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Abstract

The influence of inorganic anions on the photoreactivity and aggregation of titanium dioxide
nanoparticles (NPs) was assessed by dosing carbonate, chloride, nitrate, phosphate, and sulfate as
potassium salts at multiple concentrations. NP stability was monitored in terms of aggregate
morphology and electrophoretic mobility (EPM). Aggregate size and fractal dimension were
measured over time by laser diffraction, and the isoelectric point (IEP) as a function of anion and
concentration was obtained by measuring EPM versus pH. Phosphate, carbonate, and to a lesser
extent, sulfate decreased the IEP of TiO, and stabilized NP suspensions owing to specific surface
interactions, whereas this was not observed for nitrate and chloride. TiO, NPs were exposed to
UV-A radiation, and the photoreactivity was assessed by monitoring the production of reactive
species over time both at the NP surface (photogenerated holes) and in the bulk solution (hydroxyl
radicals) by observing their reactions with the selective probe compounds iodide and terephthalic
acid, respectively. The generation of photogenerated holes and hydroxy! radicals was influenced
by each inorganic anion to varying degrees. Carbonate and phosphate inhibited the oxidation of
iodide, and this interaction was successfully described by a Langmuir-Hinshelwood mechanism
and related to the characteristics of TiO, aggregates. Chloride and nitrate do not specifically
interact with TiO», and sulfate creates relatively weak interactions with the TiO, surface such that
no decrease in photogenerated hole reactivity was observed. A decrease in hydroxyl radical
generation was observed for all inorganic anions. Quenching rate constants for the reaction of
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hydroxyl radicals with each inorganic anion do not provide a comprehensive explanation for the
magnitude of this decrease, which arises from the interplay of several physicochemical
phenomena. This work shows that the reactivity of NPs will be strongly influenced by the makeup
of the waters they are released into. The impact of anion species on hydroxyl radical inhibition
was as follows: carbonate > chloride > phosphate > nitrate > sulfate.
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1. INTRODUCTION

Titanium dioxide (TiO,) nanoparticles (NPs) are widely used in a multitude of commercial
products, including food, personal care products, paints, coatings, paper, and fibers owing to
their brightness, high refractive index, and UV resistance.1* Applications related to their
photoelectrochemical properties are of particular research interest involving solar energy
conversion, photocatalytic pollution remediation, and photoinduced superhydrophilicity.>6
In particular, TiO, NP photocatalysis may be used in water and wastewater treatment, as an
advanced oxidation for chemical pollutants or a disinfection process for pathogens based on
the generation of reactive species when TiO, NPs in suspension are irradiated by photons of
wavelength below 390 nm.” The potential for TiO, photocatalytic degradation of a number
of contaminants has already been highlighted,8:9 though further investigations are required
to improve its cost-efficiency and to develop its application at the full scale.10

The same photochemical properties that make TiO, appealing from an engineering
standpoint also have implications for NP release into the environment. TiO, NPs are
influenced by the presence of many components of natural waters including inorganic
anions, which are ubiquitous at significant concentrations.11:12 Photoexcitation of TiO, NPs
produces an electron—hole pair that may migrate to the NP surface, where the
photogenerated hole can participate in surface oxidation reactions or can abstract an electron
from hydroxide, producing the hydroxyl radical. The impact on TiO» reactivity by inorganic
anions can be direct: interference with the physicochemical processes leading to reactivity or
can be indirect: changes in the NP stability and aggregation state, which in turn alter the
reactivity.’ For the direct mechanism, several studies have been published indicating that
inorganic anions influence the fundamental physicochemical processes taking place during
TiO, photocatalysis, including photon absorption, surface adsorption, and photocatalytic
degradation.13-20 Anions compete for the active sites on TiO, surfaces, which can prevent
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the reaction of pollutants that must be adsorbed before degradation. The specific adsorption
of various anions, such as phosphate, leads to a reduction in the amount of hydroxide ions at
the TiO, surface, which are the precursors of hydroxyl radicals.21-24 Furthermore,
photocatalytic degradation is inhibited when reactive species are directly quenched by
anions. This phenomenon follows the specific reactivity of each compound with the
generated reactive species.2> Given the difficulty in differentiating the chemical reactions
involved, reactivity assessments have generally been limited to monitoring model
contaminant degradation, such as dyes or organic solvents, whose reaction pathways are
complex and mostly unknown.

