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Abstract

Immobilization of titanium dioxide nanoparticles (TiO2 NPs) facilitates their removal and reuse in
water treatment applications. Composite materials of electrostatically-bound TiO2 NPs and zeolite
particles have been proposed, but limited mechanistic studies are available on their performance
in complex media. This study delineates the relative importance of homo- and heteroaggregation,
water chemistry, and surface fouling by natural organic matter (NOM) on the photocatalytic
degradation of diethyltoluamide (DEET) by TiO2-zeolite composites. Zeolite adsorbs a portion of
the DEET, rendering it unavailable for degradation; corrections for this adsorption depletion
allowed appropriate comparison of the reactivity of the composites to the NPs alone. The TiO2-
zeolite composites showed enhanced DEET degradation in moderately hard water (MHW)
compared to deionized water (DIW), likely attributable to the influence of HCOs™, whereas a net
decline in reactivity was observed for the TiO2 NPs alone upon homoaggregation in MHW. The
composites also better maintained reactivity in the presence of NOM in MHW, as removal of Ca?*
onto the zeolite mitigated fouling of the TiO2 surface by NOM. However, NOM induced partial
dissociation of the composites. DEET byproduct formation, identified by quadrupole-time of
flight (QTOF) mass spectrometry, was generally unaffected by the zeolite, while NOM fouling
favored de-ethylation over hydroxylation products. Overall, the most significant factor influencing
TiO2 reactivity toward DEET was NOM adsorption, followed by homoaggregation, electrolytes
(here, MHW versus DIW), and heteroaggregation. These findings can inform a better

understanding of NP reactivity in engineered water treatment applications.
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Introduction

Advanced oxidation processes, such as photocatalysis, are of high interest to degrade
emerging contaminants such as pesticides and pharmaceuticals that are commonly detected in
surface waters but may not be removed in traditional drinking water treatment processes.! One of
the most widely studied photocatalysts is titanium dioxide (TiO2) nanoparticles (NPs), which are
attractive for their low aqueous solubility and ready availability. However, the use of TiO2 NP
suspensions as-is presents several challenges in both research and application. Separation of the
NPs from treated water can require costly centrifugation or filtration processes, limiting their
feasibility for water treatment operations. The NPs are also prone to aggregate, hampering the
efficiency of the advanced oxidation process®® and reusability of the NPs. Homoaggregation also
complicates research studies seeking to fundamentally compare NP reactivity under different
conditions (e.g. water chemistries), if the aggregation cannot be controlled across all conditions.®

One strategy to address these challenges is immobilization of the NPs onto a fixed or easily
removable substrate to form a composite material.>”- The selection of the immobilization method
and support material will determine the robustness of the composite (i.e. resistance to
decomposition or loss of TiO2 that would result in a poorer capacity for recycling or reuse) and
can also influence pollutant removal. Several support materials have been tested, including silica,
activated carbon,*'2 and hydrogels,™® with sorptive substrate materials serving for additional
removal or to enhance the pollutant concentration near the TiOz2 for higher degradation rates.’

Zeolites are microporous, aluminosilicate materials, traditionally used as an adsorbent,*
that have also been widely investigated as a low-cost support for TiO2 NPs for water treatment or
vapor-phase contaminant removal.>1%1520 Several immobilization approaches can be taken,

including sol-gel synthesis of TiO2'21720 or wet incipient impregnation!®”1® followed by
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calcination onto the TiOz. In this study, we apply an alternative approach reported in a patent by
the Panasonic Corporation,? in which TiO2 NPs are mixed with zeolite at a pH below the
isoelectric point of the TiO2 NPs (= 7), such that the positively-charged TiO2 NPs attach to the
negatively-charged zeolite particles by electrostatic attraction. While these materials are likely less
robust to dissociation, the elimination of chemical syntheses or post-treatments such as calcination
reduces material and energy costs and makes the synthesis more broadly accessible. The use of
electrostatically-bound composites also allows a high photocatalytic efficiency of the TiO2 NPs to
be maintained, compared to composites prepared with binders such as silica that overcoat the
reactive TiO2 surface area.?! Finally, preparing the composites from pre-synthesized TiO2 NPs and
zeolite stock materials allows for more controlled studies, in which each component can easily be
compared alone or together in the composite to evaluate the effects of immobilization.

Despite TiO2-zeolite composites being widely studied, limited mechanistic studies are
available on the influence of the zeolite substrate on contaminant removal. Prior studies focused
on the role of the hydrophobicity of the zeolite,!’ the Si/Al ratio,'® or adsorption onto the zeolite.?
In cases where adsorption to zeolite occurred, compensation for the adsorption was not made in
order to assess photocatalysis by the TiO2 separately from the adsorptive removal. In addition, the
composites have not yet been evaluated across a range of water chemistries, e.g. different pH,
electrolyte composition, or the presence of natural organic matter (NOM). In these complex media,
the performance of the NPs can be influenced by changes in their aggregation state, as well as
interactions of the substrate with the contaminant or other aqueous constituents. Another limitation
in prior studies is that probe compounds for degradation have typically been charged
(cationic/anionic) or weak acid/base compounds, where the influence of water chemistry is

dominated by changes in adsorption at different pH spanning either the isoelectric point of the
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TiO2 NPs or the pKa of weak acid or base groups on the target compound,???> obscuring other
possible effects of water chemistry on the surface reactivity of the NPs. Finally, the formation of
degradation byproducts is not typically evaluated, but this analysis is necessary to identify whether
reaction pathways are influenced by immobilization or by the water chemistry. In summary,
additional studies are needed that systematically evaluate each of the possible influences of the
substrate and water chemistry on the performance of immobilized TiO2 NPs for water treatment.
The objective of this research is to provide a thorough analysis of the role of the zeolite
substrate and water chemistry, including fouling by NOM, on the photocatalytic efficiency of TiO2
NPs for removal of a model pesticide, diethyltoluamide (DEET). DEET is an uncharged compound
whose adsorption to TiO2 does not vary substantially with the NP surface charge, allowing a more
fundamental understanding of NP reactivity separately from adsorption effects. The TiO2-zeolite
composites are compared to TiO2-only and zeolite-only suspensions to fully elucidate the role of
the zeolite support on the DEET removal in deionized water (DIW) and moderately hard water
(MHW) with or without NOM. DEET degradation was evaluated using high performance liquid
chromatography (HPLC) with UV detection for quantification and quadrupole—time of flight mass
spectrometry (QTOF MS) for byproduct identification. Dynamic light scattering (DLS) and
sedimentation experiments were used to evaluate the TiO2 or composite aggregation state, and size
exclusion chromatography (SEC) was used to investigate the influence of the zeolite substrate on
NOM adsorption. The set of experimental conditions and suite of characterization methods applied
in this study enable the relative importance of several factors (homoaggregation,

