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RESOLUTION MASS SPECTROMETRIC APPROACHES FOR
ASSESSING ADVANCED OXIDATION REACTOR PERFORMANCE

Emily Parry™8, Thomas M. Young*”*
TAgricultural and Environmental Chemistry Graduate Group, University of California, Davis, One
Shields Ave. Davis CA 95616

*Department of Civil and Environmental Engineering, University of California, Davis, One Shields
Ave. Davis CA 95616

Abstract

High resolution mass spectrometry (HR-MS) offers the opportunity to track large numbers of non-
target analytes through water treatment processes, providing a more comprehensive view of
reactor performance than targeted evaluation. Both approaches were used to evaluate the
performance of a pilot scale advanced oxidation process (AOP) employing ultraviolet light and
hydrogen peroxide (UV/H»05) to treat municipal wastewater effluent. Twelve pharmaceuticals and
personal care products were selected as target compounds and added to reactor influent. Target
compound removal over a range of flow rates and hydrogen peroxide addition levels was assessed
using a liquid chromatograph combined with a quadrupole time-of-flight mass spectrometer (LC-
qTOF-MS). Target compound removals were used to determine hydroxyl radical concentrations
and UV fluence under pilot scale conditions. The experiments were also analyzed using a
nontarget approach, which identified “molecular features” in either reactor influent or effluent.
Strong correlation (r=0.94) was observed between target compound removals calculated using the
targeted and non-targeted approaches across the range of reactor conditions tested. The two
approaches also produced consistent rankings of the performance of the various reactor operating
conditions, although the distribution of compound removal efficiencies was usually less favorable
with the broader, nontarget approach. For example, in the UV only treatment 8.3% of target
compounds and 2.2% of non-target compounds exhibited removals above 50%, while 100% of
target compounds and 74% of non-target compounds exhibited removals above 50% in the best
condition tested. These results suggest that HR-MS methods can provide more holistic evaluation
of reactor performance, and may reduce biases caused by selection of a limited number of target
compounds. HR-MS methods also offer insights into the composition of poorly removed
compounds and the formation of transformation products, which were widely detected.
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1.0. Introduction

Pharmaceuticals and personal care products (PPCP) have been found in wastewater effluents
(Miege et al., 2009). While their environmental effects are largely unknown, there are
concerns regarding growing antibacterial resistance (Gofii-urriza et al., 2000; Iwane et al.,
2001; Watkinson et al., 2007; Y. Zhang et al., 2009) and endocrine disruption in aquatic
systems (Roefer et al., 2014). Advanced oxidation processes (AOPs) have been shown to
effectively degrade these compounds in wastewater (Rosario-Ortiz et al., 2010; Yuan et al.,
2009). AOP reactors are typically optimized for PPCP removal by adding a suite of target
chemicals and quantitating their removal while changing reactor operating conditions
(Dickenson et al., 2011). With the advent of more widely available high resolution mass
spectrometry (HR-MS) techniques another more complete approach for reactor evaluation
may be possible.

HR-MS data can collect a full scan of extracted and ionisable microconstituents and can
identify them by database matches, molecular formula, or simply by accurate mass and
retention time. Collectively, the identified components are referred to as molecular features
and comparing their behavior across different AOP reactor conditions can provide insight
into the impact of changing reactor operating parameters.

Targeted evaluation of reactor performance relies on well validated techniques for accurately
quantifying PPCPs with standards; while HR-MS may provide an alternative method, there
are associated pitfalls. As a technique HR-MS is data intensive and demands the
development and application of careful and systematic approaches to data processing.
Software tools available from instrument vendors or as freeware (e.g., non-target R package)
need to be applied systematically to provide meaningful results. Several studies have
presented methodologies for screening of water samples for organic contaminants (Hug et
al., 2014; Moschet et al., 2013; Nurmi et al., 2012). They involve algorithms for feature
detection, curation (i.e., peak height requirements, blank subtraction, etc.), evaluation of
false negative and false positive rates (Hug et al., 2014; Moschet et al., 2013; Nurmi et al.,
2012) and sometimes establishment of screening limits of detection (Diaz et al., 2013).
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These techniques allow the creation of a complete dataset of the ionized and detected
chemicals not limited by pre-selection of target compounds.

