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Abstract

The poly(methacrylic acid) (PMAA) was synthesized in the pores of commercial microfiltration
PVDF membranes to allow incorporation of catalytic palladium/iron (Pd/Fe) nanoparticles for
groundwater remediation. Particles of 17.1 + 4.9 nm size were observed throughout the pores of
membranes using a focused ion beam. To understand the role of Pd fractions and particle
compositions, 2-chlorobiphenyl was used as a model compound in solution phase studies. Results
show H, production (FeP corrosion in water) is a function of Pd coverage on the Fe. Insufficient
H, production caused by higher coverage (> 10.4% for 5.5 wt%) hindered dechlorination rate.
With 0.5 wt% Pd, palladized-Fe reaction rate (surface area normalized reaction rate, kg; = 0.12
L/(m2-h) was considerably higher than isolated Pd and Fe particles. For groundwater, in a single
pass of Pd/Fe-PMAA-PVDF membranes (0.5 wt% Pd), chlorinated organics, such as
trichloroethylene (177 ppb) and carbon tetrachloride (35 ppb), were degraded to 16 and 0.3 ppb,
respectively, at 2.2 seconds of residence time. The degradation rate (observed k) followed the
order of carbon tetrachloride > trichloroethylene > tetrachloroethylene > chloroform. A 36 h
continuous flow study with organic mixture and the regeneration process show the potential for
on-site remediation.
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Introduction

Membrane technologies have been widely studied and applied in various separation
processes over the past decade [1-7]. Besides the advances in separation, the incorporation
of metals, non-metallic inorganic substances and enzymes into membrane systems have
provided catalytic functions and allowed for applications in chemical synthesis and water
treatment as well as a reduction in membrane fouling [8-14]. In water treatment, catalytic
membranes show great potential in the remediation of contaminated water by oxidation or
reduction methods [15-17]. They also provide an effective treatment technology with a small
footprint and low energy cost [18].

Specific to toxic chlorinated aliphatic/aromatic hydrocarbons, trichloroethylene (TCE) and
polychlorinated biphenyls (PCBs) are two of the contaminants of most concern [19-22].
Reductive dechlorination of TCE, PCBs and other toxic chlorinated hydrocarbons has been
investigated using palladium/iron (Pd/Fe) bimetallic nanoparticles [23-27]. Field scale
injection of stabilized Pd/Fe or Fe nanoparticles (around 15-200 nm) were also studied
[28-30]. However, issues concerned with such nanoscale Pd/Fe or Fe applications include
particle agglomeration, limited subsurface mobility, aging, oxidation, leaching and potential
secondary environmental risks. Such problems could hinder the long-term application and
wide usage of these techniques [31-36].

The integration of nanoparticles and polymeric membranes could address some of these
issues because of the large surface area, stability and the potential for versatile
functionalities of membrane domains [37,38]. Among the integration methods (which
include sol-gel process, particle deposition, in situ reduction, ion-exchange and in situ
polymer reaction [39-43]), ion-exchange using carboxyl groups (-COOH) has been shown to
effectively capture metal ions, which shows the potential to prevent the leaching of
incorporated nanoparticles [44-46].

The synthesis of poly(acrylic acid) (PAA)-polyvinylidene fluoride (PVDF) membranes
along with novel ion-exchange processes for Pd/Fe particle incorporation have been reported
for the treatment of chlorinated organic compounds [38,47-49]. To scale up the synthesis of
catalytic membranes, additional process optimizations and advanced material
characterizations need to be performed. Although acrylic acid (vapor pressure: 400 Pa at

20 °C) is used in many industries, methacrylic acid (MAA), an alternative with similar
chemical structure and less volatile nature (vapor pressure: 93 Pa at 20 °C), was used as a
monomer in this study to introduce carboxyl groups in commercial PVDF membranes. In
addition, due to the highly porous structure and non-conductive nature of polymeric
membrane membranes, the characterization of incorporated particles, using a scanning
electron microscope (SEM), is usually limited on the external surface of membranes. This
limitation impedes the understanding of the intrinsic properties of these particles inside the
pores, such as reactivity and hydrophilicity [50,51]. In our previous work, particles
underneath the membrane surface were observed by lifting a lamella (~20 pum thick) of
membrane surface using focused ion beam (FIB) [52]. Limited by the dimensions of lamella,
this well-developed FIB lamella method [53,54] is not able to make a sample for the
characterization on the entire set of membrane pores. In this study, FIB was used to precisely
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slice an entire cross-section of each membrane. Particle size and density were then
quantified through the entire depth of the membrane pores. The results were then used in a
plug-flow model analysis of groundwater remediation.

For remediation, both nanoparticle aspects (the role of Pd, particle composition and
corresponding H, production) and various water conditions (pH and temperature) were
investigated by using 2-chlorobiphenyl (PCB 1) as a model compound. The PCB 1, one of
the toxic PCBs, has recalcitrant nature and it can be directly dechlorinated to biphenyl
without any intermediates [55]. The Pd/Fe dechlorination method relies on the activation of
H, by Pd. The H, is yielded from Fe® (metallic Fe) corrosion with water, and the produced
H, is then activated by Pd to form highly reactive atomic hydrogen for hydrodechlorination
[27,56]. Studies show a positive correlation between the content of Pd on the Pd/Fe
bimetallic nanoparticles (0.1-1.0 wt% of Fe) and the resulting dechlorination rate [57,58].
However, the effects of Pd surface coverage on Hy production and corresponding
dechlorination performance have not been well investigated.

