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Abstract

The remediation of toxic metals from water with high concentrations of salt has been an emerging
area for membrane separation. Cost-effective nanomaterials such as iron and iron oxide
nanoparticles have been widely used in reductive and oxidative degradation of toxic organics.
Similar procedures can be used for redox transformations of metal species (e.g. metal oxyanions to
elemental metal), and/or adsorption of species on iron oxide surface. In this study, iron-
functionalized membranes were developed for reduction and adsorption of selenium from coal-
fired power plant scrubber water. Iron-functionalized membranes have advantages over iron
suspension as the membrane prevents particle aggregation and dissolution. Both lab-scale and full-
scale membranes were prepared first by coating polyvinylidene fluoride (PVDF) membranes with
polyacrylic acid (PAA), followed by ion exchange of ferrous ions and subsequent reduction to
zero-valent iron nanoparticles. Water permeability of membrane decreased as the percent PAA
functionalization increased, and the highest ion exchange capacity (IEC) was obtained at 20%
PAA with highly pH responsive pores. Although high concentrations of sulfate and chloride in
scrubber water decreased the reaction rate of selenium reduction, this was shown to be overcome
by integration of nanofiltration (NF) and iron-functionalized membranes, and selenium
concentration below 10 pg/L was achieved.
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1. Introduction

Various water sources may contain both toxic heavy metals and chlorinated organic
compounds (COCs). Those contaminants are either recalcitrant to environmental
degradation, or exist at high concentrations of total dissolved solids (TDS, such as, CaCly,
NaCl, etc.), which brings further complications in treatment.

Membrane technologies allow the separation of solutes in water based on size exclusion,
charge exclusion and diffusivity/solubility difference. Commercial membranes such as
reserve osmosis (RO) and nanofiltration (NF) membranes have been extensively used for
water softening and desalination [1]. However, RO and NF membranes are not effective in
rejecting organic pollutants such as trichloroethylene (TCE) and carbon tetrachloride, which
have high solubility in membrane synthesis materials. Metal ions can be mostly retained by
dense membranes, but concentrated metals in the retentate need further treatment. Non-
membrane technologies existing for water remediation are either energy or capital intensive,
such as physical and biological treatment. In recent years, chemical remediation especially
reductive and oxidative treatment with iron and iron oxide nanomaterials has been an
emerging area for selective removal of various trace contaminants from natural and waste
water matrices.

Iron nanoparticles made by borohydride or polyphenol reduction are most commonly used
materials in environmental remediation [2-5]. With a second metal coating such as Pd and
Ni, more rapid and complete reduction of organic and inorganic pollutants can be achieved
[6-8]. Alternatively, toxic organics can be destructed by oxidation of hydroxyl radicals
(OHe) from iron oxide catalyzed hydrogen peroxide decomposition [9-13]. However, the
direct injection use of iron is complicated by the aggregation and dissolution of
nanoparticles, and the use of engineered nanomaterials has already raised public concerns
about their potential toxicity [14-16].

One approach to utilize the high reactivity of iron nanoparticles but overcome the
aggregation and dissolution issues is to synthesize nanoparticles through ion exchange or
adsorption of precursor ions on porous substrates such as silica [17], activated carbon/carbon
nanotubes [18], and polyelectrolyte pore-filled membranes [19-20], followed by reduction.
The functional groups on those substrates can eliminate the aggregation during the particle
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formation and release issues to environment during the reaction, as well as allowing the
control of particles size [21-22].

We recently reported the development of full-scale polyacrylic acid (PAA) functionalized
polyvinylidene fluoride (PVVDF) membrane with iron/iron oxide nanoparticles for combined
reductive and oxidative degradation of polychlorinated biphenyls (PCBs) in groundwater
[23-24]. The same redox chemistry and membrane approach can be used for selenium
removal from coal-fired power plant scrubber water, as iron has been reported to reduce
selenate (V1) and selenite (V) to elemental selenium (Se) and selenide (-11) [25-27]. Like
those on toxic organic degradation, many of these studies were conducted in iron particle
suspension without the use of stabilizers.

The scrubber water is generated in the wet scrubber during the flue gas desulfurization
(FGD) process. This process is primarily designed for the forced oxidation (using excess air)
of sulfur dioxide (SO») to sulfates, and subsequent precipitation with the addition of
limestone (CaCO3) slurry. It has co-benefit removals of volatile metals as well as other acid
gases. As the limestone dissolves, it reacts with the sulfates and gypsum is precipitated and
removed. The remaining scrubber liquor is saturated with gypsum, and also contains excess
halides from the dissolution of other acid gases (HCI). TDS in this water varies from 15,000
to 50,000 mg/L, depending on the type of coal used as well as the upstream flue gas
treatment unit operations. In addition to major ions such as calcium, magnesium, chloride,
and sulfate, volatile metals such as selenium, arsenic and mercury are also present in trace
amount. Selenium is an essential element in human and animal nutrition [26], but may be
toxic at higher levels due to its interaction with body tissue. Therefore, the control of
selenium release to environment from mining, oil refineries, manufacturing and agriculture
drainage has been a critical issue [28-29]. This concern over selenium eco-toxicity has also
driven its inclusion in proposed Effluent Limitation Guidelines for coal-fired power plants
by the US EPA.

The main aim of this study is to understand the effects of surface functionalization on
membrane transport and reactivity in toxic metal removal. The specific aims are: (i) to
quantify the relationship of percent PAA functionalization in membrane pores to water
permeability, responsive behavior and ion exchange capacity of membranes, (ii) to
determine the reactivity of iron-functionalized membranes for selenium removal in different
water matrices, and (iii) to evaluate the performance of full-scale functionalized membranes
for power plan water applications.

2. Experimental

2.1. Materials

All chemicals used in the lab-scale membrane study were reagent grade without further
purification. Sodium borohydride and selenium powder were purchased from Sigma-
Aldrich. Sodium hydroxide, sulfuric acid, hydrochloric acid, nitric acid (trace metal grade),
iron and selenium reference standard (1000 mg/L), and ferrous chloride tetrahydrate were
obtained from Fisher Scientific. Acrylic acid, ammonium persulfate, N,N’-
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methylenebisacrylamide (NNMA), ethanol, and sodium selenite were purchased from Acros
Organics. Sodium selenate was purchased from Alfa Aesar.

