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Abstract 
This study evaluated strategies targeting macro- and micro-organic contaminant mitigation using low-
energy titanium dioxide photocatalysis. Energy inputs of 1, 2, and 5 kWh m−3 resulted in incomplete oxidation of 
macro-organic natural organic matter, signified by greater reductions of UV254 and specific ultraviolet UV 
absorbance (SUVA) in comparison to dissolved organic carbon (DOC). The rate of UV254 removal was 3 orders of 
magnitude greater than the rate of DOC degradation. Incomplete oxidation improved operation of downstream 
filtration processes. Photocatalysis at 2 kWh m−3 increased the bed life of downstream granular activated carbon 
(GAC) filtration by 340% relative to direct filtration pretreatment. Likewise, photocatalysis operated ahead 
of microfiltration decreased fouling, resulting in longer filter run times. Using 2 kWh m−3 photocatalysis 
increased filter run time by 36 times in comparison to direct filtration. Furthermore, levels of DOC and UV254 in 
the membrane permeate improved (with no change in removal across the membrane) using low-energy 
photocatalysis pretreatments. While high-energy UV inputs provided high levels of removal of the estrogenic 
micro-organics estrone (E1), 17β-estradiol (E2), estriol (E3), and 17α-ethynlestradiol (EE2), low-energy 
photocatalysis did not enhance removal of estrogens beyond levels achieved by photolysis alone. In the cases of 
E1 and E3, the addition of TiO2 as a photocatalyst reduced degradation rates of estrogens compared to UV 
photolysis. Overall, process electrical energy per order magnitude reductions (EEOs) greatly improved using 
photocatalysis, versus photolysis, for the macro-organics DOC, UV254, and SUVA; however, energy required for 
removal of estrogens was similar between photolysis and photocatalysis. 

Graphical abstract 
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1. Introduction 
Advanced oxidation processes (AOPs) generate nonspecific reactive radical species, primarily hydroxyl 
radicals (HO•), capable of simultaneously mitigating a wide array of organic contaminants. Rather than merely 
capturing and transferring them to another phase, AOPs are able to mineralize organics. 
Semiconductor photocatalysis, e.g., irradiating titanium dioxide (TiO2) nanoparticles at λ < 387 nm to produce 
HO•, is a promising AOP used to degrade aquatic environmental pollutants (Liu et al., 2008b; Zhang et al., 2007). 
Photocatalysis has demonstrated efficacy in treating organic contaminants such as disinfection 
byproducts (DBPs) and DBP precursors (Chin and Bérubé, 2005; Gerrity et al., 2008; Glauner et al., 2005; Hand 
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et al., 1995; Kleiser and Frimmel, 2000; Liu et al., 2007; Mayer et al., 2014; Toor and Mohseni, 
2007); microorganisms (Cho et al., 2005; Gerrity et al., 2008; Matsunaga et al., 1988; Ryu et al., 2008); toxic 
organics (Barreto et al., 1995; Orlov et al., 2007); and endocrine disruptors, pharmaceuticals and personal care 
products (Benotti et al., 2009; Kaneco et al., 2004; Thiruvenkatachari et al., 2007; Yu et al., 2006). However, no 
known full-scale municipal water treatment TiO2 photocatalysis operations currently exist. 

 

One barrier to implementation is that, while TiO2 photocatalysis has the potential to mineralize organic 
contaminants, high levels of energy input are required to do so, e.g., ≥80 kWh m−3 (Gerrity et al., 2009; Mayer 
et al., 2014; Zhao et al., 2006). In comparison to organic destruction, the energy required to produce a UV dose 
of 40 mJ cm−2 ranges from approximately 0.003 to 0.025 kWh m−3 (Crittenden et al., 2012; USEPA, 2006b). For 
perspective, the USEPA-specified fluence for 4 log inactivation of Cryptosporidium or Giardia is 22 mJ cm−2 and 
186 mJ cm−2 for viruses. Though high-energy operations may be feasible for small-scale treatment of highly 
contaminated streams (e.g., localized destruction of organopesticides), they are not feasible for typical water 
treatment applications. Accordingly, a better understanding of the impact of low-energy AOPs on organics – 
both macro-organics (e.g., natural organic matter) and micro-organics (e.g., estrogenic micropollutants) – is 
needed. 

1.1. Macro-organics: natural organic matter 
Natural organic matter (NOM) derives from decomposing plant and animal residues and microbial activity and is 
ubiquitous in surface and groundwaters (Krasner et al., 2006; Liu et al., 2008b; Stevenson, 1994). While its 
presence does not pose a direct threat to human health, it does introduce other concerns, most notably the 
production of potentially carcinogenic, mutagenic, genotoxic, and teratogenic DBPs when it reacts with 
oxidizing disinfectants such as chlorine (Hamidin et al., 2008; Richardson et al., 2007). The most common 
strategies for DBP mitigation target removal of precursor NOM prior to disinfection (Kulkarni and Chellam, 
2010). Best available techniques include enhanced coagulation or softening, granular activated carbon (GAC), or 
membrane filtration (Kulkarni and Chellam, 2010; Liu et al., 2008b; Mayer et al., 2014; USEPA, 2006a). These 
practices are often sufficient to control DBP formation; however, the effectiveness of AOPs is also being 
investigated (Gerrity et al., 2009; Kleiser and Frimmel, 2000; Liu et al., 2008a, 2008b; Mayer et al., 2014; Mayer 
and Ryan, 2017; Philippe et al., 2010a, 2010b). 

