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ABSTRACT: Evaluating persistent trace organic chemicals DIVERSITY ABUNDANCE  TRANSFORMN
(TOrCs) and transformation products (TPs) in membrane £ . - PRODUCTS
bioreactors (MBRs) is essential, given that MBRs are now widely % % 8 S

implemented for wastewater treatment and water reuse. This @ s E -

research applied comprehensive two-dimensional gas chromatog- 2 . ' 3 - .
raphy coupled to time-of-flight mass spectrometry (GCXGC/TOF- E . e o N ; " . o
MS)-based nontargeted analysis to compare the effectiveness of @f}o“‘e & & & E &

parallel' aerobic ar}d anaerobic MBRs (AeMBRs and AnMBRs, GCxGCITOF-MS nontargeted analysis
respectively), treating the same municipal wastewater. The average

total chromatographic feature peak area abundances were

significantly reduced by 84% and 72% from influent to membrane permeate in both the AeMBR and AnMBR (p < 0.05),
respectively. However, the reduction of the average number of chromatographic features was significant for only AeMBR treatment
(p = 0.006). A similar number of TPs were generated during both AeMBR and AnMBR treatments (165 vs 171 compounds,
respectively). The overall results suggest that the AeMBR was more effective for reducing the diversity of TOrCs than the AnMBR,
but both aerobic and anaerobic processes had a similar reduction of TOrC abundance. Suspect screening analysis using GCXGC/
TOEF-MS, which resulted in the tentative identification of 351 TOrCs, proved to be a powerful approach for uncovering compounds
previously unreported in wastewater, including many fragrances and personal care products.

KEYWORDS: wastewater treatment, membrane bioreactors, suspect screening, chemicals of emerging concern, transformation products

H INTRODUCTION treatments achieve greater than 90% removal of some TOrCs,
Trace organic chemicals (TOrCs) refer to a wide range of ¥nclu§1$£1;g% &harmaceutlcals, plasticizers, and 1n.dust.r1a1 che-m—
icals, 7" few compare the two treatment trains side by side

compounds, including pharmaceuticals, personal care products,
agrochemicals, cosmetics, food additives, and flame retardants
found at low concentrations in environmental systems.' A
major source of TOrC input to aquatic environments is
wastewater treatment facilities (WWTFs), which were not
traditionally designed to remove TOrCs.” Some TOrCs can be
highly persistent,” appearing in different water matrices,

including treated wastewater,” surface water,” groundwater,”
gz 1. Y b 8 ’ unidentified, making them difficult to detect using conven-
seawater,” and drinking water.”® Persistent TOrCs can

. . 1 .
bioaccumulate and biomagnify, having sublethal toxic effects tlonal. targeted an.alyt1cal (TA) methods.” Most studies
. . 7-9 assessing TOrCs in real wastewater treatment systems,
on aquatic food chains.

Nevertheless, TOrC removal from the aqueous phase has including MBR systems and sludge digestion, have empl.oye?d
been reported in activated sludge treatment processes due TA methods based on gas chromatography (GC) or liquid

to differentiate aerobic and anaerobic processes. To the best of
our knowledge, only one laboratory-scale study compared
TOrC removal in an AeMBR and an AnMBR operating in
parallel, but this study utilized synthetic wastewater spiked
with 15 commonly detected wastewater TOrCs."”
Additionally, there are over 350,000 chemicals registered for
commercial use in the global market, many of which are

primarily to biodegradation or sorption to biosolids."’~"?

Membrane bioreactors (MBRs) combine an activated sludge Received:  September 10, 2023
biological treatment with a membrane filtration component Revised:  February 28, 2024
and have been applied for both potable and nonpotable water Accepted:  March 1, 2024

reuses with more frequent applications in decentralized Published: March 18, 2024

systems. "> While many studies have demonstrated instances
where aerobic MBR (AeMBR) and anaerobic MBR (AnMBR)
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Figure 1. Schematic of the laboratory-scale AeMBR and AnMBR treatment systems and their average nutrient and COD concentrations for N = 3
treatment cycles. For AeMBR, an aeration tank preceded the submerged membrane bioreactor (MBR) tank, while for AnMBR, an anaerobic baffled
reactor preceded the MBR tank. For each experiment, a 48 h composite sample of wastewater influent was collected. The duration of the composite
sampling of the aerobic and anaerobic membrane permeates corresponded to their hydraulic retention times (24 h for the AeMBR and 48 h for the

AnMBR).

chromatography (LC), mostly coupled to mass spectrometry
(MS)."” However, TA approaches miss chemicals that were
untargeted and unhypothesized in advance, such as trans-
formation products during wastewater treatment. Nontargeted
analysis (NTA) has been successfully applied to detect and
identify a large number of compounds in wastewater samples
using either a comprehensive two-dimensional gas chromatog-
raphy coupled to time-of-flight mass spectrometry (GCXGC/
TOFE-MS)-based approach'™"” or a liquid chromatography
(LC)-based mass spectrometry (MS) approach.”?°~**
GCXGC/TOF-MS provides high resolution and sensitivity
compared to GC-MS** and has been identified as highly
complementary to LC-based NTA approaches.'” LC-based
approaches, compared to GC-based approaches, are more
frequently used for detecting more polar TOrCs in water and
wastewater.'”

For this reason, in a review by Meyers et al.”> where authors
conducted a meta-analysis of 6157 abstracts to review trends in
the diversity of compounds reported, the authors found that
GC-amenable compounds such as fragrances were under-
represented in the environmental pharmaceuticals and person-
al care product (PPCP) literature compared to pharmaceut-
icals. The GCXGC/TOF-MS approach paired with suspect
screening allows for tentative identification of both expected
and unexpected contaminants, including many under-repre-
sented compounds, thereby elucidating the complex mixtures
present in wastewater and aerobic and anaerobic MBR
systems.