Commercial PVDF400HE and full-scale PVDF400HE-PAA (functionalized) microfiltration
membranes were made in Nanostone/Sepro Membranes Inc., Oceanside, CA. The
membrane thickness is 200£5 pm, including PVDF (70£5 um) and nonwoven fabric backing
(12545 um). The average pore size from bubble point tests is 420 nm for non-functionalized
membrane and 124 nm for functionalized membrane. The spiral wound module of
PVDF400HE-PAA has an effective area of 0.465 m2. The full-scale PV400B-PAA and
spongy PVDF-PAA membranes were also studied, and they have different fabric backing
and PVDF layer in thickness and pore structure. Commercial DVPP14250 PVDF
membranes without fabric backing (hydrophilized, diameter: 142 mm, thickness: 125 um,
pore size: 0.65 um, porosity: 70 %) were obtained from EMD Millipore. All solutions were
prepared with Milli-Q ultrapure deionized (DI) water (18.2 MQ-cm at 25 °C). Deoxygenated
water was obtained by purging nitrogen gas into DI water for 30 min.

2.2. Functionalized membrane synthesis and characterization

PVDF membranes were functionalized via in situ polymerization method reported in [23].
The polymerization solution contains the monomer acrylic acid (AA, 0.9-4.9 M), initiator
ammonium persulfate (1 mol% of AA), cross-linker NNMA (1 mol% of AA), and
deoxygenated water.

Iron precursors (e.g. Fe2*) were immobilized in PAA functionalized PVDF membranes
through two-step ion exchange process, followed by borohydride reduction to form iron
nanoparticles. The iron loading in membranes can be increased by repeated ion exchange
and reduction. The amount of iron immobilized and ion exchange capacity (IEC) of
membrane were determined by concentration change and acid digestion [9]. Through the
oxidative treatment of iron with air or dilute hydrogen peroxide, iron oxides (e.g.
ferrihydrite and magnetite) were formed as a passive oxide layer above iron core [9, 23].
The whole particle will be converted to iron oxide if enough oxidants are provided.

The surface and cross-sectional morphology of functionalized membranes was obtained in
scanning electron microscopy (SEM, Hitachi S4300). Membrane porosity was then
estimated by ratio of pore area to total membrane area based on SEM images of membrane
top surface. Transmission electron microscopy (TEM, JEOL 2010F) was used to study the
base particle properties. The crystal structure of iron/iron oxide was studied by using the
selected area electron diffraction (SAED) in TEM. To understand the iron surface
transformation and composition change, line scanning and elemental mapping were
conducted on single particles using either energy dispersive X-ray spectroscopy (EDS,
Oxford INCA) or electron energy loss spectroscopy (EELS, Gatan GIF 2000) in scanning
TEM mode. The composition of membrane top layer was studied with X-ray photoelectron
spectroscopy (K-Alpha, Thermo-Scientific). Depth profile analysis with ion beam etching
was also performed to prove PAA functionalization in membrane pores.
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2.3. Water permeability and pH responsive behavior study

Water permeability of PVDF-PAA membranes was evaluated by using a lab-scale stainless
steel pressure cell (Sepa ST, GE Osmonics, effective membrane area is 13.2 cm?) in dead-
end mode (Fig. 1A) or a full-scale setup in cross-flow mode (Fig. 1B). Water flux was
measured at three different pressures with three replicates at each pressure, and the average
values were shown here. For pH responsive experiments, DI water at different pH was
passed through the membrane until the permeate pH was identical to feed pH. Water
permeability was determined at this equilibrium.

2.4. Selenium removal by iro ron nanoparticles

Selenium removal was performed with iron nanoparticle suspension, and with iron-
functionalized membranes in both batch and convective modes. The effects of TDS on
selenium reduction with iron were studied in different water matrices, including DI water,
synthetic water containing salts (e.g. CaCl,, NaCl, Na,SO,4 and MgSQy,), and real scrubber
water. The scrubber water contained selenium between 0.5 and 2 mg/L, while selenium
concentrations in DI water and synthetic water were made as 2 mg/L. Temperature
experiments were conducted in an incubator shaker at 40 °C. In convective mode, feed
solution was passed through membranes by applying the pressure in cell with compressed
nitrogen.

2.5. Cation/anion analysis

The concentration of total dissolved iron was measured by atomic absorption spectrometer
(SpectrAA 200 fast sequential). Cations such as calcium, magnesium and sodium in
scrubber water were quantified by inductively coupled plasma optical emission spectrometry
(ICP-OES, Varian VISTA-PRO) after acidification with nitric acid (1%). The wavelengths
selected for analysis were 318.127 nm (Ca), 285.213 nm (Mg), and 568.821 nm (Na),
respectively. Yttrium chloride (1 mg/L) was used as an internal standard. Selenium
concentrations above 50 ug/L were analyzed by ICP-OES at the wavelength of 196.026 nm
after acidification. Selenium concentrations below 50 pg/L were determined by graphite
furnace atomic absorption spectrometer (GFAAS, Varian 880Z) after digesting the samples
at 110 °C for 2 h. To account for interferences of dissolved salts in the samples, selenium
standards were made with synthetic salt water similar to water matrix in samples. Anions
including chloride (0.4 to 200 mg/L), sulfate (0.4 to 200 mg/L), nitrate (0.2 to 100 mg/L as
N) and nitrite (0.2 to 100 mg/L as N) were analyzed by DIONEX IC25 ion chromatograph
(column: lonPac AS18 4x250 mm) with Na,CO3/NaHCO3 buffer solution as the mobile
phase (1 mL/min, 2000 psi). For scrubber water used in combined nanofiltration and
functionalized membrane treatment, selenium speciation analysis was performed by ion
chromatography inductively coupled plasma collision reaction cell mass spectrometry (IC-
ICP-CRC-MS). Total elemental analyses were performed via inductively coupled plasma
dynamic reaction cell mass spectrometry (ICP-DRC-MS) in Applied Speciation and
Consulting, WA.
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2.6. Full-scale functionalized membrane module study

The membranes in the spiral wound module were already functionalized by PAA, and thus
can be used for ion exchange directly. To load iron nanoparticles in this module, NaCl
solution (50 mM, pH 10) was passed through the module for 30 min to convert the carboxyl
groups of PAA to Na* form, followed by passing FeCl, solution (3.57 mM, pH 4.9-5.2)
through the module. After removing the residual solution from the system, NaBH4 (12 mM)
was passed through the module for 15 min. To load more iron, repeated ion exchange and
reduction were conducted. To prevent iron corrosion, the membrane module was stored in
FeZ*/ascorbic acid solution (3.57 mM, pH 3.5) after reduction.

