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Abstract: The persistence of pharmaceuticals and personal care products (PPCPs) in water has been
a cause for concern for several years. Many studies have successfully used TiO2/UV photocatalysis
to remove these compounds from water. In order to optimize these systems for large-scale water
treatment, the effects of the reaction matrix, methods to improve energy efficiency, and methods
for easy catalyst separation must be considered. The following study examines the photocatalytic
degradation of a cocktail of 18 PPCPs using a porous titanium–titanium dioxide membrane and the
effect of solution pH on kinetic rate constants. The addition of methanol to the reaction—commonly
used as a carrier solvent—had a significant effect on kinetic rate constants even at low concentrations.
Solution pH was also found to influence kinetic rate constants. Compounds had higher kinetic rate
constants when they were oppositely charged to the membrane at experimental pH as opposed to
similarly charged, suggesting that electrostatic forces have a significant effect. The controlled periodic
illumination of UV–LEDs was also investigated to increase photonic efficiency. The dual-frequency
light cycle used did not cause a decrease in degradation for many compounds, successfully increasing
the photonic efficiency without sacrificing performance.

Keywords: titanium dioxide; photocatalysis; pharmaceuticals and personal care products; controlled
periodic illumination; methanol; pH

1. Introduction

Pharmaceuticals and personal care products (PPCPs) are a group of micropollutants
that are of great concern for aquatic environments. Long-term exposure to PPCPs, even at
low levels, can have a negative impact on aquatic life and human health [1]. PPCPs typically
enter aquatic environments as wastewater effluent, as many of the current wastewater
filtration systems are inadequate for their removal [2,3].

Recent studies suggest that when paired with UV light, titanium dioxide (TiO2) is
an effective photocatalyst for the degradation of organic compounds such as PPCPs [4–6].
The irradiation of TiO2 by UV light forms electron-hole pairs by promoting an electron
from the valence band to the conduction band. The electron-hole pairs can then undergo
redox reactions with water and oxygen to form reactive oxygen species (ROS). These ROS
participate in redox reactions with organic compounds, causing decomposition [7–13]. The
electron-hole pairs can also undergo redox reactions with organic compounds, decomposing
them directly [14]. In addition, recent work has shown the use of TiO2 nanomaterials for
the formation of C–C bonds through their photocatalytic properties [15], which has been
shown to be useful for the synthesis of polysubstituted imidazolidines [16]. Other forms of
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photocatalysis have been used to remove endocrine disruptors in water [17] as well as in
laser-powder bed fusion for the adsorption of nitrogen [18].

One practical concern with the use of TiO2 as a photocatalyst for water treatment
plants is the removal of powdered TiO2 after treatment. On a small scale, TiO2 is often
removed by centrifugation, but this is impractical for large-scale water treatment. In this
study, the TiO2 has been immobilized on a porous membrane to eliminate the need for
filtration, following a method from similar studies [10,11].

In this paper, the effect was considered of methanol in solution on the membrane.
Methanol is commonly used as a carrier solvent for PPCPs in similar papers [5,6,10,11,19–25].
Methanol has been demonstrated to scavenge hydroxyl radicals and holes produced in
the photocatalysis cycle by TiO2, which may influence the photocatalytic degradation of
PPCPs [10,22–27]. To investigate the influence of methanol on the photocatalytic degra-
dation of PPCPs, a range of methanol concentrations was considered. An intermediate
concentration of methanol was used in conjunction with all other experimental conditions
to reproduce typical experimental conditions. The study is comparable with work on
powdered samples, in which methanol is typically the solvent of choice [28]. Ethanol [29]
and acetonitrile [30] have also been used, but the adaptation of these solvents is not as
wide-spread because many more PPCPs are soluble in methanol compared with other
solvents, and the boiling point of methanol is lower than those of ethanol and acetoni-
trile, making it easier to extract and concentrate samples for LC-MS/MS analysis. It is
also important to note that the tested mixtures contain compounds that may undergo
reductive degradation. The addition of methanol can promote this process by scavenging
hydroxyl radicals.

Another experimental factor investigated in this paper is the influence of the UV–LED
pulse frequency on photocatalytic activity. This study examines the effect of alternating
between pulse frequencies of 50 Hz and 0.1 Hz (both with a duty cycle of 50%) for equal
intervals. Several studies suggest that though light exposure is decreased relative to
continuous light, the kinetic rate constants may remain unchanged or even increase in some
cases [12,31–36]. This increased photonic efficiency decreases energy consumption, which
has a significant impact on the costs of using photocatalysis in a water treatment plant.