Similarly, most studies assessing the influence of inorganic ions on the reactivity of TiO,
suspensions have been carried out without a detailed characterization of TiO, aggregates that
would provide the information on the importance of the indirect mechanism. The influence
of inorganic anions on NP aggregation has been extensively documented for NP diffusion
and transport in aquatic systems.26-30 This area of research is of particular interest because
of the increasing concern for environmental implications of nanomaterials. In particular, the
interactions among TiO, NPs can often effectively be described by DLVO theory, which
accounts for van der Waals attraction and electrical double layer repulsion in determining the
potential for aggregation.29:31.32 Generally, the repulsive energy of the electric double layer
is dominant for TiO, NPs in water. This energy barrier decreases with increasing ionic
strength, corresponding to double layer compression, which decreases the electrostatic
repulsion. As a result, the ionic strength of the solution can be related to the stability of
electrostatically stabilized NP suspensions.2” Though some work has looked at the impact of
aggregate size and structure on reactivity, there remains a lack of understanding of how ionic
species and concentration influences the characteristics of TiO, suspensions and their
reactivity.

In this work, the reactivity of TiO, suspensions in the presence of inorganic species was
assessed on a laboratory scale, by monitoring the reaction of reactive species with probe
compounds. Using highly selective chemicals (previously described in several
publications33-3%) allows one to assess the specific influence of inorganic ions on the
availability of various reactive species in the development of radical pathways. Specifically,
the oxidation of iodide (dosed as potassium iodide, KI) to iodine (I,) was used to monitor
photogenerated holes (h*), and hydroxylation of terephthalic acid (TA) to 2-
hydroxyterephthalic acid (2-HTA) was used to detect hydroxyl radicals (OH®). The products
of these reactions are easily measurable by spectrometric and fluorimetric techniques.38
TiO, NP suspensions were prepared via probe sonication, and the inorganic species
(carbonate, chloride, nitrate, phosphate, and sulfate) were dosed as potassium salts at several
concentrations. TiO, suspensions were photoactivated by UV-A irradiation, and the reactive
species concentrations were evaluated over time along with TiO, aggregate characterization.
This research has strong implications not only for TiO, photocatalysis engineering but also
for the assessment of the risk related to the environmental release of the engineered
nanomaterial.
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2. MATERIAL AND METHODS

2.1. Reagent Solutions.

KOH, KI, I, KHCO3, KCI, KNO3, KH2PO,4, KoHPO4, and KoSO4 were purchased from
VWR International (USA). Stock solutions of inorganic anions (0.1 M) were prepared in
deionized (DI) water for carbonate. The starch solution was prepared by adding 0.5 g of
starch (VWR International) in 100 mL of boiling DI water and mixing until complete
dissolution. After 12 h settling, the supernatant was collected. TA (0.5 mM) and 2-HTA
(0.125 mM) solutions were prepared by dosing 16.72 mg of TA (Sigma-Aldrich, USA) and
4.69 mg of 2-HTA (Sigma-Aldrich) in 200 mL of DI water, adjusting pH to 7.9 with KOH,
and mixing on a magnetic stir plate overnight.

2.2. TiO, Dispersion and Suspension Characterization.

Experiments were performed with P25 Aeroxide TiO, NPs (Evonik, Germany). TiO, stock
suspensions (40 mg L~1) were prepared by adding 2 mg of P25 TiO, to 50 mL of DI water
and stock solutions of inorganic anions, depending on the test conditions. Following the
protocol of Taurozzi et al., NPs were dispersed via probe sonication (Q700, QSonica, USA)
for 6 min in the pulse mode (12 s ON/3 s OFF) with 1/2” diameter tip in the presence of a
low concentration of inorganic anions (1 mM).37 pH was adjusted to 7.9 with KOH (0.1 M)
after sonication, and the remaining inorganic anions were added to the desired concentration
afterward when stocks were diluted in the reaction beaker.

Laser diffraction (Mastersizer 3000, Malvern Instruments, England) was used to determine
TiO, aggregate size and fractal dimension. Inline light scattering measurements were
recorded using a peristaltic pump located downstream of the instrument by which samples
were fed from a beaker continuously mixed on a magnetic stirrer at 400 rpm. Time-resolved
size measurements, reported in terms of median diameter (Dsg) both as number-weighted
and volume-weighted intensity, were taken every 2 min for 30 min. Meanwhile, static light
scattering (SLS) measurements, consisting of measurements of the scattering intensity, /g),
over a range of scattering vectors, g, corresponding to 0.8—-42° for each sample were
recorded simultaneously by an array of detectors. From eq 1, the aggregate fractal
dimension, L, can be determined as the negative slope of the linear power law region when
plotting log(/(g)) versus log(g)38

_Df
1(q) = q @

The multiple detectors of the Mastersizer correspond to scattering vectors from 0.18 to 9.47
#m~1 with q related to the detector angle, A, as follows

4zn . 60
q = TSIHE (2)

where nis the refractive index of the medium (1.33 for water) and A is the wavelength of
scattered light (633 nm).38:39 Equation 2 holds when
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ng >1 (3)

that is, for length scales, (1) less than the radius of gyration of the aggregate, Ry Raw light
scattering data exported from the Mastersizer 3000 software were processed using code
written for Matlab (Mathworks, USA) to identify the linear power law region and calculate
Dk for each aggregation time point according to eqs 1-3. This code can be found and
downloaded at www.wiesner.cee.duke.edu/facilities.

