallography. Fourier transform infrared spectros-
copy (FTIR) with attenuated total reflectance (ATR)
was used to verify the coating of CMC on iron oxide
surfaces as well as the interaction between PAA and
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iron oxide NPs inside the membranes. The membranes
were dried in the vacuum oven at 40 °C before the test.
Data were collected using 128 scans at a resolution of
4 cm™ .

The amount of iron immobilized in the membranes
was determined from a material balance of Fe*/Fe’*.
The concentration of Fe?*/Fe®" in the feed solution
and after the ion exchange was measured by Varian
SpectrAA 220 Fast Sequential atomic absorption
spectrometer (AAS) with a Fe lamp operated at the
wavelength of 386.0 nm. The analytical error was
<5 %. The result was checked by digesting the
membrane in nitric acid (40 mL, 35 wt%), followed
by the measurement of iron concentration with AAS
and inductively coupled plasma atomic emission
spectroscopy (ICP-AES). The amount of iron oxide
dissolved in the reaction was determined by filtering
the solution through the regenerate cellulose ultrafil-
tration membrane (NMWL10000, Millipore) and
detecting the iron concentration in the filtrate.

Oxidative dechlorination of TCE

All of the experiments were carried out at 25 °C in
20 mL EPA glass vials. The pH of samples was
adjusted to 6.95-7.00 by NaOH (0.1 M) and H,SO,
(0.1 M) before the reaction and measured throughout
the reaction. Iron oxide NPs were sonicated in
15 mL of DIUF water for 30 s. Then 5 mL of TCE
(1.08 mM) and 85 pL of H,O, (9.75 M) were added
into the vial which was wrapped with the lightproof
paper and put in a shaker (300 rpm). Pentane was
used to extract TCE from the solution and 1,2-
dibromoethane (EDB) was used as an internal
standard. Typically, 2 mL of sample was mixed
with 2 mL of EDB/pentane standard solution for
30 min to achieve the extraction equilibrium. Two
control groups without adding H,O, or catalyst were
used to quantify the loss of TCE due to volatilization
and H,O, auto-decomposition.

The concentration of TCE was analyzed by HP
5890 Series I GC-MS with a 60 m x 0.25 mm x
14 pm film thickness Supelco SPB624 fused silica
capillary column. The calibration curve was obtained
via plotting the peak area ratios between TCE and
EDB with the concentrations of TCE from 0.0270 to
0.270 mM (R* = 0.997). The average analytical error
was <7 %.
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Degradation of H,0O,

In TCE oxidation, samples were taken out of the vials
at regular intervals and filtered through 0.45 pum
PVDF autovial syringeless filters (Whatman). The
concentrations of HO, were analyzed by Varian Cary
Bi0300 UV-Visible absorption spectroscopy with the
detection at 407 nm (R* = 0.995). Titanium oxysul-
fate was added as the indicator (10 pL/1 mL sample)
(Clapp et al. 1989). The analytical error was <3 %.

Chloride ion analysis

If TCE was completely oxidized by free radicals, the
C-Cl bond would be broken and Cl~ would be
released to the solution. The amount of chloride
formed in the oxidation was measured using an Orion
Chloride Electrode (Thermo). The calibration curve
was obtained by diluting the chloride standard
(Thermo Orion, 2.82 mM) with DIUF water and
plotting the electrode potentials £ (mV) as a function
of log[CI]. Based on the Nernst equation, E has a
linear relationship with log[C1~] (R* = 0.994). The
average analytical error was <5 %. 2 % (volume) of
sodium nitrate (LabChem Inc., 5 M) was added into
the samples as the ionic strength adjusters (ISA) which
ensured that the samples had similar ionic strength.
The results were checked by adding an aliquot of
chloride standard to the sample. From the potentials

Fig. 2 Iron oxide NPs
synthesized by air oxidation
of Fe’ NPs for 1 h. a SEM
image of iron oxide, b *’Fe
Maossbauer spectrum of iron/
iron oxide core—shell NPs
before oxidation, and ¢ >’Fe
Mossbauer spectrum of iron

after the addition, the chloride concentration in
original samples could be determined.