The objective of this study was to evaluate an innovative AOP reactor with both target and
non-target techniques in tandem, to fully evaluate the potential of HR-MS as a tool for
reactor assessment. To our knowledge, no comparison of the two analyses applied to
treatment reactors has been performed. Our goal was to fully evaluate the reactor system
based on target compound data, assess whether non-target data was comparable with non-
target removals, and glean additional information from the advantages of the non-targeted
technique, such as a more complete characterization of microconstituents in reactor effluent
and byproduct formation.

2.0. Materials and Methods

2.1. Chemicals

The PPCPs used were carbamazepine (CBZ), diclofenac (DCF), ibuprofen (IBF), N,N-
diethyl-m-toluamide (DEET), phenytoin (PYT), trimethoprim (TMP), tetracycline (TTC),
triclosan (TCS), sulfamethoxazole (SFX), metoprolol (MTP), gemfibrozil (GFB), and
fluoxetine (FXT). Reasons for their selection and key parameters from the literature related
to their degradation by direct photolysis (molar absorption coefficient, e, quantum yield, ¢)
and reactivity toward hydroxyl radical (second order rate constant, k o) are provided in
Table S1, Appendix A. All standards were purchased at Sigma Aldrich with the exception of
TCS (Accustandard). Labeled TMP (13C3) was added at 100 ng/L to monitor for matrix
effects (Cambridge Isotope Laboratories). Ethylenediamine tetraacetic acid, tetrasodium salt
(EDTA) (CAS #10378-23-1, Sigma-Aldrich) had a purity of 99% by titration. Methanol and
acetonitrile (Burdick and Jackson) were LC-MS grade. Hydrogen peroxide (CAS#
7722-84-1, Ricca Chemical Company, 30% (w/w)) was ACS reagent grade.

2.2. Test System Setup

Effluent from the UC Davis tertiary wastewater treatment plant was used as reactor
“influent”. A test tank was filled with 1517 L and gravity fed to the reactor pump. Targeted
compounds were added in amounts to achieve final concentrations between 200 — 400 ng/L
when the tank contained approximately 500 L. The remaining water was added rapidly
ensuring adequate mixing. Flow rate to the reactor was controlled by a constrictor between
the tank and the pump. Hydrogen peroxide was introduced immediately before the reactor
pump using a peristaltic pump. Reactor effluent was periodically tested with peroxide strips
(WaterWorks) to ensure a consistent addition; nominal peroxide concentration was
calculated by flow rates. To quantify water loss and estimate reactor retention time, the flow
rate was measured in two ways: via the drawdown rate of the water tank (water in) and the
discharge rate of the reactor (water out). Peroxide concentration was calculated using the
flow rate of incoming water, while the reactor “flow rate” is taken to be the effluent flow
rate. A diagram of the sampling setup is provided in Fig. S1.

The vortex reactor consists of a central quartz tube surrounded by 12 low pressure UV lamps
(each with 28 W output at 253.7 nm). Placing lamps outside the water flow reduces
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chemical/biological fouling and reduces friction losses. Water is introduced at the base of the
reactor through several nozzles, rising to form a vortex, confining the water between an air
column and the inner wall of the tube, exiting through a weir on the top of the reactor (Fig.
S2). The vortex serves to maximize mixing and to keep the water close to the lamps on the
outside of the quartz tube. Hydraulic retention time (HRT, 6) was estimated as the volume of
the reactor (23 L) divided by the measured discharge rate. Unless a plug is installed at the
bottom, the reactor has a stabilized air core through the center. Only one set of conditions
was run without the air core (125 L/min, 6 mM H50,) to test its effect; all others were run
with it. While the HRT overestimates the true fluid residence time when the air core is
present because the liquid volume is less than the total reactor volume, HRT is assumed to
be comparable among conditions with the air core present. Before samples were collected
the system was allowed to run for five times the estimated retention time to reach steady
state. All test parameters are available in Table S2.

