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Environmental Significance Statement

For water treatment applications, functionalized nanocomposites hold promise for integrating
reactive nanoparticles into a stable and scalable platform. Here, we fabricate, optimize and
demonstrate the performance of electrospun carbon nanofibers with integrated photocatalytic

9 titanium dioxide for use as reactive filtration materials. We illustrate the viability of these

10 materials for advanced oxidation processes in a flow through filtration system targeting a suite
of otherwise recalcitrant constituents of emerging concern in complex matrices representative of
13 source and finished drinking water. We envision that these carbon-titanium dioxide nanofiber

14 filters are ideal for decentralized water treatment (e.g., point of use and entry systems), where

15 versatile, multi-functional technologies are needed to address complex water quality challenges
in a small technology footprint.
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ABSTRACT

The recalcitrance of some emerging organic contaminants through conventional water
treatment systems may necessitate advanced technologies that use highly reactive, non-specific
hydroxyl radical. Here, polyacrylonitrile (PAN) nanofibers with embedded titanium dioxide
(TiO,) nanoparticles were synthesized via electrospinning and subsequently carbonized to produce
mechanically stable carbon/TiO, (C/T10,) nanofiber composite filters. Nanofiber composites were
optimized for reactivity in flow through treatment systems by varying their mass loading of TiO,,
adding phthalic acid (PTA) as a dispersing agent for nanoparticles in electrospinning sol gels,
comparing different types of commercially available TiO, nanoparticles (Aeroxide® P25 and 5
nm anatase nanoparticles) and through functionalization with gold (Au/Ti0,) as a co-catalyst. High
bulk and surface TiO, concentrations correspond with enhanced nanofiber reactivity, while PTA
as a dispersant makes it possible to fabricate materials at very high P25 loadings (~80% wt.%).
The optimal composite formulation (50 wt.% P25 with 2.5 wt.% PTA) combining high reactivity
and material stability was then tested across a range of variables relevant to filtration applications
including filter thickness (300-1,800 um), permeate flux (from 540-2700 L/m?-h), incident light
energy (UV-254 and simulated sunlight), flow configuration (dead-end and cross-tflow filtration),

presence of potentially interfering co-solutes (dissolved organic matter and carbonate alkalinity),
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and across a suite of eight organic micropollutants (atrazine, benzotriazole, caffeine,
carbamazepine, DEET, metoprolol, naproxen, and sulfamethoxazole). During -cross-flow
recirculation under UV-irradiation, 300 pm thick filters (30 mg total mass) produced
micropollutant half-lives ~45 min, with 40-90% removal (from an initial 0.5 uM concentration) in
a single pass through the filter. The initial reaction rate coefficients of micropollutant
transformation did not clearly correlate with reported second order rate coefficients for reaction
with hydroxyl radical (kop), implying that processes other than reaction with photogenerated
hydroxyl radical (e.g., surface sorption) may control the overall rate of transformation. The
materials developed herein represent a promising next-generation filtration technology that

integrates photocatalytic activity in a robust platform for nanomaterial-enabled water treatment.

Keywords: electrospinning, water treatment, environmental nanotechnology, photocatalysis,
emerging contaminants
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1. INTRODUCTION

To address more recalcitrant pollutant classes, the use of titanium dioxide (TiO;) as a
photocatalyst for advanced oxidation processes (AOPs) remains widely studied!-3 despite well-
recognized barriers to its practical implementation.*® Because commercially available
nanoparticle catalysts (i.e., Aeroxide® P25) can be challenging to deploy as dispersions at water
treatment scale, we recently explored the potential of using three-dimensional networks of TiO,
nanofibers fabricated via electrospinning’ as an alternative platform for coupling chemical
oxidation processes for dissolved micropollutants with filtration (i.e., removal of suspended
particles via physical capture within the nanofiber network).® Unfortunately, we,” and others,? have
found nanofibers of pure TiO; to be brittle and thus not practically viable as a stand-alone platform
when compared with more robust polymeric!® or even carbon nanofibers (CNFs)!! generated via
electrospinning.

To develop a cohesive electrospun platform that balances material strength and reactivity,
recent studies have explored the immobilization of TiO, nanoparticles on or within polymeric
electrospun nanofibers [e.g., cellulose or polyacrylonitrile (PAN)].!2 Several synthesis approaches
are common, including (i) direct addition of TiO, nanoparticles or nanorods into electrospinning
precursor solutions;'3-1> (i) incorporation of Ti-containing compounds (e.g., titanium
tetraisopropoxide) into electrospinning precursor solutions with post-processing to form in situ
TiO, nanoparticles;'¢1° and (iii) hydrothermal treatment of previously fabricated nanofibers for
TiO, surface deposition.?2> Many of these have been fabricated for applications beyond water
treatment, including air purification?!-23->* and oil-water separation.?