 

When operated at high-energy (e.g., 80 kWh m−3), AOPs such as photocatalysis can mineralize NOM. However, 
using more practical lower energy inputs yields incomplete oxidation, resulting in shifts toward smaller, less 
aromatic, and more hydrophilic moieties, which can exacerbate DBP formation in subsequent disinfection 
processes (Dotson et al., 2010; Gerrity et al., 2009; Liu et al., 2008a; Mayer et al., 2014; Sarathy and Mohseni, 
2010). Thus, combinations of low-energy TiO2 photocatalysis (to break down complex organics) and other 
physicochemical operations such as filtration (to remove incomplete oxidation byproducts) may offer an 
effective alternative for controlling macro-organics and the related production of DBPs (Mayer and Ryan, 2017). 

 

1.2. Micro-organics: estrogenic compounds 
At the other end of the organic contaminant spectrum are micropollutants, including the steroidal estrogens 
estrone (E1), 17β-estradiol (E2), estriol (E3), and 17α-ethynylestradiol (EE2). In water and wastewater, these 
estrogens are among the most common and most potent endocrine disrupting chemicals (Kuch and 
Ballschmiter, 2001; Rodriguez-Mozaz et al., 2004), and may have a significant impact on ecological and human 
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health (Datson et al., 2003). Concern stems from hormonally-active compounds, such as estrogenic compounds, 
being linked to adverse effects on reproductive systems in both humans (Datson et al., 2003) and aquatic 
species (Kidd et al., 2007). Table S1 in the Supplementary Information (SI) shows key physicochemical estrogen 
characteristics. 

Estrogenic micropollutants persist through conventional treatments such as coagulation and chlorine 
disinfection (Westerhoff et al., 2005). While conventional drinking water treatment processes such as 
coagulation and sedimentation may only remove a fraction of estrogenic compounds (approximately ≤50%), 
AOPs can remove over 90% (Chen et al., 2007; Westerhoff et al., 2005). Complete mineralization to CO2 occurs 
only with the use of high-energy inputs (Nomiyama et al., 2007). Alternatively, using low-energy inputs, partial 
oxidation, e.g., oxidation of hydroxyl groups to ketones, may proceed, thereby reducing the estrogenic activity 
of the compound without demanding the high-energy input required to achieve complete oxidation (Coleman 
et al., 2004; Ohko et al., 2002). Reduction in estrogenic activity is typically observed simultaneously with 
degradation of the parent estrogen, bypassing the need for molecular mineralization (Li Puma et al., 2010). 

1.3. Sequential low-energy TiO2 photocatalysis and filtration 
Using low-energy inputs, TiO2 photocatalysis is likely to cause incomplete oxidation. By itself, this transformation 
may not confer great benefits (and may even exacerbate DBP formation (Gerrity et al., 2009; Mayer et al., 
2015, 2014)). However, when used as a pretreatment for downstream processes, this conversion may offer 
advantages by harnessing multiple mechanisms of contaminant mitigation. In addition to photon-driven 
oxidation, which provides microbial inactivation and oxidation of organics, downstream filtration provides 
physical removal via adsorption and/or straining. Filter operation may also improve, e.g., extended filter life. 

For removal of organic matter, granular activated carbon (GAC) filters are considered one of the best available 
technologies (USEPA, 2006a). However, the number of available GAC adsorption sites is finite, and GAC must be 
replaced or regenerated periodically using heat or acid treatment to re-activate the sites. This reactivation 
process increases costs, particularly for municipal systems with variable influent water quality. Use of low-
energy TiO2 photocatalysis ahead of GAC filters may improve filter operation while also efficiently removing 
NOM, which subsequently assists with DBP mitigation. Incomplete oxidation via low-energy AOPs yields smaller, 
less aromatic, and more hydrophilic organics (Lamsal et al., 2011; Liu et al., 2008b, 2008a; Mayer et al., 
2014; Metz et al., 2011; Sarathy and Mohseni, 2010). The smaller size humic fractions generally adsorb more 
efficiently on GAC as the smaller molecules may be better able to access adsorbent surfaces (some humic 
substances are on the order of 4.7–33 Å, whereas activated carbon may have pores widths ≤20 Å) (Kilduff et al., 
1996; Thurman, 1982). 

