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Abstract

The adsorption of foulants on photocatalytic nanoparticles can suppress their reactivity in
water treatment applications by scavenging reactive species at the photocatalyst surface, screening
light, or competing for surface sites. These inhibitory effects are commonly modeled using the
Langmuir-Hinshelwood model, assuming adsorbed layer compositions follow Langmuirian
(equilibrium) competitive adsorption. However, this assumption has not been evaluated in
complex mixtures of foulants. This study evaluates the photoreactivity of titanium dioxide (TiO)
nanoparticles toward a target compound, phenol, in the presence of two classes of foulants: natural
organic matter (NOM), protein (bovine serum albumin, BSA), or mixtures of the two. Langmuir
adsorption models predict that BSA should strongly influence the nanoparticle photoreactivity
because of its higher adsorption affinity relative to phenol and NOM. However, model evaluation
of the experimental phenol decay rates suggested that neither the phenol nor foulant surface
coverages are governed by Langmuirian competitive adsorption. Rather, a reactivity model
incorporating kinetic predictions of adsorbed layer compositions (favoring NOM adsorption)
outperformed Langmuirian models in providing accurate, unbiased predictions of phenol
degradation rates. This research emphasizes the importance of using first-principles models that

account for adsorption kinetics when assumptions of equilibrium adsorption do not apply.
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Synopsis: Kinetic (non-equilibrium) adsorption models are required to accurately predict the
photocatalytic treatment efficiency of TiO> nanoparticles toward pollutants in mixtures of surface

foulants (natural organic matter and proteins).
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Introduction

Photocatalytic nanomaterials are of broad interest for nano-enabled water treatment,' with
much recent work focused on developing improved materials or reactors.””” However, their water
treatment efficiency can be hindered in matrices containing background salts and organic matter.®
12" Photocatalysis involves the following steps: adsorption of reactants on the catalyst surface;
light-activated generation of charge carriers (electron-hole pairs) that can react directly with
pollutants or with water or dissolved oxygen to form reactive oxygen species (ROS); and
desorption of reaction products.'>"!® Foulants in natural waters, including humic substances and
biomolecules such as proteins, often inhibit reactivity toward target pollutants by competing for
surface adsorption sites, screening light, or scavenging ROS or charge carriers.”!%!7-2* Natural
organic matter (NOM) can alternatively enhance reactivity in some cases.”?!>* Considering that
different waters have varying foulant compositions, models capable of predicting reactivity in
complex matrices would be useful to estimate the photocatalytic efficiency of nanomaterials for
water treatment, as well as in natural environments where they may cause ecotoxicity.>*?’

Prior studies on the photocatalytic degradation of pollutants in the presence of NOM were
summarized by Uyguner-Demirel et al.'° for titanium dioxide nanoparticles (TiO2 NPs), one of the
most widely studied photocatalysts; additional discussion of modeling is provided in the
Supporting Information (SI) Table S1. Many studies either lack quantitative modeling or fit
pollutant degradation to a pseudo-first-order model to compare rate constants with versus without
foulants. To predict reaction rates across a range of reactant concentrations, the Langmuir-
Hinshelwood (L-H) model is commonly used, which incorporates an adsorption component
(surface coverage of each reactant) and reaction component (rate constant for each reactant).3

In the first-principles derivation of this model, the surface coverage of each adsorbate is specified
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without assuming any particular adsorption isotherm. However, most studies implicitly assume a
Langmuir equilibrium adsorption isotherm. This assumption has already been debated with respect
to whether adsorption equilibrium is maintained during the reaction — i.e., whether the rate-
limiting step is the photocatalytic generation of electron/hole pairs or ROS, rather than
contaminant adsorption or product desorption from the photocatalyst surface.?’*** Hence, two
studies incorporated reactant mass transfer kinetics into the L-H model.'®!* However, these studies
only modeled degradation in the presence of a single type of foulant.

Here, we highlight two additional assumptions that are often overlooked: the assumption
that all reactants are competing for the same active sites on the photocatalyst surface, and the
assumption that multiple adsorbates will all exhibit Langmuirian (equilibrium) competition.
Macromolecular foulants (e.g., polymers, NOM, and proteins) often do not fully coat the entire
catalyst surface, so unoccupied sites may always remain available to small target compounds.
Additionally, adsorption equilibrium may not be achieved on the photocatalyst surface, even prior
fo initiating the reactions, if the adsorption of any species is irreversible. Macromolecules exhibit
resistance to desorption when multiple functional groups along the molecule attach to the surface
or when strong surface complexation occurs, e.g., via calcium bridging.>> Hence, these molecules
can remain adsorbed after disequilibration (e.g., washing into adsorbate-free media) and can also
resist displacement by higher affinity species. Our prior study found that the adsorbed layer
composition on TiO2 in mixtures of NOM and a model protein, bovine serum albumin (BSA), was
controlled by adsorption kinetics rather than equilibrium predictions, i.e., the more rapidly
adsorbing species (NOM) outcompeted the higher affinity species (BSA).*® Small molecules
would likewise diffuse more rapidly to the photocatalyst surface. We hypothesize that in this

scenario, Langmuirian assumptions will fail to predict the correct surface coverages of the
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adsorbates for the L-H model; rather, kinetic adsorption models will be required. Despite the
simplicity of this hypothesis, to our best knowledge, it has not been tested for photocatalytic
nanomaterials in complex media containing multiple classes of macromolecular foulants. This
research gap could be attributable to the analytical challenges in measuring adsorption from mixed
foulant solutions, which is needed to predict adsorbed layer compositions for reactivity models.
The objective of this study is to predict the photoreactivity of TiO> NPs toward a target
compound, phenol, in mixtures of foulants (Suwannee River NOM and BSA). Phenol has been
used as a probe for hydroxyl radical generation from TiO, NPs.*” Here, the TiO> NPs in the
photoreaction experiments were immobilized onto glass rods to achieve a consistent aggregation
state across various foulant exposures in moderately hard water (MHW). Immobilized NPs are
also more feasible for application because NP separation steps are not required post-treatment.>®
Photocatalytic degradation of phenol was systematically evaluated in systems of increasing
complexity (phenol alone, in the presence of individual foulants, or in mixtures of NOM and BSA).
Following this approach, the reaction models were incrementally parameterized and ultimately

compared to evaluate the suitability of assuming Langmuirian competitive equilibrium in the L-H

model, as opposed to kinetically-predicted surface coverages of NOM and BSA.

