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Abstract

Functionalized membranes containing nanoparticles provide a novel platform for organic pollutant
degradation reactions and for selective removal of contaminants without the drawback of potential
nanoparticle loss to the environment. These eco-friendly and sustainable technology approaches
allow various water treatment applications through enhanced water transport through the
membrane pores. This paper presents “green” techniques to create nanocomposite materials based
on sponge-like membranes for water remediation applications involving chlorinated organic
compounds. First, hydrophobic hollow fiber microfiltration membranes (HF) of polyvinylidene
fluoride were hydrophilized using a water-based green chemistry process with
polyvinylpyrrolidone and persulfate. HF and flat sheet membrane pores were then functionalized
with poly(acrylic acid) and synthesized Fe/Pd nanoparticles. Surface modifications were
determined by contact angle, surface free energy and infrared spectroscopy. The synthesized
nanoparticles were characterized by electronic microscopy, X-ray spectrometry and image
analysis. Nanoparticle sizes of 193 and 301 nm were obtained for each of the membranes.
Depending on the concentration of the dopant (Pd) in the membrane, catalytic activity (established
by trichloroethylene (TCE) reduction), was enhanced up to tenfold compared to other reported
results. Chloride produced in reduction was close to the stoichiometric 3/1 (CI7/TCE), indicating
complete absence of reaction intermediates.
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INTRODUCTION

Clean water accessibility is a serious concern in all aspects of society, generating social,
economic and environmental problems. Obtaining purified water for drinking or industrial
purposes is becoming an enormous challenge.! Membranes are finding wide applications in
various areas ranging from water to energy applications to food and bioprocessing.
Traditional membranes are based on size exclusion, charge repulsions, or sorption/diffusion
aspects. On the other hand, biological membranes have diverse functional groups and
provide high selectivity. One can obtain advance synthetic microfiltration membranes
through pore functionalization (using water-based green chemistry) approaches and by
creating reactive sites for toxic organic degradation through metal nanoparticle
incorporation.

Within a range of materials, polyvinylidene fluoride (PVDF) membranes are being used
extensively in many applications because of their excellent thermal stability, chemical and
mechanical properties. PVDF however, is hydrophobic with a low surface free energy
resulting in poor wettability,2 producing organic fouling in aqueous solution applications.3
Hence, hydrophilization of PVDF is a challenging subject in water purification processes.

Functionalization of PVDF membranes for water purification is an extensive field of study.*
Most studies of functionalization have been done in flat sheet membranes for water
detoxification, including: sustainable green synthesis of metallic nanoparticles (NPs) with
good effectiveness and low toxicity;> enzyme incorporation by layer-by-layer deposition;®
pH and temperature responsive applications.” Many of these functionalization processes are
carried out by the cross-linking of polymers (hydrogels) on top of the porous structure of the
membrane, without affecting the physicochemical properties of the material, which happens
with other methods.8
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Although sponge-like membranes are also used in water purification applications such as
membrane bioreactors, most of them are used in membrane distillation and membrane
contactors for gas-liquid and liquid-liquid separations;® these membranes have higher
surface area and more accessibility than the flat sheet membranes commonly used in water
applications. However, most sponge-like membrane functionalization has done on different
membranes than the ones made of PVDF and there are relatively few studies describing
functionalization on this material.1® Among these membranes is the hollow fiber (HF) type.
These membranes do not have any supporting material like commercial flat sheet (FS)
membranes. Most HF membranes are hydrophobic due to their fabrication by thermal
induced phase separation (TIPS). Hollow fiber shows good mechanical strength and porous
performance due to their thickness and high surface area, among other properties.11 Sponge-
like flat sheet membranes have support material or can be self-supported; they are produced
by non-solvent induced phase separation (NIPS) and can be hydrophobic or hydrophilic by
modifying the solvent/non-solvent conditions of their fabrication.