heteroaggregation, water chemistry, and NOM adsorption) to be distinguished.
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Materials and Methods
Chemical Reagents

TiO2 NPs (Aeroxide P25, Evonik Industries, Essen, Germany) and zeolite (Zeolite Y,
hydrogen, Si:Al molar ratio = 30:1, Alfa Aesar, Haverhill, MA) were used to prepare the TiO2-
zeolite composites and suspensions of the individual materials. DEET (PESTANAL analytical
standard, Sigma-Aldrich, Burlington, MA) was used as the model contaminant. Suwannee River
natural organic matter (SRNOM, International Humic Substances Society, St. Paul, MN), CaCl:
(> 97.0%, anhydrous, ACS grade, Sigma-Aldrich), NaHCOs (> 99.7%, ACS grade, Sigma-
Aldrich), and deionized (DI) water (Modulab Water Systems, Evoqua, Pittsburgh, PA) were used
to prepare the background matrices. HPLC solvents were prepared using LC-MS grade water
(OmniSolv LC-MS, MilliporeSigma), LC-MS grade acetonitrile (> 99.9%, OmniSolv LC-MS,
MilliporeSigma), and formic acid (ACS reagent, Honeywell, Charlotte, NC). HCI (ACS reagent,

Sigma-Aldrich) and NaOH (Sigma-Aldrich) were also used.

Preparation of Particle Stock Suspensions

TiO2 NP stock suspensions and acid-washed zeolite particles were prepared following the
dispersion and processing protocols reported by the National Institute of Standards and
Technology (NIST)?® and Panasonic,? respectively. The full dispersion procedures, including any
modifications to the reference protocol, are provided in the Supplementary Information (SI).

The TiO2-zeolite composites were also prepared following the procedures reported by
Panasonic.?* A mixture comprised of 0.9 g/L of TiO2 particles and 2.7 g/L of zeolite was prepared
in DI water from the stock TiO2 suspension and acid-processed zeolite particles, with a resulting

pH of 3.8 due to residual acids on the TiO2 and/or zeolites. The TiO2-zeolite suspension was bath
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sonicated for 60 min and then stirred for 60 min with a magnetic stirrer at 300 rpm to encourage
heteroaggregation.?* The composite suspensions were stored in amber bottles at 4 °C. It is noted
that suspensions were stored for = 4 months prior to use, and additional heteroaggregation may

have occurred over the storage duration.

Suspension Preparations for Photocatalysis and Characterization Experiments

Suspensions of 0.2 g/L of TiO2 alone, 0.6 g/L of zeolite alone, or 0.8 g/L total solids of the
TiO2-zeolite composites (i.e., 0.2 g/L of TiO2 attached to 0.6 g/L of zeolite) were used in all
experiments and measurements described hereafter. Four background water chemistries were
evaluated: DI water, a simplified moderately hard water (MHW) comprised of 0.85 mM CaCl:
and 1.2 mM NaHCO3,2” MHW with 10 mg/L of NOM, and MHW with 50 mg/L of NOM. These
NOM concentrations produced significantly different adsorbed masses on the TiOz in our prior
study?’ and here. The initial DEET concentrations used were 50 mg/L for all particle types, as well
as 100 mg/L for the zeolite and composite materials to result in a free DEET concentration of ~ 50

mg/L after accounting for DEET adsorption to the zeolites (vide infra).

Characterization of Particle Size, Sedimentation Rates, and Zeta Potential

The hydrodynamic size of the TiO2 NP suspensions noted above was measured by DLS
(Zetasizer Nano ZS, Malvern Instruments, Malvern, UK) at the end of the photoreaction
experiments (described below) to evaluate NP homoaggregation in the various water chemistries
under both UV-exposed and dark conditions. The zeolite particles were beyond the upper size
range for DLS measurement. Furthermore, settling rates were evaluated on all samples at the

concentrations noted above by monitoring turbidity over time (Hach 2300 Tungsten Lamp
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Turbidimeter, Loveland, CO) for 2.5 h starting immediately after the particles were added into the
background water chemistry of interest. Differences in the settling rate of the different particle
types serve as evidence of homoaggregation or heteroaggregation.?® All particle samples were also
characterized for zeta potential by electrophoretic light scattering (Zetasizer Nano ZS, Malvern
Instruments), using folded zeta capillary cells (DTS 1070, Malvern) for measurement and the

Smoluchowski fitting model to determine zeta potential from the electrophoretic mobility.

DEET Adsorption Isotherms

Adsorption of DEET to the zeolite-containing samples was measured on aqueous mixtures
of 50, 100, 150, 200, 250, and 300 mg/L DEET with 0.6 g/L of zeolite or 0.8 g/L of TiO2-zeolite
composites (containing 0.6 g/L of zeolite). Samples were rotated end-over-end at 25 rpm for 1 h
(the duration of the photoreaction experiments) and centrifuged at 13,000 rpm (11,337 g) for 15
min to pellet the particles (MiniSpin Plus, Eppendorf, Hauppauge, NY). The remaining DEET

concentration in the supernatant was measured by HPLC with UV detection as described below.