Theory and Approach

Reaction in the absence of inhibitory species at varying target compound concentrations

The surface-mediated photocatalytic oxidation of a probe or target compound (here,
phenol) in the absence of inhibitory foulants (e.g., BSA and/or NOM) can be modeled by Equation
1, as derived in SI Section S2 following theory presented by Loddo et al.?® for heterogeneous

catalysis:
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dCtarget ’ /
dt = ktargeteoxetarget = phenoleoxephenol (1)

where dCiareer/dt is the rate of loss of the target compound over time (mg L hl), k{arget is a rate
constant (mg L' h') for reaction of target compound (phenol) with oxidant, and fox and Grareet
(unitless) are the fractional surface coverages of oxidant (“o0x”) and target compound, respectively,
on the active sites of the photocatalyst. If the phenol adsorption is assumed to follow a Langmuir
isotherm and the oxidant concentration is assumed to be a constant, 6., (where the superscript °

denotes the absence of inhibitory species), then Equation 2 follows:

dCtarget _ k, 90 Ktargetctarget _ kr 90 Kphenolcphenol 2
d — MtargetVox \ | | k. C — "phenolVox \ 1, ¢ C ( )
t + target“target + phenol®“phenol

where Kiarget is the Langmuir isotherm constant (L mg™!) for the target compound.

Reaction in the presence of inhibitory species at a fixed target compound solution concentration

When introducing inhibitory species, i (e.g., BSA and/or NOM), the initial phenol
concentration was fixed at a single concentration (5 mg L) while varying the foulant
concentrations. The measured degradation rate and fraction of surface active sites occupied by the
target compound are represented by the constants rtoarget (mg L' h'!) and Bfarget (unitless),
respectively, where the superscript ° here denotes the fixed target solution concentration in the
absence of inhibitory species. Following Schwarzenbach et al.,*® an oxidant mass balance is
written, assuming that the oxidant production rate at the catalyst surface is constant, and the steady-

state oxidant concentration is depleted by reaction with the inhibitors in addition to background

7
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reactions with species other than the target or inhibitory compounds, e.g. salts in the reaction

media. Incorporating the oxidant concentration into Equation 1 yields Equation 3 (derivation in SI

Section S2):
dCtarget _ Ttarget (etarget) _ rphenol (gtarget> (3)
dt 1+ 2i(ki0) \Orarget 1+ kpsaOpsa + knomONoM \Brarget

where 6Oureer and 6; (unitless) are the fractions of surface active sites occupied by the target and
inhibitory species, respectively, in the samples with foulants; and 4; (unitless) is a lumped reaction

on/ik£

rate constant defined as k; = , Where Aowi 1s a stoichiometric coefficient (mass of oxidant

per mass of inhibitory species, i), k] is a zero-order rate constant (mg L' h™") for reaction of i with
oxidant, and B is a constant (mg L' h'') representing the rate of oxidant depletion by background
reactions.

Equation 3 shows that the decay rate of the target compound can be suppressed by
competition for adsorption sites influencing Garger, as well as scavenging as represented by k; 6; for
the surface foulants. Three implementations of this model were evaluated with different

assumptions on the active site competition:

(1) Target compound adsorption is suppressed by the inhibitors, and all species’ surface
coverages are predicted by Langmuirian competitive adsorption
If all species (target compound and foulants) compete for active sites, then the Langmuir

predictions for surface coverages are given by Equation 4:
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Gm —_dm _ KmCm _ KmCm (4)

dmax,m 1+ Xn(KnCn) 1+ Kphenolehenol + KpsaCpsa + KnomCNom

where m represents the specific adsorbate of interest (phenol, BSA, or NOM), n represents all
competing adsorbates, g, is the adsorbed mass of m (mg m™), gmax. is the maximum adsorbed
mass of m (mg m~2), K;» and K, are the Langmuir isotherm constants (L mg™), and C,, and C,
are the bulk solution concentrations (mg L) of m and n, respectively. Equation 3 then becomes
Equation 5:

dCtarget _ r'sarget Ktargetctarget/(1 + Ktargetctarget"'z:i(KiCi))

dt 14 [k( KiCi )] [ KtargetCrarget/(1 + KtargetCtarget)
Zifki 1+ KtargetCtarget + 2i(K;C}) 8 & & &

)

where i includes only the inhibitory species (BSA and NOM).