The influence of solution pH on photocatalysis by TiO2 was also investigated. At the
experimental pH of 5, the surface charge of the PTT membrane is positive [10,11]. The
effect of pH on photocatalysis was investigated under both continuous and dual frequency
(25 Hz and 0.05 Hz) UV–LED conditions, from pH 3 to pH 10. Compared with previous
work [37], we discuss the influence of pH, the amount of methanol carrier solvent, and UV
light irradiation parameter.

2. Materials and Methods
2.1. Reagents and Chemicals

All reagents for membrane synthesis were purchased from Sigma-Aldrich at >99%
purity. Ultrapure water was obtained from a MilliQ water purification system (MilliQ,
EMD Millipore, Mississauga, ON, Canada). The 18 compounds included in this study
were purchased from Sigma-Aldrich. More information about the compounds and their
deuterated standards is available in Tables 1 and 2. Standards (regular and deuterated)
were prepared at 1 g/L in methanol and stored in amber vials at −20 ◦C. LC-MS/UHPLC
grade methanol was obtained from VWR Analytical. LC-MS grade ammonium acetate was
obtained from Fluka Analytical. Deuterated samples used to decrease chromatography
time because they increase the throughput and lower the rejection rate.
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Table 1. Summary of the compounds and standards studied.

Compound Abbreviation Use Deuterated Standard

Atenolol ATEN Beta-blocker Atenolol-d7
a

Atorvastatin ATOR Lipid lowering Atorvastatin-d5
b

Atrazine ATRZ Herbicide Atrazine-d5
a

Carbamazepine CBZ Anti-epileptic Carbamazepine-d5
a

Carbamazepine-10,11-epoxide e-CBZ Carbamazepine Carbamazepine-10,11-epoxide-d10
a

Diclofenac DCF Anti-inflammatory Diclofenac-d4
a

Fluoxetine FLX Antidepressant Fluoxetine-d5
a

Gemfibrozil GFZ Lipid lowering Gemfibrozil-d6
a

Ibuprofen IBU Anti-inflammatory Ibuprofen-d3
a

Naproxen NPX Anti-inflammatory Naproxen-d3
a

Norfluoxetine NFLX Fluoxetine Norfluoxetine-d5
a

o-Hydroxy atorvastatin o-ATOR Atorvastatin o-Hydroxyatorvastatin-d5
b

p-Hydroxy atorvastatin p-ATOR Atorvastatin p-Hydroxyatorvastatin-d5
b

Sulfamethoxazole SULF Antibiotic Sulfamethoxazole-d4
a

Triclosan TCS Antimicrobial Triclosan-d3
a

Triclocarban TCCB Antimicrobial Triclocarban-d4
a

Trimethoprim TRIM Antibiotic Trimethoprim-d3
a

Venlafaxine VEN Antidepressant Venlafaxine-d6
a

Note: a obtained from CDN Isotopes Inc. (Pointe-Claire, QC, Canada), b obtained from Toronto Research
Chemicals (Toronto, ON, Canada).

Table 2. Physical properties of the compounds studied.

Compound Molecular Weight (g/mol) Charge at
pH 3 a

Charge at
pH 5 a

Charge at
pH 10 a

logS at
pH 3 a

logS at
pH 5 a

logS at
pH 10 a

ATEN 266.34 1.00 1.00 0.32 0.43 0.43 −1.41
ATOR 558.64 −0.05 −0.83 −1.00 −7.03 −6.28 −1.36
ATRZ 215.68 0.51 0.01 0.00 −3.39 −3.8 −3.8
CBZ 236.27 0.00 0.00 0.00 −3.79 −3.79 −3.79

e-CBZ 252.7 0.99 0.46 0.00 −2.62 −3.11 0
DCF 296.15 −0.09 −0.91 −1.00 −4.26 −3.25 0
FLX 309.33 1.00 1.00 0.39 0 0 −3.86
GFZ 250.33 −0.04 −0.79 −1.00 −3.29 −2.63 0
IBU 206.28 −0.01 −0.58 −1.00 −3.54 −3.16 0
NPX 230.60 −0.06 −0.87 −1.00 −3.42 −2.58 0