Incomplete oxidation byproducts may also reduce membrane fouling due to removal or transformation of the 
major organic fraction linked to fouling (Liu, 2009). Membrane filtration can be hampered by operational issues 
such as membrane fouling caused by NOM adsorption or deposition, which is not satisfactorily controlled using 
conventional pretreatment methods such as coagulation/flocculation (Liu, 2009; Zularisam et al., 2006). Initial 
research suggests that TiO2 photocatalysis can effectively limit organic fouling on membranes by changing 
the physicochemical properties of the organic matter through removal and transformation of large, hydrophobic 
NOM compounds (Huang et al., 2008; Liu, 2009). 

This study assessed the impact of low-energy photocatalysis on macro-organic matter (targeting partial NOM 
removal and improvement in downstream filtration processes) and estrogenic micro-organics (E1, E2, E3, and 
EE2). The specific objectives were to 1) assess removal of macro-organics (DOC, UV254, and SUVA) at each stage 
of sequential low-energy photocatalysis followed by GAC or membrane filtration, 2) quantify changes in GAC or 
membrane filtration performance (bed lives or time to foul, respectively) using low-energy photocatalysis ahead 
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of filtration, and 3) evaluate the removal of the micro-organics E1, E2, E3, and EE2 using low-energy 
photocatalysis. 

2. Materials and methods 
2.1. Test water preparation 
All macro-organic test waters were prepared by dissolving technical-grade humic acid sodium salt (Sigma-
Aldrich, St. Louis, MO) in Milli-Q water to obtain a concentration of approximately 5 mg L−1 dissolved organic 
carbon (DOC). In this study, DOC was used as a bulk measure of NOM quantity, while UV absorbance at 254 nm 
(UV254) and specific UV absorbance (SUVA) were used as indicators of NOM character (i.e., aromaticity). SUVA 
was calculated by normalizing UV254 with respect to DOC. Each of these parameters has been used as a surrogate 
measure of NOM, and in modeling DBP formation potential (Chowdhury et al., 2009). 

To avoid interference, micro-organic estrogen tests were performed separately from macro-organic carbon 
tests. The estrogens (≥97% purity E1, E2, E3, and EE2, Sigma-Aldrich) were pre-dissolved in HPLC-
grade methanol (99%, Sigma-Aldrich, St. Louis, MO) for use as a stock solution. Synthetic water was prepared for 
each test by spiking the estrogens into Milli-Q water to achieve final concentrations of approximately 
380 μg L−1 each. These concentrations were higher than typical environmental levels (ng L−1), but facilitated 
analysis of high degrees of removal. To negate co-solvent effects, the volumetric ratio of methanol stock to 
water was below 0.5% for all tests (Schwarzenbach et al., 2005): 2 mL estrogen stocks in methanol in 2 L water. 
The stock solution was mixed in a closed vessel on a stir plate for 12 h to ensure homogenous influent. 

2.2. Photocatalysis 
Fig. S1 in the SI illustrates the experimental approach. All UV and photocatalysis tests were performed in 
replicate (n = 3–8 independent experiments) using a bench-scale, batch-mode recirculating continuous flow 
system consisting of a 2-gal (7.57-L) stainless steel reservoir, Tetra Whisper® air pump and stainless steel 
aeration wand, a stainless steel motorized inline pump, and a 17-W low-pressure UV-light (Aqua-Pure APUV2, 
λ = 254 nm, Io = 5 μW cm−2 at 1 m in air at room temperature) connected with stainless steel piping and fittings. 
The continuously recirculating system flowrate was maintained at approximately 1.5 gpm (8.18 m3 d−1) using a 
stainless steel ball valve. The UV lamp was allowed to warm for 5 min prior to initiating experiments. 