To increase the hydrophilicity of PVDF, numerous scientific studies have been made, from
blending to surface modification.12 In the casting modification, hydrophilic materials such
as polyethylene glycol (PEG),11P poly(methyl methacrylate) (PMMA)13 or
polyvinylpyrrolidone (PVVP) have been incorporated.®¢ Surface modification can be made by
cross-linking poly(vinyl alcohol) (PVA)14 or PVP;15 by covalent bonding hydrophilic
moieties following alkaline pretreatment!® or even grafting them onto the polymer chain.1’

The present article discusses three aspects as follows: (1) the in-lab fabrication and
characterization of a PVDF hydrophobic HF membrane; (2) the HF hydrophilization, by
cross-linking of PVP on the surface, and the subsequent evaluation of the membrane
fabricated; (3) the functionalization of PVDF membranes, HF and FS, by polymerizing a
hydrogel of poly(acrylic acid) (PAA). (4) The Fe NPs synthesis and post-coating with Pd
along with NP size characterization and description by diverse physical chemistry methods
and image analysis and (5), the evaluation of the membrane catalytic activity in
dechlorination reactions using trichloroethylene (TCE) as model compound.

TCE was selected because its low concentration in water demands costly ex situ treatments,
without destroying it in most cases. Shifting to an in situ treatment offers lower costs and
iron nanoparticles have thoroughly demonstrated their capability of reductive dechlorination
in this field.18 TCE is a pollutant that has low biodegradability, making it very persistent in
nature, is heavier than water and small quantities of it go onto the soil and ground water,
contaminating them. TCE then, is released very slowly with a half-life between months and
decades. Due to these reasons, its treatment and elimination is necessary.

EXPERIMENTAL

Materials

Acrylic acid (AA, 99%), potassium tetrachloropalladate (11) (K,PdCl,, 98%), sodium
borohydride (NaBHyg4, 99.99%), 1, 2 dibromoethane (EDB, 99+ %) (Sigma-Aldrich, St.
Louis, MO, USA), ammonium persulfate (APS, (NH4),S,0g), dibutyl phthalate (DBP) (EM
Science for Merck KGaA, Darmstadt, Germany). Ferrous chloride tetrahydrate
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(FeCly-4H50), trichloroethylene (TCE = 99.9+ %), sodium hydroxide (NaOH) solution,
sodium chloride (NaCl), sulfuric acid (H,SO,) solution and nitric acid, pentane (Fisher
Scientific, Fair Lawn, NJ, USA). Polyvinylidene fluoride polymer (PVDF) (Solef® 1015,
MW = 516,000) (Solvay, France); polyvinylpyrrolidone (PVP) (MW=40,000) (Polysciences
Inc., Warrington, PA, USA); Isopropanol (IPA, 99.9%), N, N’-methylenebisacrylamide
(MBA > 99%) (Acros, New Jersey, NJ, USA). XPVDFSCO flat sheet microfiltration
membranes (FS) with 0.40 um pore size and 200 um thickness (125 um PVDF and 75 um
backing) (Nanostone, Oceanside, CA, USA). In all cases, HF and FS surface areas were
based on the outer surface (10.9 cm? on average) and the top surface area (17.3 cm?),
respectively. All chemicals were of reagent grade and used as received.

Hollow Fiber Fabrication and Hydrophilization

One of the main approaches for preparation of PVDF microporous membranes is TIPS. The
homogeneous solution was formed by dissolving 30 wt. percentage PVDF polymer in DBP
at 170 °C. The polymer solution and DBP as inner coagulant were pumped into a spinneret
by gear pump and syringe pump, respectively. The phase separation of homogeneous
solution was induced by cooling down the exiting HF membranes in a 5 cm air gap followed
by quenching in a water bath at 10 °C. After the solidification of polymer-rich phase, the
morphology of porous membrane structure can be created by extraction, evaporation or
freeze-drying.

The pore size and pore size distribution were measured by a capillary flow porometer (CFP)
(Porous Materials, Inc. (PMI) CFP 1500A). The membrane samples were stabilized in the
sample holder and wetted by a low surface tension liquid (Galwick). Then, nitrogen gas was
allowed to pass through the saturated sample until the applied pressure exceeded the
capillary attraction of the liquid in the membrane pores.