Another advantage of NTA is that the increased number of
chemicals identified can be utilized to inform models
predicting TOrC removal and transformation in MBRs.
Previous studies, using either ultrapure water or synthetic
wastewater, spiked with TOrCs at concentrations higher than
those naturally found in wastewater, have suggested that the
log of the octanol—water partition coefficient (logP), func-
tional groups, and the number of nitrogen or sulfur atoms may
influence a compound’s biodegradation in real waste-
water.'’”"> NTA makes it possible to test the hypotheses
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put forth in previous studies by accessing a larger set of
tentatively identified TOrCs at their innate concentrations and
to evaluate relationships between compound structure and
removal by wastewater treatment processes.’” The combina-
tion of NTA and QSPR modeling has not (to the best of our
knowledge) been applied for evaluating the basis for
compound removal in AeMBR and AnMBR systems.

Therefore, this study seeks to apply a GC-based approach
with NTA to uncover and interrogate a wider breadth of
persistent and removed TOrCs and transformation products at
their innate concentrations in AeMBR and AnMBR systems.
Our objectives were to (1) conduct AeMBR and AnMBR
systems in parallel, treating the same real wastewater, (2)
evaluate and compare TOrC removal and transformation
between the systems using NTA, (3) identify removed and
persistent TOrCs and transformation products, and (4) assess
relationships between the tentatively identified chemicals’
physicochemical properties and removal by the AeMBR and
AnMBR systems.

B METHODS

Description of MBR Systems. Two laboratory-scale
AeMBR and AnMBR systems, sharing one feed tank (Figure
1), were operated in parallel. For biological treatment, the
AnMBR utilized an anaerobic baffled reactor (ABR) seeded
with waste-activated sludge obtained from the San Elijo Water
Reclamation Facility (WRF), and the AeMBR utilized an
aeration tank, seeded with aerobic biosolids from a local
brewery. The aerobic bioreactor operated for 8 months, and
the anaerobic bioreactor operated >2 years, prior to being
connected to the membrane tanks. Over a 6 month period,
both reactors were transitioned from treating full synthetic
wastewater to eventually 100% domestic wastewater. Prior to
sampling, the AeMBR and AnMBR systems operated for 6
weeks using 100% domestic wastewater until steady-state
conditions were achieved (consistent chemical oxygen demand
(COD) removal in both systems).

https://doi.org/10.1021/acsestwater.3c00542
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The bioreactors were connected to ultrafiltration mem-
branes (0.04 ym nominal pore size, poly(vinylidene fluoride)
membrane, Zeeblok-2.5 modules, Suez Water Technologies)
submerged inside a 1.2 m tall fabricated cylindrical tank
(Figure 1). The aerobic and anaerobic membrane tanks used
air and nitrogen gas, respectively, for membrane scouring, both
supplied at a rate of 0.01 m®/min/flow rate (as per the
manufacturer’s recommendations). The systems operated with
permeation—relaxation cycles of 9:1 and 8:2 min for the
aerobic and anaerobic membrane tanks, respectively. The
membrane permeate flow rate was 30 mL/min for the AeMBR
and 13.9 mL/min for the AnMBR, which equates to an
observed flux of 9.80 and 4.9 L/m’h, respectively, well below
the maximum flux requirements set by the manufacturer. The
hydraulic residence time (HRT) and solid retention time
(SRT) for the AeMBR were approximately 24 h and 3.97 days,
respectively. For the AnMBR, the HRT was 48 h, and no
wasting was needed due to low sludge production; therefore,
the SRT is estimated based on a conservative value of 1 L
wasted per 30 days and is approximately 960 days. Aerobic
transmembrane pressure operated at 2.07 kPa, and anaerobic
membrane pressure operated around 0.69 kPa within the
recommended operating range; this could be due to a thicker
cake layer formation on the aerobic membrane compared to
that of the anaerobic membrane (Figure S1). Membrane
cleanings were performed weekly to reduce their susceptibility
to clogging following standard maintenance cleaning guidelines
described in the ZeeBlok Installation and Operating Manual
(2017).

Operation and Sample Collection of MBR Systems.
The parallel treatment systems were tested for 3 treatment
cycles (referred to as treatment cycle “I”, “II”, or “III”), which
achieved average total suspended solid (TSS) removals of 97 +
2.7 and 89 + 0.7% and average COD reductions of 88 + 0.0
and 83 + 0.02% for the AeMBR and AnMBR, respectively
(Table S1). The following protocol was followed for each
treatment cycle. The MBR systems were run continuously
from Monday to Friday (approximately 100 h), with large
volume batches of wastewater fed to the system on Monday
morning and Tuesday afternoon. Operation of the parallel
MBR systems was paused on Saturdays and Sundays and
restarted on Mondays with the new wastewater batch. The
feed consisted of untreated, screened influent (120 L per
batch). The first batch was collected from San Elijo WRF on
Mondays between 6:00 and 8:00 in the morning, and the
second batch was collected on Tuesdays between 11:00 and
13:00 in the afternoon to capture diurnal variability in
wastewater flows. Wastewater from this facility corresponds
to a small sewershed (serves a population of ~40,000 with a
19,900 m®/d average treatment capacity), containing mostly
domestic and institutional (hospital, schools) wastewater
sources, and excludes major industrial inputs.