Titanium (IV) dioxide (Aeroxide® P25 TiO2, approximately 80% anatase and 20% rutile, ≥99.5% trace metals basis, 
Sigma-Aldrich) with an average primary particle size of 21 nm (which form aggregates several hundred nm in 
size) was added as a one-time addition to the influent water at a concentration of 0.1 g L−1 for all photocatalysis 
tests. Optimum TiO2 loading is reportedly 0.05–1 g L−1, whereas higher concentrations can negatively impact 
estrogen removal (Sornalingam et al., 2016). In this study, preliminary tests comparing 0.1, 0.3, 0.5, and 
1 g L−1 TiO2 demonstrated that 0.1 g L−1 provided the greatest photocatalytic enhancement beyond 
physical contaminant removal via adsorption on the TiO2 surface (data shown in the SI). The TiO2 photocatalysis 
experiments were run at low-level AOP energy (electrical) inputs of 1, 2, and 5 kWh m−3 to encourage 
partial oxidation. Additionally, 80 kWh m−3 tests were used as a high energy, or near complete oxidation, 
control. The energy inputs were achieved by treating the water samples in the recirculating reactor for varying 
time intervals. At all energy levels, UV-only (no TiO2 added) tests were performed in parallel to photocatalysis to 
assess the impact of UV photolysis by itself. Dark adsorption, i.e., TiO2-only (0 kWh m−3), tests were performed 
as controls to assess physical removal of contaminants due to adsorption onto the TiO2 surface. Photocatalysis 
samples were collected for analysis of DOC, UV254, and SUVA or E1, E2, E3, and EE2. Following photocatalysis and 
in-line filtration to remove TiO2 aggregates (0.45 μm PTFE syringe filters, Agela Technologies, Wilmington, DE), 
the macro-organic waters were treated with lab-scale GAC or membrane filtration, as illustrated in Fig. S1. 
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2.3. Filtration 
2.3.1. GAC filtration 
Calgon Carbon (Moon Township, PA) FILTRASORB® 400 GAC was ground with an Automatic Burr Mill coffee 
grinder and sieved using No. 170 and No. 140 sieves (Thermo Fisher Scientific, Hampton, NH) to obtain a particle 
size between 90 and 106 μm. This particle size was scaled to the column size in accordance with 
recommendations based on the dispersed-flow pore surface diffusion model (DFPSDM) (ASTM, 2014; Crittenden 
et al., 1986). The sieved GAC was rinsed for 15 min, which was sufficient time to achieve no change in DOC in the 
rinse water. The GAC was stored in Milli-Q water until use in rapid small-scale column tests (RSSCTs). 

The RSSCTs were conducted in accordance with American Society for Testing and Materials D6586-03 (ASTM, 
2014) using 1.1 cm diameter x 60 cm long glass columns (Ace Glass, Vineland, NJ), 5 mm beads (Ace Glass), fine 
glass wool, 350 μm mesh screens with polytetrafluoroethylene (PTFE) support rings, and approximately 27 g 
(wet weight) of GAC. Column arrangement was similar to that described by Daugherty (2011). A model NE-9000 
peristaltic pump (New Era Pump Systems, Inc., Farmingdale, NY) with PTFE tubing delivered water to the 
columns at a flowrate of 7.5 mL min−1. The columns were backwashed and rinsed with Milli-Q water prior to use 
to ensure that carbon losses from the column were ≤0.3 mg L−1 DOC. Column effluent samples were collected 
every 5 min for the first 40 min, with post-breakthrough (C/Co = 5%) sample collection tapering off until the 
effluent concentration was approximately constant (<5% concentration change between sampling points). 

2.3.2. Membrane filtration 
The membrane filtration testing system consisted of an EMD Millipore 5-L dispensing pressure vessel (Model 
XX6700P05, Darmstadt Germany), EMD Millipore 5122 Amicon Stirred Cell (Model 8050), top-loading balance 
(Model MS3002S, Mettler-Toledo, Inc., Columbus, OH), and 0.1 μm pore size 
Durapore polyvinylidene fluoride membrane filter discs. Effluent from the photocatalysis experiments was 
added to the vessel, which was pressurized to 30 psi with nitrogen gas. Membrane fouling was assessed by flow 
of permeate passing through the membrane under constant pressure, quantified as the cumulative mass of 
permeate collected. Permeate mass was recorded every 10 s until the membrane had fouled, as signified by 
negligible water passage across the membrane (i.e., negligible change in the mass of permeate). Filter run times 
were assessed as described in the SI. 

2.4. Analytical measurements 
All macro-organic samples were acidified with HCl, filtered using sterile 0.45 μm PTFE syringe filters (Agela 
Technologies, Wilmington, DE), and analyzed for DOC and UV254 in accordance with USEPA Method 415.3 (Potter 
and Wimsatt, 2005). A Thermo Scientific (Waltham, MA) Genesys 20 spectrophotometer was used to measure 
UV254. A Shimadzu (Kyoto, Japan) TOC-VCSN Total Organic Carbon analyzer was used to measure DOC. 
All glassware used for macro-organic testing was acid washed with HCl and baked at 550 °C prior to use. 

For micro-organic estrogen analysis, samples were filtered using sterile 0.22 μm PTFE syringe filters (Agela 
Technologies) to remove TiO2 and minimize clogging in subsequent liquid chromatography-
mass spectrometry (LC-MS) analysis. A Shimadzu LCMS-2020 equipped with a Phenomenex® Kinetex® 5μ EVO 
C18 100A 100 × 3.0 mm reversed phase column was operated in negative ion mode for quantification of the 
estrogens. The SI provides additional details on the LC-MS method. In the case of non-detects, the minimum 
detection limit (MDL, 4–16 μg L−1) was used to calculate estrogen removals. All glassware used for micro-
organics was washed with soap and water and rinsed three times in lab-grade methanol. Between uses, the 
amber sample collection vials were rinsed in deionized water, sonicated in methanol for 20 min, dried, and then 
baked at 550 °C for 1 h. 
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2.5. Data analysis and statistics 
Rates of organic degradation were assessed using pseudo-first order kinetic modeling of target removal with 
respect to treatment time. The electrical energy per order of magnitude removal (EEO), a commonly used metric 
enabling comparisons amongst treatment processes (Bolton et al., 1996), was calculated for each treatment 
scenario using first order kinetic terms, as shown by Equation (1) (Gerrity et al., 2010).(1) 