The hydrophilization and functionalization procedures made to the membranes are depicted
in Scheme 1. As explained, HF membranes were fabricated without any addition of a
hydrophilizing material. For this reason, the HFs had to be modified with PVP in order to
use them in aqueous phase. HFs were treated in this study based on the results found
elsewhere.1® Briefly, the membranes were washed with IPA for 2 h, then washed with
deionized ultra-filtered water (DIUF) several times and finally put in an aqueous solution
containing PVP (5 wt.%) and APS (0.4 wt.%) at 90 °C for 6 h with constant stirring.

Membrane Functionalization

The membrane functionalization is made by free radical polymerization of the AA in the
PVDF porous surface by dipping both membranes, HF and FS, in the monomer solution:19
AA (10 wt.% aqueous solution) with MBA as cross-linker (1.0 mol % of AA) and APS (1.0
mol % of AA) at 70 °C for 1 h in a N, atmosphere. The next step is a double ion exchange,
using NacCl in alkaline solution (1 g/L of Na; pH ~ 10.5; T = 22 °C) and subsequently
FeCly-4H,0 (200 mg/L of Fe; pH = 4.6; T = 22 °C). After each procedure of
hydrophilization and functionalization, the membranes were washed several times with
DIUF water, dried and weighed. To check the membrane mass gain, the mass gain Am
(9/m?) was calculated: Am = (w, — w)/A, were w;and waare the weight (g) of the non-
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functionalized PVDF and the hydrophilized/functionalized membranes, respectively; and A
is the outer (HF) or top (FS) surface areas (m?) of the membranes.

The hydrophilization of HF was determined from contact angle (CA) measurements, surface
free energy calculations and infrared spectroscopy (IR). CA was measured using a NRL C.
A. Goniometer (ramé-hart 100-00 115) at 20 = 1 °C. The average CA was calculated from
measurements on three sites of the surface, measuring the advancing and receding water
CAs on both sides of the drop. The CA of the PVDF membrane varies depending on the
solvents, chemical additives, manufacturing processes and conditions and other variables
used in their fabrication. To verify the adhesion of PVP and PAA to the surface of the
membranes, attenuated total reflectance Fourier transform infrared spectroscopy (ATR-
FTIR) (Varian 7000e) was employed to validate qualitatively the presence of the chemical
functional groups in each procedure. The spectrum was set between 500 and 4000 cm™1.
Membrane samples were vacuum-dried and put onto a flat surface with tape before any
analysis.

Nanoparticle Synthesis

After the ion exchange with FeCl,-4H,0, the membranes were put in a solution of sodium
borohydride (2.5:1 molar of NaBHj to Fe) to reduce the iron from Fe2* to Fe®, making NPs
(Scheme 1).20 Depending on pH and temperature conditions, Fe2* oxidizes to Fe3* and be
reduced by NaBH4 which simultaneously can react with water producing hydrogen gas.

182, 20a, 21 By the same procedure, Fe NPs were synthesized in solution without membrane
support in order to compare results. NPs in membranes and solution phase were analyzed by
dynamic light scattering (DLS) (Malvern Instruments Zetasizer Nano-ZS90) after being
strongly sonicated for two minutes (Fisher Scientific Sonic Dismembrator 100).

The membrane-NPs system was characterized with a focus ion beam (FIB) (Helios NanoLab
660) coupled with a scanning electron microscope (SEM) and energy dispersive X-ray
spectrometer (EDS) detector (courtesy of FEI corp.) and with a SEM (Hitachi S-4300)
operated between 3 and 20 kV of accelerating voltage. Samples were vacuum-freeze-dried in
a LABCONCO FreeZone 2.5 Plus. Functionalized and control membrane samples were also
analyzed with an EDS Zeiss EVO MA 10 with SE/VPSE (environmental)/BSE/EDX
detectors to measure the elemental composition on the surface and cross-section of the
membranes. Membrane samples were put in 20 mL EPA glass vials with DIUF water and
sonicated at high output power (21 W) to determine NPs losses. Particle size analysis and
statistics were performed using Malvern, Image J and SAS software packages.