Results and discussions
Properties of iron and iron oxide NPs

SEM images show that the size of CMC-stabilized
iron oxide NPs is between 20 and 30 nm (Fig. 2a).
DLS gives a larger z-average diameter of 76 nm due to
the agglomeration of particles (Fig. S1 of Supplemen-
tary material). The Mossbauer spectra of iron NPs
before (Fig. 2b) and after oxidation (Fig. 2c) prove
that Fe” made in the aqueous phase has a core—shell
structure which is formed by a pure iron core and an
iron oxide shell (Nurmi et al. 2005). The Fe-B alloy
compound was also observed due to the oxidation of
boron. The thickness of shell increases and finally the
iron core disappears during the air oxidation in water.
The base particle size of iron (Fig. 3a) observed under
the high-resolution TEM images (HRTEM) was

<10 nm. After oxidation, iron oxide NPs aggregated
and exhibited irregular shapes (Fig. 3b), but they
could be identified by EDX and selected area electron
diffraction (SAED). EDX shows that the atomic ratio
of oxygen and iron (O/Fe) increases from 1.07 to 1.94
during the oxidation (Fig. 3c, d). SAED pattern
coincided with the diffraction pattern of two-line

oxide
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Fig. 3 HRTEM images and EDX spectra of iron (a, ¢) and iron oxide NPs (b, d). SAED pattern (inset of b) corresponds to (110) and
(300) of ferrihydrite. White circles indicate the iron and iron oxide NPs

ferrihydrite (Miller indices: 110 and 300; d-spacing:
0.252, 0.151 nm). BET surface area of iron NPs was
37.8 m%g (Fig. S2a in Supplementary material). It
increased during the air oxidation (Fig. S2b in
Supplementary material) and went to 253.4 m?/g after
2 h (Fig. S2c in Supplementary material). The high
specific surface area might be due to the highly porous
surface of iron oxide formed by oxidation of iron.
Nonporous y-Fe,O; NPs were used as a control to
verify the pores formed in iron oxidation (Fig. S2d in
Supplementary material). XPS (Fig. S3a—c in Supple-
mentary material) of iron oxide NPs also verifies that
Fe® is converted to ferric oxide after air oxidation.
XRD spectra show the diffraction patterns of iron and
iron oxide particles (Fig. 4). The freshly made Fe® is
composed of a-Fe crystals (Fig. 4a) while the shell
transfers to two-line ferrihydrite during the oxidation
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(Fig. 4b—d). These findings coincided with the TEM
results. When the oxidation time increased, some other
oxide phases such as goethite and lepidocrocite might
be formed as indicated by new peaks in the XRD
patterns (Fig. 4d) (Furukawa et al. 2002; Hwang et al.
2010). Fe’ aged for 120 days in a sealed 20 mL vial
(Fig. 4e) had both «-Fe and iron oxide characteristic
peaks, which originated from a core—shell structure.
The size of iron and iron oxide particles calculated
from XRD patterns by Scherrer’s formula was 7.8 and
3.1 nm, which were consistent with the base particle
size. ATR-FTIR spectrum of CMC-stabilized iron
oxide NPs (Fig. 5b) shows that the O-H stretching is
shifted significantly and the asymmetric CH, stretch-
ing is missing compared with pure CMC (Fig. 5a).
Both of them indicate that an enhanced intermolecular
hydrogen bond was formed between CMC and the
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Fig. 4 XRD spectra of fresh iron NPs (a), iron oxide NPs
synthesized by air oxidation of Fe® for: (b) 0.25 h, (¢) 0.5 h,
(d) 1 h, and aged iron NPs (e). The peaks shown in diffraction
patterns correspond as follows: for (a) and (e), Miller indices
(110), (200), and (211) of a-Fe (Powder Diffraction File No.,
PDF#: 00-006-0696); for (b), (c), and (e), Miller indices (110)
and (300) of ferrihydrite (PDF#: 01-073-8408). For the rest of
the peaks, other iron oxides such as, lepidocrocite (PDF#:
00-003-0079) and wustite (PDF#: 00-006-0615)