Of those most relevant to technology development for water treatment, the majority have

focused on treatment targets (e.g., dyes) of limited relevance to the current challenges of water
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treatment providers resulting from emerging pollutant classes.!* 22 In one noteworthy study, PVDF
nanofibers electrosprayed with TiO, nanoparticles were used for oxidation of bisphenol A, 4-
chlorophenol, and cimetidine.?® However, the multiple synthesis steps required and concern over
stability of surface deposited TiO, (as opposed to TiO, integrated into nanofibers) may still limit
the viability of such composite materials for water treatment. In another report, PAN nanofibers
containing a Ti precursor were treated hydrothermally to grow TiO; in situ and then demonstrated
for oxidation of phenol, a model hydroxyl radical probe compound.'” However, PAN, which
contains electron rich nitrile groups, likely scavenged some of the hydroxyl radical species,
reducing treatment efficiency.!® In addition, although PVDF is expected to withstand the oxidants
generated by TiO,/UV, many polymers, including PAN, are not similarly resistant to oxidation.?’

Carbon is likely a more promising material for a TiO, composite; it can withstand the
oxidative environment created by TiO,/UV and it may also function as sorbent that can concentrate
some organic targets for subsequent degradation by photogenerated hydroxyl radicals (*OH) likely
to be most concentrated at the composite surface. Nevertheless, development and performance
assessments of carbon/TiO, nanofiber composites remain sparse and have thus far primarily
centered on hydrothermal growth or solvothermal synthesis of TiO, nanostructures on pre-
fabricated electrospun CNFs.282° These syntheses demand post-processing of electrospun and
stabilized/carbonized nanofibers, which adds to the complexity and time required for making
materials. Further, CNFs can also suffer from being as brittle and low in material strength as most,
pure inorganic nanofibers, which leaves their viability as reactive water filtration platforms in
question. Indeed, several reactivity studies with carbon/TiO; reactivity have been conducted in
batch suspensions after breaking up (i.e., dispersing) the carbon/Ti0O, nanofibers (as we previously

did for pure TiO, nanofibers),” thereby neglecting any consideration of material strength during
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composite development.?®-2° It is worth noting, that as with polymer composites, most of this work
with carbon-based composites has yet to demonstrate nanofiber performance in conditions
representative of water treatment, often focusing on photocatalytic removal of dyes (e.g.,
methylene blue, methyl orange, and acid red) at relatively high (5-15 mg/L) concentrations.?8-2°
Herein, we develop a TiO,-based nanofiber composite via an electrospinning synthesis that
(1) is simplified (i.e., single-pot); (ii) improves material strength, durability and flexibility relative
to pure TiO, nanofibers; and (iii) enables photocatalytic reactivity in a flow through platform able
to target the most persistent organic micropollutants during conventional water treatment. We use
a single-pot electrospinning method to produce polyacrylonitrile (PAN) nanofibers with embedded
Aeroxide® P25 nanoparticles (a commercially available TiO, photocatalyst with bandgap of 3.2
eV, corresponding to an excitation wavelength of ~390 nm),3° where subsequent
stabilization/carbonization is used to convert PAN into a flexible and photochemically active
carbon/titanium dioxide (C/Ti0;) composite. Using this approach, we demonstrate the ability to
electrospin PAN/Ti0O, composites with up to 80 wt% TiO, relative to PAN with aid of an organic
acid dispersant, phthalic acid, producing a nanofiber framework mostly comprised of TiO, but that
still retains some strength and flexibility derived from its PAN, and ultimately carbon, backbone.
For a suite of systematically tailored C/TiO, composites, we assessed and optimized the
nanofiber properties most influential on material photocatalytic activity toward atrazine, a widely
applied organic herbicide and regulated contaminant in drinking water. Composite variables
explored included (i) mass loading of TiO,; (i1) concentration of phthalic acid incorporated into
electrospinning precursor solutions; and (iii) the type and size of TiO, nanoparticles [e.g., mixed-
phase Aeroxide® P25 with ~21 nm diameter, 5 nm anatase TiO, nanoparticles, and P25 with

deposited gold as a co-catalyst (Au/TiO,]. All reactivity studies toward atrazine were conducted
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in a cross-flow UV microfiltration apparatus, and thus we also explored how process flow rate and
the thickness of the photoactive composite nanofiber network (tailored by the volume of
electrospinning precursor used in fabrication) influenced atrazine removal efficiencies. Ultimately,
the performance of the optimal C/TiO, composite was tested toward a suite of organic
micropollutants frequently detected in drinking water that are recalcitrant to conventional
treatment,3!-33 including benzotriazole, carbamazepine, DEET, metoprolol, and sulfamethoxazole,
and in matrices representative of water treatment, revealing these composite filters to be a

promising hybrid filtration-advanced oxidation process for water treatment.

2. EXPERIMENTAL METHODS
2.1. Reagents
A complete list of reagents can be found in the Electronic Supporting Information (ESI).