NFLX 295.30 1.00 1.00 0.37 0 0 −4.05
o-ATOR 573.65 −0.05 −0.83 −1.95 −7.43 −6.68 −1.09
p-ATOR 573.65 −0.05 −0.83 −1.79 −7.43 −6.68 −1.09

SULF 253.28 0.08 −0.06 −1 −2.16 −2.17 0
TCS 289.54 0.00 0.00 −1.00 −5.28 −5.27 −2.95

TCCB 315.58 0.00 0.00 −0.04 −5.67 −5.67 −5.66
TRIM 290.32 1.00 0.99 0.00 0 −0.64 −2.8
VEN 277.40 1.00 1.00 0.07 0 0 −2.55

Note: a data obtained from chemicalize.org.

2.2. Titanium Dioxide-Coated Membrane Synthesis

The porous titanium–titanium dioxide (PTT) membrane synthesis was conducted
similar to previous work [10,11]. To summarize, 50 mm diameter discs were cut from
porous titanium (PTi) sheets (0.254 mm thick, Accumet Materials, Ossining, NY, USA)
and cleaned with ethanol and water. The discs were then oxidized by immersing them in
50 mL of 30% H2O2 at 80 ◦C for 2 h, then washed in water. After washing, they were dried
at 80 ◦C for 8 h and calcined at 600 ◦C for another 2 h. The resulting membranes are porous
titanium with an oxidized surface of TiO2.
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2.2.1. Nanomaterial Characterization

The crystal structure of PTT membranes was determined using micro-Raman spec-
troscopy (Renishaw, England, United Kingdom, He–Ne laser λ = 632.8 nm) and X-ray
diffraction (XPERT-PRO). The morphology was characterized by scanning electron mi-
croscopy (FE-SEM LEO 1550, Carl Zeiss Microscopy, Jena, Germany).

2.2.2. Experimental Setup

For each experiment, 200 µL of 10 mg/L pharmaceutical stock solution was spiked in
an amber vial and evaporated under nitrogen gas. The samples were then reconstituted
in 1 L of ultrapure water and stirred for 5 min for a 2 µg/L solution. A total of 300 mL
aliquots of the solution were then transferred to beakers containing a PTT membrane on
a stand, which was suspended in the solution. The beakers were then stirred at 600 rpm
under a UV–LED light source designed in-house. The UV–LED (λ = 365 nm) provided
1.7× 10−3 W of power, with an irradiance of 0.13 mW·cm−2. The UV–LEDs were 10.5 cm
above the starting solution level, and the membranes were 1.5 cm under the surface.

For experiments investigating varying methanol concentrations, each beaker was
spiked with 0, 6, 60, or 600 µL of methanol for 0%, 0.002%, 0.02%, or 0.2% solutions,
respectively, before being placed under the light source. The beakers were first equilibrated
for 1 h in the dark before the exposure to UV–LED light. After the light exposure began,
5 mL samples were taken at 0, 60, 90, 120, 150, 180, and 210 min.

For experiments investigating varying UV–LED pulse frequencies and solution pH,
the beakers were first spiked with 60 µL of methanol for a 0.02% solution, and then the
pH was adjusted from an initial value of 5 to 3 and 10 with hydrochloric acid and sodium
hydroxide, respectively. One beaker was kept at the original pH. One set of beakers was
exposed to dual-frequency UV–LED light alternating between 25 Hz for 500 cycles and
0.05 Hz for 1 cycle (equal time spent at each frequency); the other set was exposed to
continuous light. The pulse frequency was controlled using a pulse width modulation
(PWM) script programmed into an Arduino microcontroller connected to an LED current
driver. More details are available in the Supplementary Material. The beakers were first
equilibrated for 1 h in the dark before exposure to UV–LED light. After light exposure
began 5 mL samples were taken at 0, 60, 120, 180, 240, and 300 min.

2.3. Sample Preparation and Analysis

Samples were spiked with deuterated standards to a concentration of 20 µg/L and then
underwent solid phase extraction (SPE) following the method of Arlos et al. [10]. Sample
PPCPs were quantified using an Agilent 1200 HPLC (Agilent Technologies) coupled to a
mass spectrometer (3200 QTRAP, ABSciex, Concord, ON, Canada). The optimized LCMS
parameters are detailed in Tables S1–S4 of the Supplementary Material.