TiO, NP pH titrations were performed on 50 mL suspensions of 20 mg L™1 P25 TiO, at
various anion concentrations. Suspensions were continually stirred while pH was monitored
and adjusted with either 0.01 or 0.1 M KOH or HCI. At each pH step, electrophoretic
mobility (EPM) of the NPs was measured (Zetasizer Nano ZS, Malvern Instruments,
England). Zeta potential was then calculated by Henry equation. The isoelectric point (IEP)
was identified as the pH for which the EPM of a suspension was zero.

2.3. TiO, NP Reactivity Measurement.

NP exposure to UV-A was performed in a box equipped with two 15 W fluorescent UV
lamps (TL-D 15W BLB SLV, Philips, Netherlands) held at 22 + 1 °C through the use of a
chiller. Samples were placed in 10 mL reaction beakers and continuously mixed on a
magnetic stirrer at 400 rpm. The radiation intensity at the liquid upper surface was 1.9 mW
cm~2, centered at 365 nm (see Supporting Information 1) and monitored by means of a
ILT1400 radiometer equipped with a SEL033 UV-A filter (International Light Technologies,
USA). The geometry of the reaction beaker (H=3.5cm, @ =5 cm) produced a 0.5 cm
thickness liquid layer, including the stir bar (3 x 10 mm?).

2.3.1. Photogenerated Holes.—To evaluate the production of photogenerated holes in
the presence of the inorganic anions, reaction beakers containing 20 mg L= P25 TiO, 50
mM KI, and various concentrations of anion (0, 0.5, 1, 2.5, 5, 12.5 mM) were exposed to
UV light. Solutions were irradiated for a total of 30 min, and all tests were repeated four
times. An aliquot (0.5 mL) was added every 5 min to 0.75 mL of a solution of starch ina 2
mL centrifuge tube. Samples were then centrifuged for 5 min at 12 000 rpm to separate the
TiO, from the solution. The resultant supernatant (1 mL) was transferred to a plastic cuvette
(10 mm optical path), and the absorbance at 585 nm was then measured versus DI water
using a spectrophotometer (Cary 100, Agilent, USA). Absorbance values were related to
iodine concentration by a standard curve, which was evaluated by spectrometric measures
over the range of 0.0125 to 0.125 mM iodine. The concentration of photogenerated holes
was stoichiometrically estimated as twice the produced iodine concentration, according to
the following reaction

217 + 20t -1, (4)
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2.3.2. Hydroxyl Radicals.—Hydroxyl radical production tests were performed on
samples consisting of 20 mg L™1 P25 TiO,, 0.125 mM TA, and various concentrations of
inorganic anions (0, 0.5, 2.5, 5, 12.5, 25 mM of carbonate, chloride, nitrate, phosphate, and
sulfate) and irradiated for 30 min. All tests were repeated four times. An aliquot (0.5 mL)
was added every 5 min to 0.75 mL DI water in a 2 mL centrifuge tube. Samples were then
centrifuged for 5 min at 12 000 rpm to separate the TiO, from the solution. The resultant
supernatant (1 mL) was transferred to a plastic cuvette (10 mm optical path), and the
fluorescence was measured (Varian Eclipse fluorometer, Agilent, USA) at an excitation
wavelength set to 315 nm and emission maximum at 425 nm. The fluorescence was related
to the concentration of 2-HTA by a standard curve by diluting 0.125 mM 2-HTA stock
solution to obtain a range from 0.0025 to 0.1 M, adopting the procedure similar to that for
the samples. Hydroxyl radical concentrations were estimated by the following reaction,
assuming 80% trapping efficiency for «OH by TA*C and considering sample dilution in DI
water

TA+ ¢OH —2 — HTA (5)

3. RESULTS AND DISCUSSION

The strong influence of inorganic anions on TiO, NP photocatalysis, resulting from the
combination of chemical-physical phenomena is presented here first in terms of impacts on
NP aggregation (section 3.1). The anion influence on TiO, reactivity is then discussed in
terms of photogenerated holes (section 3.2.1) and hydroxyl radicals (section 3.2.2).

3.1. TiO, Aggregate Characterization.

UV-vis spectra were obtained for 20 mg L™ TiO, in DI water, as well as 25 mM A~ and 50
mM I~ (see Supporting Information 1). The spectra were analyzed to estimate the band gap
energy. It is expected that the nanoparticulate nature of P25 should allow direct transitions,
in which the absorption of UV light results in the promotion of an electron directly from the
valence band to the conduction band without the aid of a phonon (indirect transition).41:42
Calculation of the band gap energy was performed according to the method described by
Calandra et al.,2 using the classical relation of absorbance, A, near the band edge of a
semiconductor

h — n
Acx(yh—uEg) (6)

where Avis the energy of a photon, £y is the band gap energy, and the value of n is either 2
for allowed direct transitions or 1/2 for indirect transitions.