2.2. Synthesis of C/TiO, composites

PAN nanofibers containing phthalic acid (PTA) and seeded with TiO, nanoparticles were
electrospun, stabilized, and carbonized to obtain C/Ti0, composite nanofiber filters. Nanofibers
were prepared to assess the impact of TiO, nanoparticle size, phase composition, and mass loading
in CNFs, as well as the impact of PTA (both as a dispersant for TiO, in sol gels and to introduce
nanofiber porosity)!! on C/TiO, composite flexibility and reactivity. Either 5 nm TiO, (anatase)
or Aeroxide® P25 (~75%:25% anatase: rutile; ~21 nm in diameter) nanoparticles were suspended
in DMF (from 1 to 7 mL) with either no PTA or 2.5 wt.% PTA (relative to total sol gel mass) and
sonicated for 5 h. PAN (8 wt.% relative to DMF) was added and dissolved by thermally mixing
the solution at 60 °C for 2 h. For assessment of TiO, mass loading of P25 on reactivity, 15 to 80
wt.% P25 was added to sol gels along with 2.5 wt.% PTA. To evaluate the effect of PTA, sol gels

with either 50 wt.% P25 or 50 wt.% 5 nm TiO, were prepared both free of PTA and with 2.5 wt.%
7
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PTA. These sol gels were also used to compare the effect of TiO, nanoparticle size and phase on
composite reactivity. Finally, because noble metals co-catalyst can improve TiO, photocatalytic
performance,’ a subset of composites were prepared using gold-functionalized P25 particles (i.e.,

Au/TiO,) that were prepared via the dropwise reduction of 1 mM Au(IIl) chloride with 10 mM

ascorbic acid in a suspension of P25 nanoparticles (2 g/L with 150 mL total volume; full

synthesis details are in the ESI). Assuming complete deposition, this would produce an Au

loading of 1.5 wt%. In our prior work,” we used a similar method with urea as the reductant to
deposit ~2-5 nm Au nanoparticles on TiO,.

After cooling to room temperature following thermal mixing, prepared sol gels were
electrospun with a 23G needle and 15 kV/10 cm with a flow rate of 0.5 mL/h using a previously
described system.!! The electrospinning process was ceased after 6 h, and the mat was peeled off
the Al foil-coated grounded collector. Electrospun PAN/Ti0, nanofibers were then stabilized at
250 °C in air for 2.5 h and carbonized at 450 °C in nitrogen (N,) for 1 h in a tube furnace (MTI
OTF 1200x) (with ramp rate of 5°C/min). This relatively low annealing temperature was used to
produce an amorphous carbon likely to exhibit mechanical properties (e.g., flexibility, not brittle)
necessary for use in water filtration applications. After stabilization and carbonization, nanofiber
mats were cut into circles with diameter of 47 mm for use in reactive filtration experiments.

2.3. Nanofiber filter characterization

C/Ti0; nanofiber composites were characterized to ascertain their chemical and physical
properties. Filter thickness and nanofiber diameter were quantified with a Hitachi S-4800 scanning
electron microscope (SEM) as in our prior work.” Briefly, filter thickness was determined by cross-
sectional imaging of C/Ti0O, mats, whereas the average nanofiber diameter within a filter was

determined from measurement of at least 100 nanofibers. In both cases, dimensions in SEM images

8
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were sized using the software program ImageJ. SEM imaging was also used to evaluate the TiO,
abundance and distribution in all C/TiO, materials, as well as the presence or absence of pores
introduced by PTA. The phase of TiO, nanoparticles embedded in composites was confirmed with
X-ray diffraction (XRD, Rigaku MiniFlexIl, Co X-ray source). N,-BET analysis (Quantachrome
Nova 4200e) was used to determine surface area of nanofiber composites after outgassing samples
at 60°C for 6 h prior to measurement. Due to the amount of material consumed during N,-BET

measurements, we only conducted single analyses on select, high priority samples. Relative

abundance of Ti on the surface of nanofibers was analyzed with a Kratos Axis Ultra X-ray

photoelectron spectroscopy (XPS) system equipped with a monochromatic Al Ka X-ray

source. Additional details related to sample preparation for material characterization are

provided in the ESI.

2.4. Photocatalytic Filtration Experiments

Composite nanofiber filter performance was assessed in a custom-built cross-flow filtration
apparatus with integrated quartz window to allow UV or simulated sunlight irradiation during
operation. A 47 mm diameter nanofiber filter was supported with a 0.22 pm PVDF filter
(Durapore) and placed into a Millipore filter holder modified with a 38 mm diameter quartz
window (see schematic in Figure S1). During photocatalytic filtration experiments, the quartz
window was exposed to UV light from an Hg(Xe) arc lamp (Newport, 200W) with a 250 nm cut-
on long-pass filter (Asahi Spectra) or a 305 nm cut-on long-pass filter (for a limited number of

experiments simulating sunlight). The spectral irradiance of this source is shown in Figure S2.
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The majority of experiments was conducted with 500 mL of test solution prepared using 5
mM phosphate buffer adjusted to pH 7 spiked with 0.14 (30 ug/L or 10-times the US EPA
Maximum Contaminant Limit or MCL), 0.5 or 2 uM of atrazine. Experiments were also conducted
with 0.5 pM of benzotriazole, caffeine, carbamazepine, DEET, metoprolol, naproxen or
sulfamethoxazole. We note that all micropollutant test solutions were prepared from saturated
aqueous stocks as described in the ESI. Additional trials were conducted with atrazine in matrices
more representative of environmental samples including model humic acid (up to 10 mg/L of Fluka
Humic Acid) and alkalinity (5 mM carbonate).