In this study, the investigation of nanoparticles intrinsic properties with model compound
PCB 1 guided the application of the Pd/Fe nanoparticles incorporated poly(methacrylic acid)
(PMAA) - PVDF membranes in the treatment of contaminated groundwater. The
groundwater samples were collected from an industrial site and the groundwater contains a
mixture of chlorinated aliphatic hydrocarbons, such as TCE and carbon tetrachloride (in 10—
1000 ppb range). The objectives of this research are: (1) Introduction of carboxyl groups in
the pores of commercial PVVDF membranes in a water-based system using a less volatile
monomer — methacrylic acid; (2) Quantification of the size and distributions of incorporated
Pd/Fe nanoparticles across the entire membrane pores, using a FIB technique, for use in
subsequent reactivity analysis; (3) Investigation the Pd fraction loadings and particle
compositions (palladized-Fe versus isolated Pd and Fe) by quantifying H, production and
corresponding dechlorination performance; (4) Effective remediation of the collected
contaminated groundwater samples using the Pd/Fe functionalized membranes and
comparing the degradation rates between individual contaminants and finally, (5) Long-term
study (36 h continuous flow) were performed to evaluate the stability and regeneration of
reactive particles, as well as to establish the potential for on-site application.

Materials and methods

Materials

The following chemicals were used as received: sodium hydroxide (1 M), sulfuric acid (0.5
M), hexanes (> 99%), anhydrous sodium sulfate and ferrous sulfate were obtained from
Fisher Scientific. Sodium borohydride (99.99%), sodium carboxymethyl cellulose
(M,~90k), potassium tetrachloropalladate (I1) (98%), biphenyl _d1g (99 atom % D),
trichloroethylene (99.5%) and tetrachloroethylene (> 99%) were purchased from Sigma-
Aldrich. PVDF powder was purchased from Polysciences, Inc. Potassium persulfate (98%),
N,N’-methylenebisacrylamide (NNMA, 99%) and methacrylic acid (99.5%, stabilized) were
received from Acros Organics. Nitric Acid (AR select ACS) was ordered from Macron Fine
Chemicals. 2-chlorobiphenyl (> 97%) and its analytical solution (100 ppm in hexane) as
well as the analytical standards of chloroform (100 ppm in methanol), carbon tetrachloride
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(100 ppm in methanol) and hexachlorobutadiene (100 ppm in methanol) were obtained from
Ultra Scientific. Ethanol (200 proof) was bought from EMD Millipore Corporation. Full
scale PVDF 700 microfiltration membranes were obtained from Solecta, Inc. DVPP04700
membranes were purchased from Millipore. Deoxygenated water was obtained by purging
N> into deionized ultra-filtered (DIUF) water for 30 min.

2.2. Synthesis of palladium/iron nanoparticles in solution phase

The palladized-Fe bimetallic and isolated Pd and Fe nanoparticles were synthesized with
sodium carboxymethylcellulose (CMC) as a stabilizer. The synthesis method was modified
based on the literature [56]. The details are illustrated in Sl section 1.

2.3. Synthesis of palladium/iron nanoparticle incorporated PMAA-PVDF membranes

The Pd/Fe nanoparticles were synthesized in situ within the pores of functionalized
membranes by ion-exchange and reduction reaction processes (Fig. 1). The membrane
functionalization method was modified based on our previous work [49] and the details are
mentioned in Sl section 2. In this study, methacrylic acid was used as an alternative to
acrylic acid. Instead of immersing the membranes at different solutions, the ion-exchange
and subsequent nanoparticles synthesis were conducted by permeating the Na*, Fe2* and
NaOH solutions through the membrane without dismantling the membrane filtration set up.
This modified method has a potential to be applied to commercial spiral wound and hollow
fiber membrane modules.

2.4. Characterization

2.4.1. Membrane surface morphology—The morphology of the membrane surface
and the size of the pores were observed using SEM and counted using ImageJ software. The
membrane hydrophilicity was tested using a drop shape analyzer (DSA 100, Kriss).
Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR, Varian
7000e) was used to identify the successful functionalization of the PMAA.

2.4.2. Size, composition and distribution of Pd/Fe bimetallic particles inside
membrane pores—~Particle size and distribution were determined across the entire depth
of membranes by directly imaging the cross-section plane of the membrane in the SEM. To
maintain the structures of particles and membrane pores, an advanced cross-sectioning
method using focused ion beam (FIB, FEI Helios Nanolab 660) was developed. A cross-
sectional plane was first created by fracturing a small piece of the membrane following
immersion in liquid nitrogen. The FIB was then performed to expose an undamaged region
of the membrane. For gallium ion-based FIB systems, typical cross-sectioning processes
only expose the first few tens of micrometers below the surface [52,59]. The advanced FIB
preparation method allows exposure of the entire membrane cross-section (170 um), creating
a flat and smooth surface suitable for SEM imaging and elemental analysis using energy
dispersive x-ray spectroscopy (EDS, Oxford Instruments X-MaxN 80 detector). The details
of FIB preparation are described in Sl section 3. Particle composition was also analyzed
using X-ray diffractometer (Siemens D500, Cu Ka 1.5418 A).
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Analytical methods

The details of analytical methods, such as gas chromatography—mass spectrometry (GC-
MS), chloride electrode and inductively coupled plasma optical emission spectroscopy (ICP-
OES), are summarized in Sl section 4. The measurement of hydrogen production is
described in Sl section 5.

Dechlorination study in solution phase

The details of the solution phase studies for model compound PCB 1 and for the collected
groundwater samples are summarized in Sl section 6.

