
1

Supplementary Information for:

Fate of organic contaminants in electrochemical nitrogen recovery from urine

Anna Kogler1, William A. Tarpeh1,2*

1 Department of Civil and Environmental Engineering, Stanford University, Stanford, CA, 94305, USA

2 Department of Chemical Engineering, Stanford University, Stanford, CA, 94305, USA

*Corresponding author, Email: wtarpeh@stanford.edu. Address: 443 Via Ortega, Room 387, Stanford 
CA, 94305. Telephone: 650-497-1324

Pages: 74

Figures: 27

Tables: 31

Supplementary Information (SI) for Environmental Science: Advances.
This journal is © The Royal Society of Chemistry 2026

mailto:wtarpeh@stanford.edu


2

1 Materials and Methods.........................................................................................................................11

1.1 Urine Characterization................................................................................................................11

Table S1-1. Average composition of influent urine across all experiments. ...................................11

1.2 Chemicals ...................................................................................................................................12

1.3 Operation of Electrochemical Nitrogen Recovery Processes.....................................................13

Figure S1-1. Full-cell voltage observed during ECS, ED, and BPED experiments. .......................14

Table S1-2. Sample collection and storage protocol .......................................................................15

1.4 Pharmaceutical Analysis ............................................................................................................15

1.4.1 Sample Preparation ................................................................................................................15

1.4.2 Target Analysis ......................................................................................................................15

Table S1-3. Target pharmaceuticals, their properties, and internal standards. ................................16

Table S1-4. Mobile phase gradient for LC-MS method for target pharmaceutical analysis. ..........17

Table S1-5. Mass spectrometry parameters for target pharmaceutical analysis. .............................17

1.4.3 Suspect Screening ..................................................................................................................18

Table S1-6. Mobile phase gradient for LC-HRMS method for non-target analysis........................18

Figure S1-2. Illustration of suspect screening analysis workflow. ..................................................18

Table S1-7. Parameters for data pretreatment using Proteowizard MSconvert. ..............................20

Table S1-8. Parameters for feature finding in patRoon. ..................................................................20

Table S1-9. Parameters for feature grouping and feature group filtering in patRoon. ....................21

Table S1-10. Parameters for componentization and generating MS peak lists in patRoon.............22

Table S1-11. Parameters for annotation with formulas and compounds in patRoon. .....................23

1.4.4 Metrics for Pharmaceutical Fate ............................................................................................23

Table S1-12. Existing water reuse guidelines for pharmaceuticals. ................................................23

Table S1-13. Samples for calculation of pharmaceutical fold changes. ..........................................24

Figure S1-3. Samples for calculating fold changes of pharmaceuticals and features detected during 
suspect screening for ECS, ED, and BPED. ....................................................................................24

1.5 Disinfection Byproduct Analysis ...............................................................................................25

Table S1-14. Summary of disinfection byproducts quantified in this study with limits of detection 
(LODs). ............................................................................................................................................26

2 Results & Discussion ...........................................................................................................................27

2.1 Nitrogen Removal and Recovery Performance..........................................................................27

Figure S2-1. pH values observed for ECS, ED, and BPED.............................................................27

Table S2-1. Average composition of final treated urine across all experiments for each process. .28

Figure S2-2. TAN removal and recovery efficiencies over time for ECS, ED, and BPED. ...........28



3

Table S2-2. p-values for comparison between final TAN fold changes and removal/recovery 
efficiencies across processes using two-sided t-tests.......................................................................29

Figure S2-3. Total ammonia nitrogen (TAN) mass balances for ECS, ED, and BPED..................29

2.2 Fate of Organic Contaminants....................................................................................................29

Table S2-3. Summary of suspect screening workflow and validation with target analysis. ...........29

Figure S2-4. Mass balance on target pharmaceuticals for ECS, ED, and BPED. ...........................30

Table S2-4. Target pharmaceuticals, their fates (enrichment and removal ratios, ER and RR), and 
their properties. ................................................................................................................................31

Figure S2-5. Volcano plots for enrichment ratio for ED and BPED as calculated for each of the 
target pharmaceuticals and all features detected during suspect screening. ....................................32

Figure S2-6. Volcano plots for removal ratio for ECS, ED, and BPED  as calculated for each of the 
target pharmaceuticals and all features detected during suspect screening. ....................................33

Table S2-5. p-values for comparison between ratios calculated for processes based on all suspect 
data and feature intensity for targets determined via suspect screening. .........................................33

Figure S2-7. Average enrichment and removal ratios calculated for all features detected during 
suspect screening, for features identified as target compounds during suspect screening and for 
target compounds quantified separately via target analysis.............................................................34