Sampling of the parallel MBR treatment train was conducted
as follows: grab samples of the influent and MBR permeates
were collected hourly using an autosampler; the influent was
collected for 48 h, while the MBR permeates were sampled for
a duration corresponding to their hydraulic retention times (24
h for AeMBR and 48 h for AnMBR). The grab samples were
combined to create composite samples for each of the
influents, aerobic membrane permeate (AeMP), and anaerobic
membrane permeate (AnMP) for NTA analyses. Throughout
the sampling period, composite samples were kept in an ice
bath (8.5 & 2.5 °C). The composite sample for AnMP, during
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treatment cycle I, was composited for only 24 h, rather than
the 48 h duration used in the other two treatment cycles,
treatment cycles II and III. The first composite sample was
included for selecting the 1,094 chromatographic features
according to the criteria described below. After the
experimental work concluded, it was determined that the 24
h composite AnMP sample was substantially lower in the
number of chromatographic features and total peak areas
compared to the 48 h composite AnMP samples, for which
sample averages and relative standard deviations are reported
in Table S2. Therefore, the first AnMP sample was excluded
from comparisons of MBR treatment efficiencies and from
evaluations of relationships between compound removal and
physicochemical properties of TOrCs.

Bulk Water Quality. Conductivity, total dissolved solids,
and pH were recorded (Fisherbrand Accumet AP8S portable
pH and conductivity meter) routinely on grab samples to
monitor the performance. Dissolved oxygen was measured
using 2 ProODO YSI meter. COD, ammonium (NH,-N),
nitrite (NO,-N), nitrate (NO;-N), and total phosphorus
(PO,) were analyzed using HACH TNTplus Vial Test kits and
a HACH DR 3900 spectrophotometer. Samples collected for
TSS analysis were either analyzed right away or stored
refrigerated at 6 °C and then analyzed later following Method
2540.*° COD and nutrient removal efficiencies for each MBR
system are illustrated in Figure 1. Detailed information on the
performance of the MBR systems (in terms of COD and TSS
removal), mixed liquor suspended solids concentrations,
sludge blanket TSS concentrations (Table S1), and the other
water quality parameters (Table S3) are presented in
Supporting Information I

Sample Preparation. A solid-phase extraction (SPE)
method was used to prepare samples, including three
laboratory blanks composed of liquid chromatography mass
spectrometry (LC-MS) grade water for GCXGC/TOF-MS
analyses. Prior to extraction, samples were filtered through
precombusted 1.6 ym Whatman GF-A filters. The filtrate was
preserved with ascorbic acid (0.05 g/L) and sodium azide (1
g/L) and frozen in amber bottles until it was ready for analysis.
The frozen samples were defrosted prior to SPE extraction and
extracted following the procedures described in Chang et al.”’
Briefly, the filtrate was run through an Oasis hydrophilic—
lipophilic balance (200 mg, HLB) glass cartridge (S mL,
Waters Corporation, Milford, MA). In this study, recovery
efficiencies were not evaluated; however, many studies report
that OASIS HLB cartridges are generally robust, achieve high
recovery, and perform consistently across different water
matrices including wastewater influent and effluent.”*™>" The
extract was dried with sodium sulfate, and then additional
drying was conducted with an SPE of a 6 mL UCT
EnviroClean muffled sodium sulfate glass cartridge (United
Chemical Technologies, Inc., Bristol, PA). The final extracts
were subsequently concentrated and evaporated to 400 uL
with a Zymark TurboVap LV Evaporator (Gen Scientific,
Hopkinton, MA) with nitrogen gas in a 40 °C water bath. The
final extracts were spiked with the internal standard mixture of
acenaphthene-d10, chrysene-d12, 1,4-dichlorobenzene-d4,
naphthalene-d8, perylene-d12, and phenanthrene-d10 and
stored at —20 °C until they were ready for GCXGC/TOF-
MS analysis.

Nontargeted Chemical Analysis Using GCxGC/TOF-
MS. Samples were analyzed using Pegasus 4D GCXGC/TOF-
MS (LECO, St. Joesph, MI); detailed instrumental conditions
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are listed in Table S4. Data processing was conducted using
the ChromaTOF software (version 4.72.0), yielding a list of
features with distinct chromatographic peaks and associated
fragmentation mass spectra. The total number of chromato-
graphic features detected per treatment cycle is listed in Table
SS. Peak area abundances for all chromatographic features
were normalized by dividing each of the chromatographic
feature’s peak area by the volume of sample extracted (influent,
500 mL; AeMP and AnMP, 1000 mL each). Then, the average
total number of chromatographic features and the average total
peak area abundances per sample across the experiments
(influent, n = 3; AeMP, n = 3; AnMP, n = 2) were each
evaluated using an analysis of variance (ANOVA) followed by
a Bonferroni adjusted post hoc test (Tables S6—S9). The
ANOVA and post hoc tests were conducted by using IBM
SPSS software (version 27).

Selection of Chromatographic Features. To compare
the chemical constituents across subsets of the samples,
LECO’s software add-in “Statistical Compare” was used to
align the features across samples in a peak table based on mass
spectral and retention time similarity. Specific conditions used
for Statistical Compare are listed in Table S10. Analytes that
met the following conditions were considered in the following
analyses in order to focus on the compounds that behaved in a
reproducible manner: (1) the analyte was detected in at least
one of the following sample types: influent, AeMP, or AnMP,
(2) the analyte was detected in the sample type for at least two
out of three treatment cycles, and (3) the analyte was not
detected in any of the laboratory blanks. As a quality assurance
measure, compounds meeting the inclusion criteria were
manually reviewed to rule out false positives. The peak
abundances of the resulting 1094 selected chromatographic
features were normalized using a method similar to that
described in Shaul et al,** by dividing the peak area of each
analyte by the peak area of the internal standard (phenan-
threne-d10) in that sample and then dividing by the sample
volume (mL) extracted. The normalized peak areas were used
to calculate the percent change of compounds. The
hierarchical clustering heatmap of those 1094 compounds
was generated from R (version 4.1.1), with the R package
latticeExtra (version 0.6—30), for which instances of non-
detection were assigned as zero, and normalized peak areas
were transformed using eq 1. These transformed normalized
peak areas were only used for visualizing data via the heatmap.