Using the UV-vis spectra for 20 mg L™1 P25 in DI water, Figure 1a, and considering direct
transitions, a band gap of 3.17 eV is determined by extrapolation of the linear segment of the
curve when (A x Av)? is plotted versus /v, Figure 1b. The determined band gaps for allowed
direct transitions in each suspension are given in Table S1 NEXT and shown in Figure
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S1.2a-f. The average band gap calculated across all suspensions was 3.13 + 0.03 eV. This
agrees well with previously reported values for P25 of 3.15-3.25%1-4% and suggests that the
fraction of rutile (£ = 3.0 eV) in P25 may be contributing to the absorbance of longer
wavelengths, resulting in a lower calculated band gap than that of anatase (3.2 eV).

Sonicating TiO2 NPs in DI water created aggregates with a stable number weighted Dgq of
0.095 £ 0.004 ym and volume weighted Dsg increasing from 0.591 + 0.296 to 6.84 + 7.63
4m over 30 min (data in Figure S3). The difference in values arising from the weighting
methods is due to the polydispersity of TiO, suspensions, indicating that the vast majority of
aggregates exist at the smaller size class with relatively few large aggregates influencing the
volume weighted Dsq. This smaller fraction is expected to be the most photoactive, as
nonreactive oxygen species (ROS) producing pathways (e.g. quenching, recombination)
increase in frequency with aggregation.#® Suspensions in DI water were repeated five times;
the large standard deviation associated with the volume weighted Dxg arises from the
instability of the TiO, aggregates in the mixed solution.

3.1.1. Aggregation in Inorganic Salts.—Monitoring TiO, Ds in the presence of
inorganic salts yielded two contrasting trends (i) anions that did not limit NP destabilization
and (ii) anions that stabilized NP suspensions through specific surface interactions. Figure 2
shows TiO, aggregation over time for each anion at 0.5 and 25 mM at pH 7.9. Aggregates in
chloride and nitrate aggregated significantly over 30 min at all concentrations, increasing
from an initial TiO, number weighted Dsg similar to that of aggregates suspended in DI
water to a final size of a micron or more (data in Figure S4.2). On the other hand, phosphate,
carbonate, and sulfate had a stabilizing effect. The greatest effect was seen for phosphate for
which no increase in aggregate size was observed, even at concentrations as high as 25 mM.
Some aggregation proceeded for suspensions containing carbonate at 12.5 and 25 mM. The
addition of sulfate in solution did result in a decrease in aggregation, though this was much
less pronounced than for either phosphate or carbonate, and did not exhibit concentration
dependence over the range examined.

Looking at the initial rate of aggregation for chloride (Figure 3) and nitrate (Figure S4.2), no
clear influence of ionic strength can be discerned, although the attachment efficiency, a, is
generally expected to increase with salt concentration until it reaches unity when the critical
coagulation concentration (CCC) is reached. DLVO calculations using the Gouy Chapman
approximation indicate that attractive forces dominate (i.e. @ = 1) for 12.5 and 25 mM
potassium chloride (data in Figure S5). However, for the lower three concentrations (0.5,
2.5, and 5 mM), the electrical double layer remains large enough that electrostatic repulsion
should hinder aggregation. A more detailed explanation of the DLVO calculations can be
found in the Supporting Information 5. These results agree well with Solovitch et al. who
determined the CCC for 50 mg L™1 anatase at pH 8 in unmixed experiments to be between
10 and 40 mM NaCl.#’ No difference was observed in the initial aggregation rates here,
despite the differences in particle stability, which highlights the strong influence of mixing
the aggregation rate under these conditions. The initial aggregation reached a plateau after
approximately 14 min; presumably this is the point at which breakup and reordering due to
shear becomes significant. Similarly, the formation of quasistable particle size distributions
was observed by Gardner et al. in studying hematite particle aggregation in a Couette device.
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48 For suspensions to which carbonate was added, the initial rate of aggregation was greater
for samples at 25 mM than for samples at 12.5 mM of concentration, as would be expected
under DLVO theory, though the aggregate size for both quickly stabilizes after which no
further aggregation is observed.