𝐸𝐸𝐸𝐸𝐸𝐸 =
ln(0.1)
𝑘𝑘 =

ln(0.1)
slopeofenergyinput(kWhm−3)vs.ln(C Co⁄ ) 

Datasets were assessed for statistical differences using one-way ANOVA (results and additional description in 
the SI), followed by post-hoc multiple comparison using the Tukey test. The Kolmogorov-Smirnov test with 
Dallal-Wilkinson-Lilliefor corrected p values (minimum n = 5) was used to gauge normality, and showed that 
most of the analyzable data followed a normal distribution. Assuming Gaussian distributions, 
Pearson correlation coefficients were computed to assess correlations between datasets. Differences in kinetic 
degradation rates were evaluated using sum of squares tests. All statistics were performed using GraphPad 
Prism 6 software at a significance level of α = 0.05. Microsoft Excel 2016 was used to plot all results. 

3. Results and discussion 
3.1. Macro-organic photocatalysis 
Percent reduction of DOC, UV254, and SUVA during UV photolysis and TiO2 photocatalysis increased with 
increasing system energy input (Fig. 1). At low-energy inputs (≤5 kWh m−3), UV alone did not effectively reduce 
the concentration of DOC, nor did it reduce aromaticity. However, 80 kWh m−3 UV-only treatment offered 
significant removal of DOC coupled with shifts in its character, as signified by significant improvements in 
UV254 and SUVA removal (Tukey p < 0.0001). The SI includes a full summary of study statistics. Photolytic 
degradation of the macro-organics followed pseudo-first order kinetics, with UV254 degrading at a significantly 
higher rate than DOC (nearly 5 times faster, as shown in Fig. 2, p < 0.0001). 
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Fig. 1. Percent reduction of a) DOC, b) UV254, and c) SUVA using varying energy inputs for UV photolysis and 
TiO2 photocatalysis (0.1 g L−1 TiO2) treatments. Bars represent the mean removal for replicate experiments (n = 3–6) and 
error bars indicate ± 1 standard deviation. 

 
Fig. 2. Organic degradation profiles for varying levels of treatment using UV photolysis (●) or TiO2 photocatalysis (⁰) 
(0.1 g L−1 TiO2). The points represent the mean values of replicate experiments (n = 3–6). The solid lines show best-fit linear 
regression with zero intercept models with associated rate constants (k) ± 95% confidence intervals. The dotted lines show 
the 95% confidence intervals. Plots a through c show pseudo-first order models for a) DOC, b) UV254, and c) SUVA. Plots d 
through f show second order models for d) DOC, e) UV254, and f) SUVA. For UV photolysis, pseudo-first order kinetics 
provided strong fits to the data, whereas for TiO2 photocatalysis, second order kinetics were more suitable. 

 
The addition of TiO2 yielded significantly higher rates of macro-organic degradation compared to UV photolysis 
(Fig. 2, p < 0.007). Of note, while macro-organic degradation was better characterized by first order kinetics for 
UV photolysis, Fig. 2 shows that second-order kinetics provided a much better fit for TiO2 photocatalytic 
degradation. The improvements in macro-organic degradation using photocatalysis are further illustrated 
in Fig. 1, which shows significantly greater DOC, UV254, and SUVA removal at each energy level using 
photocatalysis versus UV alone. Process EEOs clearly demonstrated that TiO2 photocatalysis substantially 
improved degradation of macro-organics in comparison to photolysis treatment (Fig. 3). 

 
Fig. 3. Comparison of electrical energy efficiency per order magnitude (EEO) for the macro-organics and micro-organics 
using UV photolysis compared to TiO2 photocatalysis. Values were calculated based on first order kinetic degradation 
modeling (using k ± 95% confidence interval), in accordance with the EEO figure-of-merit definition (Bolton et al., 1996). 

 
Significant improvements beyond dark adsorption alone were observed for photocatalytic degradation of DOC 
using energy inputs ≥2 kWh m−3 (Tukey <0.03). UV254 and SUVA reduction improved significantly beyond dark 
adsorption for energy inputs ≥1 kWh m−3 (Tukey p < 0.0001), signifying changes in aromaticity prior 
to mineralization. For UV254 and SUVA, 80 kWh m−3 did not significantly improve removal beyond that achieved 
using 5 kWh m−3 (Tukey p > 0.36). Thus, while additional mineralization is possible using 80 kWh m−3, as signified 
by 79% DOC removal, the vast majority of the aromatic portion was oxidized using a relatively low-energy input 
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of 5 kWh m−3 (96% and 88% removal of UV254 and SUVA, respectively). Accordingly, the photocatalytic rate of 
UV254 reduction was significantly greater than DOC (three orders of magnitude higher, Fig. 2, p < 0.0001). 