3. Results and discussion

3.1 Functionalized membrane surface characterization

To prove that PVDF membrane pores were successfully functionalized with PAA, XPS
depth profile analysis was conducted from membrane top surface to pore region. The atomic
percent (N, O, C and F) of functionalized membrane is shown in Fig. 2A. On the top surface
(etch time 0 s), F and O content were 2.5% and 31.9% respectively, compared to 42.5% and
2.7% for the pristine PVDF400HE membrane. As the ion beam etching started, F content
increased quickly while O content declined as approaching the pore region. The depth
profile results clearly show that there was a thin layer of PAA above PVDF membrane. High
resolution C1s spectra (Fig. 2B) further proved that the top surface was covered with PAA
as evidenced by C-O (286.7 eV) and C=0 (289.0 eV) peaks from carboxyl groups with a
tiny C-F, peak near 290.8 eV. The intensity of C-O and C=0 peaks declined quickly from 0
s to 200 s (Fig. 2C) with the rise of F content to 8.75%. The spectra at 300 s (Fig. 2D) and
490 s (Fig. 2E) were identical with the exactly same elemental composition, suggesting the
ion beam penetrated the PAA layer and reached the uniformly functionalized pore region.

An ideal functionalized membrane will have PAA in pores instead of on the top surface.
However, PAA formation near the pore mouth always happened due to the residual
polymerization solution from dip coating. This thin layer reduced the membrane
permeability significantly. During the manufacturing of full-scale functionalized
membranes, the polymerization solution was pulled through PVVDF membranes by applying
vacuum from the backing side, followed by surface cleaning with air knife. This
improvement indeed removed the accumulated polymerization solution above pores
effectively. XPS spectrum of full-scale functionalized membrane (Fig. 2G) shows similar C-
F» and C-N peaks as PVDF membrane substrate (Fig. 2F), since little PAA was formed on
top of PVDF membrane. C-N peak could be from the cross-linker or additives during PVDF
membrane formation such as polyvinylpyrrolidone (PVP). C=0 peak was stronger in
functionalized membrane due to PAA formation inside.

As expected, the full-scale functionalized membrane had higher F/C ratio from PVDF
substrate and lower O/C ratio from PAA coating than lab-scale one (Table 1). The main
carbon source of functionalized membrane included PVDF (F/C=1/1), PAA (O/C=2/3), and
PVP (N/O/C=1:1:6). The carbon balance of full-scale PVDF400HE-PAA was close to
commercial PVDF400HE and DVPP14250, showing the successful scale-up of

J Memb Sci. Author manuscript; available in PMC 2016 August 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gui et al.

Page 7

functionalized membranes without blocking the pores. For iron/iron oxide immobilized
membranes, iron can exist in multiple valence states, depending on the oxidation time and
water pH. If Fe(OH)y is the overall formula of reacted particle, the value of x could vary
from 0 (pure iron) to 3 (fully oxidized iron). With the carbon balance assumption, x fell
between 1.5 and 3, suggesting iron was partially oxidized after selenium removal.

3.2. Functionalized membrane properties

3.2.1. Membrane permeability with weight gain—The weight gain of functionalized
membrane is defined as the ratio of dry weight difference through in-situ polymerization to
the weight of pristine PVDF membrane.

W —W,
Weight gain= 0

7

x 100% (1)

where Wy and W’ are the weight of membrane before and after functionalization,
respectively. It should be noted that the weight of backing was also included in W since the
control experiment shows that PAA was also formed in the nonwoven backing due to its
porous structure. The weight gain of PVDF4A00HE membrane increased linearly with the
concentrations of monomer in polymerization solution (Fig. 3A). Meanwhile water
permeability of membrane dropped rapidly. From 2.2% to 36.3% PAA, water permeability
declined from 1220 L/(m2-h-bar) to 1.9 L/(m2-h-bar) at pH 3. It was mainly due to the
decrease of membrane pore volume or effective pore size.

The hydrodynamic permeability of functionalized membrane (k,,, m?) is dependent on the
physical properties of cross-linked PAA gel formed in membrane pores. With k,, obtained
from experiments, Darcy permeability of gel (kgel, m?2) can be calculated as,

kgel:km/(ES/TS) @

where g5 and s are the porosity and tortuosity of substrate PVVDF membrane. The surface
porosity of PVDF400HE membrane is 50+5%, which was confirmed by SEM image of
membrane top surface. The cross section image showed the bulk porosity is quite similar to
surface porosity. ts can be obtained from Kozeny constant,

TS:KS/K* (3

where Kg is assumed as 5 for PVDF400HE membrane, and K*=2 with the assumption of
parallel capillary-type pores of circular cross-section [30-31]. Kg has been reported as a
function of porosity based on the experimental data [32]. For a substrate membrane with the
porosity between 0.5 and 0.8, Kg varies slightly between 4.0 and 6.5. For spongy
membranes, the porosity is usually greater than 0.8, and Kg increases exponentially as the
porosity increases. The flow mechanism is also transformed from capillary flow to free flow
around cylinders. ky,, can be calculated from the following equations,
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b — Juw?
"= (=apja) ¥
Jw:Q/Am (5)

where J,, is the water flux through the functionalized membrane, Q is the water volume flow
rate, An, is the membrane area (13.2 cm?), d is the thickness of PVDF layer (70£5 um)
measured with cross-sectional images obtained in SEM, ) is the water viscosity (0.89 mPa-s
at 25 °C), and AP is the transmembrane pressure.

The PAA gel volume fraction of functionalized membranes (®) is defined as the ratio of gel
volume (Vgg) to total membrane pore volume (V). It can be estimated by

(W' =TW0)/pgel
¢=T€SQ )
where pgey is the density of PAA hydrogel in membrane pores. The volume and weight of
PAA gel obtained in aqueous polymerization were measured, and the density was calculated
to be 1.21+0.10 g/cm3, which was close to reported value of uncross-linked PAA (1.37
g/cm3) [33]. The gel volume fraction of membranes is proportional to the weight gain from
polymerization, increasing from 0.069 (2.2%) to 0.862 (36.3%). The gel Darcy permeability
obtained at pH 3 and 8 (Fig. 3B) can be fit in a power law similar to previous studies [30-
31], with a correlation coefficient R?=0.981 (kgy=1.524x10718 ¢ ~2523n?) at pH 3 and
R2=0.965 (kge = 2.394x10720¢2844n¢) at pH 8. The exponent on & represents the rate of
permeability change with the gel volume fraction. When pH increased from 3 to 8 with the
same gel, the exponent varied within 12.7%, proving the consistency of PAA gel and no

significant change of substrate PVDF membrane structure with water pH.

Darcy permeability of PAA gel synthesized in aqueous phase decreased faster with the
increase of gel volume than previous study [34], which used the organic phase
polymerization. In the presence of organic solvent, PAA coils might be formed more
uniformly in membrane pores with higher weight gain and less space between polymer
chains for gel to swell. The aqueous polymerization used here might cause greater gel
heterogeneity, resulting in a larger exponent of ®. Generally, free radical polymerization of
acrylic acid in aqueous phase has a higher propagation rate than that in organic phase. Water
can enhance the reactivity of monomer and free radicals by solvation [35-36]. Looser
polymer coils are formed in water, and these polymer coils facilitate greater water and
monomer transport, resulting in higher concentration of monomer near their active growing
center. Additionally, hydrogen bonding might also enhance the polymerization by creating
complexes between monomers, oligomers, and water [37].