The primary purpose of this research was to compare target and non-target analytical
approaches for assessing the performance of unit operations for microconstituent removal in
wastewater treatment. The experiments were therefore designed to achieve a range of target
compound removals. Preliminary tests with the vortex reactor at a flow rate of 125 L/min
and peroxide dosages of 0.45 mM and 6 mM indicated substantially higher, but still
incomplete removal at 6 mM. These results supported the selection of 3 and 6 mM as target
peroxide dosages for subsequent experiments. Although these peroxide doses are higher than
those employed in most AOP research, and are beyond the range expected to be
economically viable in practice, they provided the desired distribution of removal
efficiencies. The overall experimental design involved tests at three different flow rates: 23,
45 and 125 L/min, a range chosen to include the lowest and highest flow rates for the vortex
reactor and one intermediate value. At the 45 L/min flow rate three peroxide concentrations
were tested 0, 3 mM, and 6 mM. At the 125 L/min condition 6 mM peroxide was added and
the reactor was tested with and without the stabilized air core. At the slowest flow rate, 23 L/
min, 5 mM peroxide was added.

The fluence of the UV reactor (H’) was estimated from the removal of the target compounds
with the greatest susceptibility to direct photolysis, as determined from the product of their
quantum yield and molar absorption coefficient (¢e) at 254 nm. Four target compounds had
¢e values above 50 L/ein-cm (PYT, SFX, DCF, and TCS; Table S1). Despite its potentially
significant transformation by direct photolysis, TCS was not used as an actinometer because
the pH dependence of its quantum yield would introduce additional uncertainty into the
fluence estimate (Latch et al., 2005). The other three compounds were used as chemical
actinometers following the approach outlined in (Jin et al., 2006):

C
/ ln(?O)U

=/ (@)
2303¢pe

H

where Cy/C is the ratio of actinometer concentration in the influent to that in the effluent, U=
photon energy at wavelength of the lamp (4.713x108 mJ/ein at 254 nm), ¢,54=quantum yield
at 254 nm (mol/ein), e=molar absorption coefficient at 254 nm (M~1cm™1), and the factor of
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2303 converts among logarithmic bases and embeds the conversion from L to cm3. Fluence
values determined using this approach have the advantage of being measured directly in
wastewater under the conditions being tested for removal of the nontarget features (in this
case, 45 L/min, 0 mM peroxide addition).

The steady state hydroxyl radical concentration ([:OH]) under each test condition was
determined using CBZ, MTP, TMP, GFL and DEET as chemical actinometers. Values of the
second order rate constant of each of these compounds with hydroxyl radical (k.on) are
available in the literature, and in most cases multiple independent values were found (4 for
CBZ, 3 for MTP, 2 for TMP and GFB) resulting in a total of 12 estimates of [-OH] per
condition using eq. 2.

@

2.3. Sampling, target PPCP extraction and analysis

At each test condition, 4 one-liter replicates of both influent and effluent were collected in
pre-cleaned amber glass bottles. They were stored on ice and transported back to the lab
where they were stored a 4 °C until extraction. All samples were filtered through glass fiber
filters (GF/B, Whatman), 1 g of EDTA was added increase recovery of some compounds,
and the pH was adjusted to 4 with 6 M HCI. Samples were concentrated by solid phase
extraction with HLB (200 mg/6 mL, Sigma) cartridges preconditioned with 2 volumes (~ 12
mL) of methanol, 1 volume (~ 6 mL) of de-ionized (MilliQ) water and 1 volume of pH 4
water (prepared with 6 M HCI). After water extraction, cartridges were dried for at least 2
hours under high vacuum before being eluted with 14 mL of 1:1 acetonitrile: methanol.
Samples were evaporated to 1 mL at 40 °C under nitrogen with an automated evaporation
system (turbovap, Biotage).

Samples were analyzed with an Agilent 1260 high pressure liquid chromatography (HPLC)
system attached to an Agilent 6530 quadrupole-time of flight (QTOF) instrument. Collision
induced dissocation (CID) experiments allowed analysis of feature fragmentation patterns.
Detailed instrument parameters are described in Appendix A.

Extraction recovery and precision was evaluated by spiking target compounds at 50 ng/L
into 7 de-ionized water samples. Recovery and precision of target compounds in wastewater
was evaluated by wastewater samples discussed in section 2.5. Results are reported in Table
S3. Target compounds were quantified using external standards. Concentrations should be
considered semi-quantitative given the low recovery of some compounds. Our goal was
internal comparison between treatments and no labeled surrogates for each compound were
used so results were not recovery corrected.