Figure S2-8. Enrichment ratio vs. removal ratio for ECS, ED, and BPED for all features detected 
during suspect screening. .................................................................................................................35

Table S2-6. p-values for comparison between ratios calculated from target and suspect screening 
data for each process. .......................................................................................................................35

Table S2-7. p-values for comparison between ratios calculated for target data for each process using 
different calculation methods...........................................................................................................36

2.3 Product Purity.............................................................................................................................36

Figure S2-9. Disinfection byproducts detected in anode chambers.................................................36

Figure S2-10. Disinfection byproducts detected in influent and treated urine. ...............................37

Figure S2-11. Photo of bipolar membrane after use during BPED experiment. .............................40

Figure S2-12. Chloride concentrations in all chambers for ECS, ED, and BPED. .........................40

Figure S2-13. Sulfate concentrations in all chambers for ECS, ED, and BPED. ............................41

Figure S2-14. Phosphate concentrations in all chambers for ECS, ED, and BPED. .......................41

2.4 Identification of Priority Compounds.........................................................................................42

Figure S2-15. Fraction of all detected feature groups identified during suspect screening.............42

Figure S2-16. Fraction of priority compounds (enrichment ratio less than 0.5 or greater than 2, 
removal ratio less than 0.5 or greater than 2, and p-value less than 0.05) and fraction of non-detects 
(either influent only or effluent only). .............................................................................................42

Figure S2-17. Fraction of priority feature groups identified during suspect screening. ..................43

Table S2-8. Priority compounds identified through suspect screening. ..........................................43



4

Table S2-9. Properties of identified compounds categorized as priority compounds based on ER for 
multiple processes. ...........................................................................................................................44

Table S2-10. Properties of identified compounds categorized as priority compounds based on RR 
for BPED and ECS...........................................................................................................................46

Table S2-11. Uses of identified priority compounds, as indicated on PubChem. ...........................47

Figure S2-18. Extreme enrichment and removal ratios for priority features that were identified for 
each process. ....................................................................................................................................48

2.5 Mechanistic Understanding of Compound Fate .........................................................................50

Figure S2-19. Relationships between compound properties and enrichment ratio for priority 
compounds. ......................................................................................................................................50

Figure S2-20. Relationships between compound properties and removal ratio for priority 
compounds. ......................................................................................................................................52

Table S2-12. Spearman correlation results for relationships between compound properties and fates 
for priority compounds. ...................................................................................................................54

Table S2-13. Slopes, intercepts (Int), and R2 for relationships between compound properties and 
fates for priority compounds. ...........................................................................................................56

Figure S2-21. Relationships between compound properties and enrichment ratio for all identified 
compounds. ......................................................................................................................................58

Figure S2-22. Relationships between compound properties and removal ratio for all identified 
compounds. ......................................................................................................................................60

Table S2-14. Spearman correlation results for relationships between compound properties and fates 
for all identified compounds. ...........................................................................................................62

Table S2-15. Slopes, intercepts (Int), and R2 for relationships between compound properties and 
fates for all identified compounds....................................................................................................64

Figure S2-23. Relationships between compound properties and enrichment ratio for identified 
compounds that showed significant (p < 0.05) changes in feature intensity from influent to effluent 
or product. ........................................................................................................................................66

Figure S2-24. Relationships between compound properties and removal ratio for identified 
compounds that showed significant (p < 0.05) changes in feature intensity from influent to effluent 
or product. ........................................................................................................................................68

Table S2-16. Spearman correlation results for relationships between compound properties and fates 
for identified compounds that showed significant (p < 0.05) changes in feature intensity from 
influent to effluent or product. .........................................................................................................70

Table S2-17. Slopes, intercepts (Int), and R2 for relationships between compound properties and 
fates for identified compounds that showed significant (p < 0.05) changes in feature intensity from 
influent to effluent or product. .........................................................................................................72

References....................................................................................................................................................74



5

1 Materials and Methods
1.1 Urine Characterization

Total ammonia nitrogen (TAN) was measured via a phenol-based colorimetric method by 
segmented flow analysis with a SEAL Analytical AA500 AutoAnalyzer (Mequon, WI). Anion 
concentrations (i.e., fluoride, chloride, nitrite, bromide, nitrate, phosphate, and sulfate) were 
measured via anion chromatography (4.5 mM carbonate/0.8 mM bicarbonate eluent at 1.0 mL/min, 
AS23-4µm column at 30 °C, suppressed) and cation concentrations (i.e., lithium, sodium, 
ammonium, potassium, magnesium, calcium) were measured via cation chromatography (4 mM 
tartaric acid and 2 mM oxalic acid eluent at 1.0 mL/min, IonPac SCS1 column at 30°C, 
unsuppressed) on a Thermo Fisher Scientific Dionex ICS-6000 system (Waltham, MA). Samples 
were acidified with 2 M sulfuric acid prior to TAN and cation analysis to prevent ammonia 
volatilization and allow accurate quantification of TAN. pH of raw samples was measured with a 
pH/conductivity meter (FiveEasy F20, Mettler Toledo, Columbus, OH). Pharmaceutical and DBP 
concentrations in urine were measured as described below (Sections S1.4 and S1.5).