3.2. Macro-organic filtration 
In addition to the direct removal (DOC) and shifts in character (aromaticity, i.e., UV254, SUVA) of macro-organic 
matter during low-energy photocatalytic treatment, these changes in water quality improved the operation of 
subsequent GAC and membrane filtration processes. 

3.2.1. GAC filtration 
Normalized UV254 absorbance of the GAC RSSCT effluent versus bed volumes treated is shown in Fig. 4. As 
illustrated, the number of bed volumes treated prior to breakthrough (defined as A/Ao = 5%) significantly 
increased beyond GAC filtration alone using 2 kWh m−3 photocatalysis (Tukey p = 0.0006), whereas no 
improvement was observed using 1 kWh/m3 photocatalysis, (Tukey p = 0.9217). Based on the mean values of 
triplicate experiments, 2 kWh m−3 photocatalysis extended the filter bed life by 340% compared to no 
photocatalysis pretreatment (direct filtration) and 266% compared to 1 kWh m−3 photocatalysis. This is 
consistent with the significant improvement in DOC reduction observed using 2 kWh m−3 (Fig. 1). No macro-
organic breakthrough was recorded for the 5 kWh m−3 treatment during the 200 bed volume test period. Thus, 
high-energy 80 kWh m−3 was not tested in the RSSCTs as similar results were anticipated based on significant 
DOC removal using this photocatalysis energy input. The associated DOC breakthrough curves, exhibiting similar 
trends, are shown in the SI. 

 
Fig. 4. Granular activated carbon (GAC) filter performance showing the averages of triplicate tests 
for effluent UV254 breakthrough curves for samples treated with varying low-energy input TiO2 photocatalysis coupled with 
GAC filtration. Error bars show ±1 standard deviation; some are too small to see clearly. 

 
3.2.2. Membrane filtration 
Mass of the filter permeate treated over time was used as an indicator of filter performance, as shown in Fig. 5. 
As illustrated, significantly reduced fouling was observed at 1 kWh m−3 compared to the no photocatalysis 
sample (Tukey p < 0.0001), which was consistent with significant reduction of UV254 and SUVA at 1 kWh 
m−3 (Fig. 1). Using 1, 2, and 5 kWh m−3 energy inputs, TiO2 photocatalysis pretreatment was able to extend filter 
run time by 30, 36, and 47 fold, respectively, in comparison to direct filtration (additional description in the SI). 
Thus, coupling the partial oxidation and change in character provided by low-energy TiO2 photocatalysis with 
membrane filtration reduced membrane fouling, thereby extending the life of the filter. Pearson correlation 
statistics suggest that changes in both organic quantity (DOC) and character (UV254) contributed to 
improvements in run time, with UV254 having a more significant correlation (r value = −0.9173 and −0.9562 and p 
value = 0.0282 and 0.0109 for DOC and UV254, respectively). 
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Fig. 5. Membrane filter performance showing the averages of triplicate tests assessing mass of the permeate as 
a function of time using varying low-energy input TiO2 photocatalysis coupled with microfiltration (dotted lines 
show ±95% confidence intervals). 

 
As organics degrade through partial oxidation caused by low-energy TiO2 photocatalysis, there is potential for 
increases in NOM in the microfiltration permeate as smaller compounds pass through unabated. Here, quality of 
the membrane permeate improved with increasing levels of photocatalytic treatment (levels of both DOC and 
UV254 in the permeate decreased), generally in step with improved influent quality. Specifically, percent DOC 
removal across the membrane did not change significantly with treatment (ANOVA, p = 0.9091). Using 5 kWh 
m−3, UV254 was not detected in the filtered samples (which differed significantly from other levels of energy 
input, Tukey p < 0.0263); levels of UV254 in the effluent using other energy inputs did not differ significantly 
(Tukey p > 0.9712). 