To increase the TCE dechlorination performance,® post-coating with palladium is applied
using K,PdCl, to form bimetallic Fe/Pd NPs. Palladium is used to create a layer on the iron
that increases the reactivity and reach a complete dechlorination of the model pollutant,
avoiding intermediate products. Sodium, iron and palladium ions from the ion exchange
processes and nanoparticle synthesis were determined in an inductively coupled plasma
optical emission spectrometer (ICP-OES) (Varian Vista-PRO ICP-OES) after digesting the
membranes with a 20% nitric acid solution in 20 mL EPA glass vials overnight (300 rpm
shaking).
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Dechlorination Using Fe/Pd Nanoparticles

To establish the NPs reactivity within HF and FS membranes, dechlorinations of TCE were
done in batch reaction experiments using 20 mL EPA glass vials in a shaker at 300 rpm. The
functionalized membranes were immersed in 30 mg/L TCE stock solution during different
periods of time (24 mL with no headspace per vial and time-lapse). The reaction was
stopped by removal of the membranes. The membrane and aliquots of the solution were
taken to extract the TCE with equal volume of pentane, containing EDB as internal standard,
for 2 h. The extract was analyzed by gas chromatography — mass spectrometry (GC-MS) in a
Hewlett-Packard 5890 Series Il with a Hewlett-Packard 5971A detector. Aliquots were also
analyzed for chloride concentration by ion chromatography with a conductivity detector (1C)
(Dionex ICS 2500).

RESULTS AND DISCUSSION

Hollow Fiber and Flat Sheet Characterization

Non-functionalized PVDF membranes were analyzed by SEM images, capillary flow and
gravimetric methods in order to describe and compare their characteristics and to determine
their physical properties, such as pore size, thickness and structure, among others. The
PVDF hollow fiber membrane fabricated, called T6-B, has 1.18 mm of outer diameter and
225 pm of thickness. Membrane porosity, e, and pore size distribution were determined
comparing the gas flow rates of wet and dry sample at the same pressures. The HF
membrane pore sizes obtained by CFP are 0.72 um for the median, the average pore size is
0.89 pm and the maximum is 2.2 um. In Figure 1, the pore size distribution shows that more
than half of the pores are less than or equal to 0.8 um (57.2%). The membrane porosity, e,
is defined as the volume of the pores divided by the total volume of the membrane. It was
determined by gravimetric method, measuring the weight of IPA (here as wetting solvent)
contained in the membrane pores:

(wi—w2)/p,
wi—wa)/prtwe/pp (1)

Em= (

where wj is the weight of the wet membrane, w_is the weight of the dry membrane, p, is the
IPA density and ppis the polymer density. Results for the T6-B membrane show a porosity
of 59.6 + 1.3 %.

In Figure 2a-b, the HF membrane shows a thickness of about 250 um, which is close to the
value reported in its fabrication. The sponge-like morphology of cross-section in Figure 2b
looks wrinkled, asymmetric and very porous. The outer surface showed in Figure 2c—d is
porous structure with cracks sandwiched by crystalline sections (nonporous). Pores shown in
Figure 2d are asymmetric with an apparent pore size close to that obtained by CFP. The
unique pore structure is originated from the polymer lean phase surrounded by the
crystallizing polymer-rich phase during the TIPS process.

In the case of the non-functionalized FS (flat sheet membranes), the thickness reported by
Nanostone is 125 pm, to which the experimental value is very close (Figure 3a). In these
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SEM images, Figure 3a—b and Figure 3d, it is possible to see the very porous, sponge-like
and also macro-void structure of the FS membrane, unlike the HF, which only has a sponge-
like structure. The top surface has different pore shapes and sizes with an upper limit of
around 400 nm (Figure 3c). The bottom surface in Figure 3d (without the backing material),
was found to possess a very porous structure (around 500 nm pore size).

Contact Angle and Surface Free Energy Calculations

The surface free energy ys’97 was evaluated from the contact angle hysteresis22 of water on
the HF membrane surfaces in each step of the hydrophilization, including the
functionalization with PAA, using the equation:

TOT _ 7L(1+0089A)
s 2+cost+cost . (2)

Were ¥, is the surface tension of water at the temperature of the CA measurements; 64 and
O are the advancing CA and the receding CA, respectively. The CA measurements and the
evaluation of 5”97 are listed in Table 1 in each step of the treatment.