0.10
0.08 ~
(b)
§ 0.06 -
8 C=0 stretch
S 0.044  O-H stretch \
17}
<
0.02 - \ asymmetric CH, stretch
(@)
0.00 -

T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm’)

Fig. 5 ATR-FTIR spectra of (a) pure CMC and (b) CMC-
stabilized iron oxide NPs

particle surfaces (He et al. 2007). The centrifugation
after the particle synthesis removes CMC in the bulk
solution, but a thin layer of CMC is adsorbed on the
particle surfaces through H-bonding.

During the iron synthesis, the pH of solution is
lower than the point of zero charge (PZC) of iron
(pHpzc = 7.80) (Kanel et al. 2005). Hence, the
particle surface exhibits a positive charge. The

negatively charged CMC coating tends to bind the
surface of Fe” and stop the growth of iron NPs as well
as preventing them from agglomeration. Figure S4 in
Supplementary material shows the zeta-potential of
Fe® prepared with CMC and without CMC. After
introducing CMC in the particle synthesis, PZC of Fe®
decreased from 8.10 to 7.70. This again proved that
CMC was coated on the particle surfaces and the
coating neutralized the surface positive charge, mak-
ing the particles more stable.

To understand the effects of oxidation on iron,
CMC-coated iron NPs were aged at 25 °C in a sealed
vial containing 20 mL of air. When the particles are
oxidized in the aqueous phase, some iron oxides such
as ferrihydrite are formed on the particle surface. The
PZC of natural ferrihydrite is between 5.30 and 7.50
(Schwertmann and Fechter 1982) while the freshly
made and Si-free ferrihydrite is around 7.60 (Saleh
and Jones 1984), which is close to that of Fe’.
Therefore, CMC will stay on the surface of ferrihy-
drite during the oxidation. After 120 days, the PZC of
the aged particles was 7.05. The significant change of
PZC shows that new substances are formed near the
surface and they have a reduced surface charge,
which could be explained by the formation of an iron
oxide shell.

Degradation kinetics of H,O, with iron oxide NPs
in the aqueous phase

The Fenton’s reagent in acidic pH conditions (pH 3)
has been extensively studied due to its applicability in
various water related applications. OH® are produced
via the reaction of ferrous(Il) ions with H,O,. The
ferric(IIl) ions are formed in the process and reduced
by perhydroxyl radicals (HO3) to regenerate the
ferrous(Il) ions (Fenton 1894). As a powerful and
indiscriminate oxidant, OH® can oxidize most organic
contaminants (Pignatello et al. 2006). The concentra-
tion of OH" in water is very low (1076—1074 M) due to
its high reactivity with most organics (k = 10’-10"°
M~ s,

However, it is not practical to conduct the water
remediation at low pH. Various methods have been
reported to extend the useful pH range to the neutral
conditions. The nontoxic iron-chelating agents such as
citrate (Li et al. 2007b; Lewis et al. 2009), gluconic
acid (Ahuja et al. 2007), and phosphotungstate (Lee
and Sedlak 2009) have been used to bind ferrous and
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ferric ions. The other way is switching to the
heterogeneous Fenton reaction using iron oxides (in
NPs form) activated by H,0,.

The decomposition of H,O,; catalyzed by iron oxide
is a pH-dependent process which is primarily based on
a modified Haber—Weiss mechanism (Kitajima et al.
1978; Lin and Gurol 1998).