UV Photocatalysis Experiments

15 mL of each sample type (TiO2-only, zeolite-only, TiO2-zeolite composites, and no-
particle control) was added to quartz photoreactor vials, with one vial per sample uncovered and a
second vial wrapped in aluminum foil to serve as a dark control. A UV reactor (Rayonet RMR-
600, Southern New England Ultraviolet Co., Branford, CT) was used for irradiation, with a fan for
cooling and eight UV lamps (350 nm average wavelength) surrounding a “merry-go-round” rotator
with eight sample positions. The UV intensity was 5.0 + 0.2 mW/cm? (n = 3 replicates), as

measured by a UV AB light meter (UV513AB, GeneralTools, New York, NY) placed at the sample
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position and collecting measurements over a 30 s averaging period while rotating. UV and dark
(foil-wrapped) samples were placed alternately around the sample holder and rotated to achieve
symmetrical exposure of the irradiated samples. 1.5 mL was withdrawn from the UV-exposed
samplesat0, 2, 5, 10, 15, 30, 45 and 60 min. Controls (dark or particle-free samples) were collected
at 0, 5, 15, 30, and 60 min. Before each sample collection, the vials were inverted several times to
obtain a homogeneous mixture for sampling and to resuspend any settled particles. The pH of the
samples was measured before and after the experiment, and the hydrodynamic size of the TiO:
NPs was measured at the end of the experiment on the UV-exposed and dark samples to evaluate
homoaggregation (zeolite particles were beyond the upper size range for DLS measurement).

All collected samples were centrifuged at 13,000 rpm (11,337 g) for 15 min to pellet the
TiO2 and zeolites (Eppendorf MiniSpin Plus), then filtered using a 0.2 um nylon syringe filter (4
mm diameter, MicroSolv Technology, Leland, NC) to remove any remaining particles. The filtered
samples were analyzed by HPLC-UV-QTOF for DEET quantification and byproduct analysis, as
detailed below. The NOM-containing filtrates were also evaluated by SEC to quantify and

characterize the NOM adsorption to the three particle types.

HPLC-UV-QTOF Measurements

Samples were analyzed on an HPLC system (1260 Infinity 11, Agilent Technologies, Santa
Clara, CA) comprised of a binary pump, autosampler, Zorbax Eclipse Plus Cis Rapid Resolution
HD column (2.1 x 50 mm, 1.8 um), and UV-Vis diode array detector, and a QTOF MS (Agilent
6545) with an electrospray ionization source (Agilent DualJet AJS). Solvents used were LC-MS
grade water with 0.1% formic acid (A) and LC-MS grade acetonitrile (B). A gradient elution was

run from 98% A / 2% B to 5% A / 95% B over 1 to 21 min elution time. The sample injection
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volume was 1 uL. The UV absorbance at 248 nm was used for DEET quantification against
external calibration standards, and the QTOF was used to identify and confirm byproduct species
to compare across particle types and water chemistries. A check tune was run prior to each batch
of samples, and reference mix was continually introduced during the sample measurement for TOF
calibration (details in the SI). All samples were run in All lons mode (i.e., MS scan mode with no
precursor selection on the quadrupole and the collision energy cycling between 0, 10, 20, and 40
eV), using the source parameters in Sl Table S1. The MS data were processed in the Agilent
MassHunter Qualitative Analysis software (version 10.0) by molecular feature extraction to
identify compounds and their m/z values, followed by molecular formula generation to assign
putative compound formulas to the high-resolution accurate-mass data. Fragmentation patterns for
the byproducts were extracted from the All lons data. To minimize the appearance of background
fragment ions, the spectrum at each collision energy was taken at the peak maximum in the
extracted ion chromatogram for the precursor ion of interest, and the corresponding background

spectrum taken in the chromatogram prior to the precursor peak was subtracted.

NOM Adsorption and Calcium Depletion Measurements

The NOM-containing samples from the UV and dark photoreaction experiments were also
analyzed by SEC on an Agilent 1290 HPLC system with a Superdex 75 10/300 GL SEC column
(GE Healthcare, Chicago, IL) and Agilent 1260 UV-Vis diode array detector set to monitor the
280 nm wavelength. The mobile phase was 4 mM phosphate buffer (pH 7) with 25 mM NaCl, and
the injection volume was 100 uL. The NOM collected from the dark samples was taken to
represent the NOM remaining after adsorption to the particles, while NOM collected after UV

exposure was used to assess NOM and DEET degradation. Unreacted NOM standards were also

10
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measured at the two concentrations used (10 mg/L and 50 mg/L) in MHW, with or without DEET,
for comparison against the degraded samples and to assess whether any DEET-NOM
complexation interactions occur that could affect the measurements or the photocatalysis reactions.

To investigate the influence of Ca?* on the NOM adsorption, NOM samples were prepared
with the three particle types (TiO2 NPs, zeolite, or TiO2-zeolite composites) as above, except
replacing the 0.85 mM of CaClz in the MHW with 1.7 mM of NaCl (i.e. the same cation charge
equivalents) and allowing 1 h end-over-end sample rotation (25 rpm) without UV exposure for
adsorption. Finally, the role of Ca?* was further explored in Ca?* adsorption experiments. Particles
were prepared as above in MHW (without NOM), rotated for 1 h, and centrifuged as above to
pellet the particles. The supernatant was measured with a calcium ion selective electrode (Oakton
EW-27504-06, Cole-Parmer, Vernon Hills, IL) to determine the remaining dissolved Ca?

concentration and calculate adsorption to the particles.

Results and Discussion
Adsorption of DEET onto Zeolite Particles or TiO2-Zeolite Composites

To compare DEET adsorption by the zeolite particles and TiO2-zeolite composites, batch
adsorption experiments were conducted. After mixing the DEET and particles for ~ 1 h and
separating the particles, the concentration of DEET was measured by HPLC-UV. The adsorbed
mass of DEET, q (mg DEET/g zeolite), was obtained by subtracting the equilibrium DEET
concentration, Ce (mg/L), from the initial DEET concentration and dividing by zeolite
concentration (0.6 g/L). The adsorption isotherms were fitted to a Langmuir model:

_ ImaxK Ce

= Imax™ e 1
1= 11K, (D)

11
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where gmax (Mmg/g) and K (L/mg) are the maximum adsorbed capacity (assuming no multilayer
adsorption) and Langmuir isotherm constant, respectively. These parameters were fitted by
minimizing the sum of square errors between the Langmuir model and the experimental data.