Membranes of PVDF can have CAs from around 75° (phase inversion with water) to 148°
(phase inversion with alcohol) for hydrophobic applications.23 The hydrophilization of
PVDF membranes using PVP is well established in industry and academia as a part of the
casting process. However, hydrophilization as post-process has been implemented in few
research studies and they have been presented as a cross-linking procedure discussed by
different authors. Diverse methods have been explained, such as ring-opening and self-cross-
linking by ethanol-acetone, 24 ring-opening using sodium hypochlorite in alkaline solution,2®
ether bonds with UV light26 or UV-H,0, photo-initiation.2” The use of PVP using APS have
also been discussed®: 28 stating that the persulfate ion generates a free radical reaction on
the carbon-carbon main chain to induce the cross-linking within the PVP molecules.?9 After
the HF membranes were incorporated with PVP and PAA layers, the CA decreases and
surface free energy increases simultaneously, as shown in Table 1. In this table, the
calculated surface free energies are slightly higher than the references due to the porous
outer surface of the membranes and the flattening caused in order to make the measurement.

Characterization of Functionalized Membranes

Infrared spectroscopy was used to characterize the hydrophilization and the functionalization
of the membranes with PVP and PAA, respectively. First, the PVP cross-linking was
established alone, since the concentrations used on the membranes were too low to describe
the process by ATR-FTIR. On the Figure 4a, ATR-FTIR spectra show the PVP powder
before and after the treatment with APS (PVP cross-linked). The empirical transmittance
bands for the PVP are consistent with those previously reported in literature.30

The two characteristic peaks at 2361 and 2338 cm™1 are distinctive of the PVP spectrum. A
broad peak (3399 cm-1) shows the higher presence of overlapping O-H and N-H groups in
the hydrophilization process. The presence of free and numerous hydroxy! groups plus
hydrogen bonds from residual water enhanced this band. There are also shifts in the
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symmetric CHj, stretches (2920 to 2924 cm™1), the carbonyl group stretches (C=0) (1651 to
1647 cm™1), the amine group stretches (C-N) (1420 to 1424 cm™1) and the CH bends (1273
to 1288 cm™1). This behavior is characteristic to water absorption.3! It is worth noting the
addition of C-O stretches corresponding to ether group at 1045 and 1215 cm™L. This implies
that the persulfate not only initiates a free radical cross-linking of PVP, but could also
intervene in the ring-opening and etherification of the molecules.

In the Figure 4b—c the polymer functionalization on the membrane surface is shown. The
presence of little transmittance bands is because of small amounts of material applied to the
membranes, as explained before. The average mass gain for PVP (4m=5.20 g/m?) is
slightly higher than the reported.1®> For PAA, Am = 5.04 g/m2. Both Am can contribute to the
obstruction of the pores. All spectra show the characteristic peaks of the C-F and C-F, bonds
in the range of 1100 and 1500 cm™1 (Figure 4b) without shifting, proving the chemical and
thermal stability of the PVDF under these processes. The PVDF spectra before and after
functionalization shows an addition at 1678 cm™! from the ionized carbonyl group from the
PAA polymerization. After the functionalization with PAA, the carbonyl band is shifted to
1674 cm~1 and a non-ionized band at 1732 cm™1 appears due to water absorption too. There
are also shifting and small increases in the symmetric and asymmetric CH» bands (2924 and
2959 cm™1) due to the extra chains from the PVP and PAA polymers.

Characterization of Nanoparticles in Membranes

A comparison between the PVDF membranes before and after functionalization with PAA
and subsequent Fe NPs in situ synthesis shows that the open structure of the HF membrane
between the polymer blocks as well as the porous surface of the FS membrane are
diminished (see Figure 5a and Figure 5c). Some aggregation of Fe NPs can be seen on the
surface of the HF, but fewer aggregate on the FS membrane, which shows a more separated
and uniform distribution as is confirmed by the EDS mapping. Sodium presence is due to the
reduction of iron by NaBH,_ Oxygen, fluorine and carbon served as reference compounds
for the PVDF-PAA membrane.