Table S1-1. Average composition of influent urine across all experiments. Note that for atenolol, concentrations were lower for 
BPED experiments (2.18  0.54 μg/L) than ED and ECS experiments (19.3  2.4 μg/L), suggesting that atenolol may have degraded 
or precipitated during storage. Diclofenac concentrations tended to be more variable within analytical and experimental replicates 
across all processes.

Urine
TAN (mg/L) 3,280  360

Cations (mg/L)
Na+ 1,090  42
K+ 1,150  190
Mg2+ 0.418  1.2
Ca2+ -

Anions (mg/L)
SO4

2- 548  63
Cl- 1,860  70
PO4

3- 462  14
Other

pH 9.32  0.08
COD (mg/L) 3,180  69

Pharmaceuticals (μg/L)
Atenolol 15.0  7.9
Trimethoprim 20.1  3.5
Metoprolol 26.1  5.1
Bezafibrate 13.4  1.2
Propranolol 30.7  3.6
Carbamazepine 18.6  3.2
Diclofenac 28.9  19.6
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1.2 Chemicals

Sodium chloride and sodium sulfate used to prepare background electrolyte solutions were 
obtained from Acros Organics (ACS reagent, 99+%, Belgium) and Millipore Sigma (ACS 
Tracepur, ≥ 99.0%, Burlington, MA), respectively. Sulfuric acid used to prepare product recovery 
solutions was purchased from Sigma-Aldrich (ACS reagent, 95.0 – 98.0%, St. Louis, MO). A 
Milli-Q® IQ 7000 Ultrapure Lab Water System from EMD Millipore (Burlington, MA) was used 
to obtain 18.2M-cm water used throughout all experiments.

Primary standards and deuterated internal standards of the pharmaceuticals used in this work were 
purchased from several suppliers including Sigma-Aldrich (St. Louis, MO), Santa Cruz 
Biotechnology (Dallas, TX), Toronto Research Chemicals (Toronto, Ontario), Alfa Aesar 
(Haverhill, MA), CDN Isotopes (Pointe-Claire, Canada), and ApexBio Technology LLC 
(Houston, TX). Optima LC-MS grade methanol, acetone, acetonitrile, water, and ammonium 
formate were obtained from Fisher Scientific (Waltham, MA). Ascorbic acid for quenching 
chlorine in samples prior to pharmaceutical and disinfection byproduct analysis104 was obtained 
from Sigma-Aldrich (St. Louis, MO).

Reagents for segmented flow analysis of total ammonia nitrogen included: sodium citrate 
dihydrate (99.0−101.0 %, Avantor Performance Materials), sodium nitroferricyanide dihydrate 
(ACS grade, Acros Organics, Belgium), sodium hydroxide (ACS reagent, 97.0%, Ricca 
Chemical), phenol (ACS reagent, 99.0%, Sigma-Aldrich), and sodium hypochlorite (reagent 
grade, 10−15% available chlorine, Sigma-Aldrich). Ammonium sulfate for preparation of 
segmented flow analysis standards was obtained from Sigma-Aldrich (ACS reagent, ≥ 99.0%, St. 
Louis, MO). Reagents for anion chromatography (4.5 mM carbonate/0.8 mM bicarbonate eluent) 
were obtained from Thermo Fisher Scientific (Waltham, MA). Reagents for cation 
chromatography (oxalic acid and tartaric acid) were purchased from Sigma-Aldrich (St. Louis, 
MO). Standards for anion and cation chromatography were obtained from Thermo Fisher 
Scientific (Waltham, MA).