(2) Target compound adsorption is not affected by the inhibitors, whereas inhibitors compete for

adsorption sites following Langmuirian competitive adsorption

If the foulants compete with each other following Langmuirian competition but do not
compete with the target compound for active sites (i.e., they induce negligible displacement of
target compound, and vice versa), then Gurget With foulants is equivalent to Hgarget without
foulants, and the target compound is also excluded from the foulant adsorption predictions,

resulting in Equation 6:

dCiarget __ rt?arget (6)

ZT Y L7

1+ Zi(KiCi)
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(3) Target compound adsorption is not affected by the inhibitors, whereas inhibitors compete for
adsorption sites following a kinetic competitive adsorption model

This study questions the suitability of the Langmuir competitive adsorption assumption to
predict the surface coverages of the foulants and hence the degradation rate for the target
compound. In particular, a previous study from our group®® developed and experimentally

validated a kinetic adsorption model for NOM and BSA adsorption to TiO> NPs in a MHW

background:
Ny
In (N_ol) = —4‘7TD(RL + RTiOZ)NTiOZt (7)
Qi(ts ) ,i) Kici(ts 0 ,i) a '(ts ) .i)
ei(tstop,i) = R = . 1— 3=k )

Amax,i 1+ Kici(tstop,i) J dmax,j

Equation 7 is the Smoluchowski collision equation representing the depletion rate of
adsorbate from bulk solution upon collision with TiO> NPs. N; and Np; are the number
concentrations of dissolved species, i, at time ¢ and time 0, respectively; Ntio2 is the number
concentration of TiO2 NPs; D is the summed diffusion coefficients for i and TiOz; and R; and Rrio2
are the hydrodynamic radii of i and TiO, respectively. Adsorbed masses are computed by dividing
the depleted adsorbate concentration by the TiO, surface area. Equation 8 is used as a criterion to
stop adsorption when each species, i, from the mixture of all adsorbates, j, has met the
thermodynamic (Langmuir) predictions with respect to the adsorption sites remaining at #sop,: (but
not necessarily with respect to all adsorption sites initially available). When the NPs are
simultaneously exposed to NOM and BSA, this model produced better predictions of adsorbed
layer compositions than the Langmuir model because NOM had more rapid collision kinetics and

adsorption was irreversible, i.e., NOM was not displaced despite the higher affinity of BSA.
10
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Resistance to displacement is also observed in sequential exposure of NOM alone followed by
BSA,*¢ and vice versa,* although adsorption reversibility can depend on the water and surface
chemistry, e.g., presence of phosphates.??>?>* It is noted that the kinetic model predicts collision
rates with TiOx to be at least two orders of magnitude higher for phenol at 5 mg L™ than for BSA
or NOM at their highest concentrations (100 mg L), so the kinetic model would predict that
phenol adsorption should not be strongly impacted by the inhibitors. Hence, Equation 3 is simply

written as Equation 9:

dCtarget __ rtoarget (9)
dt 1+ Zi(kiei,kinetic)

where 6; kinetic represents the kinetically predicted inhibitor surface coverages.

Light screening and bulk photolysis

The possibility for the NOM and BSA to participate in two other processes influencing the
phenol degradation (light screening and bulk photolysis in solution) was also incorporated into the
data analysis by including these processes in the mass balance as a screening factor on the oxidant
reactions and a second independent phenol decay process for bulk photolysis. Model derivation is

provided in SI Section S2.3.

Model fitting approach

A stepwise approach was taken to parameterize and evaluate the reaction models. First,
target compound decay rates were measured at varying initial phenol concentrations. The data

were fitted to Equation 2 to obtain two fitting parameters: Kphenol and (k;,henolggx). This approach

11
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was required to estimate Kphenol because batch adsorption experiments showed no measurable
phenol adsorption onto the TiO> nanoparticles. These experiments also provided the values for

rr?henol, measured at 5 mg L™ initial phenol concentration, and thenol, computed using Kphenol.

Adsorption isotherms were measured separately for NOM and BSA to determine gmax,; and
K. Then, phenol decay rates were measured in the presence of single foulants (BSA or NOM only),
and mixtures of the two foulants. When all species (including phenol) are assumed to participate
in Langmuir competition for active sites, Equation 5 was first applied to the single foulant data,
where each data set (BSA or NOM) has only one fitting constant each, i.e., kssa or knom. Since

rlfhenol, nghenol, and k; were previously quantified and 6; can be computed using the Langmuir

competitive adsorption model, there are no unknown parameters in the mixed foulant cases —
hence, the modeled phenol decay rates are evaluated in a purely predictive manner against the
measured rates. When constant phenol coverage is assumed, Equation 6 was fitted to determine 4;
for the single foulant data. Equations 6 and 9 for the Langmuir and kinetic adsorption models,
respectively, were then computed and compared for the mixed foulants (again with no fitting
parameters). Note that for single foulants, the kinetic model gives the same predictions as the
Langmuir model since the NOM and BSA are not competing with each other.

To correct for screening and bulk photolysis, experimental data were collected to measure
screening factors and bulk photolysis rates. All measured decay rates were adjusted to compute
only the surface reaction component using SI Equation S15. The same model fitting approaches

above were then applied to the adjusted decay rates.
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Materials and Methods
Chemical Reagents

TiO2 NPs (Aeroxide P25, Evonik Industries, Essen, Germany), titanium isopropoxide
(Acros Organics, Morris Plains, NJ), diethanolamine (99%, Alfa Aesar, Ward Hill, MA), and
isopropanol (ACS grade, Electron Microscopy Sciences, Hatfield, PA) were used for sol-gel
synthesis to immobilize the TiO> NPs. Suwannee River NOM (Cat. No. 2R101N) was procured
from the International Humic Substances Society (IHSS, St. Paul, MN), and BSA (reagent grade
pure powder) from Sera Care Life Sciences (Milford, MA). Phenol (99.5%, unstabilized, Acros
Organics, Morris Plains, NJ) was used as the target compound for degradation. Phosphoric acid
(85%, ACS grade, Ricca Chemical, Arlington, TX), Coomassie Brilliant Blue G-250 (MP
Biomedicals, Santa Ana, CA) and ethanol (anhydrous USP grade, Decon labs, King of Prussia,
PA) were used as Bradford assay reagents. Calcium chloride (CaClz) (> 97 %, anhydrous, ACS
grade, Sigma-Aldrich, St. Louis, MO) and sodium bicarbonate (NaHCO3) (> 99.7 %, ACS grade,

Sigma-Aldrich) were used to prepare a simplified MHW matrix.