In contrast, the internal structure of the membranes shows no changes (Figure 5b and Figure
5d). The densities of iron and sodium decrease with less agglomeration of Fe NPs. One
explanation for this result is that due to the increase in the pH at the time of the iron
reduction by NaBHy, the pores of the membrane were closed and the transport of solvents
through the membrane was low, preventing the aggregation of NPs due to more spaced
carboxyl groups. In the case of FS membranes, it illustrates that the polymerization was
done mostly on the surface, then the pores of the membrane were blocked, and the transport
of solvents through the membrane was low, preventing the production of more Fe NPs. The
average results of iron loading, as Am, from the ICP-OES are 1.65 and 4.80 g/m?2 for HF and
FS membranes, respectively. After sonication in DIUF water, the membranes show almost
no iron losses. The DLS results showed a sample too polydisperse for cumulant analysis,
also the value of Am for HF was lower than 0.007 g/m?2 and for FS was 0.05 g/m?, indicating
strong nanoparticle adhesion on the membranes.

X-ray point-scans were performed on the surface and the cross-section of the HF and FS
membranes to determine the metal loading in each membrane. These point-scans (green and
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red) and their spectra are shown in the Figure 6a—d. It can be seen that well-defined peaks of
sodium occur around 1.0 keV, while peaks of iron (which is also overlapped with fluorine
spectrum) occur around 0.6 and 6.4 keV. The atomic ratios (Fe/Na) on the outer and top
surfaces of HF and FS are 1/2.2 and 3.8/1, respectively.

Remarkably, in the FS membranes the amount of sodium with respect to iron is 8 times
higher than the calculated value (2/1). This implies that not only did the ion exchange
process occur but also that most of the iron present within the swollen structure of PAA was
reduced to Fe NPs. For the cross-section part (Figure 6b), the atomic ratio for the HF is
almost constant compared to the outer surface 2.15/1 (Na/Fe). The amount of both metals
based on the counts is lower than the outer surface. In the FS membranes (Figure 6d),
similar behavior of the top surface occurs but in lower proportions with a ratio of 1:1.57 (Na/
Fe).

Particle Size Characterization

Characterization of particle size is necessary to calculate the NP specific surface area (&)
which is essential in the heterogeneous catalytic dechlorination, since bulk particles can only
degrade about 10% of organic-chlorinated compounds.2% Particle size has been discussed in
a wide range of topics, such as geology, atmospheric sciences and engineering.32 Many of
these studies have used physical separation of macro-particles (sieve analysis) with 3D
digital models based on laser scans.33

For small particle characterization, most analyses are performed in solution using common
methods such as DLS, transmission electron microscopy (TEM), atomic force microscopy
(AFM), BET surface analysis or SEM picture analysis,3* including works related to Fe,
Fe/Ni and Fe/Pd NPs.180. 21, 35 For solid materials, SEM/TEM pictures are taken, calculating
by direct measuring an average particle size, even with an image analysis software.36 Recent
works have shown the potential of image analysis (2D metrics) for small particles, mostly
TEM images in liquid phase.36-37 This work applies this concept on the SEM pictures from
the membrane/particle nanocomposite to quantify the shape descriptors of the Fe NPs in 2D.
These results were extrapolated to the definition of the particle size through statistical
distributions.

Using Image J on SEM pictures (Figure 7a) of the HF membrane (FS not shown), each
image was adjusted to increase the contrast (Figure 7b), the particles were surrounded and
highlighted; their perimeter (£), projected area (Ap) from the image, minimum
circumscribed and maximum inscribed circles (d,and @), respectively) were calculated. 2D
projection of each sphere was used to quantify how close each shape was to a perfect circle,
and hence, how it is related to a sphere. Based on the parameters measured, particle shape
factors were calculated using the Image J program. The factors taken into account were
roundness (R = d;a;%), its inverse (aspect ratio, AR) and circularity (c= 4mnA, P 2).38
Wadell’s degree of sphericity33: 39 (¢ = dj,; d;1) was considered too, since it has been stated
that ¢ accurately describes 3D particle shapes.3? Here, Oeq s the equivalent diameter of a
circle with the same area as A, Based on circle and ellipse area formulas and emplacing Ap,
Oeg dpand dj, it was found that ¢ = R. Each quantity will be close to 1 when the projected
area is close to a circle.
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Figure 7c—d shows that almost 95% of the NPs can be considered spheres/