As Figure 1 shows, both particle types reached saturation at similar DEET concentrations
of (97.0 £ 2.9) mg DEET/g zeolite (n = 2 replicates) for the zeolite particles, and (93.0 + 1.2) mg
DEET/g zeolite (n = 2 replicates) for the composites. This similar DEET adsorption onto the
zeolite particles and TiO2-zeolite composites suggests no significant enhancement or blocking
effect of TiOz in the composites. In addition, no adsorption of the DEET to the TiO2 alone was

observed over the course of an hour in dark (control) photoreactor experiments (SI Figure S1).

4 Zeolite H Composite‘

0 50 100 150 200 250 300

C. (mg/L)
Figure 1. Adsorption isotherm of DEET onto zeolite particles or TiO2-zeolite composites. Samples
were prepared with initial concentrations of (50, 100, 150, 200, 250, and 300) mg/L of DEET and
0.6 g/L of zeolite or 0.8 g/L of TiO2-zeolite composites (0.2 g/L TiO2 + 0.6 g/L zeolite). Samples
were mixed for 1 h and centrifuged to pellet the particles. The DEET concentration in the
supernatant, Ce, was measured by HPLC with UV detection. Error bars represent the standard

deviation of n = 2 experiments.
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DEET Removal Rates for TiO2 NPs and TiO2-Zeolite Composites in Different Water Chemistries

Here, we present the overall results for the DEET degradation with the various materials,
which will be followed by discussion of the mechanisms for the results in the different water
chemistries in the subsequent sections. The photocatalytic degradation of DEET by the TiOg,
zeolite, and TiO2-zeolite composites in different backgrounds (DIW, MHW, and MHW with 10
mg/L of NOM or 50 mg/L of NOM) was evaluated in the UV photoreactor. To attain a consistent
initial concentration of dissolved DEET of = 50 mg/L across all experiments, samples with TiO2
alone were prepared with a total concentration of 50 mg/L of DEET (showing no measurable
adsorption to the TiO2) whereas samples containing zeolite were prepared with 100 mg/L of total
DEET (resulting in = 50 mg/L of free DEET after adsorption to the zeolites in Figure 1).

The irradiated TiO2 and TiO2-zeolite composites showed significant DEET removal
(Figure 2, SI Table S2), while samples without TiO2 (zeolite only or particle-free) and dark
controls showed minimal changes in the DEET concentration, i.e. no degradation and no further
adsorption over time (SI Figure S1). The initial pH of the samples was 6.1 to 6.5 in DIW and 7.8
to 8.2 in MHW with or without NOM. The pH of all UV-irradiated, TiO2-containing samples
decreased over the 60 min exposure (by ~ 0.4 to 0.5 pH units for the TiO2 alone in either DIW or
MHW, 0.2 for the composites in MHW, and =~ 1 for the composites in DIW), suggesting formation
of acidic reaction products over time. Initial DEET removal rates (Figure 2c, SI Table S2) were
obtained as the slope of the best-fit line through the first three time points up to 5 min (SI Figure
S2), after which deviations from linearity were observed, likely attributable to accumulation of
reaction byproducts that compete with DEET during the reaction. Comparing across water
chemistries, the TiO2 NPs showed higher reactivity in DIW compared to MHW, while the

composites showed an opposite trend, i.e. a higher DEET removal rate in MHW than in DIW. The
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presence of NOM suppressed the reactivity of both the TiO2 and the composite; however, the

relative degree of suppression was higher for the TiO2 NPs than for the composite (SI Table S2).

(@) $ TiO, DIW (b) @ Composite DIW (c) Il DIw
¢ TiO, MHW @ Composite MHW B MHW
7 TiO, NOM 10mg/L 7 Composite NOM 10mg/L ] NOM 10 mg/L
$ TiO, NOM 50mg/L @ Composite NOM 50mg/L B NOM 50 mg/L
60 60 ~ 3f
- 50 200 . SSOEEEE ‘c
— m e — I
Euo 98. e Euo E; s ,_E ok
< %r %8 <~ %" oo @ -
T s 2o @ B g 2
S 10 ° 8 S 1o} = B E
0 1 L 1 1 1 1 0 1 L 1 1 1 1 x 0
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 Tio, Composite
Reaction time (min) Reaction time (min) Particle type

Figure 2. DEET concentration with UV exposure time using 0.2 g/L of TiO2 NPs (a) and 0.8 g/L
of TiOz-zeolite composites (0.2 g/L TiO2 + 0.6 g/L zeolite) (b), and pseudo-first-order decay rate
constants (c). Samples were tested in DIW, MHW, and MHW with 10 mg/L or 50 mg/L of NOM.
The TiO2-only samples contained 50 mg/L of DEET, and the composite samples contained 100
mg/L of total DEET (50 mg/L of free DEET, after accounting for adsorption to the zeolites). Error

bars represent the standard deviation of at least two replicate experiments.

Photocatalysis by TiOz2 is generally reported to proceed by a heterogeneous reaction at the
surface of the NPs and can be described by a Langmuir-Hinshelwood model, which includes both
a decay rate constant and an adsorption constant for the target compound onto the Ti02.2%3
Because of this dependence on the adsorbed amount, the decay rate depends on the solution-phase
concentration, e.g. as in a Langmuir adsorption isotherm. Indeed, while a pseudo-first-order decay

model could be fitted through the DEET degradation data (SI Figure S3, SI Table S3), the decay
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rate “constant” depends significantly on the DEET solution concentration in trials comparing the
composite with 50 mg/L of total DEET added (9 mg/L of free DEET remaining) to the composite
with 100 mg/L of total DEET (50 mg/L of free DEET) (SI Table S2). This dependence on initial
dissolved concentration indicates the reaction is not a true first-order reaction. Hence, adjusting
the starting concentrations to account for the removal onto the zeolite is important to ensure decay

rates are appropriately compared between the TiO2 NPs and composite materials.