Preparation of TiO2 NP Coated Glass Rods

Glass stirring rods (5 mm x 150 mm, Kimble Kimax, DWK Life Sciences, Millville, NJ)
were cleaned using Alconox soap solution and rinsed with deionized water, dried, and dip-
coated/calcined three times in a P25 NP-enriched sol-gel, following the protocol reported by
Carbonaro et al. and Balasubramanian et al.**> and described in the SI. This method was reported
to yield a TiO> composition of 78% anatase and 22% rutile,* which is within the reported 95%
confidence interval of (76 + 3)% anatase and (24 + 3)% rutile reported for P25.* Carbonaro et al.

reported that no improvement in photocatalytic efficiency was observed past three dip-coating and

13
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calcination cycles, suggesting complete coverage at this point.*?

Adsorption Isotherms of NOM, BSA, and Phenol on TiO; NPs

Adsorption isotherms were quantitatively evaluated on suspensions of TiO> NPs that were
equilibrated overnight in various concentrations of either pure NOM or pure BSA in a MHW
background (0.85 mM CaCl; and 1.2 mM NaHCO;3, pH = 8). The full methods are described in
the SI. In brief, adsorption was measured by a solution depletion assay by subtracting the
unadsorbed BSA or NOM concentrations from their initial concentrations after separating the NPs
by centrifugation. BSA was quantified using the Bradford assay. NOM was quantified by size
exclusion chromatography (SEC) using a Superdex 75 10/300 Increase SEC column (Cytiva Life
Sciences, Marlborough, MA) on a 1290 Infinity high performance liquid chromatography (HPLC)
system (binary pump and autosampler) (Agilent Technologies, Santa Clara, CA), with an Agilent
1260 Infinity UV-Vis diode array detector and M9-SEC online TOC detector (Suez Water

Technologies, Trevose, PA).*

Adsorption isotherms were evaluated on triplicate separately-
prepared samples.

Because the aggregation state of the TiO> NPs in suspension varies with foulant
concentration and the TiO2 NPs coated on the glass rods can also show a different aggregation
state or surface roughness, foulant adsorption was also evaluated directly on the TiOz-coated stir
rods. The adsorption was qualitatively evaluated by visual color development, either directly for
NOM by its inherent yellow color or after staining the adsorbed BSA with Bradford reagent.
Methods are described in the SI.

Quantification of phenol adsorption was attempted at varying phenol concentrations (1, 2,

5,10mg L") on 10 g L' TiO2 in MHW for 2 mL total volume. Samples were allowed to equilibrate

14
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for 3 h on an end-over-end rotator at 25 rpm, then centrifuged at 13000 rpm (11337 g) for 15 min
to pellet the TiO2 NPs (MiniSpin Plus, Eppendorf, Enfield, CT). Supernatants were filtered using
a 0.22 um PTFE filter (MicroSolv, Leland, NC) and transferred to HPLC vials to analyze phenol
concentrations on an Agilent 1260 Infinity II system comprising a binary pump, refrigerated
autosampler (4 °C) with temperature-controlled column compartment (25 °C), Agilent Zorbax
Eclipse Plus Cigs HPLC column (4.6 x 150 mm, 5 um) with a Phenomenex Cig guard column, and
UV-Vis detection (methods in SI). The high TiO, concentration was used because phenol

adsorption was anticipated to be low.??

Size and Electrophoretic Light Scattering Measurements

The hydrodynamic sizes of the TiO> suspensions used in the adsorption isotherms were
measured by dynamic light scattering (DLS) (Zetasizer Nano ZS, Malvern Panalytical, Malvern,
UK). Zeta potentials were measured by electrophoretic light scattering on the Zetasizer Nano ZS
using a folded capillary zeta cell (DTS1070, Malvern) with automatic voltage selection (150 V),

using the Smoluchowski approximation to convert electrophoretic mobility to zeta potential.

Photocatalysis Experiments

Degradation of phenol at (5, 10, 20, and 40) mg L' was first measured using bare TiO;-
coated rods (without foulants) in MHW. Irradiation was conducted on 10 mL of sample in quartz
vials in an annular UV reactor (Rayonet RMR-600, Southern New England Ultraviolet Co.,
Branford, CT) with a rotating carousel, cooling fan, eight vial positions, and eight fluorescent UV
lamps with wavelength centered at 350 nm (Rayonet RMR-3500A) and total irradiance of (5.0 +

0.2) mW cm™ measured in the UVA/UVB range (UV513AB light meter, GeneralTools, New

15
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York, NY). 1 mL of sample was collected at 1 h intervals from (0 to 5) h. Prior to sample collection,
the vial was inverted three times to homogenize. Samples were centrifuged at 13000 rpm for 15
min, and 0.4 mL of supernatant was transferred to an HPLC vial for phenol quantification.

Phenol degradation was also evaluated using TiO»-coated rods in MHW containing pure
NOM or BSA at (0, 10, 25, and 100) mg L', or their mixtures at varying concentrations: (10, 25,
and 100) mg L' NOM for fixed BSA concentrations of (10 and 100) mg L', and vice-versa. To
allow foulant adsorption, the TiO> rods were initially placed in dark (foil-wrapped) quartz vials
containing NOM, BSA, or the mixtures overnight at room temperature. Then, phenol was added
(final concentration of 5 mg L™!"). Photoreaction experiments were performed as described above
in triplicates. Dark controls were run in foil-wrapped vials for the bare TiO; and TiO; coated with
NOM and BSA at the highest concentrations (100 mg L™ individually or mixed).

Phenol concentrations were analyzed as noted for the adsorption experiments (methods in
SI). NOM and BSA degradation was evaluated by SEC analysis of the samples collected at (0 and
5) h, and BSA concentrations were measured by the Bradford assay, as noted for the adsorption

1sotherms and described in the SI.