Dechlorination in the membrane domain convective flow study

Pd/Fe functionalized membranes, with an effective external area of 11.2 cm?2, were evaluated
using a dead-end filtration cell (HP4750 stirred cell, STERLITECH corp.). The residence
time (the average time particles spent in the membrane) was controlled by changing the
operating pressure. In this study, the groundwater samples were permeated through the
Pd/Fe incorporated membranes at various operation pressures (0.34, 0.69 and 1.0 bar). The
functionalized membranes without Pd/Fe particles were also investigated as a control group
to determine the loss of target chlorinated organics due to adsorption and evaporation.

3. Results and discussion

3.1

Membrane functionalization and characterization

3.1.1. Properties of functionalized membranes—The membrane functionalization
includes PMAA polymerization and nanoparticles incorporation (Fig. 1). The successful
polymerization of PMAA (validated by ATR-FTIR analysis in Sl section 7) changed the
properties of the pre-hydrophilized commercial PVVDF membranes (Solecta, Inc.) (Table 1).
Due to the ionization of the carboxyl group, the PMAA chains swell when the solution pH >
pKa of PMAA, which was reported as 4.6-4.8 [60]. A greater pH (> pKa) was found to
decrease the membrane pore size and permeability, and vice versa. The permeability (Lm=2h
~Ibar~1, LMH/bar) was measured as 543 + 4, 86.3 + 3.6 and 18.2 + 0.5 at pH 2.3, pH 5.5
and pH 10.5, respectively (Fig. 2). The permeability at pH 2.3 was measured at 0.34, 0.69
and 1.03 bar and the permeability at pH 5.5 and pH 10.5 were measured at 1.72, 3.45 and
5.17 bar. A reversible permeability at different pH was also observed. The permeability
decreased with an increase of pH and recovered after the pH adjusted back to the lower
value.

This pH responsive behavior was also observed during the measurement of contact angle
(Fig. 3). The membrane pieces were immersed at different pH and then dried under a
nitrogen flow before the measurement. The results show that contact angle measured at pH
2.3 (68.3 £ 2.7) is greater than the measurement at pH 10.5 (48.2 £ 1.2), which means the
membrane surface is more hydrophilic at pH 10.5. Furthermore, the water droplets at pH
10.5 wetted the surface more rapidly and spread out over 300 s. Cheng et al. reported a
similar pH responsive wettability on an electrospun PVDF-poly(acrylic acid) nanofiber
membrane [61]. The ionization of carboxyl group stretched out the polymer chain and
promoted the replacement of air trapped in the pores by water, which accelerated the surface
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wetting. Such a pH responsive behavior on permeability and wettability could be applied in
selectively separation and drug release [62-64].

To immobilize metal nanoparticles, the functionalized PMAA-PVDF membranes undergo
two steps of ion-exchange (Na* and Fe2*) and reduction of FeZ*. Since the pH was changed
during these steps, the membrane permeability also changed (Fig. S.5). The permeability of
synthesized Pd/Fe-PMAA-PVDF membrane was measured as 44.2 + 0.8 LMH/bar at pH
5.5. As shown in Fig. 2, the incorporation of particles decreases the permeability and
compromises the pH responsive behavior. From pH 5.5 to pH 10.5, the permeability
decreased 3.8-fold for the PMAA-PVDF membrane but only decreased 1.1-fold when
embedded with nanoparticles. No permeability test was conducted at pH 2.3, since the
incorporated Fe particles would be easily dissolved.

3.1.2. Size and distribution of particles throughout the membrane pores—The
size and distribution of catalytic particles have significant impacts on dechlorination
performance, especially for those particles in the pores of membrane. The characterization
of those particles inside membrane pores could be achieved by using a developed FIB cross-
sectioning method. The FIB could precisely slice a smooth cross-section plane and maintain
the pore structures. To present the FIB-SEM technique, the Millipore PVDF membrane
(thickness: 80 pm) was used only for characterization due to its more porous structures and
its lack of any supporting materials. As shown in Fig. 4a, the FIB-modified area, in the
center of the cross-section plane, is smoother and clearer than the unmodified area. As
summarized in Fig. 4d, the particle size was uniform inside membrane pores (23.2 £ 8.2 nm)
but smaller than those nanoparticles (39.1 + 9.3 nm) located on the top and bottom surfaces.
The size difference was caused by the formation of PMAA rich layer (thickness: ~2 um),
which was not restrained by the PVDF pores, on the top and bottom surfaces of the
membrane. The particle distribution was observed using EDS mapping. Since the fluorine to
carbon ratio is constant in every repeat unit of the PVDF (F/C = 1/1), the iron to fluorine
ratio is used to determine the particle distribution inside the membrane pores. A higher
distribution of particles on top and bottom surface of the membrane was also observed.

The characterization of functionalized Solecta PVDF 700 membranes, which have a backing
material and were applied in the groundwater study, was also conducted (S| section 8). The
EDS mapping, in Fig. S.6d, shows that the Fe was mainly observed at the top PVDF layer
(43 um) and insignificant Fe distribution was found in the backing material (127 um). A
greater Fe density and relatively large particles (20.2 + 6.6 nm) were also observed on both
top and bottom surfaces of the PVDF layer. A uniform size and density distribution of
particles (17.1 = 4.9 nm) were found inside the PVDF layer (Fig. S.6e). Since the Pd loading
is only a trace fraction in the membranes (0.5 wt% of Fe, 0.0125 wt% of the membranes),
the membrane domain had a strong background noise in the Pd analysis of individual Pd/Fe
nanoparticles under SEM with EDS detector. To improve the accuracy of element analysis
on the individual nanoparticles, the nanoparticles were synthesized without membrane
domains and then characterized in TEM (in section 3.2.1).
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3.2. Evaluation of the reactivity of Pd/Fe nanoparticles through the dechlorination studies
in solution phase

In this section, the PCB 1 (a model compound) dechlorination experiments were conducted
in solution phase, without membrane domain, to understand the intrinsic properties of Pd/Fe
particles. Based on the material characterization of the Pd crystalline pattern (XRD) and the
size of the nanoparticles (TEM), a theoretical surface coverage of a Pd monolayer on Fe
particles was calculated. The surface coverage was used to find the optimal Pd fractions on
Fe by measuring H, production and overall dechlorination performance. The composition of
particles, that is palladized-Fe or isolated Pd and Fe nanoparticles, were also studied. In
addition, the solution phase studies were conducted at same pH condition of the collected
groundwater samples (pH 7.8) as well as at different pH and temperature conditions (4—

40 °C).