While the gel formed in agueous phase may not be as uniform as that made in organic phase,
one advantage of aqueous phase polymerization is that membranes may be more precisely
tuned for desired water transport based on more precisely controlled PAA loading. The use
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of water as the solvent will also reduce the emission of organic vapor during the thermal
treatment. PVDF400HE membrane used here also has a thinner PVDF layer (70+5 um) with
highly porous nonwoven backing, and this composite structure enhances the water
permeability of membrane. However, after normalized with membrane thickness, gel
permeability at =0.1 is still enhanced by 29 times at pH 8, compared to gel synthesized at
cross-linking degree of 4 mol% in 1-propanol (50 wt%) [34]. It should be noted that higher
cross-linking degree should give higher water permeability due to the formation of gel with
greater heterogeneity.

Darcy permeability of gel at pH 3 is about 63 times higher than that at pH 8 when ®=1,
while this ratio decreased to 30 times when ®=0.1. This significant difference indicates that
the gel permeability was also related to the swelling of PAA with environmental pH, which
can be the control factor when ®>0.1.

3.2.2. pH responsive behavior and its applications—PAA is well-known for its pH
responsive (swelling/deswelling) behavior due to the reversible protonation and
deprotonation of carboxyl groups with water pH variation. The acid dissociation constant
(pKa) of PAA is usually around 4.2—-4.9. At very low pH, carboxyl groups are in compact
state without ionization. With pH increasing, carboxyl groups start the deprotonation
accompanied by ion exchange with cations in water. The mesh size of PAA hydrogel also
increased with increasing pH, resulting in higher swelling ratio. Our gel swelling study
shows that PAA synthesized through thermal polymerization had a weight gain around
194% at pH 1.9 and 1676% at pH 9.3 [38]. With PAA incorporated in membrane pores as a
“smart” valve, one can manipulate the water permeability of membranes by adjusting the
water pH [10]. Although we have reported the pH responsive behavior of full-scale
functionalized membranes, the optimization of monomer solution has not been studied.

The fraction of ionized carboxyl groups (degree of dissociation) with water pH can be

estimated by,

[COO]
[COO~+[COOH]

Degree of dissociation= x 100% (7)

where [COO™] and [COOH] are concentrations of ionized and unionized carboxyl groups,
respectively. They can be calculated from Henderson-Hasselbach equation,

pH=pK ,+Log1o([COO™]/[COOH]) (8

At pH 3, only 3.1% of carboxyl groups were ionized (assume pKa=4.5), while they are fully
deprotonated (99.97%) at pH 8. Water flux ratio (Jy, pH=3/Jw, pH=8) increased as the amount
of carboxyl groups increased. However, as the PAA loading in membrane pores approaches
the maximum, the water permeability at all pH values is minimized. For example, the water
flux ratio reached as high as 92+21 with 0.49 mmol carboxy!l groups (19.9% weight gain)
incorporated in functionalized membranes. However, even at PH=3 (most compact state),
water permeability was only 1.9 L/(m?2-h-bar) with 0.89 mmol carboxyl groups (36.3%
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weight gain). This high PAA loading resulted in some swollen gel being excluded from
pores, and anchored at the pore mouth with low stability. Some entangled gel was also
observed on top of membranes. While the gel homogeneity generally increases with
increasing pH and consequent gel swelling, the reduced space between polymer segments
and pore volume limited the gel swelling at higher weight gain (36.3%).

Similar pH valve effect of PAA functionalized membranes was also reported by Hu et.al,
with water flux ratio up to 112 [34]. At the same gel volume fraction ($<0.1), higher cross-
linking degree created more heterogeneity and higher elastic modulus in polymer segments,
resulting in higher water permeability and swelling ratio. In our study, the gel volume
fraction was mainly higher than 0.1 (0.069<®<0.862), indicating the formation of less
heterogeneous polymer network via overlapping and interpenetration.

The flux modulation of three full-scale functionalized membranes with pH proves the
successful scale-up of PAA functionalized PVDF membrane (Fig. 4 inset). As expected, the
spongy PVDF membrane allowed more PAA incorporated inside with the same
functionalization procedure due to its larger pore volume.

3.2.3. lon exchange capacity of functionalized membranes—During the ion
exchange process, the deporotonated carboxyl groups in PAA chains chelate with Fe2*
(molar ratio 2:1). Fe2* can also be absorbed by carboxyl groups (molar ratio 1:1) through
electrostatic binding. lon exchange capacity of functionalized membranes varied from 0.60
to 7.57 meqg/g PVDF, depending on the amount of carboxyl groups in membranes (Fig. 4).
The swelling of polymer led to the overlapping and interpenetration of polymer chains, and
the diffusivity of ions in swelling gel was much lower than that in bulk. It explains why
carboxyl groups were not fully utilized during ion exchange. The obtained IEC values were
about 30% less than calculated values based on the membrane weight gain.

Higher amount of carboxyl groups in pores did not necessarily result in higher IEC. As the
amount of PAA increased, some swollen gel came out of pores and lost the stability, as
evidenced by ion exchange results of membrane with a high loading of PAA (0.89 mmol)
(Fig. 4). For full-scale functionalized membrane synthesis, the weight gain between 10%
and 20% provided the advantages of a high swelling ratio and ion exchange capacity.

3.2.4. Nanoparticle size control—PAA acted as a stabilizer of iron precursor in
nanoparticle synthesis, and also controlled the particle size. With PAA incorporated in
membrane pores, both the rates of nucleation and particle growth were retarded. The
aggregate formation during the particle growth can be effectively reduced as evidenced by
SEM images (Fig. S1). A higher molar ratio of carboxyl groups to ferrous ions resulted in
smaller particle size and higher specific surface area. Although the nanoparticle size control
by lab-scale functionalized membranes has been reported in [22], the same property has not
been studied for full-scale functionalized membranes. Additionally, the full-scale
membranes were synthesized in aqueous phase without using any organic solvent. This
property suggests the potential of using the functionalized membrane as a stabilizer to
manipulate the nanoparticles reactivity via size control [21-22].
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3.2.5. Membrane stability—PVDF is well-known for its robust mechanical strength. The
mechanical properties of PVDF membranes prepared via the phase inversion method have
also been reported [39]. The surface modification with cross-linked polyelectrolytes and
inorganic particles appears primarily inside pores without attacking PVVDF chains.
Therefore, the overall mechanical performance (such as tensile strength and elongation) of
functionalized membranes should be similar to PVDF membranes. In addition, the fabric
backing will also enhance the membrane stability.