=Fe(Il) + H,0, — =Fe(1ll) + OH~ + OH* (1)
=Fe(Ill) + Hy0, — =Fe(ll) + H" + HOS (2)
H202 + OH. — H20 + HO;7 (3)

where =Fe(Il) and =Fe(Ill) stand for iron oxide
surfaces. At the neutral pH, it has been established that
H,0, decomposition in the presence of iron oxide can
often be described by pseudo-first-order reaction:

_ dCiyo,

Pt kobs CH,0, » (4)

where Cy,0, is the concentration of H,O, in the
aqueous phase at the time ¢ and ks is the observed
first-order reaction rate of H,O, which depends upon
the type of iron oxide present as well as the solution
conditions such as pH and temperature. In the absence
of TCE, Cy,0, obtained in the reaction with different
loadings of iron oxide NPs fit the pseudo-first-order
approximation. The ks values for H,O, decomposi-
tion were 0.0170 h™' (iron oxide loading: 0.67 g/L)
and 0.0421 h™' (iron oxide loading: 1.33 g/L)
(Fig. 6b). The reaction was initiated when H,O,
arrived at iron oxide surfaces. Hence, Equation (4)
can be written as:

B dCH202

@ ksapmasCh,0,, (5)

where ag is the specific surface area of NPs, p,, is the
loading of NPs in the system, and kg, is the surface
area-normalized rate for H,O, decomposition. There-
fore, the estimated kg values are 1.46 x 107
L/(h m?) and 1.80 x 10~* L/(h m?), which are quite
similar for different loadings of particles. This result
supports the conclusion that H,O, decomposition with
iron oxides is a surface-initiated reaction and a high
surface area to volume ratio will enhance the reactiv-
ity. The dissolved iron concentration never exceeded
60 uM. Blank H,0, and silica/H,0O, solutions were
used as the control groups. Less than 2 % of H,O, was
lost via auto-decomposition for both groups.
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Fig. 6 TCE and H,O, decay in the iron oxide/H,O, system.
a The oxidation of TCE, b the decomposition of H,O, in the
absence (hollow symbols) and the presence (solid symbols) of
TCE and the pseudo-first-order approximation by Eq. 4 (dashed
lines). [TCE]y = 0.270 mM, [H,0,]y = 41.4 mM, total vol-
ume V=20 mL. pH 695 at t =0 and pH 4.6 at r = 48 h.
Filled triangle [iron oxide] = 1.33 g/L, filled square [iron
oxide] = 0.67 g/L, filled diamond control (iron oxide in TCE
solution), filled circle control (TCE and H,O, solution), open
triangle [iron oxide] = 1.33 g/L, open square [iron oxi-
de] = 0.67 g/L

Catalytic oxidation of TCE with H,O, and iron
oxide NPs in the aqueous phase

TCE (0.270 mM) was oxidized in iron oxide (1.33
g/L)/H,O, (41.4 mM) system and the conversion
achieved 98.3 % after 24 h (Fig. 6a). The consump-
tion of HO, was 83.7 %. The pH of solution dropped
to 4.60 from 6.95. TCE degradation rate maintained as
its concentration decreased. This result was consistent
with the previous report of phenol oxidation (Miller
and Valentine 1999; Pham et al. 2009). The control
group shows that the concentration of TCE decreases
by ~6 % due to the volatilization. The auto-decom-
position of H,O, without the catalysis of iron oxide
also led to <2 % of TCE oxidation in the control
group. The result indicates the formation of highly
oxidative intermediates during the reaction as TCE
degradation was not observed unless both iron oxide
NPs and H,0, appeared in the solution.

The final oxidation products of TCE are expected to
be chloride ions (Cl7), organic acids, and carbon
dioxide. Three moles of CI~ should be formed for
completely oxidizing 1 mol of TCE. Therefore, the
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Fig. 7 Chloride (C1™) formation in the iron oxide/H,O, system.
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volume V=20mL. pH 695 at +=0 and pH 4.60 at
t = 48 h. For complete TCE dechlorination, ([Cl~ formed]/
[TCE oxidized])max = 3

concentrations of CI™ were analyzed to assess the
oxidation efficiency. The yield of ClI™ ([Cl™ ]opeained/
[CI™ | max) Was 80.7 % after 24 h and 91.5 % after48 h
(Fig. 7a). As each mole of TCE was oxidized,
2.74 mol of CI™ was detected in solution (Fig. 7b).
The amount of C1~ formed and TCE destructed both
approached the maximum values, and their ratio ([C1™
formed]/[TCE oxidized]) increased during the reac-
tion (Fig. 8). This could be explained by the formation
of chlorinated intermediates and the release of Cl™
from TCE step by step. Generally, TCE oxidation by
OH® forms chloroacetic acids, which were further
oxidized by OH® and finally degraded into hydrochlo-
ric acid, formic acid, and carbon dioxide (Watts and
Teel 2005; Huling and Pivetz 2006; Pignatello et al.
2006; Li et al. 2007a; Lewis et al. 2009).