(1)

Comparing MBR Treatment of Individual TOrCs. The
percent change was calculated from the untransformed
normalized peak areas using eq 2

Y = log, , ((normalized peak area X 1,000,000) + 1)

A — A
% change = —nf <

2)

where A, is the normalized peak area in an influent sample
and A is the normalized peak area in a membrane permeate
sample.

Compounds were classified as removed for the following
conditions: (1) if it was detected in the influent and not
detected in the effluent (—100% change) and (2) if it had a
percent change between —99.9 and —90% from influent to
membrane permeate across all treatment cycles. Persistent
compounds refer to the compounds that had any percent
change greater than —90% from influent to membrane

inf
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permeates across all treatment cycles. Therefore, persistent
compounds include compounds that were partially removed
(>—90 to 0% change) as well as compounds that increased in
the effluents (>0% change), and it excludes any compounds
that were not originally detected in the influents (newly
formed transformation products).

Tentative ldentification of Compounds. A suspect
screening approach, defined in Newton et al,”” was used to
manually review the 1094 chromatographic features for
tentative identification. The National Institute of Standards
and Technology (version 2017) Electron Impact Mass Spectral
Library was assessed for tentative compound identification. A
compound to be considered tentatively identifiable must meet
the following criteria, also used in Mladenov et al."® (1) the
similarity score >600, (2) the molecular ion (M+) is present,
and (3) the top three most prominent ions were present in the
mass spectrum. This process resulted in the tentative
identification of 351 compounds. These compounds and
their normalized peak areas are listed in Table S11, and their
mass spectra are presented in Supporting Information II. The
overall data processing steps for selecting chromatographic
features and tentatively identifiable compounds are pictured in
Figure S2.

The rate of success for verifying tentatively identified
compounds against synthetic standards ranged from 88 to
100% in our previous studies, using a similar GCXGC/TOF-
MS method and search against the NIST mass spectral
library."***** In this study, 15 chemicals were selected from
the set of compounds commonly identified across three
different WWTF influents in Mladenov et al,'® one of which
provided the influent for the current study. One hundred
percent of the compounds were verified with their authentic
standard, and their treatment by the MBR systems and the full-
scale WWTFs from Mladenov et al."® were compared. A list of
the 15 compounds with their vendor information is listed in
Table S12.

Physicochemical Analysis. Physicochemical data were
retrieved from the Environmental Protection Agency (EPA)
Comptox Chemicals Dashboard>® (access date: 09/20/2020)
and the online service ChemMine Tools.”” These tools and
descriptors are described in our previous work.'® For the 50
compounds not found in the EPA Comptox Dashboard, their
canonical SMILES strings were retrieved from PubChem. Two
compounds were not found in PubChem database (benza-
mide, 3-methyl-N-methyl-N-propyl- and carbonic acid, mono-
amide, N-butyl-, allyl ester), and these compounds were
manually drawn using PubChem Sketcher V2.4° to generate
their SMILES strings (C1=CC(=CC(=C1)C(=0)[N]-
(CCC)C)C and C=CCOC(=O0)N(CCCC)[H], respec-
tively). The SMILES strings were used for input into the
online service ChemMine Tools,”” where molecular descrip-
tors were retrieved from the cheminformatics libraries
JOELib® and ChemmineR* for all 351 tentatively identified
compounds. The relationship between the tentatively identi-
fied compounds’ molecular descriptors and their removal was
investigated using principal component analysis (PCA). PCA
has been used to reduce the dimensionality of data sets and
generate mathematically independent variables as a precursor
to statistical experimental designs that investigate if a
molecule’s behavior in a water treatment system is predictable
based on its structural properties.”'
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Figure 2. Hierarchical clustering heatmap of the log-transformed normalized GCXGC/TOF-MS peak area abundance of N = 1,094 unique
compounds detected in the influent composite, aerobic membrane permeate (AeMP), and anaerobic membrane permeate (AnMP) samples.
Clusters 1—3 and groups A—D are discussed in the text. Each of the three treatment cycles is an independent experiment and is referred to by I, II,

and III.

B RESULTS AND DISCUSSION

Chromatographic Features Detected in MBR Sys-
tems. An average number of chromatographic features was
calculated in the wastewater influent (10,009 + 1393, relative
standard deviation (RSD) = 13.9%, n = 3 composite samples),
AeMP (5357 + 421, RSD = 7.9%, n = 3 composite samples),
and AnMP (8533 + 730, RSD = 8.6%, n = 2 composite
samples). A one-way ANOVA and Bonferroni post hoc test
were used to compare the mean number of chromatographic
features between the three sample types (Tables S6 and S7).
The number of chromatographic features detected in the
AeMP was significantly lower (p = 0.006) compared to the
wastewater influent, and the difference was not significant
between the wastewater influent and the AnMP (p = 0.475).
Between the AeMP and AnMP, a significantly lower number of
chromatographic features were detected in the AeMP than in
the AnMP (p = 0.049). Therefore, AeMBR treatment was
observed to be more effective at removing a greater number of
different TOrCs compared to AnMBR. One limitation to
consider here is that the small sample size lowers the statistical
power.