3.2.1. Effects of Pd fractions and Pd/Fe compositions in hydrogen
production and dechlorination performance—The dechlorination of PCB 1 by Pd/Fe
nanoparticles can be described as equations (1)-(4). As a catalyst, an increase of the amount
of Pd should accelerate the dechlorination reaction under sufficient H, condition, such as Pd
particles under a Hy stream [65-67]. However, when the corrosion of Fe is the source for Hy,
excess Pd coverage on Fe could reduce the exposed Fe for H, production, leading to a
decrease in the dechlorination rate. In Fig. 5b, a tradeoff between increasing Pd fraction
(analyzed using ICP, results shown in Sl section 9) and H, production was observed for a
same source of Fe. Tee et al. reported the study with Ni/Fe bimetallic particles and they also
found a 10-fold decrease in H, generation with an increase of Ni content from 20% to 75%
[68]. For ease of comparison, Hy production was normalized to the batches with 0% Pd.
Based on the GC analysis, nearly 51.2 x 10~/ mol hydrogen was produced by the 0 wt% Pd
batches at 10 min interval (the details of the derivation are summarized in Sl section 5).
Stoichiometrically, the complete dechlorination of 1.1 x 10~/ mol PCB 1 to biphenyl
requires 0.55 x 10~/ moL Hy. In results, 0.61 x 10~ and 0.46 x 10~/ moL H, was produced
at the 5.5 and 12 wt% Pd batches, respectively. Insufficient H, was produced at the 12 wt%
Pd batches, leading to a less dechlorination compared to the batches with 5.5 wt% and even
0.5 wt% Pd.

The formation of Pd on the surface of Fe0:

Fé® + PdCIZ~ — Pd + Fe* * + 4Cl” o

The production of H, by the corrosion of Fe? in water [69]:

Fe® +2H,0 = Fe* " + Hy | + 20H" @

The formation of atomic hydrogen and the dechlorination of PCB 1 [58,70]:

Hy| X om )
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C,HyCl(PCB 1) +2H * — Cy,H,, (biphenyl) + H" + CI~ @

For the formation of Pd/Fe nanoparticles, the Pd2* ions were reduced by metallic Fe and a
layer of Pd islets was then formed on the surface of Fe [71,72]. Therefore, a theoretical Pd
surface coverage could be estimated by assuming a uniform distribution of the Pd monolayer
on the surface of Fe [73]. Based on XRD studies, the Pd layer was found to be
predominantly in the lowest energy face-centered cubic (fcc) (111) crystallographic
orientation (Fig. 5a). Since each fcc (111) plane contains two Pd atoms, the surface area of
single atom in the fcc (111) unit cell is calculated as:

Surface Area of Single Atom in Unit Cell, nm? = w

®)
=23 r?

Where, ris the radius of a palladium atom (0.138 nm). According to the observed diameter
of Fe particles in TEM (average diameter: 4.2 nm; Sl section 10), the loading of a full Pd
monolayer coverage on the Fe surface was derived as 53 wt% of Fe. In experiments, the Pd
contents as 0.05, 0.5, 2, 5.5, 12 and 50 wt% of Fe correspond to 0.1, 1.0, 3.8, 10.4, 22.6,
94.3% Pd coverage on Fe surface, respectively. At a low surface coverage (< 10.4%,
corresponding < 5.5 wt%), an increase of dechlorination and a decrease of H, production
were observed with increasing Pd coverage. This observation indicates, when sufficient H,
is produced at low Pd coverage (coverage from 0% to 10.4%, corresponding to O wt% to 5.5
wt%), the amount of catalyst Pd was the rate-limiting factor for the dechlorination reaction.
However, H, production was observed to be the rate-limiting factor at higher Pd surface
coverage (10.4-94.3%, corresponding to 5.5 wt% to 50 wt%). No significant production of
H, was found for the 50 wt% batches, which correspond to a nearly 95% Pd coverage on the
individual Fe particles. Overall, the batches with Pd percentages from 0.5 wt% to 5.5 wt%
(1.0%-10.4% Pd coverage) yielded higher dechlorination performance.

The composition of the nanoparticles, either palladized-Fe bimetallic or isolated Pd and Fe
particles, is another important factor for dechlorination. As shown in Fig. 6a, with 0.5 wt%
Pd and a same Fe source, the palladized-Fe batches presented a significantly higher reaction
rate (observed rate constant Kqps = 0.173 min~1) than the isolated Pd and Fe batches (Kqps =
0.009 min~1, Pd particle size ~4.5 nm (Fig. S.7a). Even when 24-fold more Pd was added as
isolated particles (12 wt% Pd), the reactivity (Kops = 0.014 min~1) was nearly 12-fold lower
than the palladized-Fe batches with only 0.5 wt% Pd. The isolated batches were observed to
have insignificant effect on H, production (Fig. 6b), but the formation of Pd islet on the Fe
surface, on the palladized-Fe batches (Fig. S.7b), enhances the specific surface area of the
Pd catalyst compared to the Pd particles formed on the isolated Pd and Fe batches. The
larger specific surface area contributes to a higher reaction rate for the palladized-Fe
particles. Furthermore, the palladized-Fe is more favorable for the diffusion of produced H,
to the reactive sites on Pd islets, which could increase the formation of atomic hydrogen for
dechlorination.
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3.2.2. Effects of pH and temperature in PCB 1 dechlorination—Environmental
pH can impact the longevity of bimetallic particles and dechlorination performance [74,75].
In acidic condition, the H, produced via corrosion of Fe occurs more readily and thus
provides more H, for Pd activation. In alkaline conditions, a surface passivation occurs via
iron hydroxide precipitation, resulting in the formation of passive surface layer that can
deactivate Pd/Fe particles [76].