When the loading of particles was halved (0.67 g/
L), the conversion of TCE was 74.7 % after 24 h
(Fig. 6a). The total consumption of H,O, was reduced
by 45.6 % (Fig. 6b). The yield of CI~ was 80.5 %
after 24 h and 83.2 % after 48 h. Therefore, as each
mole of TCE was degraded, 2.50 mol of CI™ was
detected in solution.

H,0, decomposition before and after adding TCE
is shown in Fig. 6b. The results indicate that the rate of
H,0, decomposition was nearly unaffected by

0.8 . 0.8
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N 041 L 0.4 g
= =
S 03] Fos L
<"'_'; 0.2 ] to2 O
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Fig. 8 TCE decay and chloride (C17) formation with H,O,
consumption in the iron oxide/H,O, system. [TCE],=
0.270 mM, [H,0,]y = 41.4 mM, total volume V = 20 mL. pH
695 at t=0 and pH 4.6 at +t =48 h. [C]” formed],.x =
0.810 mM

introducing TCE to the system. Most OH® were
quenched by H,O, and free radicals although these
parallel reaction rates were relatively low or in the
same order of magnitude as that of TCE with OH®
(k=4x10° M~ s7h.

Iron oxide NPs were dissolved in nitric acid
(35 wt%) and the concentration of iron was analyzed
by AAS. The result shows that each milligram of iron
oxide contains 0.49 mg of iron.

Efficiency of heterogeneous Fenton reaction

The efficiency of H,O, use for TCE oxidation can be
defined as the amount of TCE degraded per mole of
H,0, consumed.
A[TCE]

E = m x 100 % (6)
In this study, E = 1.21 £ 0.19 % for CMC-stabilized
iron oxide NPs. The efficiency of iron oxide/H,O,
system has been reported to be between 0.100 and
0.948 % in the mineralization of quinoline (Valentine
and Wang 1998) and phenol (Pham et al. 2009),
depending on the ratio of model compounds and H,0O,.
The low efficiency could be explained by the decom-
position of H,O, into H,O and O, based on the non-
radical electron transfer mechanism (Lee et al. 2001;
Pham et al. 2009). The formation of ferryl ions
(=Fe[IV]) may also decrease the production of OH".
Ferryl ions were less reactive than OH® and might be
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unable to decompose the compounds with high energy
bonds. Alternatively, OH® could be quenched by
reacting with H,O, and other free radicals. The
potential scavenging effect of OH® by iron oxide
surfaces was another possible explanation (Xue et al.
2009).

Reuse of iron oxide NPs

After the first cycle, the particles were collected,
washed with ethanol, and dried in the oven at 90 °C.
They were sonicated and reused in TCE oxidation
(1.33 g/L). The same amount of TCE (0.270 mM) and
H,0, (41.4 mM) was added. After 24 h, the conver-
sion of TCE was 98.0 %. However, the consumption
of H,0, increased to 99.7 %. Hence, the efficiency
went down to 0.740 = 0.09 %. The yield of CI™ was
73.9 % (i.e., 2.22 mol of C1~ were obtained as each
mole of TCE was oxidized). In the surface-catalyzed
reaction, iron oxide existed in the forms of =Fe(IIl)
and =Fe(Il) which were interconverted by reacting
with H,O,. Ferric oxyhydroxide could be formed due
to the precipitation of Fe?'/Fe’" released from
particles. The components of iron oxide might change
during the catalytic reaction, which affected the
specific surface area of particles or the number of
catalytic sites. BET surface area test shows that the
specific surface area of iron oxide NPs decreases from
175.5 to 142.0 m?/g after TCE oxidation. The particles
could also aggregate due to the degradation of CMC
coating. Therefore, the change of particle size and
composition led to the decline of efficiency.