Cross-flow filtration experiments with light irradiation were conducted for up to 3 h, during
which 0.5 mL samples were taken periodically from the feed reservoir, retentate (i.e., the cross-
flow effluent that did not pass through the filter), and permeate (i.e., the through-flow effluent that
had passed through the filter) (see Figure S1). Solutions were pumped across and through the filter
at equal rates, from 10 mL/min across and 10 mL/min through (540 L/m?/h flux; within the range
typical for microfiltration) up to 50 mL/min across and 50 mL/min through (2,700 L/m%*h flux).
Flow rates were measured volumetrically (from the volume collected in a 10 mL graduated
cylinder over 30 seconds) and controlled by adjusting the peristaltic pumping rate and a valve that
regulated the amount of flow across and through the filter. Most experiments were operated with
recirculation, where both filter permeate and retentate were returned to the magnetically stirred
feed reservoir. A small subset of experiments with atrazine was also conducted without any
recirculation, thereby allowing performance comparison of the filter when operating in a single
pass or “dead end” filtration mode.

Prior to initiating all photocatalytic experiments, the solution was first circulated through

the filter for 1 h in darkness to allow any sorption of the target analyte on the filter to reach

10
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equilibrium. UV and simulated sunlight control experiments were also conducted, in which the
system was operated and sampled without a C/TiO, filter to quantify transformation of organic
contaminant targets by direct photolysis.

2.5. Analytical Methods

Samples were analyzed via high performance liquid chromatography with diode array
detector (HPLC-DAD, Agilent 1100 Series) using methods adapted from previous work.” !!

Additional HPLC method details are provided in the ESI.

3. RESULTS AND DISCUSSION

3.1. Composite nanofiber characterization

3.1.1. Physical properties with varying mass loadings of TiO,

Figure 1 shows SEM images and histograms for C/TiO, composites with up to 63 wt.%
P25 (relative to PAN), denoted as C-(wt.%) hereafter (e.g., C-15 represents CNFs with 15 wt.%
P25). Each sol gel also contained 2.5 wt.% PTA (the effects of which will be discussed in further
detail below). Histograms of nanofiber diameter distributions reveal that below 33 wt.%, the
average diameter of C/Ti0, nanofibers were roughly constant. In contrast, at higher P25 loadings
average nanofiber diameter increased from ~200 nm to 360 = 80 nm (at 63 wt.% P25; see Figure
1 and Figure S3a), suggesting there is a critical P25 mass above which the composite nanofiber
morphology deviates from pure carbon nanofibers (or CNFs).

SEM images also revealed considerable differences in surface morphology of the
nanofibers as P25 loading increased. Below C-33 (see Figure 1a-c), the nanofibers appear to be
predominantly carbon containing isolated aggregates of P25 nanoparticles (~400 nm in diameter),
the number of which increases with P25 loading. Above C-33, more aggregates of P25 were
observed on the surface of nanofibers, causing them to become visibly rougher. This transition

11
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from (primarily) isolated P25 aggregates in CNFs to more evenly distributed P25 aggregates likely
contributes to the increase in diameter observed for these composites.

We note that the highest loading of P25 that could be electrospun was 80 wt.% relative to
PAN, and the resulting C-80 nanofibers are shown in Figure S3b-c. These nanofibers exhibited
the most dramatic increase in diameter, with most measuring at ~1 um. However, while
composites with up to 67 wt.% P25 remained moderately flexible based on routinely handling
(e.g., bending and flexing), higher P25 loadings (75 and 80 wt.% P25) were especially brittle,
chalky, and more susceptible to breaking while handling. Thus, they were not extensively utilized
in subsequent flow-through reactivity studies because of concerns over their durability and
likelihood to leach loosely bound P25 during application.

Analysis via XPS indicated just 0.3 atomic % (at.%) Ti on the surface of C-15 nanofibers.
Surface Ti concentration increased, albeit non-linearly, with increasing P25 content (Figure 2a),
with a more marked increase above 63 wt.%. Specifically, surface Ti concentration more than
doubled (from ~4 to ~9 at.% Ti) over only a ~20 wt.% increase in P25 content for C-63 and C-80
nanofibers. XPS suggests, therefore, that at low mass loadings the majority of P25 appears
embedded within the bulk of the CNFs, and only at higher mass loadings (i.e., above a 63 wt.%)
can more proportional increases in surface Ti be achieved via this synthesis approach.