Our previous study also shows that iron/iron oxide nanoparticles immobilized in the cross-
linked polymer matrix have improved stability, while those unsupported in aqueous phase or
loosely supported on top of membrane tend to aggregate or become dislodged [9, 23]. The
morphology of particles may change during iron oxidation.

3.3. Selenium oxyanion reactions

With iron as an electron donor, selenate may be reduced to selenite and elemental selenium
(SeY). In reducing environment, iron selenide formation has also been reported [25-26, 40—
41]. The possible reactions of selenium oxyanions with iron as well as their standard
oxidation-reduction potentials (Eg) are shown below.

Fe®+8e03 +HyO — Fe* 4803 +20H ™ ;Eg=0.497V  (9)

3Fe’+Se03 +4H50 — Se¥(s)+3Fe* T +80H ;Ey=1.025V  (10)

FeP45€(s) — Se* +Fe?t:Ey=—0.47TV (11

Ferrous ions released from iron surfaces can precipitate as hydroxides containing Fe(ll) at
near neutral pH. This increasing oxide layer creates more resistance for reactants to transfer
from bulk solution to iron surfaces. Eventually, iron will be consumed completely. Low pH
will benefit the reduction by minimizing the formation of iron hydroxide [42].

3.3.1. Selenium removal in solution and effects of competing anions—Because
iron is in excess, selenium oxyanion reduction is assumed to follow a pseudo-first-order law
(d[Se)/dt = —kops se [Se]), where [Se] is the selenium concentration, and Kgps se (0bserved
reaction rate) is related to the particle loading (pm) and specific surface area (ag). It is used
here to compare the reactivity of same iron nanoparticles in different water matrix. In
aqueous phase nanoparticle synthesis, the average particle size obtained is 20.0+0.2 nm
based on the BET specific surface area result (37.8 m2/g). The same feed solution (2 mg/L
as Se) was used in DI and synthetic water experiments. The concentration of selenate in DI
water (pH 4.5) decreased to less than 5 pg/L within 10 minutes in the presence of iron (0.5
g/L). Iron nanoparticles maintained the reactivity with five cycle treatment, and Kops se in DI
water (32.8 h™1) is 160 times higher than that obtained in real scrubber water (0.204 h=1).

Based on the speciation results, selenium in scrubber water existed in the form of selenate
(49.9%), selenite (48.3%) and methylseleninic acid (MeSe, 1.8%). The scrubber water
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mainly contains cations such as Ca* (9010 mM), Mg2* (30+3 mM), and Na* (2.8+1.5
mM), and anions such as CI~ (200+12 mM) and SO42~ (30+5 mM). Sulfate has very similar
chemical properties as selenate, and could lower the rate of selenate removal via competing
adsorption on iron surfaces [43]. It should be noted that the sulfate concentration in scrubber
water is much higher than selenium (molar ratio=1000-1500:1), and thus its interference has
to be considered. Point of zero charge (PZC) of iron/iron oxide nanoparticles is between 7.5
and 7.8. At low pH (4.5), the particle surface is positively charged, and thus the adsorption
capacity of anions is enhanced.

The experimental result in Na;SO4 solution (Fig. 5) further proved that sulfate indeed
inhabited the removal of selenate [8], and this effect was enhanced at a higher concentration
(Table 2). A similar trend was observed when studying the effect of chloride with NaCl
solution. Compared to sulfate, chloride had limited inhibition on the removal of selenate
below 75 mM (Kgps 5e=13.4 h~1 at 75 mM). The rate constant decreased by 4 times
(kobs=3.20 h™1) after increasing its concentration to 150 mM. Similar results were reported
by Mondal et al [8], showing the selenate removal rate was greatly reduced by competing
anions such as chloride at 10 g/L and sulfate at 2.5 g/L.

In addition to competitive adsorption, sulfate and chloride lowered kqps due to enhanced
corrosion of iron, by forming an oxide layer and increasing the solution pH. After
deoxygenated water washing, the reactivity of iron from selenate removal (100 mM CI7)
was partially rejuvenated, with kops 5¢=4.09 h=1 in NaCl solution and Kobs,5e=8.69 h=1in DI
water after washing (0.50£0.02 g/L iron). The increase of treatment time caused the rapid
decline of reactivity in DI water (Kops 50=0.618 h=1 in the second cycle and Kobs,5e=0.473
h=1 in the third cycle). Those results provided the evidence that both anion adsorption and
corrosion contributed to the slow removal of selenium oxyanions in scrubber water.
Additionally, other ions existed in water such as NO3~ (1.5+0.6 mM) and Ni2* (6.7 uM)
could also lower the reactivity of iron through reduction and/or adsorption [29, 43-44].

3.3.2. Selenium removal in functionalized membranes—The high specific surface
area of iron/iron oxide nanoparticles (20-300 m2/g depending on the particle size) enhanced
the removal of toxic metals and organics through an adsorption-reduction-desorption
process [6], but the particle aggregation due to ferromagnetic nature of iron, and the toxicity
from iron leaching also need be evaluated before applying nanotechnology to real water
treatment [14-16]. PAA functionalized PVDF membrane provides a tunable platform for
metal capture and nanoparticle in-situ synthesis, resulting in non-aggregated particles with
uniform size [22]. By applying the convective flow operation, the conversion of the model
compound is directly related to its residence time in membranes bulk phase. Water is forced
to flow through membranes under pressure, and thus the diffusion resistance from bulk
solution to membrane pore area can be neglected. Additionally, there is less separation need
when using membrane supported nanoparticles.

The residence time (<) is defined as the ratio of membrane pore volume to water volume
flow rate,

J Memb Sci. Author manuscript; available in PMC 2016 August 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gui et al.

Page 13

7-:(Amdes (l_q))_mFe/pFe)/Q (12)

where mge and pge are the mass and density of iron nanoparticles in functionalized
membranes. With a residence time of 10 s (Fig. 6), 91.4% of selenate was removed in DI
water at 25.2+1.9 L/(m?2-h-bar), while the conversion was 21.8% in scrubber water with a
residence time of 8.4 s at 15.3+0.4 L/(m2-h-bar) (Fig. S2). As discussed, the interference of
salts and dissolved metal ions in scrubber water lowered the reactivity of iron. To recover
the reactivity, either low TDS water (to reduce the competing adsorption) or more reactive
iron (to compensate the reactivity loss with nitrate and dissolved metal ions) is required.