Water quality parameters (e.g., total suspended solids (TSS), turbidity, and UV transmittance
(UVT)) were measured in accordance with standard methods (APHA, 1998) and are
available in Table S4.
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2.4. Feature filtering and evaluation

Feature extraction and identification were performed using Agilent MassHunter Qualitative
analysis software (version B.06.00), which was used to isolate peaks as potential
compounds, referred to as “features”. Complete extraction parameters are available in Table
S5. Features were then imported into Mass Profiler Professional, MPP, (version 12.05) a
statistical package used to align, filter and analyze data across conditions. Alignment of
features across samples was based on a matching retention time (RT) (£0.15 min) and mass
to £15 ppm. All components of the method blank and field blank were removed. Any
features not appearing in all replicates from at least one condition were eliminated.
Remaining features, aligned across all samples, created a recursive filter that was used to
rescan data files The reprocessed data set was re-filtered as described above. After the
complete process the data set contained 3,544 potential compounds (ESI+ and ESI-
combined) and was screened with an exact mass in-house database containing 1167
compounds including those previously detected in wastewater (Kolpin et al., 2002; Miege et
al., 2009; Wols and Hofman-Caris, 2012) or predicted by production volume and physical-
chemical properties to be potential contaminants of concern (Howard and Muir, 2011, 2013).
If a feature was not matched with the database it was assigned a molecular formula based on
user selected parameters (Table S6) or simply defined as its RT and mass.

2.5. Evaluation of nontarget screening

To evaluate the nontarget filtering procedure in the context of the target compounds, they
were added into four wastewater effluent replicates at four different concentrations (100,
200, 500, and 1000 ng/L) to estimate the concentration required for them to pass the
screening process. Unspiked wastewater was also analyzed to account for any PPCP in the
native wastewater.

2.6. Data and statistical processing

Analysis of variance and Tukey’s honest significance difference test was conducted with
RStudio (Version 0.98.501). T-test and probability values were calculated with Microsoft
Excel (2010). Log Kqy values were generated with the US Environmental Protection
Agency EPISuite ™,

3.0. Results and discussion

3.1. Reactor performance based on target compound removal

Target compound removals under all reactor operating conditions are summarized in Fig. 1.
Statistcal differences between average fractional removals for the specified compound across
treatment conditions is available in Figure S5. Removals under UV only test conditions were
modest, with only SFX, PYT, TCS, and DCF exhibiting removals above 15%. The average
fluence for the reactor during the 45 L/min UV only test condition was 116 mJ/cm? with a
standard deviation of 6.7 mJ/cm? across the three target actinometers (SFX, PYT, DCF). The
calculated UV fluence is similar to the value of 145 mJ/cm? previously determined for this
reactor at a flow rate of 125 L/min using an MS2 phage decay test (Younis, 2014). These
fluence values are at the upper end of the range of typical disinfection dosages (40-140
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mJ/cm?) and lower than those typically required for PPCP removal in AOP systems (Kim et
al., 2009; Rosario-Ortiz et al., 2010; Yuan et al., 2009), accounting for the need to add
relatively high peroxide doses during the testing. There was a good correlation (p=0.90,
p=0.97 excluding TCS) between the removal under UV only conditions (Fig. 1) and the
product of the quantum yield and the molar absorption coefficient (Table S1 and Figure S3),
for the compounds for which these parameters were available, as would be expected from eq
1.

Addition of peroxide increased the removal of all target compounds at each test condition
compared to the UV only case with the exception of DCF at the 125 L/min condition with
the plug installed (no air core present). Degradation of compounds that experience
significant direct photolysis, like DCF, would be expected to be impacted the most
significantly by the absence of the air core because the same incident UV light must
penetrate a thicker water column. All target compounds exhibited the highest removal
efficiencies, ranging from 70% (IBF) to 94% (DCF), at the 23 L/min, 5 mM peroxide
condition, which had the highest estimated detention time (60.9 s HRT). All of the target
compounds had the worst removals (16 to 71%) under the highest flow rate conditions (125
L/min, 10.4 s HRT), and all but one minimum removal (for GFB) came under the condition
with the plug inserted (no air core present).