3.3. Micro-organic photocatalysis: degradation of estrogens 
As shown in Fig. 6, using 80 kWh m−3 of UV alone provided ≥95% removal of each estrogen (estrogens were not 
detected in the treated samples; thus the MDL was used to calculate removal). The photolysis profiles of E2, E3, 
and EE2 were similar for the conditions tested, but E1 degradation was much faster, in agreement with results 
reported by Li Puma et al. (2010). For E1, even relatively low UV inputs provided high levels of removal, with no 
significant improvement using energy inputs greater than 2 kWh m−3 (93% removal, Tukey p > 0.81). Rapid E1 
degradation to levels at or near the MDL led to an extremely poor fit using pseudo first-order kinetic modeling 
(Fig. 7; zero and second order kinetics also provided poor fits). However, E2, E3, and EE2 demonstrated strong 
pseudo first-order behavior, consistent with most reports of photodegradation of estrogenic steroidal hormones 
(Sornalingam et al., 2016). For these three estrogens, the overall rate of photolytic removal varied significantly 
(p < 0.0001; although the difference is likely minimal in application), following the trend kE3 > kE2 > kEE2. Li Puma 
et al. (2010) reported the same trend. However, relative rates have most often been reported as 
kE1 > kEE2 > kE2 > kE3 for both photolysis and TiO2 photocatalysis (Sornalingam et al., 2016). 
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Fig. 6. Percent reduction of a) E1, b) E2, c) E3, and d) EE2 estrogens as a function of energy inputs for UV photolysis and 
TiO2 photocatalysis (0.1 g L−1 TiO2) treatments. Bars represent the mean reduction in replicate experiments (n = 3–8) and 
error bars indicate ± 1 standard deviation. Bars denoted with an asterisk (*) signify datasets in which all treated samples 
were below the minimum detection limit (MDL), in which case removals were calculated using the MDL (4–16 μg L−1) as the 
final concentration. 

 

 
Fig. 7. Estrogen degradation profiles for varying levels of UV photolysis (●) or TiO2 photocatalysis (⁰) (0.1 g L−1 TiO2) 
treatment for a) E1, b) E2, c) E3, and d) EE2. The points represent the mean values of replicate experiments (n = 3–8). The 
solid lines show best-fit linear regression with zero intercept models with associated pseudo-first order kinetic rate 
constants (k) ± 95% confidence intervals. The dotted lines show the 95% confidence intervals. 

 
Estrogen removals using TiO2 photocatalysis are compared to UV photolysis in Fig. 6. Estrogens E1, E2, E3, and 
EE2 are moderately hydrophobic weak acids present as uncharged molecules at neutral pH levels (Hanselman 
et al., 2003). As such, they did not adsorb to TiO2 to a large extent, as shown by the dark adsorption 0 kWh 
m−3 controls. For E3 and EE2, the UV and photocatalysis results for given energy inputs were not statistically 
different (Tukey p > 0.08, with the exception of 5 kWh m−3, wherein photocatalysis was worse than UV alone), 
indicating that photocatalysis did not improve micro-organic removal. In the case of E2, low-energy inputs of 1 
and 2 kWh m−3 did not improve removal beyond dark adsorption on the TiO2 surface (Tukey p > 0.47). However, 
at these energy levels, photocatalysis did enhance E2 degradation beyond photolysis alone (Tukey p < 0.0007), 
whereas there was no significant difference between treatments at higher energy inputs (Tukey p > 0.99). 

In the case of E1, photocatalysis significantly decreased removals (Tukey p < 0.0001), with the exception of the 
high-energy 80 kWh m−3 treatment, where reductions due to photocatalysis were the same as using photolysis. 
Accordingly, for contaminants that are efficiently photodegraded, the addition of suspended TiO2 may actually 
detract from removal as UV transmittance declines due to blocking/refraction caused by the TiO2 nanoparticles. 
This effect has been hypothesized as the basis for decreased virus inactivation using a collimated beam 
photocatalysis reactor (Gerrity et al., 2008). In contrast, Li Puma et al. (2010) observed improvements in 
degradation of E1, E2, E3, and EE2 using photocatalysis. A higher TiO2 dose of 0.4 g L−1 was used in their study, 
whereas a dose of 0.1 g L−1 was used here. Zhang et al. (2007) reported that E1 and E2 removal increased with 
increasing TiO2 dose from 0.5 to 2 g L−1. Thus, it is possible that the higher TiO2 dose provided sufficient 
HO• such that a tipping point between decreased photolysis and increased photocatalysis was achieved. 

Considering all data points, the overall pseudo-first order rate of photocatalytic degradation followed the trend 
kE1 > kE2 > kEE2 > kE3 (Fig. 7, Tukey p < 0.0001). The resulting EEOs (Fig. 3) indicate that photocatalysis improved 
treatment efficiency for all targeted organics except E3. Of note, while the EEO values for E1 indicate slight 
photocatalytic improvement, E1 demonstrated a poor fit to the pseudo-first order kinetic model, which 
introduced considerable uncertainty in subsequent calculations (as reflected by the error bars in Fig. 3). 
Although EEO values facilitate process comparisons, as they are independent of the nature of the treatment 
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system, experimental conditions influence EEO. For example, the experimentally-determined EEO for UV 
treatment of E1 was 42.9 in this study, whereas Sarkar et al. (2014) reported 14.2. For greater 
perspective, Fig. S4 in the SI shows EEO values for E1 determined in this study in comparison to EEOs reported 
using a range of AOPs. 

The ratios of EEOTio2:EEOUV were 0.91 for E1, 0.81 for E2, 1.31 for E3, 0.75 for EE2, 0.30 for DOC, 0.44 for UV254, 
and 0.56 for SUVA. This indicates that photocatalysis offers greater improvement in degradation of macro-
organics in comparison to micro-organics. As photolysis alone is not very effective in degrading DOC (Fig. 1), it 
makes sense that AOPs offer greater opportunities for improvement. 