Properties of PAA/PVDF membranes
immobilizing iron oxide NPs

The PVDF microfiltration membranes were used as a
support for iron oxide NP synthesis due to its high
resistance to most solvents and heat. When PVDF was
modified by in situ polymerization of acrylic acid,
cross-linked PAA was created inside the pores and it
provided the free carboxyl groups for ion exchange
(Fig. 9). Fe** was introduced to the polymer chains
via electrostatic bonding with carboxyl groups. The
environmental pH must be above the pKa value of
PAA (4.30-4.90) during ion exchange to maintain the
carboxyl groups in their dissociated state (Hu and
Dickson 2007). To prevent the pH drop during direct
Fe*" capture, the membranes (Fig. 9a) were preloaded

@ Springer

with Na*. Both iron (Fig. 9b) and iron oxide ((Fig. 9c, d)
NPs were formed inside the membrane pores. AAS and
ICP-AES show that all of the iron picked up by PAA
chains in ion exchange is converted into iron oxide NPs
(Table S1 in Supplementary material). The atomic ratio
of Na™ released from the membranes over Fe*" bound to
the membranes is 1.9 £ 0.05.

A small amount of NPs were also formed on the
surface of PAA/PVDF membranes due to the physical
sorption of ferrous ions during ion exchange. The
resulting particles aggregated with each other on the
membrane surface (Fig. 10a) while spreading uni-
formly in the pores (Fig. 10b). This verifies that the
polymer matrix inside the membrane pores can prevent
the agglomeration of particles effectively. SEM images
of membrane cross-section samples show that the size
of particles after air oxidation for 1 h is between 80 and
100 nm (Fig. 10c). However, the spherical iron oxide
NPs are transformed into nanoscale aggregates after
TCE oxidation (Fig. 10d), which may be hydroxide
precipitates of Fe*™/Fe®™ released by the particles.
ATR-FTIR spectrum of PAA functionalized PVDF
membranes shows a peak at 1,710 cm™ !, which is from
the C=0 bond stretching in carboxyl groups (Fig. 11b).
This peak indicates the existence of cross linked PAA in
PVDF membranes. When iron oxide NPs are immobi-
lized in the membranes, this peak shifts to 1,560 cm ™!
due to the interaction between PAA and particles
(Fig. 11c). The strong C-F bond stretching from PVDF
is shown at 1,000-1,360 cm™ ! and does not shift during
the membrane functionalization and particle formation
(Fig. 11a). This proves that PVDF is a stable support for
thermal and chemical treatment.

Catalytic oxidation of TCE with H,0O, in the iron
oxide/PAA/PVDF membrane system

TCE (0.270 mM) was oxidized in the catalytic mem-
brane system which was activated by H,O, (41.4 mM).
The total iron loading in the membrane is 0.88 g/L as
iron oxide NPs. After 48 h, the concentration of TCE
decreased by 74.7 % (Fig. 12). The degradation rate of
TCE appeared constant during the reaction as observed
in the experiment using CMC-stabilized iron oxide. The
conversion of H,O, was 86.6 % after 24 h, and 96.7 %
after 48 h. H,O, decay was in agreement with pseudo-
first-order kinetics and k., = 0.0842 h™!. The pH of
solution was 6.80 after 48 h. Less than 20 pM of iron
was dissolved in the solution. The yield of CI~ was
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40.9 % and the overall [Cl™ formed]/[TCE degraded]
was 1.23 (Figs. 13, 14). This indicates that not all C—C1
bonds in TCE are broken or C1™ prefers to stay in the
polymer matrix. The efficiency is 0.36 £ 0.08 %,
which indicates that 280 mol of H,0, is necessary to
decompose each mole of TCE.