Linear regression and correlation analysis were performed using Origin Lab (version
8.0) to determine the kinetic rates of degradation and significant changes in those rates.
The kinetic rate constants were modeled with Langmuir–Hinshelwood kinetics. At low
analyte concentrations, the following simplified pseudo first-order equation can be used:

− r =
dC
dt

= −kappC (1)

where C (g·mol−1) is the analyte concentration, kapp (min−1) is the apparent reaction
rate, t (min) is the reaction time, and r (g·mol−1·min−1) is the rate of degradation. The
integrated form of the rate equation is:

ln
(

C
Co

)
= kappt. (2)
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where Co (g·mol−1) is the initial analyte concentration before photocatalysis. The apparent
kinetic rate in Equation (2) is the slope of the plot of ln

(
C
Co

)
vs. t. Tukey’s means comparison

test was performed using 1-way ANOVA in Origin to determine which apparent reaction
rates were different within each set of variable experimental conditions. A significance
level of 0.05 was used for the means comparison. Kinetic rates and means comparisons
were calculated for each individual compound and for all 18 PPCPs cumulatively.

Correlation analysis was used to relate compound kinetic rate constants to various
physical properties. Pearson’s r, Spearman’s ρ, and Kendall’s τ were used to determine
if relationships were linear or nonlinear. Spearman and Kendall’s coefficient measure
nonlinear monotonic correlation so they are not strongly affected by outliers, but Pearson’s
coefficient measures linear monotonic relationships so it is affected by outliers [37].

3. Results
3.1. Nanomaterial Characterization

The uncoated PTi membrane has an average pore size of 10 µm (determined using
a thermal sintering process) and a porosity of 50% (determined by the manufacturer).
Increasing porosity increases the surface area of the material and increases the number of
adsorption sites, but it decreases the mechanical strength of the material. Materials with a
porosity below 50% are significantly more brittle, so the porosity of these membranes is as
high as possible while still maintaining adequate strength [38,39].

The coated membranes weigh 1.33 ± 0.08 g with a surface roughness of 5–10 µm [11].
The Raman spectra show that the PTT surface has anatase phase TiO2, and uncoated PTi
has no peaks indicative of crystalline TiO2 [37]. XRD shows the PTT also has rutile and
titanium TiO2 crystal structures [37]. The bandgap energy, derived from a Tauc plot, is
3.0 eV [10]. This bandgap corresponds to crystalline TiO2. The isoelectric point of PTT is
6.0 [10]. The immobilization of a photocatalyst adds a photonic penalty to a photocatalysis
reaction. In contrast, the use of a slurry reactor provides a homogeneous distribution
of catalyst so mass transfer influences are negligible. Based on these data, we were able
to utilize the anatase structure to improve the photocatalytic activity in the degradation
of PPCPs.

3.2. The Effect of Methanol on PPCP Photocatalysis

The photocatalytic activity of the PTT membrane was tested under varying methanol
concentrations to examine its effect on photocatalysis when used as a carrier solvent
for PPCPs. Methanol was spiked into aqueous PPCP solutions to concentrations of 0%,
0.002%, 0.02%, and 0.2% v/v with a PTT membrane suspended in each. Cumulative rates
are compared in Figure 1. The observed kinetic rate constants for each compound and
cumulative rates are available in Table S6. Cumulative kinetic rate constant is the kinetic
rate constant that was calculated from the average of all compound concentrations to
get the total parent compound concentration at each time point. The normalized total
concentration of the parent compound is then used to obtain the cumulative kinetic rate
constant from the slope of the ln(C/Co) vs. t plot.

Tukey’s means comparison test was calculated to compare the kinetic rate constants
at different concentrations of methanol (Table S7). The cumulative kinetic rate constant
showed a significant decrease in decomposition at methanol concentrations above 0.002%.
The following compounds showed no statistical difference in kinetic rate constant be-
tween all methanol concentrations studied: NPX, TCS, FLX, and NFLX. The majority of
compounds (GFZ, TCCB, ATRZ, CBZ, SULF, ATEN, VEN, TRIM, and e-CBZ) showed
significantly decreased decomposition rates, above 0.002% methanol. IBU and DCF have
significantly higher decomposition rates, above 0.002% and 0.02% methanol, respectively.
ATOR has a significantly lower decomposition rate, above 0.02% methanol. Both p-ATOR
and o-ATOR show a significant decrease in decomposition rate at 0.02% methanol, then
a significant increase in decomposition rate at 0.2%. In general, the use of methanol as a
carrier solvent above concentrations of 0.002% had a significant impact on the experimental



Photochem 2022, 2 508

results for photocatalytic decomposition. This impact was generally unfavourable, decreas-
ing rates significantly. To take into consideration the effects of methanol, the following
experiments will all be conducted in a solution of 0.02% methanol, which was the lowest
concentration that demonstrated an effect on all PPCPs tested (except the compounds that
showed no significant change at any concentration).
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Figure 1. Cumulative kinetic rates of PPCPs treated in various concentrations of methanol to study
the effects of methanol as a carrier solvent.