3.3.3. Integration of nanofiltration (NF) and functionalized membranes—By
applying NF membrane, divalent cations/anions (including selenium) were retained by
charge exclusion, and counter ions associated with those ions were also retained due to
charge balance (within 5% difference). The rejection of total TDS and selenium were
94.0+1.5% and 97.94+0.9%. It should be noted that chloride rejections in NF membrane will
be completely different, depending on which cation (Ca2* or Na*) is acting as the counter
ion. Divalent Ca2* has a higher electrical potential than Na*, resulting in higher rejection of
CaCls,. The scrubber water mainly contains Ca2* (9010 mM) and Mg2* (303 mM) as
cations, with a small amount of Na* (2.8+1.5 mM). Therefore, NF membrane is a better
choice here to remove TDS, considering its higher water permeability and lower energy
consumption than RO membrane.

Two types of nanofiltration membranes with different surface charge (NF3A and PNF2A)
were used, and the rejections of sulfate and chloride were 99.47+0.41% and 93.03+1.90%,
respectively. The NF permeate had much less sulfate (0.07+£0.05 mM) and chloride
(13.1£3.6 mM), which didn’t affect the removal of residual selenium oxyanions (0.16+0.07
UM). The molar ratio of sulfate to selenium in the NF permeate was as low as 265:1. With
the addition of NF membrane prior to treatment with iron-functionalized membrane, the
conversion of selenium via iron reduction was 77.5% with a residence time of 8 s (Fig. 6).
The major cation (e.g. calcium and magnesium) and anion (e.g. chloride and sulfate)
concentrations hardly changed when passing through functionalized membranes as they
don’t generally react with iron. With this combined technology, selenium concentration in
the final permeate was below 10 pg/L, which met U.S. EPA’s drinking water standard.

It should be noted that the selenium concentration in scrubber water may vary from 0.6
mg/L to 2 mg/L, depending on the coal composition and flue gas treatment operations.
Additional iron particle loading or increased residence time (multiple membranes in series)
may afford lower final permeate concentrations. The selenium conversion in the
functionalized membranes is expected to increase and achieve the effluent limitation. This
platform also benefited the physical adsorption and chemical reduction of some other toxic
metals such as arsenic, nickel and mercury as well as nitrate. Arsenic concentration as low
as 1 pg/L were achieved (Table 3).

3.3.4. Effect of temperature—One possible solution to enhancing the reactivity of iron
in scrubber water is to conduct the selenium removal at elevated temperatures. Mondal et al.
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reported that selenium removal increased by 22% when temperature rose from 25 °C to 65
°C [8]. The scrubber water from FGD process contains some waste heat, which could be a
benefit for selenium removal. Our study shows the first-order rate constant of iron-
functionalized membranes increased by 3.8 times in DI water (Fig. 7A), and 2.7 times in
scrubber water at 40 °C (Fig. 7B). The activation energy of iron in functionalized
membranes was calculated to be 56.95 kJ/mol in DI water and 42.95 kJ/mol in scrubber
water by Arrhenius equation and rate constants obtained (Table S1). The low activation
energy in scrubber water can be due to the acceleration of iron corrosion by salts. The
frequency factor in DI water (1.052x1019 h=1) was three magnitudes higher than that in
scrubber water (0.935x107 h~1). It again shows the competing adsorption of anions
significantly inhabited the selenium removal.

3.3.5. Effect of membrane surface charge—Iron-functionalized membranes show
slightly higher reactivity in scrubber water but much lower reactivity in DI water than
nanoparticles in suspension (Fig. 7). Due to the incorporation of PAA, the functionalized
membrane pores were negatively charged at pH 4.5 or above in DI water. Meanwhile,
selenium oxyanions mainly existed as Se0,42~ (pKay=1.9) and Se0427/HSeO3~ (pKa;=2.9
and pKa,=7.3) [45]. The repulsive electrostatic force between ionized carboxyl groups and
selenium oxyanions might retard the selenium transport through membrane pores, especially
inside the polymer domain where iron was immobilized, and thus delay the selenium
removal. This assumption was proved by experimental results obtained in scrubber water,
where membrane supported iron had better reactivity than iron suspension. Divalent cations
(e.g. Ca2*/Mg?*) present in scrubber water immediately formed chelates with carboxyl
groups (in Na* form), neutralizing the negative charge in membrane pores. The cations
adsorbed by PAA could also facilitate the diffusion of selenium oxyanions through the
membrane. Additionally, the aggregation of unsupported nanoparticles (see TEM results in
3.6) could also increase the particle size and lower the specific surface area, resulting in
lower reaction rate in suspension.

3.3.6. Iron recapture by functionalized membranes—Iron oxidation in selenium
removal and water corrosion can release ferrous ions into water, which are further oxidized
to ferric ions in the presence of oxygen. Both ferrous and ferric ions precipitate as
hydroxides at high pH. In DI water at 40 °C, iron loss with functionalized membranes
(0.20£0.17%) was significantly lower than iron suspension result (5.4+0.6%) (Fig. 8). The
carboxyl groups of PAA formed chelates with Na* first, and then with Fe2* during the ion
exchange. After NaBH, reduction, the carboxyl groups were back to Na* form, which could
capture Fe2* again. By taking advantage of this property, iron loading continued to grow
with repeated ion exchange and reduction. However, with more iron immobilized in
polymer network, the entry of Fe2* into the carboxyl groups became more difficult, and IEC
of membrane decreased by 43+5% after eight cycles. While in scrubber water, iron-
functionalized membrane lost the recapture ability since the carboxyl groups of PAA also
had strong binding affinity for Ca2* and Mg2*. With high TDS and an elevated temperature
(40 °C), the dissolved iron percent also increased to 10.2+0.5% for iron-functionalized
membrane, and 8.7+1.9% for iron suspension.
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3.4. Iron nanoparticle synthesis and selenium removal in spiral wound module

The water flux of spiral wound functionalized membrane module (0.465 m?2) varied between
pH 4 and 9 with a transition pH at around 6 (Fig. 9A), suggesting the successful pore
functionalization. With repeated ion exchange and NaBH, reduction, 680+9 mg Fe was
immobilized in this module. Synthetic solution with both selenate and selenite (same
fraction as in scrubber water) was passed through iron-functionalized membrane module
convectively. With water flux of 110.4 L/(m2-h) and a residence time of 1.2 s, the
conversion of selenium was 0.47 in the permeate after running it for 1 min. It decreased
rapidly from 1 min to 5 min, and maintained around 0.12 after 15 min (Fig. 9B). The total
volume of permeate was 17 L, and 27.6% of selenium was removed from synthetic solution,
giving a minimum reduction capacity of 14.6+1.1 mg Se/g Fe. Feed concentration was
measured during test, and the difference was within 3.3%. It should be noted that iron
loading in the module (0.15 mg/cm?) was half of that in lab-scale DI water study (0.30
mg/cm?), resulting in a lower conversion. Iron corrosion was also faster in the module test
since the selenium solution was exposed to air during the circulation.