The removals of the hydroxyl radical actinometers were used to determine the approximate
steady state [:OH] concentration under each reactor operating condition (Table S2) and the
CT value ([-OH]-8). The highest value of [-OH] was obtained for the 125 L/min, 6 mM
peroxide condition, while addition of the plug significantly reduced [-OH] despite the similar
flow rate and peroxide dose, again confirming the importance of the stabilized air core for
reactor performance. There was little difference in [-OH] between the 3 mM and 6 mM
peroxide doses at 45 L/min. Increased peroxide doses do not necessarily lead to linear
increases in hydroxyl radical concentration, for example because of reactions between the
hydroxyl radicals and the hydrogen peroxide. At high doses -OH radicals can self scavenge
(Buxton et al., 1988), but self-scavenging has not been reported for removal of PPCPs or
herbicides in wastewater at dosages of 5 mM (Yuan et al., 2009). A study examining
treatment of reactive dye wastewater did not observe self —scavenging until peroxide doses
reached 50-100 mM (Arslan et al., 2000).

Removal of all target compounds across reactor conditions was strongly related to the CT
values, with linear correlation coefficients between Ln(Cy/C) for each compound and CT
ranging from 0.898 to 0.998 (Table S1). This linearity is expected from eq. 2, and all of the
values have a<0.02 for being drawn from a random sample with 6 observations. This
calculation is useful for subsequent comparison with the non-target results.

3.2. Comparison of performance estimated using target and nontarget approaches

Applying the data filtration method described in the methods section and in the
supplementary information yielded a consensus list of 3544 molecular features. Because this
feature list was aligned across all reactor conditions, and it required that features be reliably
observed under just one test condition, some of these features were only observed under one
or two reactor conditions and may have rarely or never been present in the influent samples.
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Therefore, depending on the purpose of the analysis, the number of features may be less than
3544 in the subsequent discussion. A key goal of the research was to compare reactor
performance metrics obtained from automated extraction of nontarget “features” with
performance estimates from the more conventional targeted approach discussed thus far. Of
course, these nontarget features will not typically have pure compound standards available,
so performance needs to be based on instrument counts rather than on concentrations. Using
area counts in influent and effluent samples as surrogates for Cq and C, respectively, poses
significant risks. In particular, ion suppression in electrospray ionization might be expected
to yield variations in area counts for identical concentrations in different background
matrices (e.g., reactor influent and effluent). Similarly, the presence of the complex mixture
of a wastewater effluent may cause problems for both chromatographic and mass
spectrometric performance compared to clean laboratory samples.

As an initial effort to draw this comparison, the target compounds in the test samples were
treated as unknowns. Eight of the twelve target compounds (CBZ, DCF, DEET, FXT, GFB,
SFX, TCS, and TMP) were successfully matched to the database using the filtering
procedure described above. The four target compounds that were not successfully identified
by the nontarget filtering procedure (IBF, PYT, MTP, TTC) were not successfully detected
(TTC), required a high concentration to pass filtering procedures (IBF, PYT), and/or had low
extraction recoveries (MTP) (Table S3). The false negative rate of 33% for target compounds
is similar to that observed in previous suspect screening studies (Moschet et al., 2013;
Vergeynst et al., 2015). Nontarget removals for the eight successfully detected target
compounds, calculated as 100*(A/Ag—1), where A represents ion counts in the effluent and
Ag is ion counts in the influent, are compared to target removals calculated using quantified
concentrations across all reactor operating conditions in Fig. 2. A strong correlation is
observed between the two performance metrics across the entire range of performance and
reactor operating conditions (p=0.939 including TCS; p=0.950 excluding TCS).

All of the points representing TCS (identified by the ellipse in Fig. 2) plot significantly
above the 1:1 line, and these comprise the majority of points with substantial deviation from
the line. The reasons that TCS removal estimates are consistently higher using the nontarget
approach are not completely clear, but they appear to relate to higher than expected ion
counts in nontarget influent samples for TCS, biasing nontarget removal estimates upwards.
The ratios of ion counts for TCS in nontarget mode to those in targeted mode averaged 2.2
(standard deviation 0.12) across the 20 replicates with successfully identified TCS in
effluent samples (detections in each of 4 replicates at 5 treatment conditions). TCS was not
detectable in any of the four nontarget replicates at the best performing condition of 23
L/min and 5mM added peroxide. The nontarget to target response ratio in the influent
samples averaged 4.2 (standard deviation 0.37). We suspect that the nontarget counts for
TCS include one or more contaminant ions incorrectly counted as TCS. Unfortunately, a
software problem at the time of data collection prevented collection of the backup data that
would allow for further investigation on this point.