3.3. The Effect of Dual Pulse Frequencies on PPCP Photocatalysis

To study the effects of controlled periodic illumination (CPI) on the photocatalytic
degradation of PPCPs, experiments were run under both continuous and dual-frequency
light (equal intervals of 50 Hz and 0.1 Hz). The reaction mixtures were spiked to 0.02%
methanol according to the previous section. The individual and cumulative kinetic rates
at experimental pH were compared using Tukey’s means comparison test. The majority
of compounds showed no change in the kinetic rate constant between the continuous and
dual lighting conditions (except TCS, TCCB, and ATOR). The cumulative kinetic rate also
showed no change between lighting conditions (see Table S8). Although UV light exposure
decreases with the use of dual-frequency CPI, the kinetic rate constants remain unaffected.
These results suggest that CPI can be used to increase the photonic efficiency of UV-TiO2
reactors without sacrificing performance.

3.4. The Effect of pH on PPCP Photocatalysis

To study the effect of pH on the photocatalytic degradation of PPCPs in UV light
solutions of PPCPs were adjusted to pH 3, 5, and 10 before photocatalysis began. The
reactions were run under continuous and dual frequency UV light and spiked to 0.02%
methanol to take into consideration the effects seen in Section 3.2. Overall, the cumulative
kinetic rate was greatest at pH 5 and showed significant decreases at pH 3 and 10 (see
Figure 2). A summary of kinetic rate constants for all compounds at each pH is in Tables S8
and S9.

The PTT membranes used for photocatalysis have an isoelectric point of 6. At pH 3 and
5, the membrane is positively charged, and at pH 10, the membrane is negatively charged.
The charge of the compounds also changes across the pH range. Compound charges at
each tested pH were calculated from pKa values using the Henderson–Hasselbach equation
rearranged as shown below:

α =
1

10pKa − pH + 1
(3)
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where α is the fraction of molecules that have been deprotonated. These fractional charges
of the different functional groups of each compound were added to give the overall charge
of the compound. Compound charges are summarized in Table 2.
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Figure 2. The cumulative kinetic rates of PPCPs treated under dual-frequency and continuous light
at different pH.

Overall, the net kinetic rate constant is highest at pH 5, where the compound net
charge is neutral and the PTT membrane charge is positive. At pH 3, both the compound
net charge and the membrane are positive, and at pH 10, they’re both negative. This
suggests that the compounds may experience an electrostatic repulsion or attraction to the
membrane based on charge, which influences the rate of degradation. It is important to
note that calculating the net charge of a mixture is difficult as each component in a mixture
will interact differently with the membrane surface. Depending on the pH of the solution,
the tested compounds appear in the reaction mixture in various forms (conjugate acid or
base, neutral form). Similarly, the membrane surface has a different charge depending
on the pH of the reaction mixture. This results in the presence or absence of membrane
surface–organic compound interactions, which can significantly affect the efficiency and
rate of degradation of the organic compound. This change in charges can then result in
lower R2 values for the kinetic rate as we have observed. In this study, we observed the
negatively charged compounds to be pH dependent.