In addition, we compared the mean total peak area
abundance of the chromatographic features among the three
sample types using a one-way ANOVA with a Bonferroni post
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hoc test (Tables S8 and S9). The average total peak abundance
per sample for each membrane permeate was significantly
lower compared with that of the influent. The average total
peak abundances decreased by 84% from the influent to the
AeMP (p-value = 0.004) and 72% from the influent to the
AnMP (p-value = 0.014). The average total peak abundances
of the AeMP and AnMP, which had RSDs of 13.8% and 7.9%,
respectively, were not significantly different (p = 1.0). This
suggests that both MBR treatments similarly reduced the total
amount of chemicals detected from the influent to membrane
permeates.

Comparison of Individual Compounds across Re-
peated Treatment Cycles. The normalized peak areas of the
1,094 compounds, selected based on the criteria described in
the methods, were compared among the three sample types
across the repeated treatment cycles via the hierarchical
clustering heatmap (Figure 2). The dendrogram on the y-axis
highlights three major clusters of compounds. The compounds
in cluster 1 were highly persistent through both MBR
treatments. Cluster 2 contains some persistent compounds as
well as a group of compounds (A) that were completely
removed through AeMBR treatment but removed to a lesser
extent by AnMBR treatment. The compounds in cluster 2 are
relatively low in abundance compared to those in cluster 1.
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Cluster 3 shows some persistent compounds and three other
groups of compounds: (B) compounds that were completely
removed by both MBR treatments, (C) compounds that newly
formed through AeMBR treatment, and (D) compounds that
newly formed through AnMBR treatment.

Comparison of AeMBR and AnMBR TOrC Treatment
at Various Removal Efficiencies. Whereas the data analysis
presented above focused on compounds detected in at least
two of three treatment cycles, we selected the compounds
detected in all treatment cycles for further data analysis to
increase certainty. Our analysis revealed that 493 compounds
were detected across all three influents. In addition, there were
a high number of compounds (n = 312) that newly formed in
either AeMP or AnMP across all treatment cycles (N = 3 for
AeMP, N = 2 for AnMP). The number of compounds treated
at various efficiency categories is shown in Figure 3, and the
corresponding data points are listed in Table S13.
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Figure 3. Comparison of AeMBR and AnMBR for treating
compounds at various efficiencies. Note: transformation products
that were not detected in the influent but were detected in the
permeates are referred to as “newly formed”.

Out of the 493 influent compounds, we found that a greater
number of compounds could be considered removed (—90%
change) by AeMBR (193 compounds) compared to that of
AnMBR (137 compounds) (Figure 3). The number of
completely removed compounds was higher in AeMBR, but
17 more compounds were partially removed (specifically,
between —S0 and 0% change) by AnMBR. Biological
degradation, sorption to sludge, and volatilization are all
potential TOrC removal processes that occur in both MBR
treatments. In the anaerobic baffled reactor (ABR), sorption
occurs as water passes through the sludge blanket in each
chamber, and some volatilization occurs in the membrane tank
where nitrogen is applied for scouring.

Out of all of the removed compounds, 119 compounds were
removed in both MBR treatment systems, suggesting that these
119 compounds will degrade, transform, or adsorb under either
aerobic or anaerobic conditions. Of those 119 compounds, 34
were tentatively identifiable and are listed in Table S14. These
included previously reported compounds, such as resorcinol,
which is found in acne creams and other personal care
products and was observed in rivers receiving wastewater
effluent.*”
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Across all three treatment cycles, there were 44 compounds
that were removed by the AeMBR but persisted in the
AnMBR, suggesting that these compounds need aerobic
conditions or the presence of aerobes to adsorb to biosolids
or membrane biofilm, degrade to CO,, or volatize. Twenty-one
of those 44 compounds were tentatively identifiable and are
listed in Table S1S5. These included previously reported
compounds, such as o-hydroxybiphenyl, which was found to
be nonbiodegradable in landfill leachate® and present in
municipal wastewater.** Meanwhile, only 4 compounds were
removed by the AnMBR and persisted through the AeMBR,
suggesting that these compounds need anaerobic conditions to
adsorb or degrade. It was possible to tentatively identify only
one of the 4 compounds, 2-methoxy-4-vinylphenol, which is a
naturally occurring volatile organic compound and is also used
as a flavoring agent.”’

Persistent Compounds. Out of the 493 compounds
commonly detected in the influents, 58% of those compounds
(n = 288 compounds) persisted through the AnMBR and 44%
(n =217 compounds) persisted through the AeMBR across all
treatment cycles. Within the set of persistent compounds, 201
compounds (41% of the 493 influent TOrCs) persisted
through both MBR treatments; 113 of those 201 compounds
were tentatively identifiable, and their percent changes are
reported in Table S16.

Moreover, some persistent compounds had substantial peak
area increases after treatment, which may reflect the fact that
these persistent compounds were transformation products
already present in the San Elijo WRF influent that continued to
form during our parallel treatment processes. Of the common
compounds detected in the three influent composites, S5
compounds increased in the AeMP, while 22 compounds
increased in the AnMP, and S5 compounds commonly
increased in both MBRs.