Increases in P25 content also yielded composites with greater specific surface area, as
measured by N, BET isotherms (measured surface areas are reported in Figure 2b). While CNFs
without P25 (i.e., C-0) had rather low specific surface area (5 m?/g), the addition of P25 produced
a linear increase in surface area for composites from 33 to 80 wt.%. Thus, despite the
corresponding increase in nanofiber diameter observed for these composites, the roughness

imparted by the accumulation of P25 and P25 aggregates on the nanofiber surface yields

12
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considerable increases in composite surface area. Indeed, at the highest loadings investigated (C-
80), as much as a 10-fold increase in surface area (to 50 m?/g) relative to C-0 was observed, a
value roughly equivalent to the specific surface area we measured for P25 nanoparticles.

Finally, XRD confirmed that the crystal structure of the embedded TiO, nanoparticles was
not altered during nanofiber synthesis. Figure S4 compares X-ray diffraction patterns for P25
nanoparticles and 5 nm TiO, nanoparticles to that of their composites. As expected from our prior
work, X-ray diffraction patterns for P25 indicate a mixed phase consisting of both 75% anatase
and 25% rutile, as expected.” In contrast, XRD results with 5 nm TiO, particles are indicative of
pure anatase, while also showing the line broadening expected for smaller primary particle sizes
(composites prepared from these 5 nm particles are discussed in the ESI, with corresponding SEM
images and histograms in Figure S5). In all C/TiO, composites, the XRD patterns were consistent
with those obtained with respective TiO, starting materials, indicating that the carbonization step
did not alter the phase of TiO, within the nanofibers.

3.1.2. Structural benefits from inclusion of phthalic acid

The inclusion of 2.5 wt.% PTA increased the average nanofiber diameter of C-50 from 180
+ 40 nm to 310 = 60 nm (Figure 3a-b), presumably due to the increase in precursor solution
viscosity arising from its inclusion in the sol gel, as we have been previously observed.!! Further,
comparison of SEM images of C-50 with and without PTA suggest that PTA also introduces pores
into the composite (Figures 3c-d). This phenomenon is the result of PTA volatilization during
carbonization and is known to increase not only surface area but also flexibility of CNFs and CNF
composites.!!- 34

Unexpectedly, we also observed that PTA exerts a stabilizing effect on sol gel precursor
suspensions containing P25. Higher mass loadings of P25, most notably C-80, could only be

fabricated via electrospinning when PTA was present in precursor solutions at 2.5 wt.%, whereas

13
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similarly high mass loadings without PTA produced an unstable (i.e., aggregating and settling)
precursor solution that could not be electrospun. Indeed, sedimentation studies conducted with P25
nanoparticles suspended in DMF illustrate that inclusion of PTA results in a more stable sol gel
suspension (Figure S6). We conclude, therefore, that PTA, an aromatic dicarboxylic acid, sorbs
to the P25 surface in suspension, thereby functioning as a stabilizing ligand in DMF. In water,
PTA is known to bind as a bidentate complex on TiO,,*3 and we presume a similar complex forms
in polar DMF. Further, we propose that the ability of PTA to complex the P25 particle surface
helps to promote the localization of macroporosity near the embedded P25 particles in the
nanofiber composites; in fact, most pores observed in SEM images (see Figure 3d) are located
near regions of the nanofibers where P25 is clearly concentrated.

3.2. Optimization of C/TiO, reactivity

3.2.1. Optimization of UV photocatalytic composite material properties

In the recirculating configuration, the reservoir atrazine concentration generally followed
exponential decay with UV irradiation time in all experimental filtration systems (Figure 4a),
behavior that was also observed for atrazine decay in closed (i.e., no flow) batch systems with
suspended P25 nanoparticles (Figure S7a). This was the case both in UV-only controls (i.e., no
C/Ti0, composite filter) and in systems with C/Ti0, filters across the range of P25 mass loadings
investigated. We observed ~10% loss of atrazine through sorption to the C/Ti0O, filters (with the
PVDF support) during the 1 h dark period prior to UV irradiation, and no additional atrazine loss
via sorption occurred beyond 1 h suggesting sorption equilibrium was achieved. Moreover, UV
light alone (i.e., in the absence of C/TiO, composites) photolyzed ~40% of atrazine over 3 h (the

standard time period utilized in reactive filtration experiments).
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To compare reactivity across different C/Ti0, filters, we calculated initial reaction rate
coefficients (initial Ay, values) from the change in normalized atrazine concentration (i.e.,
concentration at some time ¢ divided by the initial concentration or C/Cy) in the reservoir over UV
irradiation time, assuming pseudo-first-order decay. Because some filtration systems exhibited
deviations from pseudo-first-order decay over longer filter run times, we typically limited our
kinetic analysis to reservoir concentrations measured over the first hour of filter operation. These
initial k. values were then corrected to account for measured atrazine loss from direct UV
photolysis.