The solution pH was proven to have a significant impact on PCB 1 dechlorination (Fig. 7a).
The initial pH of PCB 1 solutions was adjusted to be 3.5, 7.8 and 9.2, respectively, by adding
H,SO,4 or NaOH. No buffer solutions were added to prevent any effects of buffers on
corrosion of Fe [77]. After the dechlorination reaction, the water corrosion of Fe caused
slight changes on pH [75], which resulted in pH values of 3.6, 8.1 and 9.3, respectively. In
Fig. 7a, the higher initial dechlorination rate was observed at pH 3.5 batches. A discoloration
(from black to pale green) was observed for the pH 3.5 samples after 1.5 min, which
indicated the dissolution of Fe particles. Even though lower pH batches showed the faster
initial dechlorination rate, they eventually produced less biphenyl than the batches at pH 7.8
and 9.2. A positive correlation between acidic condition and overall dechlorination
performance was reported for similar Pd/Fe bimetallic systems [77,78]. However, the size
and concentration of the bimetallic nanoparticles are important to consider and could
potentially reduce dechlorination performance. The negative correlation with acidic
condition and dechlorination could be explained as following: (1) extensive and rapid H,
production could form gas bubbles around the reaction sites which inhibits dissolved-phase
contact with target pollutants [75,79]; (2) Fe could be rapidly consumed when the produced
H> is not able to efficiently activated as reactive atomic hydrogen [80]; and (3) the loss of Pd
islets on Fe surface caused by the rapid erosion of Fe base [74,79].

To better understand the mechanism of the PCB 1 dechlorination reaction, Kinetic studies
were investigated to evaluate the activation energy (Ea, kj/mol). As shown in Fig. 7b, a
higher temperature had a positive effect on the dechlorination (mass balance was achieved
above 90% for every batches). The kqps under temperatures of 4, 15, 23 and 40 °C were
calculated as 0.076, 0.147, 0.173 and 0.291 min~1, respectively. With 0.5 wt% Pd, the
activation energy was found to be 26.5 kj/mol (Details in Sl section 11). According to
calculated activation energy, the consistency of dechlorination results between the
experimental and predicted data was found and shown in Fig. S.9. Fang and Al-Abed
reported the activation energy for PCB 1 dechlorination between 17 and 20 kj/mol from 4 °C
to 60 °C using Pd/Fe nanoparticles (Pd was 0.585 wt% of Fe). They found an insignificant
relation between the observed dechlorination rates and the initial concentration of PCB 1,
which suggests the overall rate is limited by the adsorption [81]. Xu et al. reported Ea = 24.5
kj/mol for the dechlorination of 2,2”-dichlorobiphenyl by membrane-supported Pd/Fe
nanoparticles suggesting a diffusion-controlled reaction [82]. An Ea of 29 kj/mol was
reported for PCB 77 dechlorination at 25 and 40 °C in a Pd/Fe nanotubes system, which
indicates the shape of the catalyst has some pivotal role in reaction mechanism [83]. The
effect of the shape of particles on activation energy was reported considering tetrahedral,
cubic and near spherical particles in solution phase [84]. The development of the FIB cross-
sectioning method in section 3.1.2 could open the window to explore the roles of shapes and
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other morphologies of particles on reactivity, specifically for those particles inside the
polymer matrix.

3.3. Remediation of contaminated groundwater from a site

The dechlorination studies in section 3.2, using a well-studied PCB 1, evaluated the intrinsic
properties of Pd/Fe nanoparticles on the reactivity. Combined with the material
characterization on membrane morphology and nanoparticles on the membrane pores, the
research is extended to the remediation of contaminated groundwater using the Pd/Fe
nanoparticles incorporated membranes. The groundwater was collected from a contaminated
industrial site, that is currently being remediated. Compared to the conventional on site-
based treatment which uses sorption methods, such as air stripping, the use of catalytic
membranes requires less energy consumption and could degrade the contaminants.

The groundwater contains saturated and unsaturated chlorinated aliphatic compounds, that
are chloroform (CF), carbon tetrachloride (CTC), trichloroethylene (TCE) and
tetrachloroethylene (PCE) (in Table 2). No significant variation in concentration of
contaminants was observed between the groundwater samples collected during spring and
summer in 2018. In this study, the real groundwater samples (collected on summer) were
used in the treatment study in both solution phase without membranes and in membrane
domain under convective flow mode (SI section 12).

3.3.1. The groundwater treatment with Pd/Fe nanoparticles—After a 30 min
reaction in the solution phase studies (CMC is 0.5 wt %, [Fe] = 72 ppm and 0.5 wt% Pd), all
the species were effectively dechlorinated below the threshold of EPA maximum
contaminant level (Fig. 8). The control group was made using deliberately oxidized Pd/Fe
nanoparticles, which were prepared by purging air into the suspension of the Pd/Fe
nanoparticles for 12 h. The control group shows more than 88% remaining of every species.
Less than 1% remaining was achieved for all the species except CF. The CF is the
dechlorination intermediates of CTC, which leads to the increase of CF concentration in first
5 min reaction.