3.1.2. Fractal Dimension.—SLS measurements were collected for each aggregation
experiment. At early time points, the size of the aggregates is small compared with the
length scales probed, and plots of log(/) versus log(g) were not linear over a large enough
range of the scattering vectors considered (0.110-5.62 xm) (data in Supporting Information).
Hence, the constraint of eq 3 is not met, and related light scattering data were not sufficient
to calculate Dk. Furthermore, as no aggregation was observed for any phosphate
concentration and for low carbonate concentrations (<12.5 mM), fractal dimensions were
not obtainable. For suspensions in which aggregation was observed, the average Or values
over the final three measurements (26—-30 min) are shown in Figure 4. Broadly, Dk values
were lower for suspensions that were observed to quickly aggregate (nitrate—2.33 £ 0.01,
chloride—2.32 £ 0.02, and sulfate—2.31 + 0.02 for 25 mM), indicative of more open
aggregates. Conversely, the higher fractal values for carbonate (2.40 + 0.02 for 25 mM)
agree well with the slower observed aggregation that would result in smaller, denser
aggregates. The concentration of anion in solution did not significantly influence the
aggregate structure. For nitrate, chloride, and sulfate, values of Or are observed to center
around 2.3 and fall within the range of what is considered to be reaction-limited aggregation,
indicative of stable particles. This likely arises from shear due to mixing, resulting in
aggregate breakup and reordering, leading to denser clusters. This lack of concentration
dependence also agrees well with initial rates of aggregation discussed previously.

3.1.3. Aggregate IEP.—To identify if the various anions influenced the surface
chemistry of TiO, aggregates, NP suspensions were titrated versus pH with EPM measured
for each anion. From these data, the IEP for each suspension was identified (data in Figure
S7). The influence of phosphate and carbonate on EPM at 0.5 mM is illustrated in Figure 5a.
As can be seen in Figure 5b, the addition of chloride and nitrate, generally considered
indifferent electrolytes, did not significantly impact the IEP at any concentration studied (6.6
+0.1 vs 6 + 19), while carbonate and phosphate interacted strongly with the surface,
resulting in large shifts in the IEP, the extent of which varied with anion concentration.
Sulfate depressed the IEP from that of chloride and nitrate to 5.6 + 0.2 but did not vary
greatly with concentration. However, the impact of carbonate was drastic. At 0.005 and 0.05
mM, the IEP mirrored that of sulfate, though increasing the concentration decreased the IEP
to a low of 2.8 at 5 mM. The IEP then rebounded with a further increase in carbonate
concentration. Phosphate proved to even more strongly influence the IEP as the
concentration increased from 0.005 to 0.5 mM, at which point NPs were negatively charged
for the entire range of pH measured. Increasing the phosphate concentration resulted in a
slight increase in the IEP, though this was not as pronounced a recovery as was observed
with carbonate. Titrations above 12.5 mM were not performed as the ionic strength
interfered with EPM data quality.
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That carbonate, phosphate, and sulfate were able to influence the IEP speaks for their ability
to participate in the inner sphere ligand exchange with the surface oxides and hydroxides
present on TiO,.50-52 The magnitude of anion influence increases with surface coverage and
depends on the dissociation and binding constants of the species present.13:53.54 The
increase in IEP observed for phosphate and carbonate at concentrations of 5 mM and higher
may be due to the changes in ligand complexation. Inner sphere complexes can form mono-,
bi-, or tridentate complexes depending on the ligand type, pH, lattice structure, and surface
defects.#>55-57 These complexes are associated with different binding energies and
associated protonation pKj values.>3:58:59 As concentration increases and the more
energetically favorable binding sites become filled, adsorption will transition to less
favorable sites. Phosphate has been shown to favor the bidentate complex formation, with
the surface of TiO, becoming protonated at low pH. Monodentate adsorption results in a
protonated complex that becomes doubly protonated at low pH.>3 The addition of sulfate
quickly reaches a maximum impact beyond which further introduction in solution has little
to no effect, suggesting that the interactions of sulfate with the surface are less significant
than phosphate and carbonate. These data fit well with the observations of aggregate size
(section 3.1.2), in which TiO5 suspended in phosphate and low concentrations of carbonate
does not induce aggregation over the course of 30 min, in contrast to nitrate and chloride.
Hence, the anions participating in specific surface interactions with TiO, strongly influence
the stability of the NPs and the size of the aggregates formed in solution.

Both aggregate size and fractal dimension have been demonstrated to influence the
photoreactivity of an NP suspension. In studies using TiO, and ZnO NPs, aggregation
caused a decrease in *OH generation on a per monomer basis, which was effectively
modeled as a function of both the decrease in absorption of incident light and the increase in
quenching and electron-hole recombination.t% In addition to aggregate size, the fractal
dimension strongly influenced the reactivity of the material on a per monomer basis. This
impact on reactivity is due to the changes in mass transport that depend on the aggregate
morphology, as well as decreased absorption of light as particles in the interior of the
aggregate are shielded from the incident light by those at the surface.

3.1.4. Influence of Photogenerated Hole Detection Method.—KI was used as the
probe compound for photogenerated hole oxidation. The addition of Kl resulted in NP
aggregation from an initial size similar to NPs in DI water (0.099 + 0.004 tm, number
weighted Dsg) to 1.23 £ 0.56 ¢m over 30 min (0.547 £ 0.105 gm increasing to 31.13 + 8.23
4m, volume weighted Dsg) (data in Figure S3.2). The initial rate of this aggregation was
indistinguishable from that observed for nitrate and chloride, discussed previously (data in
Figure S4.2).