Of the 55 compounds that increased in the AeMP, 1H-
benzotriazole, a common chemical in wastewater,”® had the
greatest percent increase in the AeMP of 2,146 + 656%, and it
increased in the AnMP by 148 + 5%. Benzoic acid, 3,5-bis(1,1-
dimethylethyl)-2-hydroxy-, had the second largest percent
increase in the AeMP of 1152 + 262%, while in the AnMP, it
decreased by 35 + 5%. Benzoic acid, 3,5-bis(1,1-dimethyleth-
yl)-2-hydroxy-, has been identified as a persistent and mobile
chemical in surface water'” and as a potential BPA alternative
in thermal paper.*®

Of the 22 compounds that increased in the AnMP,
(1S,4S,9aS)-4-allyl-1-ethyloctahydro-1H-quinolizine had the
greatest percent increase in the AnMP of 639 + 491%, and
it increased in the AeMP by 172 + 147%. This compound has
not previously been identified in the wastewater. Ethosuximide
had the second largest percent increase in the AnMP of 426 +
224%, while in the AeMP, it increased by only 18 + 97%.
Ethosuximide is an antiseizure medication and was previously
identified in on-site and large-scale sewage treatment plants by
a GCXGC/TOF-MS-based nontarget screening.49

Newly Formed Transformation Products. Both AeMBR
and AnMBR treatments produced a similar number of newly
formed transformation products (165 compounds in AeMBR
and 171 in AnMBR), with AnMBR treatment producing
slightly more. Of the 165 newly formed compounds present in
the AeMP, 136 compounds were absent from the AnMP,
suggesting that these 136 compounds unique to the AeMP
newly formed only under aerobic conditions. Thirty of those
136 compounds unique to the AeMP were tentatively
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identifiable and are listed in Table S17. Benzene, 1-azido-3-
methoxy-, which has been reported in the synthesis chemistry
literature,”” was the most abundant newly formed compound
among the 30 compounds unique to the AeMP. The second-
most abundant newly formed compound in the AeMP was 5-
acetyl-4-methylthiazole, which has been identified as a
metabolite of the pharmaceutical, chlormethiazole.>' Neither
of these two compounds has been reported in wastewater.

Of the 171 newly formed compounds present in the AnMP,
121 compounds were absent from the AeMP, suggesting that
these 121 compounds unique to the AnMP newly formed only
under anaerobic conditions. Eighteen of those 121 compounds
unique to the AnMP were tentatively identifiable and are listed
in Table S18. Pyridine, 3-ethyl, which has previously been
reported in sewage sludge that had undergone gasification,”
was the most abundant newly formed compound among the 18
compounds unique to the AnMP. Citronellic acid was the
second-most abundant newly formed compound in the AnMP.
Citronellic acid has been studied for use as a pest repellant™
and was reported as a transformation product of methoprene,
an insect growth regulator.°4

The large number of newly formed compounds unique to
either AeMP or AnMP suggests that each treatment results in
different transformation products. Only 24 transformation
products were common to both the AeMPs and AnMPs,
suggesting that these 24 compounds newly formed under
either aerobic or anaerobic conditions. However, none of the
24 compounds were identifiable and their spectra are
presented in the Supporting Information IIL

Although our NTA approach identifies a much greater
number of compounds than in previous targeted studies, the
existing database allowed for the identification of a fraction of
the persistent compounds (113 out of 201), aerobic trans-
formation products (30 out of 136), anaerobic transformation
products (18 out of 121), and shared transformation products
(0 out of 24). This result reveals that there are still many
compounds that are not available in the NIST mass spectral
library, which remains a challenge for monitoring and
regulating future chemicals of emerging concern. Niirenberg
et al. evaluated TOrC removal and transformation by
biological treatment processes in 11 different WWTFs using
an NTA approach.”® They found that transformation products
constituted more than half of the number of detected features
in biological treatment effluents.”” Additionally, their cumu-
lative area accounted for 36—54% of the total area of all
features in the effluents.”® Thus, transformation products are
essential to consider, especially given that some can be as
harmful as their parent compounds and contribute significantly
to the dissolved organic matter in WWTF secondary
effluent.”*°

Comparison of Removal and Persistence of TOrCs
Identified in Other Studies. Although the removal of
TOrCs in systems treating real wastewater may be influenced
by different operating conditions, including SRT, HRT, redox
conditions, pH, and temperature,55 it is worth evaluating the
TOrC removal and persistence among similar studies. Zaouri
et al.” also used NTA to identify compounds in AeMBR and
AnMBR permeates, with the goal of evaluating the effects of
treated wastewater on seed germination and feed production.”
Their LC-MS/MS-based NTA approach resulted in a total of
36 permeate compounds, including 8 hormones,™ that were
tentatively identified in the real treated wastewater. None of
those compounds were common with the 351 compounds
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tentatively identified in our study. While this may be due to a
different source of real wastewater, it is also likely that the LC-
MS/MS-based and our GCXGC/TOF-MS NTA identified
different types of compounds due to different polarities or
other properties, further supporting that these are comple-
mentary approaches.

Our previous study (Mladenov et al.)'® also employed the
GCXGC/TOF-MS NTA and utilized wastewater from the
same San Elijo WRF facility as was used in the current study.
Therefore, we compared the removal and persistence of 15
compounds in the AeMBR and AnMBR influents of the
current study and in the influent of three WWTTFs in the study
by Mladenov et al.'® These 15 compounds (Table S19) were
verified with analytical standards in the current study. The
three WWTFs of Mladenov et al.'® included two centralized
WWTFs, one in the United States (United States-centralized)
and one in South Africa (South Africa-centralized), both of
which employ conventional activated sludge biological treat-
ment with post-treatment steps, and one decentralized
treatment plant in South Africa (South Africa-decentralized)
using an ABR with anaerobic filter, followed by a constructed
wetland for polishing. The ABR in the South Africa-
decentralized system had an HRT of 33.6 h, although shorter
HRTs were also reported for ABRs. The activated sludge
treatment processes of the previous study had HRTs between
3 and 15 h. Our HRTs of 24 h for the aeration tank and 48 h
for the ABR are longer than those reported in the previous
study by about 1.6 and 1.4 times, respectively, and these likely
resulted in improved COD removals.