For chlorinated ethylenes, the complete dechlorination of TCE and PCE to nontoxic
ethylene and ethane, using Pd/Fe particles, has been reported in the literature [23,24,85,86]:

multiple dechlorination
-

TCE ethylene [ ethane + 3CI~ ©)

For chlorinated methanes, Feng and Lim reported that above 85% CTC was dechlorinated to
methane, with an existence of 11% dichloromethane as a dechlorination intermediate [87]:

ccr, M55 cn, v acr ™
ccr, "L" cr,cly + 20 ®)
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To better understand the dechlorination performance, some synthetic solutions with higher
initial concentration of CTC (15 ppm) and TCE (11.7 ppm) were made, for use in the
chloride ion (CI7) measurement. The CI™ is one of the final products of the dechlorination:
the complete dechlorination of 1 mol CTC and 1 mol TCE would theoretically produce 4
mol and 3 mol CI~, respectively. The result shows above 99% CTC was degraded and 76%
CTC was dechlorinated in 4 h (Fig. S.12). Compared to the complete dechlorination of TCE
(nearly 97% conversion of chloride), the less dechlorination in CTC study indicates the
incomplete dechlorination of CTC. The GC-MS results show that 8% CTC was converted to
dichloromethane, whose concentration was then kept stable in this study. The incomplete
dechlorination of CTC to methane has also been found [87].

Based on the degradation results, the degradation could be regarded as pseudo-first-order
reaction (equation (9)). The concentration of CF initially increases due to CTC
dechlorination (CF is a dechlorination intermediate of CTC). Since the degradation rate of
CTC is much greater than that of CF, for ease of derivation, the degradation of CF could be
regarded as pseudo-first-order reaction after the complete degradation of CTC.

dc
ar - - KsaP @€ ©

Where, &, is surface normalized reaction rate (Lm~2 min~1). o, is nanoparticle loading
density, which is 0.072 gL™1, a,is surface area per unit mass, which is 187 m2g1, calculated
from average spherical nanoparticle size (4.2 nm, based on the TEM characterization) and
iron density (7870 gL1). The summary of ks listed in Table 3. The reduction rate
followed the order of CTC > TCE > PCE > CF.

3.3.2. The groundwater treatment in the membrane domain—For the convective
flow study, the groundwater was permeated through a Pd/Fe-PMAA-PVDF membrane (4.1
mg Fe, Pd was 0.5 wt% of Fe) under 0.34, 0.69 and 1.0 bar, corresponding to the 2.2's, 1.8 s
and 0.9 s residence time, respectively. Residence time is the period the species spent inside
the membrane pores, which was controlled by the operating pressure and was used to
determine the reaction time for dechlorination. Assuming a uniform distribution of
cylindrical pores of the membranes, the residence time () was derived as equations (10) and
(112).

= Vvoid / (Jw A) (10)

Vvoid = Vmatrix - VNP = Vmembrane® - VNP (11)

where J,, is the groundwater flux at specific pressure. A is membrane effective surface area.
Vi natrix 1S the volume inside PMAA functionalized membrane pores. & is the surface
porosity and it was measured using SEM (SI section 7). Vjpis the volume of Pd/Fe
particles, which was calculated using the specific metal loading (measured using ICP). The
details of derivation were explained in Sl section 13.
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The permeate samples at different operating pressures were collected after 15 min to allow
the system to reach a steady state. The control group, using the oxidized Pd/Fe-PMAA-
PVDF membranes, was made to test the potential loss due to adsorption and evaporation.
The membranes were deliberately oxidized by immersing into the water with purging air for
12 h. As shown in Fig. 9a, the concentration of chlorinated species declined continuously
with the increase of residence times. The initial pH 7.8 was increased to 8.0, 8.0 and 8.2 at
the residence times of 0.9 s, 1.8 s and 2.2 s, respectively. At 2.2 s residence time in a single
pass through the membranes, only 25% CF, 1% CTC, 9% TCE and 16% PCE remained. The
extent of dechlorination could be modulated by varying the operating pressure gradient
across the membrane.

In addition, the functionalization of PMAA prevents leaching of embedded nanoparticles.
Although the dechlorination reaction and the corrosion in water convert Fe0 to Fe?*, the
PMAA chains serve as a cation exchanger and recapture the leached FeZ*. To test the
stability of Pd/Fe nanoparticles on the membrane domains, the 200 ml contaminated
groundwater samples were pressurized through the membranes at 1 bar (equivalent of 179
L/m? flow through membrane). Results show less than 2% Fe and Pd, compared to the metal
loading on the membranes, were leached and found in the permeate solution using ICP.

Based on the characterization of membrane pores (pore size: 60.6 + 16.7 nm), the
assumption of uniform and cylindrical pores was made. A plug flow reactor model was then
used to obtain the rate constant. For instance, the rate of TCE dechlorination &, at
residence time of 0.9°s, 1.8 s and 2.2 s, was determined to be 0.93s71, 0.80 s™L and 0.89 s71,
respectively. The average ks Was calculated as 0.87 s™1. With the characterization of
membrane porosity and nanoparticles inside the membrane pores (particle size of 17.1 + 4.9
nm, in Fig. S.6e), the kg, value of TCE in convective flow mode, with 0.5 wt% Pd, was
calculated as 0.009 Lm~2min~L. Compared to the solution phase studies, the same trend of
degradation rate was observed as: CTC > TCE > PCE > CF (in Table 3). Moreover, the
significant decline of kg, from the solution phase studies to the membrane domain studies
(besides CF) indicates the diffusion-controlled reaction in the membrane domain. Compared
to the well mixed solution phase, the membrane domain causes additional mass transfer
resistance, which hinders the diffusion of contaminants to reactive nanoparticles and
decreases the observed reaction rate. For CF, the &, is much lower than the other
compounds and the difference between the two studies could within the margin of
experimental error.