Mechanisms Influencing Reactivity in Media Without NOM: Aggregation State and Electrolytes
To explain the results observed in DIW and MHW (without NOM) in Figure 2, we
hypothesized that several factors could be important, including the water chemistry (pH,
electrolytes) and the aggregation state (homo- or heteroaggregation) of the NPs. The
heteroaggregation state of the composite material and the homoaggregation of the TiO2 NPs are
prone to vary with water chemistry. Therefore, the particle charge was evaluated by measuring the
zeta potential (Figure 3), and the aggregation state was assessed by DLS for the TiO2 NPs and
sedimentation experiments for all particles (Figure 4). The TiO2 NPs are positively charged and
zeolite is negatively charged in DIW (pH = 6.5, below the isoelectric point of the TiO2 NPs?®). The
near-neutral overall charge of the composites is hence indicative of the expected heteroaggregation
of the TiO2 onto the zeolite by electrostatic attraction (Figure 3). In DIW, both the TiO2 NPs and
zeolite particles are colloidally stable (minimal sedimentation in DIW; z-average diameter, dz, of
167 nm for TiO2 NPs after 1 h of either UV exposure or in the dark, compared to an initial dz of
151 nm; zeolite size out of range for DLS measurements). Hence, the significantly faster
sedimentation of the composite particles (Figure 4) is also indicative of heteroaggregation to form

particles with larger overall size and higher density than the TiO2 or zeolite alone.
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The lower reactivity of the composites than the TiO2 NPs in DIW (Figure 2) suggests that
heteroaggregation reduces the reactivity of the TiO2. This reduction in efficiency could be
attributable to the lesser available surface area of TiO2 after heteroaggregation, scattering of light
by the zeolite resulting in lower UV intensity reaching the TiO2, or mass transfer limitations.”
Previously, only a 5% loss of efficiency was reported for the degradation of diclofenac using the
TiO2-zeolite composite relative to TiO2 NPs alone, but with a higher overall catalyst concentration

and constant stirring,?! suggesting mass transfer limitations may be more important here.

i H DIwW
. 40 B MHW
E 1 NOM 10 mgiL
£ B NOM 50 mg/L
©
)
c
2
(=]
o
B
0 -
N 40}

TiO, Composite  Zeolite
Particle type

Figure 3. Zeta potential of the TiO2 NPs (0.2 g/L), zeolite (0.6 g/L), and TiO2-zeolite composites
(0.2 g/L TiO2 + 0.6 g/L zeolite) across different backgrounds (DIW, MHW, and MHW with 10
mg/L or 50 mg/L of NOM). The TiO2-only samples contained 50 mg/L of DEET, and the zeolite
and composite samples contained 100 mg/L of total DEET (50 mg/L of free DEET, after
accounting for adsorption to the zeolites). Samples were equilibrated for ~ 3 h before measurement.

Error bars represent the standard deviation of n = 5 measurement replicates.
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Figure 4. Sedimentation of TiOz (a), TiO2-zeolite composite (b), and zeolite (c) in DIW, MHW,
and MHW with NOM. Samples are the same as those measured in Figure 3, with turbidity

measurements initiated immediately after preparing the samples.

Notably, the TiO2 NPs and the TiO2-zeolite composites showed opposite trends in
degradation efficiency when comparing DIW and MHW backgrounds, with suppressed efficiency
of the TiO2 NPs in MHW relative to DIW, but enhanced efficiency for the composites in MHW
(Figure 2). To explain these contradictory results, the effects of water chemistry on both the surface
reactivity and aggregation state of the particles (homoaggregation or heteroaggregation) must be
considered. In the MHW (pH = 8), the TiO2 NPs have a near-neutral zeta potential of -0.7 mV
(Figure 3). While a stronger negative charge would be expected at pH 8 without electrolytes,? the
charge is suppressed by charge screening or neutralization by the cations, particularly Ca?*, in the
MHW (Ca?* adsorption results discussed vide infra). Correspondingly, the diminished electrostatic
repulsion resulted in rapid homoaggregation and sedimentation of the TiO2 NPs in MHW (Figure
43). The zeolite’s negative charge is also partially screened or neutralized in the MHW. The surface
charge of the composite is between that of the TiO2 and zeolite in MHW, and there was no

significant change in sedimentation rate compared to the composite in DIW (Figure 4b),
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suggesting minimal dissociation of the composite (consistent with the TiO2 having a nearly neutral
zeta potential in the MHW, rather than a negative zeta potential that would lead to electrostatic
repulsion with the zeolite).

Given the consistent heteroaggregation state of the composite in MHW (0.85 mM CaClz +
1.2 mM NaHCOs, pH = 8) and DIW, the composite serves as a useful case to evaluate the role of
the water chemistry while maintaining a consistent aggregation state of the TiO2 NPs. In addition,
by using DEET as an uncharged probe compound with no significant difference in adsorption in
MHW compared to DIW (SI Figure S1), we are better able to distinguish the effect of water
chemistry on surface reactivity independently of differences in probe compound adsorption at
different pH that occur in other studies using charged or weak acid/base compounds.???* The
results here indicate that the surface reactivity of the TiOz2 is enhanced in MHW. Bicarbonate ions
(HCOz3") have been reported to scavenge electrons at the TiO2 surface, thereby extending hole
lifetimes to promote surface hydroxyl radical formation®? and enhance reactivity (particularly at
low HCOs™ concentrations, e.g. < 10 mM),*® consistent with the results here. In addition, at a
higher pH with higher OH™ concentration, hydroxyl radical formation from surface-bound OH"
would be favored,?® which could potentially result in higher overall reactivity, although prior
studies on TiO2 photocatalysis of other uncharged compounds (e.g. alachlor or chlorfenapyr)3+-3
showed only a small increase in reaction rate upon increasing pH. Therefore, the enhanced
reactivity of the composite in MHW is likely more sensitive to the presence of the HCOs".