Regardless of the treatment type, five compounds (4-(4-
hydroxy-3-methoxyphenyl)-2-butanone, 4-ethyl-2-methoxy-
phenol, benzyl cyanide, piperine, and scopoletin) were
removed (<94% change) by both MBR treatments in this
study and all three WWTFs (Table S19). In addition,
terpineol, a nonsorptive and biodegradable fragrance material,
was also removed (<94% change) by all of the treatment
systems, except the South Africa-centralized WWTE.

There was also a general agreement for compound removal
among the aerobic treatment systems (the two centralized
treatment plants and the AeMBR). Six compounds (1,7-
dimethylxanthine, 2,4-dihydroxybenzophenone, S-
(methylsulfanyl)pentanenitrile, benzenemethanethiol, nicotine,
benzoic acid, 3-(1-methylethyl)-) were removed (<—93%
change) by all WWTFs and the AeMBR treatment but were
less efficiently removed (—89 to —67% change) by the AnMBR
treatment. Although the South Africa-decentralized facility is
similar to the AnMBR in that it primarily uses anaerobic
biological treatment, the South Africa-decentralized facility also
employs a constructed wetland for polishing; therefore, these
five compounds’ more efficient removal (<—90% change) in
that system could have been attributed to its wetland polishing
step. On the other hand, anaerobic processes seemed to be
important for the removal of 2-methoxy-4-vinylphenol, which
was removed (<—95% change) by the South Africa-
decentralized and the AnMBR systems, while persisting
through the centralized WWTFs and AeMBR treatments
(—81 to —60% change), which rely on aerobic processes.

Bisphenol A (BPA), which is used in the manufacturing of
various plastics, was removed (<—91% change) by AeMBR
and South Africa-centralized treatments. Its removal was less
efficient (—57 and —87% change, respectively) in the United
States-centralized and the South Africa-decentralized and even
less efficiently removed by the AnMBR treatment, partially
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Figure 4. Removal (%) vs number of nitrogen or sulfur atoms. Each boxplot represents the 85 tentatively identifiable compounds that were
common among all influents and both treatments with an average percent removal between 0 and 100%, and a coefficient of variation less than 30%
across all treatment cycles. Each treatment cycle (I, II, and III) corresponds to an individual experiment.

decreasing with a —13 & 41% change. BPA’s removal has been
shown to be variable, with other studies demonstrating
removals of a —87 to —100% change for an AeMBR
treatment' **° and —25 to —99.9% change for an AnMBR
treatment.' ">

Triclosan was removed with a —93 to —89% change by the
three WWTFs; however, it slightly increased in the AeMBR (7
+ 81%) and was only partially removed by the AnMBR (—43
+ 4%) (Table S19)."® Incidentally, one of triclosan’s
metabolites (methyl triclosan), which was not one of the 15
targeted compounds but was tentatively identified in this study,
increased in the AeMBR with a 90 + 119% change but not in
the AnMBR system, where it was partially removed (with a
—18% change). The increase of methyl triclosan in the AeMBR
is consistent with the previous finding that methylation of
triclosan occurred in activated sludge under aerobic conditions
but not under anaerobic conditions.””

Persistence, Removal, and Physicochemical and
Molecular Properties. PCA was conducted as a QSPR
approach to determine if physical—chemical properties or
molecular descriptors predicted the percent change of the
tentatively identified compounds. Two groups of potentially
mechanistically significant descriptors were separately assessed:
(1) 16 physical—chemical properties (listed in Table $20) and
(2) 12 molecular descriptors (listed in Table S21). Due to the
low proportions of explained variance, PCA was unable to
predict compound removal based on the physical—chemical
properties. For the molecular descriptors, correlations between
the percent removal and principal component 1 were further
examined but were found to be nonsignificant across the
treatment cycles (Figure S3). A more detailed description of
the PCA results and other descriptors analyzed, which turned
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out to be nonsignificant, is discussed in the Principal
Component Analysis section in Supporting Information I.

To evaluate the previous findings of Wijekoon et al.'* and
Liu et al."” that nitrogen- or sulfur-containing molecules had a
greater removal under anaerobic conditions, we identified the
number of N and S atoms in each compound (Tables S22 and
S$23). For this analysis, to focus on compounds that behaved in
a reproducible manner, only the compounds that met the
following criteria were considered: (1) the compound was
common among all influents, (2) had an average (n = 3
AeMBR, n = 2 AnMBR) peak area reduction between 0 and
100%, and (3) had a coefficient of variation less than 30%.
These criteria resulted in a total of 85 tentatively identified
compounds commonly detected among influents. The percent
peak area reduction versus the number of nitrogen and sulfur
atoms is plotted in Figure 4. The boxplots illustrate that the
AeMBR had greater removal on average for at least 25
compounds containing nitrogen and 13 compounds containing
sulfur compared to the AnMBR. Therefore, our findings differ
from those of Wijekoon et al.'* and Liu et al,"’ possibly
because the prior experiments evaluated a smaller subset of
nitrogen-containing compounds (16 nitrogen-containing com-
pounds and one sulfur- and nitrogen-containing compound).'*
By contrast, in this study, we were able to examine 25 N- and
13 S-containing compounds and found that the presence of
those elements did not increase removal under anaerobic
conditions.