Increasing the loading of P25 from 15 to 80 wt.% correspondingly increased the reactivity
of C/Ti0, nanofibers toward atrazine upon exposure to UV light (Figure 4a). Initial &, values
increased from 0.004 to 0.013 min-!' over this range, corresponding to half-lives from ~50 min to
3 h. Assuming a steady-state concentration of hydroxyl radical ((OH*]) on or near the surface of
the UV-irradiated filter, these coefficients correspond to concentrations between 1x10-12 to 4x10
12 M. These values were estimated from our measured initial value of kqps = ko[ OH*]s, Where koy
is the reported second order rate constant for atrazine oxidation by hydroxyl radical of 3.17x10°
M- st from Cooper et al.3® Notably, C/TiO, exhibited roughly equivalent initial ks values in
experiments with initial atrazine concentrations ranging from 0.14 uM (30 pg/L or ppb) up to ~1.5
uM, supporting our use of a pseudo-first-order model to describe removal based on changes in
reservoir concentration over time (Figure S8).

Generally, initial kqs values increased with P25 content, expressed both as bulk P25
concentration (wt.%) and surface Ti concentration (at.%) from XPS (Figure 4b-c). This is
consistent with the larger abundance of P25 in the composite nanofibers being able to produce a

greater concentration of hydroxyl radical (and possibly other reactive oxygen species known to be

15
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produced during P25 irradiation) at the nanofiber filter surface during UV irradiation. However,
these correlations are not particularly strong, which may indicate that other physical and/or
chemical factors influence atrazine degradation in these systems. For example, as P25 loading
increases, so too does nanofiber diameter, which will influence the nominal pore size of the filter
layer and potentially the degree of interaction between atrazine and the photocatalytic nanofiber
surface.

Based on the moderate reactivity, ease of fabrication, and handling ability of C-50, this
material was selected to evaluate the influence of other synthetic variables on composite
performance. For example, as shown in Figure 4a, the inclusion of PTA in C/Ti0; had no impact
on reactivity, while the use of 5 nm anatase TiO, in place of P25 rendered C/TiO, effectively
unreactive as a photocatalyst (i.e., degradation of atrazine was on par with the UV control
experiment without any TiO, material present) (Figure S7b). Complementary experiments
conducted in batch compared the reactivity of unsupported 5 nm anatase particles to P25, showing
that under UV irradiation P25 is roughly 3-fold more reactive than the pure anatase particles
(Figure S7a). This inherent difference in reactivity relates to mixed phase TiO, (anatase and rutile)

being recognized as a superior photocatalyst than either pure rutile or pure anatase because of an

electron trapping mechanism associated with the mixed phases.3”-38 Nevertheless, from these batch

suspension results, we would anticipate some increase in atrazine removal for composites prepared
from 5 nm anatase particles. We assume that the lack of reactivity in these composites may reflect
the greater extent of aggregation (and thus, lower degree of surface availability) for 5 nm particles
relative to P25, both in precursor sol gel solutions and upon integration into nanofiber composites.

As a final consideration, the performance of CNFs with embedded Au/TiO, particles was

assessed. Despite clear increases in reactivity observed in closed batch systems for Au/TiO,
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relative to unmodified P25 particles (Figure S9a), no differences in reactivity were observed
during photocatalytic filtration studies with Au/TiO, containing CNF composites (Figure S9b).
We are left to assume that either the benefits of Au a co-catalyst are lost through the composite
fabrication process (e.g., during high temperature carbonization) or as a result of differences in the
rate-determining step of atrazine degradation in suspended Au/TiO, batch systems and flow
through systems with CNF supported Au/TiO, (e.g., surface reaction versus surface sorption

limited).

3.2.2. Optimization of photocatalytic filtration parameters

Various flow rates in the recirculating cross-flow filtration system were assessed to
determine optimal conditions for removal of atrazine as a model organic pollutant (Figure 5).
During each run, atrazine concentrations were measured over time in the reservoir, retentate, and
permeate. This sampling regime allowed us to assess C-50 (electrospun with 2.5 wt% PTA) filter
performance in a recirculating cross-flow configuration by monitoring changes in reservoir
concentration over time. It also allowed us to evaluate the extent of atrazine removal in a single
pass through the irradiated filter by comparing the difference between the reservoir and permeate
concentrations at each sampling point.

Although the relatively high flow rates of 50 mL/min across and through the filter achieved
the fastest overall decrease in atrazine concentration in the reservoir (non-detect after 1.5 h), this
configuration benefited from high filter throughput to overcome relatively limited (~20%) removal
of atrazine with each pass through the UV-irradiated filter. In comparison, at flow rates of 10
mL/min across and through the filter, the reservoir concentration of atrazine reduced more
gradually (non-detect after 3 h) because of less volume being passed through the filter over time.

However, filter permeate immediately exhibited much lower concentrations of atrazine, achieving
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as much as 80% atrazine removal in a single pass. Indeed, the maximum atrazine removal achieved
in a single pass decreased considerably at higher flow rates (i.e., higher values of permeate flux)
(see Figure 5d), presumably because the contact time between the atrazine solution and the
irradiated C-50 filter layer is greatest at lower flux (estimated residence times in the ~600 um thick
filter layer were between approximately 1.2 and 6 for the highest and lowest flow rates,
respectively). So that we could continue to assess micropollutant removal in a single filter pass,
we conducted all additional experiments at this lower flow rate of 10 mL/min across and through
the filter.