3.5. Membrane regeneration

The maximum reduction capacity obtained in membrane convective experiments was
32.1+2.0 mg Se/g Fe, and a significant amount of iron was not utilized during the selenium
removal. As the thickness of iron oxide shell increases, neither electrons nor selenium
oxyanions may transfer through this layer without iron surface regeneration. By acid
treatment to dissolve the iron oxide, the membrane reactivity should be at least partially
restored. For long-term treatment, the used membrane modules can be replaced by new
modules considering the toxicity of selenium deposited on iron/iron oxide surface. Selenium
can also be recycled via the post treatment such as digestion and purification for further use
in electronics industry.

3.6. Reduction and adsorption mechanism

The reduction of selenate by iron forms the elemental selenium (Se) and iron selenide
deposited on iron surface, as evidenced by X-ray absorption near edge structure (XANES)
and extended x-ray absorption fine structure (EXAFS) spectroscopy [41]. The release of
ferrous ions due to electron transfer in selenium reduction resulted in the formation of an
iron oxide layer above iron, which may contain ferrous/ferric hydroxides, lepidocrocite,
maghemite and magnetite, depending on oxidation conditions (aerobic/anaerobic) and pH of
solution [25-26, 46]. The Gibbs free energy change (AG<0) and experimental results both
shows that iron oxides containing Fe(ll) such as green rust, ferrous hydroxide, mackinawite,
siderite and magnetite could also achieve the transition from selenate/selenite to Se [40-41,
46-48]. Additionally, iron oxides such as ferrihydrite have been considered as good
adsorbents for selenium removal, forming inner- and/or outer-sphere surface complexes
[49-50]. Therefore, selenium removal by iron nanoparticles involves both reduction and
adsorption mechanism.

XPS spectra of iron after selenium removal shows both selenate (166.26 eV, 53.7 %) and
SeY (161.07 eV, 46.3 %) existed on iron surface (Fig. 10). The oxidation of Se? deposited on
iron surface was much slower compared to that of iron [51]. Therefore, selenate was mainly
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from iron oxide adsorption. Three main feature peaks including 2ps,, (710.6 eV), satellite
2p3/2 (719.3 eV), and 2pqo (724.0 eV) are shown in Fe 2p spectra (Fig. 10), suggesting even
the freshly made iron had an iron oxide layer [23, 52]. Iron nanoparticles were only partially
oxidized after selenium removal as evidenced by Fe? peak at 706.6 eV.

TEM image shows the morphology of iron/iron oxide nanoparticles after reduction of
selenate (Fig. 11A). SAED patterns were similar to that of magnetite, suggesting that iron
oxide layer contained mostly magnetite (Fig. 11B). Similar results were reported by
Olegario et al. from XRD studies of nano Fe? oxidation during reaction with selenate [25].
High resolution image provides more details about the core-shell structure of partially
oxidized iron, which contains an iron core (diameter: 15+2 nm) and iron oxide shell
(thickness: 10£2 nm) (Fig. 11C). The oxide layer was made of polycrystalline magnetite
with size around 5 nm. Those iron oxides had high specific surface area, which enhanced the
selenium adsorption. EDS line scan of particles in STEM mode also shows that outside
particles had higher O/Fe ratio than those in core, and they were stacked on top of each
other, forming a highly porous oxide layer (Fig. 11D, E). The intensity of Se peak scan was
associated with that of iron peak, since the main source of selenium on iron surface was Se°
from iron reduction. Even though iron was oxidized, the ratio of Fe/Se should have no
significant change if there was no selenium dislodging from iron oxide surfaces.

To eliminate the effect of dissolved oxygen on reduction, selenium removal was conducted
in a mixture of ethanol and deoxygenated water (9:1, v/v) with freshly made iron
nanoparticles (Fig. 12A) at high selenate concentration. After treatment, some needle-like
materials with an amorphous structure was formed on iron surfaces (Fig. 12B). Some
particles were even embedded in a cotton-like structure (Fig. 12C), which could be a
mixture of iron corrosion products such as lepidocrocite and ferrous/ferric hydroxides [25-
26]. EDS elemental analysis on those reacted particles shows the selenium content was 0.8
at% in Fig. 12B and 8.6 at% in Fig. 12C, with most selenium existing in iron oxides. The
existence of iron selenide during reduction confirmed the deposition of Se® on iron surfaces
[25, 40-42]. Therefore, the diffusion of selenate through porous iron oxides and the electron
transfer on iron surface could take place simultaneously. Ferrous ions are produced via
reactions in Eq. (9)-(11) as well as the hydrogen generation with water [52]. Iron oxide
precipitates containing Fe(l1) can reduce selenate/selenite to Se%, which stays in oxide layer
[40]. The dark field image clearly shows how iron oxide grew from iron surfaces. EELS
mapping of a selected area in iron oxide layer gave the distribution of selenium, oxygen, and
iron (Fig. 12D). In some area, Se existed with Fe only (marked with arrows). This was
consistent with XPS results, proving the simultaneous removal of selenium by reduction and
adsorption.

4. Conclusions

PAA functionalized PVDF membranes were successfully developed for iron/iron oxide
nanoparticle in-situ synthesis. The effects of membrane pore functionalization were studied
on PAA gel permeability, pH responsive behavior, and ion exchange capacity. Membranes
with weight gain around 20% show highly responsive pores with pH. PAA network also
provided the benefits of reducing the particle agglomeration and dissolution, which
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enhanced the toxic metal (selenium) removal in scrubber water. At high salt concentrations,
the selenium removal was significantly inhabited by competing adsorption and/or corrosion
effect of sulfate and chloride on iron surface. However, the inherent reactivity of iron-
functionalized membranes was demonstrated by lowering TDS concentration with NF
membranes. By applying elevated temperature which might be available in full-scale power
plant applications, the salt interference effects could also be significantly reduced although
resulting in a faster oxidation of iron. For the first time, iron nanoparticles were in-situ
synthesized in full-scale membrane module. Convective flow reaction results obtained from
lab-scale and full-scale membranes demonstrated the potential of using this platform for
industrial wastewater treatment. There is a great potential for improving and optimizing this
treatment approach for selenium through the addition of secondary catalytic metals (such as
nickel) for simultaneous hydrogenation, or through the improvement of reaction selectivity
by modification of gel chemistry or iron surface.
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Fig. 1.