Reagents for disinfection byproduct analysis included: GC-grade methyl tert-butyl ether (puriss. 
p.a., ≥ 99.5%, Sigma Aldrich, St. Louis, MO), Optima HPLC/GC grade methylene chloride (Fisher 
Scientific, Waltham, MA), methanol (LC/MS grade, ≥ 99.9%, Fisher Chemical, Pittsburgh, PA), 
and sodium bicarbonate (Certified ACS, 99.7–100.3%, Fisher Chemical, Pittsburgh, PA). 
Standards for disinfection byproducts included: 1,2-dibromopropane (certified reference material, 
AccuStandard, New Haven, CT), EPA 552.2 haloacetic acids mix (certified reference material, 
Sigma Aldrich, St. Louis, MO), trihalomethanes mix (certified reference material, AccuStandard, 
New Haven, CT), M551.1B disinfectant by-products mix (certified reference material, 
AccuStandard, New Haven, CT), trichloroacetamide (HPLC grade, 98+%, Thermo Scientific 
Chemicals, Waltham, MA), and dichloroacetamide (98+%, Thermo Scientific Chemicals, 
Waltham, MA). Iodinated DBP standards, which were ultimately not quantified, were obtained 
from CanSyn Chemical Corporation (Toronto, Ontario).
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1.3 Operation of Electrochemical Nitrogen Recovery Processes

ECS experiments were performed in a three-chambered, parallel-plate reactor similar to previous 
reports,19,105 in which three square acrylic frames (internal dimensions: 8 x 8 x 1.9 cm3) were 
compressed between two larger square acrylic plates (10 x 10 x 1.9 cm3) to create three chambers 
(122 mL each, Figure 1A). Chambers 1 and 2 contained an anode and cathode, respectively, and 
were separated by a Selemion CMVN cation exchange membrane (AGC Engineering Co., Ltd., 
Japan). Chambers 2 and 3 were separated by a microporous polyethylene membrane (Aquastill, 
Netherlands). The anode was a Ti mesh coated with Ta2O5 / IrO2 mixed metal oxide (Magneto 
Special Anodes, Netherlands), and the cathode was a 304L stainless steel mesh (0.425 mm hole, 
190 µm wire diameter, 42% open area; Yikai Industrial Scientific). Both electrodes had a 64 cm2 
geometric surface area and were positioned immediately adjacent to the cation exchange 
membrane. Urine was introduced into Chamber 1, 0.1 M NaCl solution was used as a background 
electrolyte in Chamber 2, and 1 M H2SO4 was used to recover TAN in Chamber 3. Reactor 
components were separated by Buna-N gaskets (USA Sealing, Buffalo, NY) and held together by 
compression with stainless steel rods to prevent leaks.

ED experiments were performed in a three-chambered, parallel-plate reactor in which three square 
acrylic frames were compressed between two larger square acrylic plates (10 x 10 x 1.9 cm3) to 
create three chambers (Figure 1B). The outer chambers were the same size as those used for ECS 
(internal dimensions: 8 x 8 x 1.9 cm3, volume: 122 mL), while the middle chamber was thinner 
(internal dimensions: 8 x 8 x 0.95 cm3, volume: 61 mL). We selected a three-chambered reactor 
as a minimum reactor representative of ED reactor configurations without stacked chambers, 
which have been studied for urine treatment.106–110 We used a thinner middle chamber, which 
contained urine, to reduce the contribution of solution resistance to overall electrochemical cell 
resistance and allow the reactor to operate longer within potentiostat limits. This reactor is 
comparable to three-chambered ECS by facilitating cation removal via migration across a cation 
exchange membrane although the ED reactor has the added ability to remove anions via migration 
across an anion exchange membrane. Chambers 2 and 3 were separated by a Selemion CMVN 
cation exchange membrane (AGC Engineering Co., Ltd., Japan). Chambers 1 and 3, the outermost 
chambers, contained an anode and cathode, respectively. The anode was a Ti mesh coated with 
Ta2O5 / IrO2 mixed metal oxide (Magneto Special Anodes, Netherlands), and the cathode was a 
304L stainless steel mesh (0.425 mm hole, 190 µm wire diameter, 42% open area; Yikai Industrial 
Scientific); both electrodes had a 64 cm2 geometric surface area. Chambers 1 and 2 were separated 
by an anion exchange membrane (AMI-7001S, Membranes International Inc., Ringwood, NJ). An 
electrode rinse solution of 0.1 M Na2SO4 was recirculated in Chamber 1 (anode chamber); 
background electrolyte of 0.1 M NaCl was recirculated in Chamber 3 (concentrate/cathode 
chamber) when the experiment began. Urine was introduced and recirculated within Chamber 2 
(diluate chamber). Reactor components were separated by Buna-N gaskets (USA Sealing, Buffalo, 
NY) and held together by compression with stainless steel rods to prevent leaks.