To minimize the amount of filter mass required for treatment, we also explored the
performance of C-50 nanofiber filters with half (~300 um) and three-times (1800 um) the thickness
of our standard recipe for composite filter fabrication (i.e., that used during previously discussed
optimization experiments; ~600 um). At a flow rate of 10 mL/min, filters with cross-sectional
widths of 290 + 20, 600 £ 40, and 1,800 + 200 um as determined by SEM (corresponding to filter
residence times range from ~3 to 18 sec) all exhibited comparable reactivity toward atrazine
(Figure S10), with initial ks value estimated from reservoir atrazine concentrations of ~0.011
min-'. This suggests that the photoactive zone (i.e., the depth of the composite filter layer exposed
to light) is likely less than ~300 um, perhaps even considerably, such that any increases in filter
thickness beyond this depth provide little additional performance benetit. While we tried to explore
the performance of even thinner filter layers, composites thinner than ~300 um could not be
electrospun using our approach because the material was too thin to be removed from the collector
without damaging it. Due to its efficacy and the minimal amount of material needed to prepare
300 pum thick filters (which corresponds to only ~30 mg of composite), this filter thickness was

used in all subsequent flow-through studies.
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Additional tests evaluated material performance during irradiation with wavelengths
available in sunlight (using a 305 nm long-pass, cut-on filter). Figure S11 compares the time-
dependent removal of atrazine in a single filter pass (determined from the difference in reservoir
and permeate concentration at each sampling point) for C-50 filters under UV and simulated
sunlight. As expected UV light resulted in greater atrazine removal, but filters exposed to
wavelengths of light greater than 305 nm were still able to remove between 20-50% of atrazine in
a single pass. Notably, under both UV and >305 nm irradiation, the extent of atrazine removal in
a single pass through the C-50 filter layer increased over time (see Figure S11). The timescales of
our experiments should be sufficient to achieve steady-state *OH production at or near the filter
surface during irradiation, such that the available *OH concentration should be reasonably constant
over time. Instead, the increase in atrazine removal per filter pass over time likely reflects this
near-constant level of *OH reacting with a decreasing concentration of atrazine in the filter influent
over time. Consistent with such a scenario, we observed near-constant removal of atrazine in a
single pass through the filter (~40% loss compared to ~10% in dark controls) in a limited number
of UV light experiments where the filtration system was operated without recirculation (i.e.,
permeate was not returned to the feed reservoir; see Figure S12).

3.3. Performance of optimized nanofiber filters in environmentally relevant matrices and toward
a suite of organic micropollutants

Filtration trials with atrazine in the presence of natural organic matter (10 mg/L. Aldrich
Humic Acid) and alkalinity (250 mg/L as CaCOs; at pH 9.5; typical conditions for tap water in our
laboratory at the University of lowa) revealed no influence on atrazine removal by C-50 filters
(300 um thickness) over time in UV-irradiated systems (see Figure S12). Performance of these C-

50 nanofiber filters was also assessed using recirculating, cross-flow UV-filtration (flow rates of
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10 mL/min across and through the filter) for the photochemical oxidation of solutions containing
either 0.5 uM atrazine, benzotriazole, caffeine, carbamazepine, DEET, metoprolol, naproxen or
sulfamethoxazole. Normalized concentration profiles of each pollutant in the reservoir, retentate,
and permeate, along with UV controls (without C-50 present), are shown in Figure 6. After
equilibration for 1 h to allow for sorption, ~10% of atrazine and ~15% of DEET sorbed to filters,
while all other compounds did not measurably sorb. Sulfamethoxazole was susceptible to direct
photolysis, degrading by 80% over 3 h with exposure to UV light alone. Direct UV photolysis
occurred to a lesser extent for atrazine (~30%), benzotriazole (20%), caffeine (25%), DEET (20%),
metoprolol (15%), and naproxen (30%) over a 3 h period, while carbamazepine was stable.

In the presence of C-50, the permeate had considerably reduced concentrations of each
micropollutant as compared to the reservoir and retentate early in the trials (Figure 6). The notable
decrease in sulfamethoxazole in retentate as compared to the reservoir was due to the impact of
direct UV photolysis on concentration within the quartz filtration cell. Overall, the micropollutant
suite exhibited half-lives [#,, values = In(2)/k.ps] ranging from 45 min to 1 h in the recirculating
flow through system, based on trends in reservoir concentration over time.