Size data, both as number weighted and volume weighted Ds, over time for TiO»
suspensions at various iodide concentrations (0, 50 mM) and relative size distributions are
reported in the Supporting Information. While the probe itself induces aggregation, it does
not do so in a manner that is appreciably different from the addition of the indifferent
electrolytes. No significant aggregation was observed in the presence of terephthalic acid;
thus, aggregate size data were identical to that for DI water.
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3.2. TiO, Photoreactivity.

3.2.1. Photogenerated Holes.—The influence of inorganic anions on the production
of photogenerated holes was assessed via the oxidation of iodide. The initial Kl
concentration was determined by measuring the response at various concentrations using
suspensions of TiO, in DI water (data in Figure $8).36:61 A saturation trend in oxidation was
observed, and 50 mM was selected for use. The high concentration of iodide required to
reach saturation likely arises from the negative surface charge of TiO, at pH 7.9, both
electrostatically limiting iodide transport to the aggregate surface and resulting in an
increased concentration of hydroxide ions present in solution and at the NP surface.

Upon addition of the various anions, a change in the rate of iodide oxidation was only
observed in the presence of carbonate and phosphate. Chloride, nitrate, and sulfate at
concentrations between 0.5 and 12.5 mM did not cause any significant change in iodide
oxidation from samples containing only KI. The experimental results after 30 min of
irradiation at various carbonate and phosphate concentrations are shown in Figure 6.
Experimental data for chloride, nitrate, and sulfate were not significantly different from the
results obtained for TiO, suspensions without inorganic ions and are not shown. Oxidized
iodide concentrations for these three anions overlap the results obtained when only Kl is
present in solution (data in Figure S19). The lack of statistically significant differences
between series with or without anions for chloride, nitrate, and sulfate was verified by means
of Student’s t-test (p-value < 0.005).

The addition of carbonate and phosphate increased the rate of hole oxidation for phosphate
at concentrations up to 5 mM and for all carbonate concentrations tested as compared to the
solutions containing only the probe. The largest increase was observed at 0.5 mM and was
the same as that for carbonate and phosphate anions, after which increasing the
concentration reduced hole oxidation to a level observed in DI suspensions. These findings
agree with the trend of aggregate stabilization reported in section 3.1.2, which would result
in increased reactivity, and suggests that at low concentrations, little negative effect on
reactivity due to specific surface interactions would be expected. The reduction in reactivity
observed with increasing anion concentration is attributed to the presence of phosphate or
carbonate occupying surface sites and preventing iodide from interacting with the
photogenerated holes. The effect of phosphate addition was greater than carbonate, despite
observed aggregation of carbonate at 12.5 mM, indicating that the decrease in
photogenerated holes is primarily due to the greater surface interactions of phosphate and
TiOy.

The interactions between anions and TiO, NPs have been described by Chen et al., as a
Langmuir type adsorption model.14 The oxidation of iodide can thus be modeled as a
Langmuir-Hinshelwood (LH) mechanism, even when considering the presence of other
anions in solution, where oxidation takes place in a two-step process of adsorption followed
by reaction, described by eq 7.6
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di]
F=T= —KR'91_= —KR. (7)

K q[I']
1+ KA,I[I_] + ZanionKA,anion[ anion ]

Here, ris the reaction rate, 6, is the surface coverage by iodide, [I7] is the concentration of
iodide, K is the equilibrium constant of adsorption for iodide, KA anion is the equilibrium
constant of adsorption for a given anion, and Kg is the LH reaction constant for iodide
oxidation. Estimates of K j and Kr were calculated from the experimental data reported in
Figure S3 in the absence of other anionic species following the procedure employed by
Herrmann and Pichat (see Supporting Information 10), the results of which are shown in
Table 1.6 The high /2 values indicate that the LH mechanism is appropriate for describing
iodide oxidation. These values are comparable with those obtained previously for iodide
oxidation in nonsonicated suspensions of TiO, at 40 mg L=1.36

Similarly, the LH mechanism was used to model the effect of inorganic anions on the
formation of photogenerated holes. Here, it is essential to take into account the competition
for the active sites in the LH mechanism among inorganic anions. A procedure for Ka anion
and KRg estimation in the presence of anionic competition for surface adsorption is described
in the Supporting Information 10, in which the equilibrium constant of adsorption for iodide
was taken from the previous calculation in the absence of other inorganic anions. The LH
mechanism fits the experimental data well (R? > 0.950). Larger values of K anion indicate
greater active site occupation by a given anion compared with others at the same
concentration. Hence, iodide, having the smallest K anion Value, is the least favored at the
TiO, surface under the present operating conditions. K anjon for phosphate was much
higher than that for carbonate and indicates a greater affinity for the TiO, surface, which
serves to more strongly block iodine from the surface and reduce the hole reactivity. Ka anion
for nitrate, chloride, and sulfate were not calculated, as no adsorption in the presence of
iodide was observed. The influence of the associated cation, that is, potassium, on reactivity
was considered negligible, in agreement with previous works.52