Summary of Tentatively Identified TOrCs in This
Study. Two hundred eighty-three of the 351 tentatively
identifiable compounds were present in at least one chemical
list in the EPA CompTox Dashboard, and product use and
application information were available for 245 of those
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tentatively identifiable compounds (access date: 07/12/2023).
This enabled us to classify them into use and source groups, as
shown in Table 1. Table S24 reports an index defining each

Table 1. Count of Compounds per Product Use Category or
Regulatory List of the 245 Tentatively Identifiable
Compounds with Product Use Information in the EPA
Comptox Dashboard (Access Date: 07/12/2023)“

product use and source category count
metabolite/biotransformation product 187
odorant/aroma compound 128
plastic-related 103
consumer product 92
food contact substance 86
cosmetic ingredient 79
pharmaceutical/drug 68
inert ingredient 65
food additive 64
pheromones/semiochemicals 62
toxin 59
solvent 55
pesticide/biocide/insect repellant/antifungal 47
oil-related (hydraulic fracturing, oil field additive, motor fuel 42

ingredient)

tobacco/cigarette/vaping-related 38
extractable or leachable from the pharmaceutical product 35
other 34
disinfection byproduct 28
detected in the recycled tire crumb 22
water distribution leachable substance 16
flame retardant 9
antimicrobial 7
antioxidant 6
surfactant 6
industrial chemical or manufacturing waste S

count

65
“Many of the compounds are identified in multiple product use
categories. An index of the EPA Comptox. Lists that define each

product use category are found in the Supporting Information (Table
S24).

regulatory list
U.S. EPA high production volume list

category based on the EPA CompTox lists. It makes sense that
metabolites and biotransformation products are the largest
category of compounds (187 compounds) identified across the
wastewater samples, given the fact that these compounds are
likely undergoing biodegradation and physicochemical trans-
formations from primarily residential wastewater sources
during the MBR treatment processes. The identification of
many TOrCs from cosmetics, consumer products, and
pharmaceutical drug compounds is also expected due to the
source. It is interesting to observe a large number of plastic-
related compounds (103 compounds). These chemicals are a
growing category of TOrCs with toxicological implications and
are potentially detrimental to MBR performance that merits
further research.>® In addition, a considerable number of
pesticides were identified (47 compounds).

Our findings were somewhat different from a study by
Laura-Martin et al., who conducted an LC-high-resolution MS—
based NTA of sewage-derived contaminants in ocean water.”
They identified surfactants as the second-most relevant group
of contaminants in terms of the number of identified sewage-
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derived components and first in signal intensities,” whereas our
study only identified 6 surfactants. On another note, we
identified 11 fragrances and 6 antioxidants, which are two
classes of compounds that are discussed as under-represented
in the environmental PPCP literature.”> The 11 fragrance
compounds included triethyl citrate, octinoxate, butylated
hydroxytoluene, 2-hydroxy-4-methoxybenzophenone, propyl-
paraben, 2-(phenylmethylene)octanal, diethyl phthalate, lina-
lool, benzyl benzoate, @-amyl cinnamaldehyde, and 2-
phenoxyethanol. The 6 antioxidants included tert-butylhydro-
quinone, 2,5-cyclohexadiene-1,4-dione, 2-methyl-5-(1-methyl-
ethyl)-, bisphenol A, 4-hydroxybenzeneethanol, N-isopropyl-
N’-phenyl-p-phenylenediamine, and 1H-indole-3-propanoic
acid. Sixty-five compounds (Table S25) were identified
under the U.S. EPA High Production Volume List, which
are classified as chemicals that are produced or imported in the
United States in quantities of one million pounds or more per
year.

B CONCLUSIONS

Overall, despite the persistence of some TOrCs through both
AeMBR and AnMBR systems, the AeMBR and the AnMBR
were able to completely remove 34—37% and 19—20%,
respectively, of the 493 commonly detected TOrCs across
the tested influents. The higher removal of TOrCs under
aerobic conditions is important from the perspective of
reducing the discharge of chemicals of emerging concern to
surface waters. However, the potential for TOrCs to sorb to
biosolids and the high sludge production under aerobic
conditions should also be weighed when choosing AeMBR
or AnMBR treatment, as biosolid disposal in landfills or
agricultural land applications represent additional TOrC
discharges to the environment.”” Future work should apply
NTA to further probe compound removal via sorption and
transfer to the solid phase. Additionally, AnMBR technology
has garnered increasing interest for its potentxal for net-zero
energy production or biogas (CH,) recovery.'® The finding
that the AnMBR had greater partial compound removal (<50%
removal) than the AeMBR further suggests that a combination
of aerobic and anaerobic treatments may achieve the greatest
total removal of TOrCs.

The comparison of results from this study to results from a
study of full-scale wastewater treatment systems confirmed the
presence of many of the same TOrCs, lending further support
to the GCXGC/TOF-MS-based NTA. To achieve a more
comprehensive nontargeted screening of wastewater com-
pounds, future AeMBR and AnMBR comparison analyses
could use an LC-MS-based NTA as a complementary
approach. Nevertheless, the GCXGC/TOF-MS NTA exposed
the presence of a much greater number of compounds that
have been identified in previous studies using real wastewater,
including 11 fragrance compounds that are more amenable to
GC analyses. It is worth pointing out that both AeMBR and
AnMBR treatments resulted in the formation of a large number
of transformation products, many of which are unknown and
merit further study. The tentatively identified persistent
compounds and transformation products also highlighted a
distressing number of plastic-related compounds present in
treated effluent and are valuable for informing future
monitoring of TOrC contamination in aquatic systems,
QSPR analyses, and toxicological studies of MBR-treated
wastewater.
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