Even with the problems associated with TCS, nontarget removal estimates are expected to
serve as reasonable surrogates for target removals based on the overall results in Fig. 2, and
removal estimates were calculated for all nontarget features that passed the filtering
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procedures. To limit analysis of nontarget removals to features reliably found in the influent,
only features that were present in at least 3 of the 4 replicates in both batches of influent
were considered (N=2,521). For these features, raw ion counts were averaged across
replicates at each effluent condition and compared to the respective average influent ion
count. A t-test was conducted between normalized averages of condition pairs to identify
features that were significantly reduced in effluent samples compared to influent samples (a
< 0.05). We considered two main methods of visualizing the removal data: comparisons of
removal estimates across pairs of reactor operating conditions, and histograms displaying the
distribution of removals at a single condition.

Two examples of the pairwise comparisons are shown in Fig. 3 (additional pairwise
comparisons are provided in Figs. S4a—c). In the charts, the shading represents whether the
feature was matched with the custom database (database), a molecular formula was
generated for the feature (formula), or the feature could not be assigned a formula within the
given parameters (“MFE” or molecular feature extractor, the algorithm used to identify
potential compounds). The size of each data point is scaled to the statistical significance of
non-zero fractional removal for the condition on the y-axis, which was selected to be the
condition with the greatest removal for most features. Some features display negative
removals because abundance was higher in the effluent than in the influent. This could be
due to either experimental variability or production in the reactor. Points above the line
indicate features more effectively removed under the operating condition on the y-axis,
while points below the line represent features with greater removal under the condition on
the x-axis. An even distribution of points across the 1:1 line indicates equivalent overall
performance under the two conditions. Fig. 3a compares performance at two conditions at
45 L/min, one exposed to UV only and the other with 3 mM peroxide addition. Peroxide
addition improves treatment effectiveness for the vast majority of features, as expected. A
further increase from 3 mM to 6 mM of peroxide at 45 L/min provided little discernible
improvement in performance (Fig. S4a). More subtle differences in performance can also be
detected with the nontarget approach. Fig. 3b compares performance at the two 125 L/min
conditions, both with 6 mM peroxide additions. Removal of the air core by installing the
plug decreased reactor performance even though the HRT is slightly longer, presumably
because of reduced UV penetration. This finding is consistent with targeted removal
comparisons shown in Fig. 2. Overall, the pairwise non-target comparisons consistently
showed that the condition with the longest HRT (23 L/min, 5 mM) had the best performance
(Fig. S4c).

A second method of analyzing performance of a treatment condition is to assess the
statistical distribution of removal estimates. For these comparisons, the significance level
was fixed at a = 0.05 and the maximum level of performance at this significance level was
determined for each feature. Fig. 4 provides an example of this type of performance
assessment for the 23 L/min, 5 mM peroxide case. Fig. 4a depicts the comparison for the
nontarget features and Fig. 4b does the same for the target data. All of the target compounds
displayed more than 50% removals under this condition. While most (85%) of the nontarget
features had removals above 50%, the mode of nontarget removal estimates is still near zero.
Among compounds with discernible nontarget removals, the distribution of removal
efficiencies is very similar between the target and nontarget approaches. This similarity was
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observed across all operating conditions (Figs. S6a—e). The percentage of compounds
(target) or features (nontarget) removed to specified performance levels (>0% or >50%)
under each test condition is summarized in Table S7. These percentages are always lower for
the nontarget approach.

The nontarget removal analysis can also provide some basic insight into the nature of the
compounds that are easy or hard to remove, even without definitive identifications. For
example, consider the 29 nontarget features with removals above 15% (a.=0.05) and formula
match scores above 90% under the UV only treatment condition. Two of these features were
on our target list (DCF, SFX). The other 27 formulas were entered into Chemfinder to search
for structures consistent with the formulas. Only 5 of the 27 formulas were present in
Chemfinder, suggesting that the majority of these compounds are not industrially important,
possibly because they are human or microbial metabolites of commercial chemicals. As an
example of how this type of analysis can provide information not easily detected in other
ways, one of the nontarget features with good UV removal, C;13HgCl305, was analyzed
further. This feature exhibited >99% removal in the UV only condition and had an MS
formula match score of 99.5. The eight Chemfinder matches for compound are shown in Fig.
S7. It is immediately obvious that 6 of the 8 matches have structures similar to triclosan, one
of our target chemicals. Although the TCS analogues in Fig. S7 involve the exchange of a
carboxyl for a hydroxyl group (net addition of CO to TCS), which to our knowledge is not a
byproduct of either biological or chemical degradation of TCS, various transformations of
TCS or one of its metabolites could produce the observed empirical formula. In particular,
biodegradation of the primary urinary metabolite of TCS, TCS-glucuronide, or one of its key
wastewater byproducts, methyl-TCS, could lead to such structures. All of the structures in
Fig. S7 involve chlorinated aromatic rings that would be expected to be subject to direct
photolysis (1,2,3-trichlorobenzene has ¢e = 58.52 L/ein cm, and 1,4-dichlorobenzene has ¢e
= 70.8 L/ein cm), consistent with the effective removal of the feature in the UV only
condition. Overall, 20 of the 27 compounds that were removed significantly by UV, that
were not present in the database, and that had confident formula matches contained at least
one halogen atom (Cl and/or F). It is quite plausible that these halogenated species would be
reistant to mineralization, might be subject to bioaccumulation, and might be responsible for
a portion of effluent toxicity. Methods that can quantify the ability of treatment systems to
remove such constituents, even in the absence of unequivocal identification of the chemical
structure, will provide a more holistic view of treatment effectiveness.