3.2.2. Hydroxyl Radicals.—The generation of hydroxyl radicals was evaluated by
monitoring the fluorescence of 2-HTA as a function of inorganic anion concentration. TA is
a selective hydroxyl radical probe, whose reaction occurs via a single step hydroxylation
process in the absence of surface adsorption.33 At pH 7.9, the carboxylic acid groups on TA
are deprotonated, and the molecule is electrostatically repulsed from the negatively charged
TiO, surface.

Concentrations of 2-HTA for various anionic species after 30 min of irradiation are shown in
Figure 7a, whereas relative time series are reported in Figure 7b. For all anions, increasing
the concentration in solution decreased the amount of ROS detected, as would be expected
for potential hydroxyl radical quenchers. However, rate constants for the reaction of
hydroxyl radicals with each inorganic anion, available from literature and reported in Table
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2, do not provide a comprehensive explanation for this, as the expected impact on «OH
detection differs from the experimental results. For example, the given reactivity of sulfate
with hydroxyl radicals (1 x 1010 M~1 s71) is 4 orders of magnitude greater than carbonate
(8.5 x 108 M~1 571, although in this study carbonate produced the greatest decrease in *OH
detection and sulfate produced the least.

While phosphate and carbonate have the smallest reaction rates, their introduction decreased
total hydroxyl radical production to the greatest extent. This is best explained by considering
the conditions that lead to hydroxyl radical generation, that is, photogenerated hole
production and aggregate size. Photogenerated hole production is increased at lower
concentrations of phosphate and carbonate (Figure 6) owing to specific interactions with the
TiO, surface that result in the stabilization of the aggregates at smaller sizes. For carbonate,
the increased photogenerated hole generation carries through to hydroxyl radical generation;
however, this effect is quickly counteracted by *OH scavenging when increasing the
carbonate concentration. Phosphate produces a strong initial decrease in «OH generation at
0.5 mM despite the observed aggregate stabilization and increase in hole production, after
which the impact of additional anion is relatively small. Indeed, by 12.5 mM, the quenching
*OH detection for carbonate is equal that of phosphate. By 25 mM, the addition of carbonate
decreased *OH production by approximately 70%. This greater effect of carbonate than
phosphate, in contrast to what is observed for hole oxidation, is likely due to the order of
magnitude increase in kop for carbonate. Furthermore, the strong impact of both anions,
given their relative inactivity with «OH compared with sulfate, chloride, and nitrate (greater
than 2 orders of magnitude smaller reaction rate), is attributable to their being drawn to and
interacting with the TiO5 surface. This not only limits the number of surface hydroxides
capable of reacting with the photogenerated hole to produce *OH but also increases the local
concentration of quenching agents (carbonate and phosphate) near the NP surface relative to
tests using the same concentrations of the other anions, thus decreasing both the lifetime of
generated hydroxyl radicals.

The trend for nitrate, chloride, and sulfate is more difficult to discern. A large initial
decrease in *OH at 0.5 mM compared with DI water is observed for sulfate and nitrate,
whereas chloride initially has little discernable impact. Surprisingly, the addition of up to 25
mM sulfate only decreased *OH detection by approximately 3%. Since the interaction
between TiO, surface and TA is negligible,33 and TiO, aggregate characteristics are similar,
the negative influence of nitrate and chloride on terephthalic acid oxidation can be
considered to be the result of the interplay of two primary phenomena: (i) a reduction in
hydroxyl radical generation because of the occupation of active sites by anionic species
instead of hydroxyl ions and (ii) the direct quenching of hydroxyl radicals by inorganic
anions. The absorption of incoming photons by inorganic anions resulting in reduced NP
photoactivation is considered negligible.18 The poor description given by the LH mechanism
(R% < 0.7) supports this assertion that the impact on *OH is due to a combination of the
phenomena, where mass transfer and electrostatic interactions possibly play a relevant role.
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3.3. Discussion.