spheroids322 32b. 40 with values of ¢ and c higher than 0.7. With this confirmation, the
particle size can be defined by the equivalent diameter (gg,) of a circle with the same area as
Ap. The particle size distributions of Fe NPs inside HF and FS membranes are shown in
Figure 8. Fitted lognormal and gamma distributions are frequently used to describe particle
size, since they have multiplicative effects and the NPs grow randomly depending on their
size.*1 These distributions define the mean and the median as the characteristic value for the
particle size.38 41 The size distribution is statistically significant with p values less than one
order of magnitude (Kolmogorov-Smirnov: D= 0.06, p=0.16 for HF and D= 0.06, p=0.25
for FS). The NP sizes are 193 and 301 nm for HF and FS membranes, respectively, which
are in the range of the arithmetic means with 95% confidence. From the solution phase, the
DLS analysis stablishes a NP size of around 132 nm, which is smaller than that obtained in
the membranes. Note that the solution was sonicated and therefore, the nanoparticles were
disaggregated; this aggregation does not occur in the membranes, giving them an operational
advantage.

Reductive Dechlorination

To test the reactivity of the membranes, TCE was selected as a model compound for
reductive dechlorination by the bimetallic Fe/Pd NPs inside the membranes. At pH 5.5 to
7.0, iron corrodes in a Fe/Pd system generating hydrogen when Pd is used as catalyst
(Scheme 1). To promote Fe corrosion, Pd has to generate enough active sites on the NP
surface.*2 The Pd coating goes from 0.8 to 3.4 monolayers, which could cover a large
enough proportion of the particles, giving them less active sites and in consequence, a
nonlinear dependence at higher Pd concentrations.

The Pd concentrations (relative to Fe) used are shown in Figure 9 and did not affect the
average particle size. The batch reduction with metal (Fe/Pd) NPs follows a pseudo-first-
order rate law:43

dc
__:kobsC:ksA aspmc

dt 3)

where K,y is the observed pseudo-first-order rate constant (h™1), Cis the TCE concentration
(mg/L) at time £(h), ks4 is the surface-area-normalized rate constant related to the particle
size (L/m2-h), p,,is the NP loading (g/L) and as (m?/g). Based on the particle size
calculations, agis 3.94 and 2.52 m2/g, for HF and FS, respectively.

Figure 9 shows an exponential dechlorination behavior (1%t order rate) at different times for
each membrane. The decline in TCE concentration is lower as time passes because of mass
transfer limitations from the bulk solution to the NP core. However, the k54 from HF
obtained is higher (0.108 to 0.284 L/m2-h) to the reported (0.068 to 0.130 L/m2.h)52 20b, 44
with the same concentrations of Pd used (1 to 3 wt. % Pd). The dechlorination in HF
membranes corroborated the increase in the dechlorination rate when the NPs have higher
Pd concentration (Figure 9a).#2¢ The ks4 spiked up when FS membranes were used with the
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same iron loading as one of the samples of HF membranes (Figure 9b). Based on these
results, it can be inferred that the Pd layer was defective at high concentrations or the
sponge-like nature of both membranes provided a higher surface area, and hence,
accessibility, which gave them more active sites for Fe corrosion, and subsequently higher
dechlorination rates.

Chloride ion was also measured (Figure 10) to corroborate the complete dechlorination.
Theoretically, chloride concentrations could be lower in the beginning of the reaction or not
appreciable due to chloride adsorption by corrosion.18 45 A close correlation of the ratio Cl
~ formed to TCE consumed to the stoichiometric value of 3/1 (CI7/TCE) was obtained. This
result confirms that all TCE reacted with negligible presence of intermediates.

CONCLUSIONS

The current study presents the fabrication of a PVDF hollow fiber membrane by thermal
induced phase separation with a porosity of nearly 60%, a pore size distribution with 69 %
of pores smaller than 1.0 um and an average size of 0.72 um. The hollow fiber membranes
were successfully hydrophilized by PVP cross-linking on top of the porous structure. This
was corroborated by the increase of the hydrophilicity and surface free energy of the
membranes (40.26 to 50.68 mJ/m2). The cross-linking of PVP on the surface, not only
suggests free radical reaction, but also ring-opening and etherification due to the presence of
ether bonds in the FTIR spectra.