Previous studies have suggested that performance of AOPs for the removal of trace organics
can be evaluated using surrogates including DEET and PYT to represent alkyl aromatics
(Dickenson et al., 2009). In our best performing condition, neither compound was removed
to below our detection limit or by more than 90%. Reactor and experimental design need
further optimization before any feasible large-scale implementation. Since the condition
with the longest HRT (largest UV dose and highest OH radical contact time) had the best
performance, and increases in the peroxide dosage beyond 3 mM had no observable effect,
reactor design or operation should be modified to produce higher HRT, for example by
running two reactors in series to increase UV exposure; HRT and peroxide dose would then
need to be re-optimized at economically feasible concentrations.
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3.3. Transformation product formation

Degradation of organics is the goal of AOPs. Concomitantly, transformation products are
formed, in many cases transiently. Degradates of synthetic chemicals have become more
common in some environmental systems than parent compounds (Boxall et al., 2004).
Targeted analysis requires pre-selection of TPs for analysis based on prior laboratory
degradation studies, which are not available for many compounds. HR-MS methods offer
some additional approaches for detecting TPs, even if published degradation information is
not available. In a non-targeted workflow, candidates (defined by mass and retention time)
can be refined to those only present in effluent or those exhibiting a consistent increase in
abundance. The reactor operating condition with the best overall removal had 88 features
with higher abundance in the effluent, while the UV only treatment had 698 (p < 0.05). The
range of molecular masses of transformation product suspects was higher in UV only (1522
versus 1048 daltons). One potential explanation for this difference is that the addition of
peroxide achieved greater degradation, rendering compounds nondetectable by our method.
Non-target analysis can further enable structure elucidation through careful collision induced
dissociation experiments.

3.3.1. Mass Defect filtering for transformation product identification—One
method utilizing both knowledge of influent PPCPs and high mass resolution is mass defect
filtering. This filtering strategy has been used to identify pharmaceutical metabolites by HR-
MS during pharmacokinetic studies. The filter is based on the observation that the mass
defect of metabolites rarely changes from that of the parent molecule by more than £50 mDa
(H. Zhang et al., 2009). Templates for common biological reactions, many oxidative, note
the shift in nominal mass and the related mass defect shift (H. Zhang et al., 2009). Filters
were calculated for the target compounds and applied to features in the effluent only and
features with intensities that increased by at least 1.5x in any effluent condition. Ten possible
byproducts were identified and CID experiments were performed. Two had promising
collision spectra compared with proposed fragmentation patterns predicted using Molecular
Structure Correlator (Agilent MSC). 4-nitro-sulfamethoxazole (Fig. 5b) is a known
metabolite of SFX (Bonvin et al., 2013), and a commercial standard was available. Its
identity was confirmed with a matching RT and MS/MS spectra Fig. S8. Although, as a
pharmaceutical metabolite, it may be in raw wastewater, the feature was only present in the
effluent conditions and for the conditions where it was present, it showed a negative
spearman correlation with SFX abundance (r=—0.9, p=0.08) offering further evidence of its
production via SFX degradation. It is possible that it was not detected in the influent and UV
only treatments because of matrix suppression, but the correlation offers reasonable evidence
of its formation by the degradation of SFX in the AOP reactor.