The reactivity of the TiO2 NPs alone would also be expected to increase in the MHW, given
the same fundamental influences of HCO3™ and pH noted above. However, the TiO2 showed a net
reduction in efficiency in MHW compared to DIW. This result suggests that the homoaggregation

of TiO2 NPs in MHW has a severely detrimental impact on the reactivity, e.g. by reducing UV
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exposure of NPs inside the aggregates, decreasing available surface area for reaction, hindering
mass transfer into the aggregates, or increasing hole-electron recombination between particles.*®
In contrast, while heteroaggregation can also reduce the reactivity (comparing the composites in
DIW to the non-aggregating TiO2 NPs in DIW), the effect of heteroaggregation appears to be much
less detrimental than that of homoaggregation (i.e., the reaction rate is higher for the
heteroaggregated composites in MHW than for the homoaggregated TiO2 NPs in MHW). Hence,
a homoaggregation-specific phenomenon such as hole-electron recombination may be

predominantly influencing the results for the homoaggregates.

Effect of Zeolite Substrate on NOM Adsorption and Suppression of Photoreactivity

The addition of NOM to the MHW suppressed reactivity of the TiO2 NPs toward DEET,
with a higher degree of suppression observed for the TiO2 NPs alone than the composites (SI Table
S2). While NOM has been reported in some cases enhance photocatalysis, it is more often found
to suppress the effective reactivity, e.g., by scavenging holes or reactive oxygen species.®’*? Here,
the difference in the degree of suppression for the TiO2 alone versus the composites suggests that
the total NOM concentration does not completely predict the reactivity. Rather, more detailed
information on NOM adsorption onto the NPs may be required. Hence, SEC analyses were
conducted to evaluate the adsorption of NOM onto TiOz, zeolite, and the composites. In SEC, size
separation occurs, i.e., larger NOM elutes prior than smaller NOM from ~ 15 min to 45 min in the
chromatograms (Figure 5), and DEET elutes separately after 55 min.

NOM showed the highest adsorption onto the TiO2 alone, with minimal adsorption to the
zeolite alone (Figure 5). Even more notable, the SEC results indicate that the presence of the zeolite

substrate in the composites substantially discourages NOM adsorption to the TiO2 NPs, despite
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containing the same NP concentration as the TiO2 alone. As such, the degree of suppression of the
TiOz2 reactivity toward DEET showed a good correlation with the adsorbed NOM concentration
(rather than the dissolved or total NOM) across all samples (SI Figure S4). It was noted that the
DEET does not show any strong complexation with the dissolved NOM that would influence its
adsorption or reactivity (SI Figure S5). The SEC analysis also showed loss of the bulk NOM over
the photoreaction experiments (SI Figure S6), suggesting that NOM continually adsorbs and

degrades, competing with DEET for reaction with ROS at or near the TiO2 surface.

(@) NOM 10 mg/L (b) NOM 50 mg/L

TiO, NOM 10 mg/L TiO, NOM 50 mg/L
Composite NOM 10 mg/L Composite NOM 50 mg/L
Zeolite NOM 10 mg/L Zeolite NOM 50 mg/L
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Figure 5. SEC with UV detection at 280 nm for 10 mg/L of NOM (a) and 50 mg/L of NOM (b),
before (black lines) and after adsorption from MHW onto TiO2 nanoparticles alone (0.2 g/L), TiO2-
zeolite composites (0.2 g/L TiO2 + 0.6 g/L zeolite), and zeolite particles alone (0.6 g/L). All
samples included 50 mg/L of free DEET, after accounting for DEET adsorption to the zeolite (i.e.,
zeolite-containing samples had a total concentration of 100 mg/L of DEET initially added).
Samples were collected from dark (foil-wrapped) controls that were run in parallel with the
photoreaction experiments, centrifuged to remove particles, and filtered through 0.2 um nylon
syringe filters prior to SEC analysis.
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We hypothesize that the diminished adsorption of NOM onto the composites could result
from strong electrostatic repulsion of the NOM by the negatively-charged zeolite substrate, and/or
depletion of Ca?* from the MHW background onto zeolite, reducing the Ca?* available to bridge
NOM to the TiO2. The possibility for electrostatic interactions (i.e., zeolite—NOM charge
repulsion) to influence the NOM adsorption independently of any Ca?* bridging effects was
evaluated by replacing the Ca?* in MHW with the same molar equivalents of Na*, i.e., [NaCl] =
2[CaCl2] = 1.7 mM. After eliminating the Ca?*, a slightly lower adsorption from 10 mg/L NOM
was observed on the composite than the TiO2 (SI Figure S7a), suggesting electrostatic repulsion
by the zeolite substrate can influence NOM adsorption onto the attached TiO2 NPs. However,
samples without Ca?* showed much lower NOM adsorption overall than those with Ca?*,
emphasizing the greater importance of Ca?* bridging. The adsorption of Ca?* onto the particles
was then evaluated by measuring the concentration of free Ca* remaining after 1 h equilibration
of the various particle types in the MHW. The TiOz2 alone and zeolite alone showed similar Ca*
adsorption at the particle concentrations used: 54% + 3% and 53% + 1% of the 0.85 mM of total
Ca?" was adsorbed onto the TiO2 and zeolite, respectively (n = 3 measurement replicates per
sample). The lack of bridging adsorption of NOM onto the zeolite despite the Ca?* adsorption
could be attributable to electrostatic repulsion by the zeolite or perhaps Ca?* adsorbing within pore
spaces in the zeolite that are inaccessible to the NOM. In the composite, a similar level of Ca?*
adsorption (56% = 3%, n = 3) was again observed to the two materials alone, and the NOM
adsorption onto the composite was intermediate between that on the TiO2 and zeolite alone. The
fact that Ca?* adsorption from the two independent particles is not additive in the composite

suggests that the zeolite and TiOz in the composite are competing for the Ca?* ions. Hence, the
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presence of the zeolite substrate reduces the Ca®* available to bridge NOM onto the TiOz surface,
resulting in lower NOM attachment and higher effective reactivity of the TiO2 toward DEET.