Schematic diagrams of lab-scale flat-sheet membrane (A) and full-scale functionalized
membrane module (B) evaluation systems. 1. feed tank; 2. cooling coil; 3. nitrogen gas tank
(to deoxygenate water); 4. pump; 5. globe valve; 6. pressure gauge; 7. spiral wound
membrane module; 8. flowmeter.
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XPS depth profile analysis of functionalized membrane (PVDF400HE-PAA, 12.5%
membrane weight gain). (A) Atomic percent profile; High resolution C1s spectra at etch
time (B) t=0's, (C) t=200 s, (D) t=300 s, (E) t=490 s. lon beam energy: 200 eV (high), etch
speed: 10 s/level, 0.07nm/s as Ta,Os. Number 1 and 2 show the regions of membrane top
surface and pore, respectively. XPS spectra of PVDF400HE and full-scale functionalized

membrane were shown in (F) and (G).
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(A) Weight gain and water permeability of functionalized membranes (PVDF400HE-PAA)
with concentration of acrylic acid in polymerization; (B) Darcy permeability of pore-filled
membrane as a function of polymer gel volume fraction at pH 3 and 8. Water permeability

of PVDF400HE is 7512+125 L/(m2-h-bar).
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Water flux ratio (at pH=3 and pH=8) and ion exchange capacity (IEC) with total amount of
carboxyl groups from functionalization. Three full-scale membranes (Spongy PVDF-PAA,
PVDF400HE-PAA, and PVV400B-PAA) are shown in the inset, where the amount of
carboxyl groups is calculated from ion exchange studies.
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Fig. 5.

Selenium removal with iron nanoparticle suspension in batch mode. [Fe]p=0.50+0.02 g/L;
[Se]p=1.3£0.1 mg/L in scrubber water, and 2.0+0.2 mg/L in synthetic NaCl and Nay,SOg4
solutions. pH of feed solution was adjusted to 4.5. Dash lines show the fit of pseudo-first-
order law.
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Selenium removal with iron functionalized membranes in different water matrix under
convective flow condition. [Se]p=1.3+£0.1 mg/L in scrubber water, [Fe]o=8.4 mg (20.7 %
weight gain), [TDS]p=12 g/L ([SO42]o=11.7 mM or 1120 mg/L); [Se]o=52.3 ug/L in NF
permeate-1 (positively charged NF membrane), [Fe]o=9.9 mg (23 % weight gain),
[TDS]o=2.4 g/L ([SO4271p=292 uM or 28 mg/L); [Se]o=11.0 pg/L in NF permeate-2
(negatively charged NF membrane), [Fe]o=9.2 mg (23 % weight gain), [TDS](=0.92 g/L
([S04%716=0.094 uM or 9 mg/L); [Se]p=2.0£0.2 mg/L in DI water, [Fe]o=4.0 mg (12.5 %
weight gain). pH of feed solution: 4.5-5.5.
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Fig. 7.
Temperature effect on selenium removal from DI water (A) and scrubber water (B) with

iron nanoparticle suspension and iron functionalized membranes in batch mode. Dash lines
show the fit of pseudo-first-order law. [Fe];=0.50+0.02 g/L (nanoparticles) and 0.47+0.04
g/L (membranes); [Se]p=1.3£0.1 mg/L in scrubber water, and 2.0£0.2 mg/L in DI water. pH
of feed solution was adjusted to 4.5. T=22 °C or 40 °C.
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Fig. 8.

Digssolved iron percent in solutions during selenium removal with iron nanoparticle (NP)
suspension and iron functionalized membranes in batch mode at 40 °C. [Fe]y=0.47+0.04 g/L
(membranes); [Se]p=1.3£0.1 mg/L in scrubber water, and 2.0+0.2 mg/L in DIUF water. pH
of feed solution was adjusted to 4.5.
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Fig. 9.

Full-scale PVDF400HE-PAA membrane module water flux and reactivity in selenium
oxyanion removal. (A) Water permeability with pH at 25 °C; (B) Selenium removal results
by passing synthetic selenium solution through iron immobilized module convectively,
[Fe]o=0.68 g, [Se(V1)]p=1.00£0.05 mg/L, [Se(IV)]o=1.00+£0.05 mg/L (2.0+0.1 mg/L in
total) in synthetic feed solution (pH=6.2), V=18 L, J,,=110.4 L/(m2-h) and t=1.2 5. The
retentate flow rate was 22.5 L/h, and the total volume of permeate was 17 L. Effective
membrane area: 0.465 m,. In pH responsive study, water flux was measured after being
stabilized for 15 min. Water flux was already normalized with temperature due to viscosity
change.
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Fig. 10.
XPS spectra of iron nanoparticles after selenate removal. The left graph shows Se 3p spectra

of (A) elemental selenium (Se%), (B) sodium selenite, (C) sodium selenate, and (D) iron
nanoparticles (0.5 g/L) after mixing with sodium selenate ([Se]p=50 mg/L) for 1 h in DI
water. The right graph shows Fe 2p spectra of (E) iron oxide (Fe,O3), (F) same as (D), and
(G) freshly made iron (FeP). Se 3p spectra was used here due to an overlap between Se 3d
and Fe 3p.
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Fig. 11.
TEM images of iron nanoparticles after selenate removal in DI water (five cycle reaction).

(A) Bright field image; (B) Selected area electron diffraction (SAED); (C) High-resolution
TEM of iron/iron oxide core-shell structure; (D) Dark field image in STEM mode; (E)
STEM-EDS line scan spectrum (step size: 1.5 nm, pixel time: 30s). For each cycle, the
reaction time was 10 min. [Fe]p=0.50+0.02 g/L, [Se]p=2.0£0.2 mg/L (made by Na,SeQy,),
and pH was adjusted to 4.5. The dash lines separate the core and shell of particles. Blue/red/
green lines indicate Fe/Se/O, respectively.
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Fig. 12.
Iron oxide formation on iron nanoparticle surface during selenium removal (anaerobic). (A)

Freshly made iron; (B) (C) iron/iron oxide after reaction; (D) STEM-EELS mapping of iron
oxide. Red/blue/brown colors indicate Se/O/Fe, respectively. Sample preparation: fresh iron
nanoparticles ([Fe]p=0.50+0.02 g/L) were mixed with Na,SeO, solution for 24 h ([Se]=100
mg/L, [Ethanol]:[Deoxygenated water]=9:1, v/v). After that, iron was washed with
deoxygenated water and pure ethanol, and sonicated for 30 s. TEM grid (lacey carbon film
on 300 mesh copper grids) was soaked in diluted solution for seconds and dried in N»
atmosphere before mounted in TEM sample holder.
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Table 2

Observed rate constant (Kops se. h=1) of selenium oxyanion removal with iron nanoparticle suspension in

different water matrix. [Fe]o=0.5+0.02 g/L. Specific surface area: 37.8 m2/g.

Water matrix Kobs,se (N™1)
DI water 32.8
Scrubber Water 0.204

NaCl (75 mM/150 mM)  13.4/3.20
Na,SO, (30 mM/75 mM)  1.14/0.626
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