Tukey’s means comparison test was used to compare the kinetic rate constants at
different pH (Table S10). Of the 18 compounds tested, ATRZ, CBZ, TRIM, and e-CBZ
showed no change in kinetic rate constant across the pH range in continuous UV light.
Nearly all compounds show increasing kinetic rate constants with decreasing electrostatic
repulsion. Compounds that are negatively charged at pH 3 and 5 experience electrostatic
attraction to the positively charged PTT membrane. This electrostatic attraction results in
increased kinetic rate constants. Compounds that are positively charged at pH 3 and 5
experience electrostatic repulsion and a decrease in kinetic rate constant. The inverse is true
at pH 10 as the PTT membrane is negatively charged. For example, the kinetic rate constant
is higher at pH 10 than at pH 3 or 5 because the PTT membrane is negatively charged and
NFLX is positively charged. In contrast, at the lower observed pHs the membrane and
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NFLX are both positively charged. The only compound that does not follow this trend is
TCCB, which degrades best when it is neutral at pH 5 and slightly negative at pH 10. The
kinetic rate constants of several differently charged compounds are compared in Figure 3 as
an example of typical trends. It was observed that compounds that are oppositely charged
to the membrane follow a first-order model, while compounds that have similar charge to
the membrane or are neutral tend to deviate from a first-order model. The compounds that
do not have opposite charges to the membrane will generally not follow first-order models,
which we have observed in these data.
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Figure 3. The kinetic rates of typical neutral (CBZ), negative (GFZ), and positive (NFLX) compounds
under continuous UV light at various pH.

The trend seen in continuous UV light is also seen in dual-frequency light. IBU, TCCB,
ATRZ, CBZ, TRIM, and e-CBZ show no changes in kinetic rate constant across the pH range
investigated, but all other compounds show increased kinetic rate constants with decreased
electrostatic repulsion. Rates for dual frequency lighting are summarized in Table S11.

To quantify the relationships we saw between charge and kinetic rate constant in both
continuous and dual lighting, a multivariable linear regression model was used (Table S12).
The apparent kinetic rate constant and compound charge at pH 5 have a weak correlation
(R2 ≥ 0.62). The addition of molecular mass as a variable greatly increases the correlation
(R2 ≥ 0.81). The addition of solubility further increases the correlation (R2 ≥ 0.89). Kinetic
rate constants at pH 10 and 3 showed no linear relationship with charge, molecular mass,
or solubility (R2 ≤ 0.41 and R2 ≤ 0.58, respectively).

Correlation analysis was also performed using several linear and nonlinear models
(Pearson, Spearman, and Kendall) (Table S13). At pH 3 and 5, charge showed a significant
positive nonlinear relationship with rate (ρ ≥ 0.82, p ≤ 0.00003). At pH 10, charge
showed a significant negative linear relationship with rate (|r| ≥ 0.5, p ≤ 0.03). These
relationships support the explanation that kinetic rate is influenced by electrostatic forces.
At pH 5 and 3, molecular mass has a strong negative relationship with rate, and solubility
has a strong positive relationship with rate (p ≤ 0.02). At pH 10, molecular mass and
solubility have weak to moderate and insignificant relationships with rate (p ≤ 0.6 and
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−0.1 ≤ ρ ≤ 0.7). These results suggest that smaller, more soluble PPCPs may have a higher
rate of degradation because of their increased adsorption on the PTT membrane.

3.5. Literature Comparison

In a similar study by Laera et al., CBZ was treated with powder TiO2 (P25) and titanate
nanofibers (TNF) instead of PTT membranes. The photocatalysis took place using 8 W
360 nm UV lamps with 0.1 mg/L of catalyst and a starting CBZ concentration of 10 mM in
saline solution [39]. Kinetic rates were calculated using the same Langmuir–Hinshelwood
model used in this work. As shown in Figure 4, the experiments by Laera et al. resulted in
much larger kinetic rates. These results are expected with powder catalysts such as P25
because they have greater surface area than their membrane counterparts. TNFs also have
a surface area comparable with that of powder P25, which explains their similar kinetic
rates [39]. A lower rate may also be because of the more complex 18 pharmaceutical matrix
considered in this work, as opposed to the 2 compounds treated in the previous study. With
more compounds competing for catalytic sites, the catalyst loading of CBZ is decreased.
The authors of the same study repeated their experiment with TNF in wastewater effluent,
which is a complex matrix more like the pharmaceutical cocktail used in this paper. Under
the same reaction conditions as in the clean matrix, the kinetic rate was over 30 times
smaller, and over 5 times smaller than the rate reported in this work. These results suggest
that the reaction matrix plays a significant role in the rate of compound degradation, which
will have to be taken into consideration when comparing studies as well as when treating
wastewater. Based on work in [37] there are mass transfer limitations. These observations
indicate that powdered samples have more of a surface area for pharmaceutical reactivity,
whereas the membranes, such as those presented in this work, have limited surface sites for
reaction. The light irradiation must pass through the water to hit the membrane instead of
stirring with powder, which tends to remain on the water surface level where the light reacts
the most, thereby increasing the reaction rate. In addition, previous work on powdered
samples in the presence of methanol showed a comparable trend [30].
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4. Conclusions