As shown in Fig. 9b, an increase of [CI7] in the permeate samples was found using a
chloride electrode (details in Sl section 12). Based on the GC-MS results, the theoretical [CI
7] production should be 1.2 ppm (34 uM) when all the four chlorinated compounds were
completely dechlorinated. The chloride production was found to be 4-5 folds greater than
the theoretical amount. Besides the target compounds, other volatile chlorinated compounds
were also found in the groundwater included ~196 ppb 1,2-dichloroethene, ~82 ppb
hexachlorobutadiene and ~200 ppb hexachloroethane. These three volatile compounds were
also demonstrated to dechlorinate with Pd/Fe and accounts for some of the difference in
chloride mass balance [88,89]. Since the analysis in this study was focused only on the
target volatile chlorinated contaminants, the column used in GC was specific for the
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detection of volatile compounds. The possible presence of other larger chlorinated organic
molecules and non-volatile species was not validated (no chlorobenzene was found using
semi-volatile column). Thus, the measurement of produced [CI7] could reflect the overall
trend of dechlorination but could not be used as an appropriate indicator for the
dechlorination extent of individual chlorinated organics. However, due to the low cost and
the benefit from real-time sensing capability, the chloride electrode could be used as a
monitor for the dechlorination performance on site.

3.3.3. Long-term convective flow study in the membrane domain—To test the
commercial viability of the functionalized membranes, a long-term study was conducted
using the synthetic water of model compounds, such as CTC and PCE (35 ppb CTC and 950
ppb PCE as the similar concentrations as the target groundwater, pH was also adjusted to
7.8). The Pd/Fe-PMAA-PVDF membranes (12.1 wt% PMAA, permeability: 25 LMH/bar)
was tested in a continuous flow with the operating pressure of 0.34 bar, which indicates a
residence time of 2.2 s. The deliberately oxidized Pd/Fe-PMAA-PVDF membranes were
used as control group. As shown in Fig. 10a, a consistent degradation performance was
observed within first 5 h, that is less than 5% CTC and 20% PCE were remained in the
permeate samples. A significant decrease of reactivity was observed after 36 h continuous
flow (equivalent of treatment of 299 L/m2). Compared to the reactive nanoparticles for
initial condition (Fig. 10b), several sheet-like structures (15-105 nm in length) were
observed after 36 h continuous flow (Fig. 10c), which might indicate the formation of iron
oxide or iron hydroxide. This formation of passive layer could hinder the degradation
reactions [69,90]. However, the regeneration of nanoparticles was achieved by passing
NaBH, (210 mol% of initial [Fe]) through the membranes. After regeneration and washing
using deoxygenated DI water, a recovery of reactivity was observed and a similar
degradation performance was achieved compared to the first cycle. The control group was
also regenerated but then oxidized again by passing DI water using air for the operating
pressure. Particle size on the membrane surface was changed from 20.1 £ 7.2 nm (att = 0 h)
to 26.2 + 5.2 nm after regeneration (Fig. 10d). No severe agglomeration of nanoparticles was
observed. Furthermore, the capacity of PMAA to recapture the dissolved iron ions
(discussed on section 3.3.2) could retain the iron ions for further conversion to Fe0.

4. Conclusion

The Pd/Fe-PMAA-PVDF membranes were synthesized using less volatile monomer —
methacrylic acid. The formation of PMAA in membrane pores prevents agglomeration
(particle size of 26.2 £ 5.2 nm after a 36 h continuous flow and following NaBH, reduction)
and leaching of the incorporated nanoparticles (< 2% leached after passing 179 L/m?
equivalent of water through the membranes at 1 bar). A uniform distribution of particle size
(17.1 £ 4.9 nm) and density at entire PVDF layer of the membrane were observed using the
developed FIB cross-sectioning method.

The intrinsic properties of Pd/Fe particles were evaluated by the measurement of Hy
production and corresponding dechlorination performance. Pd with face-centered cubic
structure was observed on the Fe surface using TEM and XRD. Since hydrogen production
is from iron corrosion one would expect lower production as Pd coverage is increased, and
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this was indeed observed. The H, production was observed to become the rate limiting
factor on dechlorination performance at higher coverage (10.4-94.3%, corresponding to 5.5
to 50 wt% Pd of Fe). Palladized-Fe presented faster dechlorination rate: kqps is 18-fold
higher than isolated Pd and Fe nanoparticles (Pd is 0.5 wt% of Fe in both cases). In addition,
the activation energy of PCB 1 dechlorination is 26.5 kJ/mol, at pH 7.8, using 0.5 wt% Pd.