In addition to the effect of the adsorbed NOM on the degradation efficiency, the effects of
NOM on the particle stability or aggregation state were assessed. As shown in Figure 3, the
addition of NOM caused the TiO2 surface charge to become more negative. The NOM can
therefore impart both electrostatic and steric repulsion forces to enhance the colloidal stability of
the particles. The TiO2 NPs indeed showed delayed settling in the presence of 10 mg/L of NOM
and no sedimentation after 2.5 h in 50 mg/L of NOM (Figure 4a). The DLS measurements taken
at the end of the photoreaction experiments also showed improved NP stability in 50 mg/L of
NOM (dz = 311 = 4 nm in dark conditions) compared to MHW without NOM, although extensive
aggregation (dz >> 1 um) occurred after UV exposure with 50 mg/L of NOM or in 10 mg/L of
NOM under both UV and dark conditions. The composites were also found to settle increasingly
slowly as the NOM concentration increased (Figure 4b), indicating that the addition of NOM
causes the composites to partially disaggregate.

As a robust composite is desirable to allow separation of the NPs from the treated water,
this form of electrostatically-bound composite would thus have limited utility for treatment of
NOM-containing waters. From a more fundamental perspective, disaggregation of the TiO2 NPs
on its own would be expected to improve reactivity (as seen in media without NOM), but here the
positive effects of disaggregation are relatively insignificant compared to the substantial
suppression of reactivity upon surface fouling of the TiO2 NPs by NOM. Therefore, strategies to
achieve the highest efficiency for water treatment should foremost prioritize approaches to
mitigate NOM adsorption, followed by approaches to mitigate homoaggregation. The results here

suggest that both goals can be achievable by tuning the substrate used for immobilization.
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DEET Byproduct Formation and Reaction Pathways

The degradation of a parent compound can involve its transformation to several
intermediates before complete mineralization to carbon dioxide is achieved. The intermediate
products formed in the reaction pathway might have toxicity and chemical properties different
from that of the parent compound. Hence, the treated water should be analyzed for the presence of
byproducts. Byproduct analysis can also be used to identify more subtle influences of the reaction
conditions on the degradation pathway, beyond the analysis of solely the DEET removal rate. In
this study, we apply byproduct analysis to evaluate whether the DEET adsorbed to the zeolite in
the composites remains susceptible to degradation by the TiO2 NPs, and whether the reaction
pathway is influenced by the aggregation state or water chemistry.

Prior DEET degradation studies using TiO2 NPs for photocatalysis have identified the
presence of several common intermediates.**** Figure 6 shows the initial stages of DEET
byproduct formation and degradation.®**> To our knowledge, no DEET degradation studies thus
far have compared byproduct formation when using a composite material versus TiO2 NPs alone.
Here, intermediate products were first putatively identified by molecular feature extraction on the
MS scan data, followed by molecular formula generation for each compound discovered using the
high-resolution TOF data (MassHunter Qualitative software, v. 10.0, Agilent Technologies). Then,
the QTOF MS/MS data (collected in All lons mode) were used to obtain the fragmentation patterns
of the compounds, which were compared to those reported by Medana et al. to assign the

identification of the byproducts.*®
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Figure 6. Reaction pathway for early-stage photocatalytic degradation of DEET. For isomer

structures (A,B,C,D) and further degradation pathways, the reader is referred to Medana et al.*®

The DEET degradation pathway is generally reported to involve the transformation of the
aromatic ring or alkyl chains of DEET by the attack of hydroxyl radical. The m/z 164 byproduct,
N-ethyl-m-toluamide, forms by breaking the C-N bond to abstract one ethyl group,*># while the
m/z 178 product forms by the removal of the methyl group from the aromatic ring of DEET.*®
Alternatively, hydroxyl radical attack to add hydroxyl groups results in the formation of mono-
and bi-hydroxylated compounds (m/z 208 and 224) or higher order hydroxylated byproducts (not
shown in Figure 6).* Several isomers can be formed, which vary based on the location of OH
addition onto either the aromatic ring or the methyl group and can be inferred from the
fragmentation pattern.* The alcohol group in the m/z 208 byproducts can further be oxidized to
an aldehyde group to form the m/z 206 byproduct.

In this study, byproducts with m/z of 164, 208, 206, and 224 were observed with relatively
strong UV signals (example chromatogram in SI Figure S8; retention times in SI Table S4).

Quantitative analysis of the byproducts was accomplished using the UV chromatograms, with
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QTOF analysis only to confirm the byproducts rather than for quantitation (no internal standards
were included to correct for drift or other variability in the QTOF measurements). The MS/MS
fragmentation results for the m/z 208, 206, and 224 byproducts (SI Figure S9) suggest the
intermediates to be the isomers 208-C/D, 206-A, and 224-A as reported by Medana et al.,* with
the OH groups on the aromatic ring for 208-C/D and 224-A (i.e., no hydroxylation of the methyl
group).*® Many other byproducts were also present, but here we focus on only three early-stage
products with relatively well-defined UV peaks. For example, the m/z 178 byproduct was observed
but not evaluated due to incomplete chromatographic separation from other peaks. Because raw
UV peak areas are difficult to compare meaningfully across samples with different DEET decay
rates, the UV area of the byproducts was normalized by the concentration of DEET degraded at
each time point, somewhat akin to a stoichiometric analysis of products formed per DEET reactant.