Using the difference at each sampling point between retentate and permeate concentration,
Figure S13 illustrates the time-dependent removal of each micropollutant in a single pass through
the UV-irradiated C-50 filter. As observed earlier with atrazine (see Figure S11), the extent of
removal in a single pass generally increases over time as micropollutant concentrations in the feed
reservoir become depleted over time, in turn increasing the relative abundance of *OH available at
the filter surface to drive pollutant transformation. However, the extent of micropollutant removal
in a single pass appears to stabilize between 60 to 90% across the analyte suite after ~30 minutes

of filter operation. We assume that pollutant removal in this regime becomes limited by the
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transport of the micropollutant to the near surface region of the irradiated C-50 filter where *OH
concentrations are greatest. Indeed, initial k,ps values for micropollutant removal (from reservoir
concentrations) do not appear to scale with reported second-order rate constants for the oxidation
of each micropollutant with hydroxyl radical (i.e., koy values)®® (Figure S14). This likely implies
that reaction with *OH is not rate-limiting in the UV-irradiated filter system, and that other steps
in the reaction sequence (e.g., micropollutant surface adsorption or product desorption) primarily

control the overall rate of pollutant transformation in our system.

4. CONCLUSIONS AND ENVIRONMENTAL IMPLICATIONS

Herein, we optimize and evaluate the performance of photochemically reactive
TiO,/carbon nanofibers, a stand-alone platform for use in applications where simultaneous
filtration and chemical oxidation is desired. Electrospinning enabled a simple, single-pot synthesis
of these photoactive composites, while stabilization and carbonization converted PAN, a polymer
support susceptible to oxidative stress, into a more resistant carbon nanofiber ideal for advanced
oxidation processes. The reactivity of C/TiO, nanofiber filters was tunable and could be enhanced
by increasing photocatalytic TiO, loading within nanofibers (ultimately aided by inclusion of PTA
as a stabilizing agent and porogen in electrospinning precursor solutions). An advantage of these
filters is the relatively low mass of material required to achieve this level of treatment; optimal
reactivity herein was obtained with only 30 mg of composite mass in a filter 0.3 mm thick.

Addressing current and emerging challenges in water treatment, composite filters reveal
relatively strong (60-90% removal in a single pass) performance toward a broad spectrum of
organic micropollutants (atrazine, benzotriazole, caffeine, carbamazepine, DEET, metoprolol, and
naproxen) generally known for their recalcitrance to more traditional forms of water treatment.

We have also demonstrated the versatility of these materials across varying water quality (e.g.,
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NOM and alkalinity) and process flows, with high pollutant removal in a single pass akin to dead-
end filtration at low flow rates or via a recirculating, cross-flow system at higher flows. Although
not extensively investigated, for atrazine we also observed evidence (Figure S15) that
transformation products can be subsequently degraded during recirculation, suggesting the
potential to minimize formation of unwanted byproducts. We note that the extent of pollutant
transformation achieved herein was accomplished at concentrations (500 nM) that are still high
relative to typical values observed for micropollutants in sources used for drinking water (typically
10’s of ng/L to 100’s of pg/L). Our data suggest that a key factor in the extent of pollutant removal
achieved in a single pass is the relative amount of photooxidants (e.g., *OH) compared to the
influent micropollutant concentration, where the rate of reaction with *OH in the near-surface
region is fast and does not appear to be rate-limiting. Thus, in systems with lower micropollutant
concentrations, we would anticipate comparable, and perhaps even greater, degrees of removal in
a single pass through the irradiated C/TiO; filter, although such assumptions need to be validated
in systems with lower (e.g., ng/L) micropollutant concentrations and with micropollutant mixtures.

We anticipate that these findings will translate to systems beyond the bench scale testing
apparatus used herein. Electrospinning is a mature fabrication route viable at industrial scales,*°
which should enable filter production for a range of applications in water treatment [from point-
of-use and point-of-entry (POU/POE) to larger treatment systems]. In considering POU/POE
applications, which are ideal for the small technology footprint of these nanofiber composites,
results herein can be used to preliminarily assess the scale and performance of a treatment system
used in home. Considering an influent with atrazine at a level 10-fold greater than the US EPA
MCL (0.14 uM or 30 pg/L), ks values measured herein can be used to estimate the amount of

time needed to achieve safe drinking water with atrazine levels below the MCL. Using our
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standard 30 mg C-50 filter to treat 500 mL of water (or 0.06 g of C/TiO, per liter of water treated),
we estimate a clean water production rate of 0.13 L/h. Furthermore, if the average consumer drinks
2 L of water of day, it would only take ~44 grams (or ~0.01 lbs.) of C/TiO, per year to treat an
individual’s water supply to a safe level of atrazine at this production rate. Of course, a larger
filtration system using more mass of C/TiO, per liter of water would increase the clean water
production rate of such a POU/POE system. We find these estimates encouraging, although
certainly more work is needed to produce C/Ti0, nanofibers at the scale necessary to validate the
performance of such a photoactive treatment system. Assuming a suitable photoreactive filtration
design can be developed, the performance of C/Ti0O, and its stability over longer application run
times more typical of an individual’s water treatment needs (i.e., over days to years) will also need

to be validated at deployment scale.
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determined via XPS. Rate coefficients correspondingly increased with increasing bulk

and surface TiO..
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removal of atrazine by filter pass (determine from differences in concentration between

filter influent and permeate at each time point) across permeate fluxes. Only 540 L/m?/h,

oNOYTULT D WN =

the leftmost point with the highest maximum removal, falls within the range of

microfiltration.
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