Blank PAA/PVDF membranes were mixed with
TCE and H,0, to determine the loss of TCE due to the
membrane extraction. About 0.04 mM of TCE was
extracted by the membranes. The amount of H,O,
decreased was within 3 % of its initial value. H,O,
decay with only iron oxide/PAA/PVDF membranes
also fit the first-order kinetics and the presence of TCE
had little effect on H,O, decomposition.

Reuse of iron oxide/PAA/PVDF membranes

The membranes were washed with deoxygenated and
deionized water after the experiment and dried in
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vacuum oven at 40 °C for the second cycle test. The
same amount of TCE (0.270 mM) and H,O, (41.4
mM) was added. After 48 h, the conversion of TCE
was 60.4 % and the consumption of H,O; increased to
98.4 %. The efficiency went down to 0.320 & 0.07 %,
and the yield of C1™ was 38.9 %.

TCE oxidation with iron oxide/PAA/PVDF
membranes in real groundwater samples

To demonstrate that the catalytic membranes could be
used in the treatment of contaminated groundwater, a
batch experiment was carried out using the real
groundwater taken from the Paducah Gaseous Diffu-
sion Plant Superfund Site in western Kentucky. The
groundwater sample (pH 7.4-7.5) contained a small
amount of Fe**/Fe®™ (5.36 uM), Ca** (600 pM), and
Cl™ (1.55 mM). After 33 h, the conversion of TCE
(0.270 mM) was 53.5 % while 93.4 % of H,O,
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Fig. 10 SEM images of iron and iron oxide/PAA/PVDF membranes: a membrane surface, b iron/PAA/PVDF (cross section), ¢ iron
oxide/PAA/PVDF (cross section), d iron oxide/PAA/PVDF after TCE oxidation (48 h, cross section). White circles The NPs
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Fig. 11 ATR-FTIR spectra of (a) bare hydrophilized PVDF
membranes, (b) PAA functionalized PVDF membranes, and
(¢) iron oxide/PAA/PVDF membranes

(41.4 mM) was consumed. The yield of CI™ was
66.7 % and the efficiency was 0.220 4+ 0.07 %. The
iron loading as iron oxide NPs in the membrane
system was 0.435 g/L.

Comparison of iron oxide NPs and iron oxide/
PAA/PVDF membranes

Iron oxide NPs in the aqueous phase and membrane
system show promising application in water remediation.
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Fig. 12 TCE and H,O, decay in the iron oxide/PAA/PVDF
membrane system (solid line). Dash lines The pseudo-first-order
model of H,O, decomposition [Eq. (4)]. [Total iron loading as
iron oxide] = 0.88 g/L, [TCE], = 0.270 mM, [H,0,], = 41.4
mM, total volume V =20 mL. pH 7 at t = 0 and pH 6.8 at
t = 48 h. Filled triangle Iron oxide/PAA/PVDF, filled diamond
control (PAA/PVDF), filled square control (H,O, decay in the
absence of TCE). A small amount of TCE was extracted by PAA—
PVDF membranes during the reaction (about 0.04 mM after
48 h). The data used in this figure has been modified to eliminate
the extraction effect

Complete degradation of TCE could be obtained via
H,0, addition, depending on the amount of catalyst
and H,0, in the system. The diffusivity of reactants in
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Fig. 14 Relationship of TCE decay and chloride formation
with H,O, consumption in the iron oxide/PAA/PVDF mem-
brane system. [Total iron loading as iron oxide] = 0.88 g/L,
[TCE]p = 0.270 mM, [H,0,]p = 41.4 mM, total volume
V=20mL. pH 7 at t =0 and pH 6.8 at t =48 h. [C]”
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the polymer matrix was much lower than that in bulk
solution, resulting in the lower conversion of TCE in
membrane systems. The aggregated particles were
also observed on the membrane surface which
increased the diffusion resistance. If all particles are
distributed uniformly like those inside the pores, we

should expect a higher reaction rate and efficiency.
The catalytic membranes can retain the metal ions
within polymer matrix by ion exchange while main-
taining the pH at near-neutral values. Figure S5 in
Supplementary material shows that the iron oxide
immobilized PAA/PVDF membranes still have the ion
exchange capacity as the carboxyl groups stay in the
membranes during the in situ synthesis of particles. As
the immobilized iron oxide amount was increased by
each cycle, one would expect reduction of Fe>" ion
exchange because of mass transfer issues, and this was
indeed the case.