Previous studies looking at the impact of anions on TiO, photocatalysis have monitored the
overall degradation of pollutants using the LH mechanism, without differentiating direct
hole oxidation from hydroxyl radicals.13-12 Others, such Chen et al. investigating the
degradation of dichloroethylene, assumed adsorption as a necessary precursor to
degradation, but ruled out the likelihood of direct hole oxidation.14 The intensity of
inorganic anion influence on TiO, reactivity differs in this study from what has been
reported, among which, however, there is no general consensus. Differences between studies
seem to be strongly related to experimental conditions, namely solution pH, degradation
target chemistry, and TiO, characteristics (e.g. aggregate size, dispersed vs fixed catalyst),
affecting the balance among the involved chemical—-physical processes. Indeed, even the
morphology of TiO, NPs used has been shown to influence photoreactivity due to
differences in the exposed crystalline faces.6” As a result, generalization between studies is
difficult. Often, little attempt has been made to discern surface reactivity from bulk
oxidation; however, as is evidenced here, the anion impact on hole generation can be
different from the impact on ROS generation. Therefore, the mechanism by which a
compound or organism is influenced will play a large role in determining the effect of
changes in reactivity.

4. CONCLUSIONS

In this work, TiO» reactivity has been explored both at the NP surface (photogenerated hole
oxidation) and in the bulk solution (*OH detection). Only carbonate and phosphate inhibited
the oxidation of iodide through specific surface interactions. Chloride, nitrate, and sulfate
either do not interact with TiO, or create relatively weak bonds (with respect to carbonate
and phosphate) on the TiO, surface that do not hinder iodide. For sulfate, it would appear
that while the anion does specifically interact with the surface, these interactions are not
sufficient to limit iodide from reaching and reacting with the surface. The lack of aggregate
stabilization and the measured IEPs corresponding to bare TiO, suggest that for nitrate and
chloride, no specific interactions take place. The response of *OH reactivity to the addition
of anions is more complicated and arises from the multiple existing pathways by which the
NPs can be influenced. The overall influence on bulk *OH concentration was observed to
follow the trend carbonate > phosphate > nitrate > chloride = sulfate.

This work highlights the fact that the reactivity of NPs will be strongly influenced by the
waters they are released into, owing to the interplay of several physicochemical phenomena.
Inorganic anion adsorption on the TiO, surface happens via a Langmuirian model and
creates a competition for active sites with other compounds in solution, both contaminants
and hydroxyl ions. The effect of this adsorption can consist of (i) stabilizing NPs, (ii)
hindering the interaction of pollutants, and (iii) suppressing hydroxyl radical generation by
substituting hydroxy! ions.

Phosphorus concentrations are typically low in natural freshwaters, though the extensive use
of fertilizer both in urban and agricultural landscapes creates nearly ubiquitously elevated
concentrations in these locations, whereas the natural levels of chloride, nitrate, and
carbonate fall easily within the range of concentrations used here.58-70 These results suggest
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that waters containing chloride and nitrate may have relatively little impact on reactivity but
will induce aggregation and likely reduce the NP transport, whereas waters containing even
low levels of phosphate and carbonate may decrease “acute” reactivity but stabilize NPs
such that their lifetime in the water column will be increased. The ultimate impact of NP
photoreactivity in environmental waters (risk) will be the combination of reactivity (hazard)
and stability or transport (exposure).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) UV-vis spectra and (b) plot of (A x /)2 vs Avfor TiO, in DI water.
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TiO, aggregation (volume weighted D5y mean + SD) vs time as a function of chloride
concentration.
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25mM

Fractal dimension of TiO, aggregates for all anions at 12.5 and 25 mM. D values are the

average of final 3 measurements (mean £ SD).
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(a) Zeta potential vs pH for all anions at 0.5 mM. (b) IEP vs concentration for all anions. IEP
for 0.5 mM phosphate was not determined as the zeta potential was negative over the range
of pH tested.
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Figure 6.

Oxidized iodide concentration (mean £ SD) vs inorganic anion concentration after 30 min
irradiation (50 mM Ki) as a function of species in solution (carbonate and phosphate). The
blue dotted line is the iodide concentration of TiO, suspension containing only 50 mM KI.
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Normalized Hydroxyl Radical Generation
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(a) 2-Hydroxyterephthalic acid concentration (mean + SD) vs inorganic anion concentration
after 30 min irradiation as a function of species in solution. (b) Hydroxyl radical generation

normalized to 0.5 mM anion concentration (mean £ SD).
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Table 1.

Estimated Values of the Equilibrium Adsorption Coefficient, K, for lodide, Carbonate, and Phosphate and
Estimated Values of LH Reaction Constants for lodide Oxidation, Kr?

ionic species  Ka (M)  Kg(Ms™?) R?
iodide 13.2 2.24x10°% 0.988
carbonate 142.7 4.16x 108 1.000
phosphate 251.8 4,02x108 0.954

a - L
2 values are the coefficients of determination.
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Rate Constants from Literature of Hydroxyl Radicals and Selected Inorganic Anions

Table 2.

anionic species
HCO3~
CI~
NO3~
HPO,2-

S0.2

value (M~ts™) reference

8.5 x 108 63
43 x10° 63
1.4 x 108 64

6 x 10° 65
1.0 x 1010 66
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