Inner Filter Effect and Bulk Photolysis

To quantify the inner filter effect, UV-Vis absorbances were measured from (200 to 800)
nm for all NOM and BSA concentrations (separate and mixtures) in MHW without TiO> or phenol.
The absorbances were applied to the manufacturer’s reported UV lamp spectrum (Rayonet RMR-
3500A, wavelength range of (300 to 400) nm) to compute the attenuated spectrum reaching the
surface of the TiOz-coated stir rods, as detailed in the SI Section S2.3. The inner filter effect was

computed as the ratio of attenuated to unattenuated light intensity integrated across all lamp
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wavelengths. To evaluate phenol degradation by bulk photolysis, photoreaction experiments were
conducted in the Rayonet photoreactor for 5 mg L' of phenol in all foulant solutions, using
uncoated glass rods in place of TiO;-coated rods to maintain the same reactor geometry.

Experiments were triplicated.

Results and Discussion
Phenol Adsorption and Photoreactivity of Bare TiO; in Varying Phenol Concentrations
Phenol adsorption was too low to be reliably measured (i.e., < 10% depletion) even at high
TiO: concentrations (10 g L), consistent with our previous study where phenol adsorption was
low whereas its degradation byproducts (catechol and hydroquinone) showed measurable
adsorption.?® Because phenol is a small molecule and its maximum surface coverage is low, it was
hypothesized that phenol adsorption will be unaffected by the presence of the surface foulants.
Photoreactivity experiments with phenol only, followed by phenol with foulants, were conducted
to evaluate this hypothesis.
The photoreactivity of the TiO; toward phenol alone was measured over 5 h (SI Figure S1).
The photoreactivity model (Equation 2) is based on the initial sample conditions, so the initial
phenol degradation rates (computed as the loss from 0 h to 1 h of irradiation) were used to fit the

model (Figure 1). The fitted parameters were 4.9 mg L™ h™' for kppeno1fox and 0.08 L mg'" for

Kphenol, indicative of a low affinity isotherm for phenol adsorption onto the TiO2-coated rods.
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® Experimental data
— L-H model

|dCphena/dt] (mg L™ h)

0 1 1 1 | 1
0 10 20 30 40 50 60

Cphenol (mg L-1)

Figure 1. Measured phenol degradation rates for varying concentrations of phenol in MHW, and
the best-fit Langmuir-Hinshelwood (L-H) model using Equation 2. Error bars indicate standard

deviations across triplicate experiments.

Foulant Adsorption and Photoreactivity of TiO: in Individual Foulants

The adsorption of pure BSA or pure NOM on TiO> was evaluated by batch adsorption at
pH 7.8 to 8, with BSA quantified using the Bradford assay and NOM using SEC-TOC analysis
(Figure S2). The adsorbed masses of each foulant were fitted using a Langmuir isotherm (Figure
2a), yielding best-fit parameters for BSA and NOM of (2.1 or 0.6) mg m?, respectively, for the
saturation adsorbed mass, gmax, and (0.6 and 0.04) L mg™! for the Langmuir adsorption constant,
K. The K values indicate a higher adsorption affinity of BSA than NOM, i.e. the surface is saturated
at lower BSA concentrations. The gmax values are lower than those in our prior work in MHW at
pH 7 (instead of pH 8 here), i.e., 2.6 mg m for BSA and 0.9 mg m™ for NOM.*¢ The isoelectric

point of TiO; is = 7, so higher electrostatic repulsion exists between the negatively-charged
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adsorbates and negatively-charged TiO» surface at pH 8, consistent with lower adsorbed masses.

These results suggest that at pH 8, the TiO; surface is not completely covered even at saturation

concentrations of BSA or NOM, i.e., physical surface area remains where phenol can adsorb.
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BSA, Langmuir (phenol constant)

BSA, Langmuir (phenol competing)
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Figure 2. Adsorption isotherms of BSA onto 0.5 g L' TiO2 NPs and NOM onto 1 g L'! TiO, NPs

(a), and the measured and predicted phenol degradation rates using TiO»-coated glass rods in the

presence of separate BSA or NOM solutions (b) in MHW background (0.85 mM CaCl, and 1.2

mM NaHCOs, pH = 8). Raw data used to determine phenol degradation rates are provided in Figure

S5. Solid lines represent the best-fit Langmuir adsorption isotherms (a) and reaction models (b)

using Equations 4 (Langmuir, phenol competing) or 5 (Langmuir, phenol constant) for individual

foulants. Error bars on experimental data indicate standard deviations across triplicate

experiments. Shaded regions were computed using the lower and upper bounds of the 95%

confidence intervals on the fitted BSA and NOM rate constants.
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The TiO2 NPs showed a z-average diameter of (151 £ 4) nm for stable suspensions in 1
mM NaCl (n = 8 samples). However, the surface potential was screened in MHW, especially by
the divalent Ca®" ions (Figure S3). Hence, large agglomerates (> 1 pm) were present despite the
more negative zeta potentials and improved colloidal stability conferred by NOM and BSA at high
concentrations (Figure S3). For the photoreaction experiments, the TiO2 NPs were immobilized
onto glass rods to avoid variations in agglomeration state, which could influence the reactivity.
The P25-enriched sol-gel synthesis was reported to produce similar compositions to the pure P25
NPs used for the adsorption isotherms,*? but the suspended NP agglomeration and differences in
surface roughness or structure for the rod coatings could introduce experimental error in the
measured adsorbed masses. Hence, we colorimetrically evaluated the adsorption of both species
onto the TiO»-coated rods (SI Figure S4). The results qualitatively affirm the relative difference in
adsorption affinity (the most important parameter in the photoreactivity models): BSA showed
strong color after staining at both low (10 mg L) and high (100 mg L!) foulant concentrations,
whereas NOM showed greater changes in color from (10 to 25 to 100) mg L' (Figure S4). For the
modeling equations, the surface area of the TiO>-coated rods (= 0.18 cm? per mL of solution, not
accounting for surface roughness) is orders of magnitude lower than that in the adsorption
experiments using TiOz suspensions (270 cm?*/mL for BSA and 540 cm?*/mL for NOM). Therefore,
no significant depletion of the dissolved concentration of foulant occurs in the photoreaction
experiments. Hence, C; in the reactivity models was taken to be the initially added concentration
of BSA or NOM to compute adsorbed masses for the immobilized TiO> NPs.