Reaction mechanism

The oxidative dechlorination is attributed to the
reaction of OH® with model contaminants and adsorp-
tion—desorption effect of reactants on iron oxide
surfaces (Pignatello et al. 2006). The first step of
TCE oxidation is considered as the fast addition of
OH" to the double bond of TCE (Kwan and Voelker
2002). It produces the intermediates which are further
oxidized into organic acids and chloride by OH®. The
sorption is critical in the oxidation of trace organic
compounds as free radicals may only appear and react
with the contaminants near the particle surfaces where
they are generated (Huling and Pivetz 2006). Xue et al.
reported the adsorption and oxidation of pentachloro-
phenol (PCP) on the surface of magnetite. The
interaction between iron oxide surfaces and PCP
could be expressed by the equilibrium reaction of
sorbed and aqueous species (Xue et al. 2009).

At high contaminant concentrations, OH® are
mostly scavenged by the model contaminants (k = 2
to5 x 10° M~' s71). At low contaminant concentra-
tions, OH® also reacts with H,O, (k = 3.3 x 10’
M~' s7") due to the competitive reaction between
contaminants and H,O, near the catalytic sites. As the
concentration of H,O, increases, the reaction between
OH* and H,0, will be enhanced. The oxidation rate of
model compounds such as TCE was usually approx-
imated by the second-order reaction mechanism at
high H,O, concentrations:

_ dCrcg
dr

= k1 Conr CrcE, (7)
where Crcg is the concentration of dissolved TCE in

the solution, Coyeis the concentration of OH® and k; is
the second-order reaction rate. The pseudo-first-order
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kinetics [Eq. (8)] could be obtained if Coye was
constant at the steady-state.

_ dCrcg
dr

= Kobs(TCE) CTCE> (8)

where kobscrcp) 1S the observed pseudo-first-order
reaction rate and Kopscrcr) = k1Cone. While in our
system, TCE concentration could not fit the pseudo-
first-order approximation over the full range. The
sorption had to be considered here as the concentration
of H,O, was only 0.13 % (volume) and the iron oxide
loading was high (1.33 g/L). Therefore, we propose
the following reaction pathway:

TCE + =S — TCE=S 2 1% P Cl- + =5, (9)
where =S represents the catalytic sites on iron oxide
surfaces, I is the intermediate formed during TCE
oxidation, and P is the final products. The interaction
of TCE and iron oxide surfaces can be expressed by
the equilibrium in Eq. (9). The rate of TCE oxidation
depends on the catalyst loading, the equilibrium
constant for TCE adsorption, and the amount of OH®
generated by the reaction of H,O, with iron oxide.

Conclusions

The experiments using CMC-stabilized iron oxide
NPs and iron oxide/PAA/PVDF membranes both
illustrated their potentials for groundwater remedia-
tion at near-neutral pH values. Subsequent oxidation
of iron NPs in aqueous phase resulted in amorphous
ferrihydrite NPs as evidenced by XRD and Mdossbauer
spectroscopy. The continuous air oxidation of iron led
to the growth of its specific surface area which
enhanced the catalytic decomposition of H,O,. Cross-
linked PAA functionalized PVDF membranes were
synthesized by in situ polymerization of acrylic acid.
Iron oxide NPs were successfully synthesized in the
PAA/PVDF membrane pores by ion exchange, chem-
ical reduction, and controlled oxidation. The PAA
matrix prevented the agglomeration of NPs and
reduced the particle loss by recapturing the metal
ions. OH® generated via catalytic decomposition of
H,0, reacted with TCE and H,O, adsorbed on iron
oxide surfaces simultaneously. The efficiency of
systems was determined by the catalyst loading, the
molar ratio of reactants and the environmental pH.
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