We presented the functionalization of PVDF sponge-like membranes, hollow fiber and flat
sheet, with a poly(acrylic acid) hydrogel and a subsequent in situ synthesis of bimetallic
Fe/Pd nanoparticles. Flat sheet membranes showed a constant iron loading capacity (4.7

+ 0.3 g/m2). In contrast, hollow fiber membranes showed a variable iron loading (1.6 to 8.7
g/m?) possibly due to loss of the PVP coating during the functionalization with PAA.

A method previously not used in this field of nanoparticle size characterization within a
membrane domain using image analyses of the SEM pictures was applied. These analyses
show a close correlation between the degree of sphericity and the circularity of the particles,
stating that 95% of the particles can be considered spherical and that this characteristic can
be assumed when calculating particle size (diameter) for use in surface catalytic reaction
calculations of specific surface area.

From the reactivity evaluation, the surface-area-normalized rate constants are almost four
times higher with similar iron loadings to previous studies, both our own and others. Flat
sheet membranes have a larger surface area due to their spongy nature. Hollow fiber
membranes, on the other hand, show lower iron loadings than the flat sheet membranes. This
behavior can be explained by the inability of ion exchange Na/Fe due to a decrease in the
swelling of the hydrogel because changes in pH of the solutions used. Additionally, the
hollow fiber membrane functionalization has been highly variable and can present
hydrophobic patches or complete coating zones with hydrogel, which makes it partially
inaccessible. These results imply that the sponge-like structure of the hollow fiber and flat
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sheet membranes increase the accessibility to the nanoparticle domain and hence, the
reactivity of the species.
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Figure 1.
Pore size distribution of T6-B hollow fiber membrane.
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Figure 2.
SEM images of PVDF hollow fiber membranes at different magnitudes. (a) Cross-section,

(b) zoom-in of cross-section, (c) outer surface, (d) outer surface zoom-in.
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Figure 3.
SEM images of PVDF flat sheet membranes at different magnitudes. (a) Cross-section, (b)

zoom-in of cross-section, (c) top surface, (d) bottom surface without backing.
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Figure 4.
(a) ATR-FTIR spectra of PVP before and after treatment (PVP cross-linked) with APS on

HF membranes. (b) ATR-FTIR spectra of (1) hydrophobic HF membranes, (2) HF
membranes after PVP hydrophilization and (3) HF membranes after hydrophilization and
subsequent functionalization with PAA. (¢) Zoom-in of spectra showing the absorption
bands of the PVP and PAA components.
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Figure 5.

SEM-EDS imaging and mapping of PVDF-PAA-Fe hollow fiber and flat sheet membranes.

(a) HF outer surface, (b) FIB cut of HF cross-section, (c) FS top surface, (d) FS cross-

section.
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Figure 6.
SEM images and EDS spectra of PVDF-PAA-Fe hollow fiber and flat sheet membranes. (a)

HF outer surface, (b) FIB cut of HF cross-section, (c) FS top surface, (d) FS cross-section.
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Figure 7.
SEM imaging and shape descriptor distributions of Fe nanoparticles in PVDF-PAA-Fe

membrane. (a) Through-Lens-Detector (TLD) Backscattered Electron Mode of hollow fiber,
(b) zoom-in of (a) enhanced contrast for counting/sizing Fe nanoparticles, (c) circularity and
degree of sphericity of Fe NPs in hollow fiber membranes, (d) circularity and degree of
sphericity of Fe NPs in flat sheet membranes.
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concentration = 0.29 mM. Volume =0.02 L. pH ~ 5.5. T = 22 °C. (a) Hollow fiber (outer
surface area= 10.9 cm?; particle diameter, gq = 193 nm; membrane thickness = 225 um), (b)
flat sheet (Top surface area = 17.3 cm?; particle diameter, g =301 nm; PVDF membrane

thickness = 125 um).
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Figure 10.
Relation of TCE consumed/CI~ formed from TCE batch reduction by Fe/Pd nanoparticles.

TCE concentration = 0.29 mM. Volume =0.02 L. pH = 5.5. T = 22 °C.
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Scheme 1.

Hydrophilization and functionalization of PVDF hollow fiber and flat sheet membranes.

Reactions adapted from different authors, 182 20-21, 42a, 42c
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