The photoreactivity of the TiO2 toward phenol (initial concentration of 5 mg L!) in the
presence of individual foulants was assessed by the initial phenol degradation rates (Figure 2(b)).

Pseudo-first-order rate constants were also fitted over the entire 5 h experiments (Figures S5 and
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S6 for individual foulants and mixtures, respectively) and generally correlated with the initial rate
(Figure S7), so the rates determined by either approach would yield similar modeling results. Dark
controls indicated negligible loss of phenol without irradiation (data not shown). Bare TiO»
showed the highest phenol degradation rate of (1.44 = 0.06) mg L' h'!, or (8.2 = 0.3) x 10™* mol
phenol per mol photons incident on the TiO», computed as described in SI Section S2.3, whereas
increasing concentrations of either foulant suppressed the reactivity (Figure S5 and Figure 2(b)),
which could be attributable to oxidant scavenging or light screening. All data were first modeled
considering oxidant scavenging only; light screening and bulk photolysis are incorporated later.
Individual foulant results were evaluated assuming phenol competes for the same active
sites as BSA and NOM (Equation 5) or constant phenol coverage (Equation 6). If all species
compete for adsorption sites, both foulants are predicted to strongly suppress phenol adsorption
(Figure 2a) because of the higher mass concentrations of both foulants relative to phenol, as well
as the higher adsorption affinity of BSA. In Equation 5, the phenol surface coverage can be
interpreted as setting a maximum reactivity relative to the bare TiO», with additional suppression
by oxidant scavenging. Fitted rate constants are presented as the best-fit value followed by the
95% confidence interval range on the fitted parameter in parentheses (determined using SI
Equation S16 following Bates and Watts.*® The fitted rate constants were kgsa = 0 (0, 5.5) and
knom = 0.8 (0.2, 1.5). The bounds of each confidence interval were used to plot confidence bands
on the model fits, with the upper and lower scavenging rates corresponding to lower and higher
reactivity, respectively (Figure 2b). For NOM, the experimental data fall outside the 95%
confidence band of the model prediction at the highest NOM concentration, where increasing
phenol displacement is predicted. The normalized root mean square error (NRMSE) and

normalized bias for the best-fit model to the NOM data were 21% and —5%, respectively. For
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BSA, the experimental data at all concentrations fall outside the 95% confidence band, and the
best-fit rate constant is 0 because of the extensive phenol displacement predicted. The NRMSE
and normalized bias for the BSA data were 81% and —81%, respectively, with the negative value
representing underprediction of phenol decay rates.

On the other hand, assuming constant phenol coverage (Equation 6) yields a good fit to the
data (Figure 2b), with the 95% confidence bands overlapping error bars on the experimental data
for BSA and NOM at all concentrations. The NRMSE and bias were 17% and +0.3% for NOM,
and 13% and —0.03% for BSA. These results support the assumption that the foulants only
scavenge oxidant proportional to the foulant surface coverage, with negligible phenol
displacement. Indeed, the general trend in the suppression of the photoreactivity shows an inverse
curve shape to the BSA and NOM adsorption isotherms, i.e., the reaction rate plateaus at higher
NOM concentrations rather than continually decreasing, and the BSA suppression of phenol decay
is not overpredicted. The fitted rate constants were kgsa = 1.0 (0.8, 1.3) and knom = 2.7 (2.1, 3.5),
indicating a higher oxidant scavenging rate per adsorbed mass of NOM. Hence, at the higher
solution concentrations (25 mg L' and 100 mg L!), NOM showed greater inhibition than BSA

despite its lower adsorbed mass.

Foulant Adsorption and Photoreactivity of TiO; in Foulant Mixtures

The adsorbed layer compositions in the foulant mixtures were predicted using Langmuir
or kinetic competitive adsorption models. Cases were systematically evaluated by holding one of
the foulants (BSA or NOM) fixed at either a high concentration of 100 mg L™ (Figure 3) or a low
concentration of 10 mg L™ (Figure 4), while varying the concentration of the competing foulant

from (0 to 100) mg L', For these systems, the kinetic model was validated to produce significantly
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improved predictions of adsorbed layer compositions over the Langmuir model in our previous
study.*® The Langmuir model predicts higher BSA adsorption in all mixtures because of its higher
affinity. However, in our prior study,*® the kinetic model yielded lower model error than the
Langmuir model, i.e., lower deviation from experimental observations because the NOM diffuses
and hence attaches more rapidly onto the TiO> surface, and the NOM adsorption is not reversible

under the conditions studied, i.e., BSA does not displace adsorbed NOM.
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Figure 3. Predicted adsorbed layer compositions (a, b) and measured and predicted phenol
degradation rates (c, d) in mixtures of 100 mg L' of BSA (a) or NOM (b) with varying
concentrations of competing adsorbate, comparing Equations 5 (Langmuir, phenol competing), 6
(Langmuir, phenol constant), and 9 (Kinetic, phenol constant). Error bars indicate standard
deviations across triplicate experiments. Shaded regions were computed using the lower and upper

bounds of the 95% confidence intervals on the fitted BSA and NOM rate constants.
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Figure 4. Predicted adsorbed layer compositions (a, b) and measured and predicted phenol
degradation rates (c, d) in mixtures of 10 mg L' of BSA (a) or NOM (b) with varying
concentrations of competing adsorbate, comparing Equations 5 (Langmuir, phenol competing), 6
(Langmuir, phenol constant), and 9 (Kinetic, phenol constant). Error bars indicate standard
deviations across triplicate experiments. Shaded regions were computed using the lower and upper