The groundwater samples were dechlorinated using the Pd/Fe-PMAA-PVDF membranes. A
single pass through the membrane (0.5 wt % Pd, 99.5% Fe) lowered feed concentrations by
75% CF, 99% CTC, 91% TCE and 84% PCE at a residence time of only 2.2 seconds. The
reduction rate followed the order of CTC > TCE > PCE > CF. The decline of &, from the
solution phase studies to the membrane domain studies indicates the role of polymer-
pollutant partitioning and channeling effects. A synthetic water was also prepared for a long-
term study. The study shows less than 5% CTC and 20% PCE were remained in a
continuous flow through the membranes within first 5 h. The regeneration using NaBH,4
recovered the reactivity after a significant decrease of degradation performance after 36 h
continuous flow (equivalent of 299 L/m? treatment of water).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Schematic of the synthesis procedures of Pd/Fe-PMAA-PVDF membranes.
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The pH-responsive permeability of two types of functionalized PVDF membranes (Solecta
PVDF 700): (1) 12.1 wt% PMAA-PVDF membranes and (2) Pd/Fe particles incorporated
PMAA-PVDF membranes (4.1 mg Fe, 0.5 wt% Pd). Due to the dissolution of Fe particles,
the permeability at pH 2.3 was not tested. All the membranes were permeated through with
target pH solution for 2 h (DI water adjusted with HoSO4 or NaOH) to reach steady state.
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The change of contact angles as a function of contact time. The original PVDF membranes
(Solecta PVDF 700) were used as a control for the functionalized PMAA-PVDF membranes
(12.1 wt% PMAA). The membranes were immersed at target pH and then dried under a

nitrogen flow before the contact angle measurement.
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Fig. 4.
The SEM images for nanoparticles in the pores of membranes (PMAA functionalized

Millipore DVPP04700 membranes). (a) An 80 pm membrane cross-section sample, the
smooth area in the center, was prepared using FIB. (b) pore structure. (c) The nanoparticles
inside the pores. (d) The quantification of particle size and distribution at various depths
underneath the membrane surface (more than 300 particles were counted in every point).
The Millipore PVDF membranes were used only for characterization.
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(a) XRD analysis of Pd/Fe bimetallic particles (> 100 nm particles were synthesized
specifically for XRD analysis). (b) Solution phase studies of the effects of Pd contents
(validated using ICP) on both the dechlorination and the H, production (CMC is 0.5 wt%,
[Fe] = 500 ppm, [PCB 1], =5 ppm. Reaction time 10 min. T = 23 °C, pH =7.8). The H,
production at various Pd contents was normalized with the H, production at 0% Pd batches,
which was measured as 51.2 x 10~/ mol. The mass balance between unreacted PCB 1 and
produced biphenyl was achieved above 90% for every batch.
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The effects of the particle composition (either palladized-Fe bimetallic or isolated Pd and Fe
nanoparticles) on dechlorination (figure a) and H, production (figure b). This study
conducted in a solution phase (CMC is 0.5 wt%, [Fe] = 500 ppm, [PCB 1], =5 ppm. T =

23 °C, pH = 7.8). The H, production at different Pd contents, in 10 min, was normalized
with the production at 0% Pd batches.
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Effects of pH and temperature conditions on dechlorination performance in solution phase
studies (CMC is 0.5 wt%, [Fe] = 500 ppm, Pd was 0.5 wt% of Fe, [PCB 1], =5 ppm). (a)
The initial pH 3.5, 7.8 and 9.2 were converted to 3.6, 8.1 and 9.3, respectively. T = 23 °C.
(b) Based on the Arrhenius equation, the activation energy of PCB 1 dechlorination was

obtained as 26.5 kJ/mol. The initial pH = 7.8.
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Groundwater samples were treated with Pd/Fe nanoparticles in a solution phase study ([Fe]
=72 mg/L, Pd is 0.5 wt% of Fe, 0.5 wt% CMC solution, T = 23 °C, initial pH = 7.8). After
post filtration and acid dissolution, the samples were analyzed in purge and trap GC-MS
method. The compounds are: chloroform (CF), carbon tetrachloride (CTC),
trichloroethylene (TCE) and tetrachloroethylene (PCE). The initial concentration
([Species],) were directly measured of the groundwater samples with the same filtration and
acid dissolution steps. Deliberately oxidized Pd/Fe particles were used as the control groups.
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Groundwater samples were treated by permeating through the Pd/Fe membrane (12.1 wt%
PMAA, permeability at pH 7.8 was tested as 25 LMH/bar, [Fe] = 4.1 mg per membraneg,
effective external area 11.2 cm?2, Pd is 0.5 wt% of Fe, initial pH = 7.8, T = 23 °C). (a) The
[Species], results came from direct measurement of the groundwater sample. (b)
Corresponding chloride concentration was measured by using a chloride electrode. The
theoretical yield,x indicates the maximum chloride production of four chlorinated
compounds. The compounds are: chloroform (CF), carbon tetrachloride (CTC),
trichloroethylene (TCE) and tetrachloroethylene (PCE). Deliberately oxidized Pd/Fe
membranes were used as the control groups.
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Fig. 10.
The long-term degradation study of the functionalized Pd/Fe-PMAA-PVDF membranes was

conducted in convection flow (12.1 wt% PMAA, permeability at pH 7.8: 25 LMH/bar, [Fe]
= 4.1 mg per membrane, effective external area 11.2 cm?, Pd is 0.5 wt% of Fe, initial pH =
7.8, T = 23 °C). Synthetic water was prepared with the similar concentrations of those in the
groundwater (35 ppb carbon tetrachloride (CTC) and 950 ppb tetrachloroethylene (PCE)).
The deliberately oxidized functionalized membranes were used as the control groups and
these membranes were oxidized again after NaBH, regeneration process. Figure (a):
degradation performance in a continuous flow at 0.34 bar (residence time 2.2 s). Figure (b, c,
d): the reactive particles on the membrane surface were characterized in three different
conditions.
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Table 3

The surface area normalized reaction rates (kg Lm=2min~1) of each compound in both solution phase and
membrane domain studies of groundwater remediation (0.5 wt% Pd in both cases).

Conditions CF CTC TCE PCE

45olution phase 0002 0101 0034 0017

O\tembrane domain 0006 0.019  0.009  0.008

aEvaIuated using a pseudo-first-order reaction, RZ > 0.96 for all.

bEvaIuated using a plug flow reactor model, RZ > 0.94 for all.
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