The quantitative byproduct analyses are presented in Figures 7, 8, S9, and S10. Comparing
TiO2 alone to the composite, the byproduct analysis showed that despite adding a higher initial
concentration of DEET to the composites (100 mg/L, compared to 50 mg/L for TiO2 only), no
large increase in formation of the initial byproducts (m/z 164 and 208) was observed for the
composites (Figures 7 and 8). That is, the 50 mg/L of DEET adsorbed by the zeolites appears to
be strongly adsorbed (minimal diffusion across the zeolite toward the TiO2 NPs’) and inaccessible
to photocatalytic degradation, as it did not release any additional byproducts into the solution. The
byproduct profiles over time also showed similar trends between the two materials: the m/z 164
byproduct, N-ethyl-m-toluamide, was readily formed and easily degraded, and the bihydroxylated
product (m/z 224) appears to form subsequently to the monohydroxylated DEET derivative (m/z
208), consistent with the pathway in Figure 6. These similarities suggest that heteroaggregation of

the TiOz2 onto the zeolite does not significantly influence the reaction pathway.
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531 Interestingly, the presence of high adsorbed amounts of NOM (in 50 mg/L of NOM for the
532 composites, or 10 or 50 mg/L of NOM for the TiOz2 alone) resulted in higher levels of the m/z 164
533  byproduct but lower levels of m/z 208 (and subsequent byproducts, m/z 224 and 206) at the initial
534  time points (up to 15 min), relative to MHW without NOM. This phenomenon could suggest that
535  the adsorbed NOM favors de-ethylation of the tertiary amide to form m/z 164 over hydroxylation
536  of the DEET to the m/z 208 byproduct. These results are consistent with suppressed hydroxylation
537  pathways reported for ciprofloxacin and sulfamethoxazole photocatalysis by TiOz2 in the presence
538  of NOM and suggest hydroxyl radical scavenging by the NOM.*247 Alternatively, the NOM may
539  suppress the subsequent degradation of m/z 164 more effectively than m/z 208, or otherwise show
540 adifferent interaction (e.g. sorption) with the two byproducts. However, as the mixture of DEET
541  degradation byproducts has been reported to have lower toxicity than the initial DEET solution,*
542  differences in the reaction pathway for this compound may have little practical effect on the safety

543  of the treated water.
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546  Figure 7. Normalized UV peak area of the de-ethylation byproduct (m/z 164) using TiO2 NPs (a)

547  and TiO2-zeolite composites (b) in DIW, MHW, 10 mg/L NOM, and 50 mg/L NOM. Adsorption
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of NOM to the TiO2 appears to promote this byproduct formation pathway. Samples are the same
as those shown in Figure 2; byproducts are identified in the chromatogram in SI Figure S8 with
structures shown in Figure 6. Error bars represent the standard deviation of at least two

experimental replicates.
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Figure 8. Normalized UV peak area of the monohydroxylation byproduct (m/z 208) using TiO2
NPs (a) and TiO2-zeolite composites (b) in DIW, MHW, 10 mg/L NOM, and 50 mg/L NOM.
Adsorption of NOM to the TiO2 appears to demote this byproduct formation pathway. Samples
are the same as those shown in Figure 2; byproducts are identified in the chromatogram in SlI
Figure S8 with structures shown in Figure 6. Error bars represent the standard deviation of at least
two experimental replicates. Similar analyses of two subsequent byproducts of m/z 208 are

reported in the SI Figures S10 and S11.

Conclusions
This study provides a systematic analysis of the role of a zeolite substrate and water

chemistry on the photocatalytic efficiency of TiO2 nanoparticles for removal of DEET. It also
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provides insight into the impacts of homoaggregation, heteroaggregation (or immobilization onto
a substrate), water chemistry, and NOM surface fouling on the reactivity of TiO2 NPs, as
summarized in Figure 9. These processes were found to have different relative levels of importance
to the photocatalytic efficiency of TiO2 NPs: NOM adsorption had the strongest influence on the
reactivity of TiO2 NPs, followed by the homoaggregation of the NPs, the electrolyte composition
and pH of the medium (specifically comparing MHW and DIW here), and the heteroaggregation

of the NPs having the least effect.
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Figure 9. Summary of changes in the reactivity of TiO2 NPs toward DEET upon heteroaggregation
to form TiO2-zeolite composites, homoaggregation in MHW, and surface fouling by NOM (which

is mitigated by Ca?" depletion onto the zeolite).

Notably, the zeolite substrate could enhance the performance of the TiO2 for DEET
degradation by reducing NOM adsorption (primarily via depletion of the Ca?* available for
bridging), as well as by preventing homoaggregation of the TiO2 NPs (such that the reactivity was
enhanced in MHW, where the pure TiO2 suspension rapidly homoaggregates). The zeolite can also

adsorb DEET, although this adsorption capacity would eventually be depleted since the DEET is
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sequestered in an unreactive state. The application of advanced characterization methods (SEC
and QTOF MS) enabled fundamental insights into the role of the adsorbed NOM (as opposed to
bulk NOM) and mechanisms for the substrate to influence NOM adsorption to the TiOz2, as well
as the influence of the NOM on the DEET byproduct formation pathways. As a number of
biomolecules, such as proteins and amino acids, can also adsorb to TiO2,*-°3 the generalizability
of the results for NOM to other coatings or the influence of the substrate on competitive adsorption
processes?”%? can also be interesting to investigate in future studies.

Overall, the combined understanding of the role of substrate and water chemistry identified
in this study highlights key factors that influence the performance of photocatalytic nanomaterials
for water treatment applications. The primary limitation of the TiO2-zeolite composite tested here
is the poor robustness of the NP attachment to the zeolite in the presence of NOM. This limitation
may be overcome by using other synthesis routes, e.g. sol-gel synthesis of the NPs in the presence
of the zeolite followed by calcination; however, if the TiO2 forms a more homogeneous film
coating over the zeolite, the blocking of the zeolite surface may counter some of the unique benefits
conferred by the substrate, as identified here.

More broadly, heteroaggregation is a commonly occurring phenomenon that will also
occur upon incidental release of NPs into natural environments. Many environmental
heteroaggregation studies have focused on methods to measure heteroaggregation and the
implications for NP fate and transport,2°4% while few have investigated the effects on the
photocatalytic reactivity of the NPs. This study demonstrates one specific case in which
heteroaggregation may result in a net higher reactivity by mitigating homoaggregation and fouling
by NOM. Future studies should explore the generalizability of the results here for zeolite to other

potential substrates.
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Supplementary Information
Additional method information, DEET removal rate analyses, SEC analyses, and QTOF analyses

are provided in the Supplementary Information.
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