Carrier solvents such as methanol are commonly used to add compounds such as
PPCPs to aqueous solutions. This study concludes that the use of methanol as a carrier
solvent has a significant and irregular effect on the photocatalytic kinetic rate constants
of these compounds. The majority of compounds show a decrease in rate above 0.002%
methanol, though others show no change or an increase in rate. Further experiments in this
study were spiked to 0.02% methanol to replicate the conditions common in other work
and to take the effects of methanol into account. Intermediate products in the processes
were not detected in this iteration of the work.

To increase the photonic efficiency of the UV/TiO2 membrane reactor, CPI was investi-
gated. Two sets of reactions, one with continuous UV exposure and one with dual-frequency
UV exposure (equal lengths of 50 Hz and 0.1 Hz light), were compared. Statistical analysis
showed that there was no difference in cumulative kinetic rate constants and no difference
in the large majority of individual PPCP kinetic rate constants. Based on these results,
decreasing UV light exposure in UV/TiO2 membrane reactors for PPCPs has little to no
effect on kinetic rate constants and could greatly increase photonic efficiency. Further work
should determine optimal illumination profiles.

Factors such as the charge, solubility, and size of PPCPs and their influence on the
adsorption and subsequent degradation in UV/TiO2 reactions were investigated. Electro-
static forces were found to have a strong correlation to kinetic rate constants, as well as
to solubility and size. Compounds that were oppositely charged to the PTT membrane
at the experimental pH had significantly higher kinetic rate constants than compounds
that were similarly charged. These results were consistent across a pH range from 3 to 10.
Compounds that were smaller and more soluble also had higher kinetic rate constants. The
consideration of all three factors together showed a strong linear relationship with kinetic
rate constant. In future work, the pH of reaction solutions and the isoelectric point of TiOf
catalysts can be modified to maximize the compound kinetic rate constants.
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for LC-MS/MS. Table S5: Mobile phase gradient for LC-MS/MS. Table S6: Individual and cumulative
kinetic rates for reactions spiked with methanol. Table S7: Tukey’s means comparison test at the
α = 0.05 significance level for PPCPs treated under UV light at varying methanol concentrations.
Table S8: Tukey’s means comparison test at the α = 0.05 significance level for PPCPs treated under
continuous and dual frequency lighting. Table S9: Individual and cumulative kinetic rates for
reactions under continuous UV at varying pH. Table S10: Individual and cumulative kinetic rates
for PPCPs under dual frequency (50 Hz and 0.1 Hz) UV light at varying pH. Table S11: Tukey’s
means comparison test for kinetic rate constants of PPCPs at different pH under continuous UV
light. Table S12: Tukey’s means comparison test for kinetic rate constants of PPCPs at different pH
under dual frequency UV light. Table S13: Linear regression analysis of the kinetic rate constants
of PPCPs under continuous and dual frequency light using charge, mass, and solubility. Table S14:
Correlation analysis of PPCP kinetic rate constants under continuous and dual frequency lighting
with charge, mass, and solubility. Figure S1. Zeta potential readings for PTT. pIEP is the point with
a zero-zeta potential (approximately at pH 6). Figure S2. High-resolution SEM of the morphology
of the membranes at different magnifications. Figure S3. Raman characterization at 488 nm of the
PTi and PTT samples. Figure S4. X-ray diffraction for the PTT membrane sample. Figure S5. Tauc
plots for the P25 and PTT samples. Linear Fit at different light exposures and pHs. Figure S6. pH 3
Dual light linear fit. Figure S7. pH 3 Continuous light linear fit. Figure S8. pH 5 Dual light linear
fit. Figure S9. pH 5 Continuous light linear fit. Figure S10. pH 10 Dual light linear fit. Figure S11.
pH 10 Continuous light linear fit. Figure S12. pH 3 Continuous light for CBZ sample linear fit.
Figure S13. pH 3 Continuous light for NFLX sample linear fit. Figure S14. pH 3 Continuous light for
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fit. Figure S18. pH 10 Continuous light for GFZ sample linear fit. Figure S19. pH 10 Continuous light
for CBZ sample linear fit. Figure S20. pH 10 Continuous light for NFLX sample linear fit.
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