bounds of the 95% confidence intervals on the fitted BSA and NOM rate constants.
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The Langmuir model allowing phenol displacement (Equation 5) predicts extensive
suppression of phenol sorption in the mixtures (Figures 3(a,b) and 4(a,b)), which all contain high-
affinity BSA. Comparing NOM and BSA surface coverage predictions from the Langmuir and
kinetic adsorption models, differences are most apparent at high foulant concentrations where the
Ti0; surface is nearly saturated. For example, when considering a high fixed BSA concentration
(100 mg L") (Figure 3(a)), the kinetic adsorption model predicts that added NOM will outcompete
BSA, whereas the Langmuir model predicts only a small change in the BSA adsorbed mass (<
20% relative to BSA alone) as the NOM concentration increases to 100 mg L. For a fixed NOM
concentration (100 mg L) (Figure 3(b)), the kinetic model predicts a layer comprised primarily
of NOM even in BSA concentrations up to 100 mg L™, whereas the Langmuir model predicts that
BSA should dominate the layer even at low BSA concentrations, e.g. = 10 mg L', At lower foulant
concentrations where the surface is not fully saturated, differences between the two model
predictions are still apparent but less substantial because there is lesser competition for surface
sites, so BSA has opportunities to adsorb after NOM has reached the TiO; surface (Figure 4(a,b)).

The photoreactivity of the immobilized TiO> in the foulant mixtures is shown in Figures
3(c,d) and 4(c,d) and compared to model predictions using Equations 5, 6, and 9. The model
assuming phenol displacement (Equation 5) could not represent the experimental results for even
the single foulant experiments (Figure 2) and likewise fails to predict the mixed foulant results,
with high NRMSE (80%) and severe underprediction bias (—77%) from the apparent
overprediction of phenol displacement by BSA. Equations 6 and 9 comparing Langmuir versus
kinetic adsorption models to estimate foulant layer compositions (with constant phenol coverage)

are herewith compared. Limiting cases for a pure foulant layer saturated in BSA or NOM are
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shown in red and blue, respectively. As shown in Figure 2(b), a saturated BSA layer shows lower
oxidant scavenging than a saturated NOM layer. Therefore, the Langmuir adsorption model
(favoring the less reactive BSA) consistently predicts lower scavenging, i.e., higher reactivity
towards phenol, than the kinetic adsorption model (favoring NOM). In high foulant concentrations
(Figure 3), the kinetic model better represents the overall trend in the experimental data, with
reactivity approaching that for the saturated NOM layer as the NOM concentration increases in
the presence of 100 mg L' BSA, or remaining near the saturated NOM layer in 100 mg L' even
as the BSA concentration increases to 100 mg L' In contrast, the Langmuir model predicts NOM
has little impact in 100 mg L™! BSA, and that the less reactive BSA displaces NOM at 100 mg L™,
resulting in higher phenol degradation rates (lower scavenging). Notably, the experimental data in
all mixtures containing 100 mg L' of one species fall outside the 95% confidence bands for the
Langmuir model. In contrast, all observed data fall within the 95% confidence bands for the kinetic
model predictions except 25 mg L' NOM in 100 mg L' BSA. The higher observed suppression
of reactivity in this mixture could be attributable to NOM complexation with BSA (discussed in
the foulant degradation measurements below), which would bring additional NOM to the TiO:
surface via attachment to BSA. When both foulant concentrations are low (e.g., both 10 mg L)
and the surface is undersaturated, there is lesser distinction between the two models (Figure 4).
However, as the competing adsorbate concentration increases to 25 mg L' and 100 mg L'}, only
the kinetic adsorption model predicts the observed results within the 95% confidence bands. The
overall NRMSE and normalized bias across all mixture samples was 45% and +42%, respectively,

for the Langmuir model, in contrast to 15% and +10%, respectively, for the kinetic model.
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Screening and Bulk Photolysis

In addition to oxidant scavenging, foulants in the bulk solution can influence the phenol
degradation rate by the inner filter or screening effect (attenuation of light reaching the TiO»
surface) and bulk photolysis (reaction of phenol with photosensitized foulants). BSA showed
negligible screening in the wavelengths of interest and no significant influence on the bulk
photolysis of phenol (Figure S8 and Table S2). On the other hand, NOM produced a strong
screening effect: (10, 25, and 100) mg L' NOM attenuates 5%, 12%, and 40% of the light,
respectively. This screening would contribute to lower phenol degradation rates. However, NOM
also induced higher rates of bulk photolysis. The reactivity model was rearranged to compute only
the surface reaction contribution after adjusting the measured phenol degradation rates for
screening and bulk photolysis (Equation S15). After refitting the individual foulant results with
these corrections, NOM still shows higher oxidant scavenging than BSA, albeit with a lesser
degree of difference (Figure S9). The overall conclusions are the same as in Figures 3 and 4, with
Equation 5 (phenol competing) showing the poorest predictions, whereas Equation 9 (kinetic
foulant competition, phenol constant) yields more accurate predictions than Equation 6 (Langmuir
foulant competition, phenol constant), with only the 25 mg L' NOM in 100 mg L' BSA case

falling outside the 95% confidence intervals for the kinetic model prediction.