The second compound, 2-(8-chloro-9H-carbazol-1-yl) acetic acid (D1) was not confirmed
because an analytical standard was not commercially available. However, there is convincing
evidence of its presence. Its accurate mass was consistent with the loss of a Cl and H from
DCF, matching its proposed formula of C14H19CINO,. A compound with this formula has
been observed as a DCF photolysis product (Lekkerkerker-Teunissen et al., 2012; Salgado et
al., 2013). Salgado et al., (2013) identified the structure seen in Fig. 5a. It was consistently
present only in the UV only treatment and spottily in the other effluent conditions (peroxide
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dosed treatments). D1’s RT was slightly shifted forward (8.9 for DCF and 8.3 for D1)
indicating an increase in polarity (log K, change from 4.0 to 3.37) coinciding with the loss
of a Cl.

While mass defect filtering is a promising tool for transformation product identification, it is
mainly limited to degradation products that have undergone minimal transformation. To
identify compounds further along the reaction pathways, in silico prediction of byproducts
for known contaminants could be added to the screening process and putatively identified
(Kern et al., 2009).

4.0. Conclusions

Non-targeted analysis can provide a more comprehensive view of reactor performance.
Automated feature extraction algorithms successfully recovered 2/3 of the target compounds
and allowed estimates of removal to be generated that were highly correlated with those
based on target compound quantitation. This suggests that reactor performance estimates can
be generated and analyzed for thousands of compounds, even though many of the
compounds are not synthesized industrially or available commercially as standards. Because
many of the compounds left out of targeted approaches have the potential to contribute to
environmental persistence, bioaccumulation, and/or toxicity, this is a potentially significant
innovation in reactor assessment.

In the case of the pilot scale reactor examined in this study, concurrently collected targeted
and non-targeted data support the conclusion that the longest reactor retention time and a
median peroxide dose (of those tested) provided the best removal of microconstituents.
Analysis showed the best way to increase this AOP reactor’s performance was to increase
the UV dose by increasing the reactor retention time. Transformation product evaluation can
be refined to a list of compounds found only in the effluent.

Only 8% of target compounds exhibited removals above 50% in the UV only treatment. The
best performing condition had 100% of target compounds with removals above 50%. The
non-target results were qualitatively consistent with the targeted results, but indicate that
target evaluation may overestimate reactor performance. UV only treatment removed 4% of
constituents by more than 50%; removal increased to 85% in the best performing condition.
Nontarget data suggests that a large number of organics are not effectively removed by AOP,
but there is no data to indicate that these microconstituents would be a problem for human or
environmental health. Ideally analysis would be conducted concurrently with some type of
biological effects measure, such as in vitro bioassays to identify non-removed features with
potential toxicological significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

UV/H,0, AOP process evaluated in tandem by targeted and non-targeted
methods.

Strong correlation between removals calculated using non-target peak counts
and traditional quantitation methods.

Both approaches gave consistent rankings of different reactor conditions.

The non-target method consistently gave broader and somewhat lower
removal efficiency distributions than the target method.

Target results may overestimate reactor performance.
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Fig. 2:

Comparison of the removal of 8 target compounds calculated using the average measured
concentrations (Target removal, n= 4) and removal of target compounds calculated using
averaged area counts (n=4) for molecular features matching the target compounds in the
database (non-target removal). Symbol colors represent the reactor conditions as HoO»
concentration (mM) - flow rate (L/min). Triclosan data points are enclosed in the ellipse.
The Pearson’s linear correlation coefficient of the data is p=0.939 including the TCS data
and p=0.950 not including TCS data points).
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Fig. 3:

Pag:rwise comparisons of non-targeted removal at a) 45 L/min, 3 mM H,O, versus 45 L/min,
0 mM H,O, (air core present). b) 125 L/min, 6 mM H,0, with and without the air core.
Symbol color indicates whether the feature was a database match “database”, was assigned a
molecular formula “formula”, or was unmatched “MFE”. Size indicates the probability of
removal (1-a) of that feature under the reactor condition on the y-axis
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Fig. 4:
Fractional removal of features at a=0.05 significance in the 23 L/min, 5 mM H,O, condition
for (a) nontarget features and (b) target compounds.
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Fig. 5:
a)2-(8-chloro-9H-carbazol-1-yl)acetic acid and b) 4-nitro-sulfamethoxazole
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