The degree of oxidative degradation of micro-organics (pharmaceutical and personal care products) has 
previously been correlated to degradation of macro-organics – specifically reductions in UV254 (Gerrity et al., 
2010; Wert et al., 2009). In this study, UV254 removal using UV alone demonstrated strong positive correlations 
to all other target contaminants (p < 0.01) except E1, removal of which did not correlate to any other 
contaminant. Conversely, for TiO2 photocatalysis, removal of each estrogen correlated strongly to the other 
estrogens, but not to macro-organic removal (full statistics shown in the SI). 

Although there is no universal reaction pathway for the phototransformation of estrogens (Sornalingam et al., 
2016), byproducts can have important ramifications. For the incomplete oxidation scenarios encountered during 
low-energy photocatalysis, the byproducts and their relative threats compared to parent compounds are also 
relevant (Rosenfeldt and Linden, 2004). Ohko et al. (2002) used a combination of lab experiments and 
theoretical calculations of frontier electron densities to demonstrate that TiO2 photocatalytic degradation of E2 
is initiated by oxidation of the phenol moiety. The resultant intermediate degradation byproducts, 10ε-17β-
dihydroxy-1,4-estradien-3-one and testosterone-like species, exhibited negligible estrogenic activity (Ohko et al., 
2002). Other steroidal estrogens, including E1, E3, and EE2, would be expected to degrade in a similar manner, 
wherein estrogenic activity is almost completely lost in the first step of photocatalytic oxidation, oxidation of the 
phenol moiety (Ohko et al., 2002). Similarly, Benotti et al. (2009) observed rapid loss of estrogenicity in a pilot-
scale photocatalytic membrane reactor, with no byproducts exhibiting estrogenicity. 

4. Conclusions 
Advanced oxidation processes such as TiO2 photocatalysis have considerable potential for mitigating recalcitrant 
water and wastewater contaminants. However, the high energy and/or chemical inputs needed to mineralize 
target organics often make AOPs infeasible for adoption in typical water treatment settings. Effective AOP 
implementation relies on viable strategies to reduce energy demands while meeting treatment objectives. 

In this study, low-energy photocatalytic treatment improved the degradation rate of most target organic 
contaminants, but not all. Compared to UV photolysis alone, TiO2 photocatalysis substantially improved removal 
of the aromatic macro-organic fraction (assessed as UV254). The rate of UV254 removal was significantly higher 
than DOC, with a pseudo-first order rate constant (kUV254) three orders of magnitude higher than kDOC. However, 
photocatalytic degradation of the estrogens was approximately equivalent to photolysis (demonstrated by 
similar EEOs), or somewhat worse in the cases of E1 and E3. 

The incomplete oxidation of organics stemming from low-energy AOP operation can successfully mitigate some 
micro-organic contaminants. For example, the initial step in the photocatalytic degradation of estrogens – 
oxidation of the phenol moiety – ostensibly reduces estrogenicity in step with degradation of the parent 
compound (Ohko et al., 2002). However, incomplete oxidation may exacerbate other issues, e.g., increasing DBP 
formation due to the production of more reactive lower molecular weight, less aromatic macro-
organic byproducts. 
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Accordingly, multi-barrier treatment strategies such as pairing low-energy AOP treatments with other processes, 
e.g., filtration, may confer treatment advantages. AOP-filtration sequences could help control organic 
contaminants, and also alleviate other negative impacts associated with NOM in drinking water, including DBP 
formation, degraded aesthetics (color, taste, and odor) (Liu et al., 2008b), and interference with other water 
treatment processes such as activated carbon adsorption, membrane filtration, and ion exchange (Karanfil et al., 
1999; Liu et al., 2008b; Yoon et al., 1998). In this study, low-energy photocatalysis significantly improved 
downstream GAC and microfiltration membrane operation by extending filter life while 
maintaining effluent quality. 

Future assessments should evaluate more realistic water matrices, in which complex interactions between 
macro- and micro-organics likely influence contaminant removals. For example, sorption of hydrophobic 
estrogens to NOM can strongly influence behavior of these compounds in the environment and during 
treatment. Thus, if photocatalysis yields more hydrophilic species, less estrogen removal may be observed 
stemming from less adsorption on NOM and subsequent removal during filtration. Alternately, Yamamoto et al. 
(2003) suggested that hydrophobic interactions were not the dominant mechanism for estrogen sorption on 
NOM, but that the phenolic groups of steroidal estrogens (and the related interactions between π-electrons and 
hydrogen bonds) may be more important. Accordingly, loss of these groups during photocatalysis could also 
impede their co-removal with NOM during filtration. It follows that the complex interactions between macro- 
and micro-organics and their relevance to paired AOP-filtration operations is of great interest in future research 
studies. 
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