Foulant Degradation

Degradation of the NOM and BSA was evaluated by SEC after 5 h of photoreaction
(Figures S10, S11, and S12). Quantitative uncertainties are discussed in SI Section S12. Both BSA
and NOM degradation were observed, showing reductions in their original peaks with formation

of low molecular weight peaks (degradation products) eluting at later times in the SEC analysis.
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In general, the BSA loss and NOM degradation profile were not strongly affected by the presence
of each other. This outcome appears counterintuitive to the expectation that increasing competition
for oxidants should suppress the degradation of all species, but may suggest that reaction with
oxidant is not the rate-limiting step for BSA or NOM degradation. Macromolecules could show
kinetic limitations to adsorb or desorb from the TiO surface: Equation 7 computes collision rates
with TiOz to be at least two orders of magnitude higher for phenol at 5 mg L™! than BSA or NOM
at their highest concentrations (100 mg L™). Interestingly, a higher collision rate is also predicted
for BSA monomer than dimer, and greater loss of monomer than dimer was indeed observed by
SEC despite their identical chemical makeup. These results further emphasize the importance of
kinetics. Predicting BSA and NOM degradation rates may require advanced models that include

both adsorption irreversibility and mass transfer limitations during the reaction.

Model Accuracy and Implications

Model errors are summarized in Table 1 and Figure 5, excluding screening and bulk
photolysis. In all cases, assuming Langmuir competition between all species including phenol
(Equation 5) yields the poorest prediction accuracy, with samples containing BSA showing
particularly high NRMSE (= 80%) and heavy bias toward underpredicting phenol degradation
rates (normalized bias = —80%) because of the assumed displacement of phenol by the foulants.
For the foulant mixtures, assuming Langmuir competition between only the foulants (Equation 6)
also yields poorer prediction accuracy and higher bias (NRMSE = 45%; normalized bias = +42%)
than the kinetic adsorption model (Equation 9) (NRMSE = 15%; normalized bias = +10%) because

the Langmuir model overestimates the contribution of BSA to the adsorbed layer and hence
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underestimates the degree of oxidant scavenging. Similar conclusions were drawn after correcting

for screening and bulk photolysis (SI Table S3 and SI Figure S14).

Table 1. Summary of model errors, excluding screening and bulk photolysis corrections

Sample Set

Model

RMSE
(mg L' h")

NRMSE

Bias
(mg L™ h!)

Normalized
Bias

Phenol only

Langmuir
(Equation 2,
Figure 1)

0.06

2%

-0.01

-0.2%

NOM only

Langmuir —
Phenol competing
(Equation 5,
Figure 5a)

0.13

21%

-0.03

-5%

Langmuir —
Phenol constant
(Equation 6,
Figure 5b)

0.10

17%

0.00

0.3%

BSA only

Langmuir —
Phenol competing
(Equation 5,
Figure 5a)

0.60

81%

-0.60

-81%

Langmuir —
Phenol constant
(Equation 6,
Figure 5b)

0.10

13%

0.00

-0.03%

Mixtures

Langmuir —
Phenol competing
(Equation 5,
Figure 5a)

0.38

80%

-0.37

-T7%

Langmuir —
Phenol constant
(Equation 6,
Figure 5b)

0.21

45%

0.20

42%

Kinetic —
Phenol constant
(Equation 6,
Figure 5c¢)

0.07

15%

0.05

10%
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Figure 5. Summary of model predictions using Langmuir (a) or kinetic (b) competitive adsorption
models to estimate surface coverages in the surface reactivity model (without accounting for
screening or bulk photolysis). Error bars on measured rates represent standard deviations of
triplicate measurements, and those on predicted rates were computed from the 95% confidence

intervals on the fitted ksa and Anom parameters.

Fundamentally, these results demonstrate the importance of carefully considering
assumptions related to competition of all species in the system (target compound and foulants)
when implementing competitive reaction models for photoreactive nanomaterials. Often,
Langmuirian (equilibrium) competitive adsorption is assumed without confirmatory
measurements of layer composition. However, kinetic adsorption models are required to accurately
predict surface reactivity when adsorption is irreversible under the time scales considered.
Assumptions regarding whether the target and foulant species compete for the same or different

adsorption sites, as opposed to only competing for oxidant species, must also be considered.
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The modeling analysis in this study provided evidence that Langmuir competitive
adsorption is not representative of the interactions between any two or three species (phenol as the
target compound and NOM or BSA as foulants) to predict the photocatalytic degradation rates of
phenol by immobilized TiO, NPs in MHW. Comparing the two models assuming constant phenol
surface coverage, the Langmuirian predictions deviated from the kinetic predictions by 16% to
51%, with higher error when higher concentrations of the foulants (especially NOM) are present.
In a photocatalytic water treatment system, other factors such as the reactor geometry and
hydrodynamics will be critical to optimize.>? However, after controlling for these parameters, the
observed differences of up to 50% in the reactivity predictions can further translate to
corresponding improvements in determining material use efficiency when designing treatment or
remediation processes. More broadly, the degree of deviation between the prediction models will
also depend on the relative concentrations and scavenging rates of the various foulant constituents.

The kinetic adsorption model can hence be useful for photocatalytic water treatment
processes that require accurate predictions of reactivity.** Kinetic adsorption models can also be
pivotal to elucidate the rates and mechanisms of adsorption, and thereby optimize the efficiency,
of a variety of other water treatment processes where irreversible adsorption could occur, including
heterogeneous catalytic ozonation,*” adsorption,*® membrane-based treatment,*’ and wastewater
treatment wetlands.* These models can also be applied to prioritize the most important foulant
species to target for removal in pretreatment operations, prior to applying advanced photocatalytic
treatment, or even to inform the design of photocatalyst coatings that prevent NOM fouling without
blocking target compound adsorption or scavenging oxidant species. Finally, this knowledge could
be useful to understand surface reaction processes in natural aquatic systems and model spatial or

temporal variability in surface photocatalysis rates based on water chemistry. Future studies should
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further develop advanced reaction models that incorporate both adsorption irreversibility and mass
transfer limitations during the reaction process, as well as evaluate the generalizability of the
findings for phenol to other target compounds probing a variety of reaction pathways, such as

direct hole or electron transfer.
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