BPED experiments were performed in a four-chambered, parallel-plate reactor in which four 
square acrylic frames (internal dimensions: 8 x 8 x 1.9 cm3) were compressed between two larger 
square acrylic plates (10 x 10 x 1.9 cm3) to create four chambers (122 mL each, Figure 1C). 
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Chambers 1 and 2 were separated by a bipolar membrane (FumaTech Fumasep FBM, Fuel Cell 
Store, Bryan, TX). Chambers 2 and 3 were separated by a Selemion CMVN cation exchange 
membrane (AGC Engineering Co., Ltd., Japan), and Chambers 3 and 4 were separated by an anion 
exchange membrane (AMI-7001S, Membranes International Inc., Ringwood, NJ). Chambers 1 
and 4, the outermost chambers, contained an anode and cathode, respectively. The anode was a Ti 
mesh coated with Ta2O5 / IrO2 mixed metal oxide (Magneto Special Anodes, Netherlands), and 
the cathode was a 304L stainless steel mesh (0.425 mm hole, 190 µm wire diameter, 42% open 
area; Yikai Industrial Scientific); both electrodes had a 64 cm2 geometric surface area. An 
electrode rinse solution of 0.1 M Na2SO4 was recirculated within Chamber 1 (anode chamber); 
background electrolyte of 0.1 M NaCl was recirculated in Chambers 3 and 4 (concentrate and 
cathode chambers, respectively) when the experiment began. Urine was introduced into Chamber 
2 (diluate chamber). Reactor components were separated by Buna-N gaskets (USA Sealing, 
Buffalo, NY) and held together by compression with stainless steel rods to prevent leaks. This 
BPED configuration was chosen over other BPED variations111,112 because it has been studied for 
urine treatment113,114 and is most similar to conventional electrodialysis, which facilitates more 
direct comparison of the two processes (e.g., evaluating the impact of more rapid acidification of 
influent urine).

Samples were collected and stored as described in Table S1-2.

Figure S1-1. Full-cell voltage observed during ECS, ED, and BPED experiments. For ED, full-cell voltage increased rapidly as 
Chamber 2 became depleted of both anions and cations, causing high resistance.
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Table S1-2. Sample collection and storage protocol

Analyte Sampling 
Times (hrs)

Reactor Chambers Sample 
Volume

Sample Preservation Sample 
Storage

TAN, pH ECS/BPED: 
0, 0.25, 0.5, 
1, 2, 3, 6, 9, 
12
ED: 0, 0.25, 
0.5, 1, 2, 3, 4

All 2 mL Acidification to pH 2 
using 2 M H2SO4 
(after measuring pH)

20-
25°C

Anions ECS/BPED: 
0, 12
ED: 0, 4

All 2 mL - 20-
25°C

X-DBPs ECS/BPED: 
0, 3, 9, 12
ED: 0, 3, 4

All at initial & final
Influent and anode 
also at intermediate

3 x 10 
mL

33 mg/L ascorbic 
acid; acidify to pH 
~3.7 using 
concentrated H2SO4

4°C

HAAs ECS/BPED: 
0, 3, 9, 12
ED: 0, 3, 4

All at initial & final
Influent and anode 
also at intermediate

3 x 10 
mL

33 mg/L ascorbic 
acid; acidify to pH ≤ 
0.5 with concentrated 
H2SO4

4°C

Pharmaceuticals 0, 12 All 3 x 50 
mL

33 mg/L ascorbic acid 4°C

1.4 Pharmaceutical Analysis
1.4.1 Sample Preparation
50 mL of samples spiked with 200 μg/L of internal standards (emtricitabine-13C,15N2, atenolol-d7, 
sulfamethoxazole-d4, N4 acetyl-sulfamethoxazole-d4, trimethoprim-d3, metoprolol-d7, naproxen-
d3, bezafibrate-d4, propranolol-d7, carbamazepine-d10, diclofenac-d4, iopromide-d3) were 
processed by solid phase extraction (SPE) using Waters Oasis HLB cartridges (3 cc / 60 mg, 30-
um diameter sorbent) (Milford, MA). Cartridges were conditioned with 2 mL methanol, followed 
by 2 mL water prior to sample loading. After sample loading, the cartridges were dried under 
vacuum for about one hour. Pharmaceuticals were then eluted by gravity with 2 mL 
methanol/acetone (1:1 mixture, v/v), and the samples were concentrated further to 0.5 mL under 
nitrogen gas. Extracts were stored at -20°C until analysis via liquid chromatography-mass 
spectrometry (LC-MS) for target analysis and liquid chromatography-high resolution mass 
spectrometry (LC-HRMS) for non-target analysis.

1.4.2 Target Analysis
Samples were analyzed on an Agilent 1260 HPLC with an Agilent 6460 Triple Quadrupole MS 
using an Agilent Poroshell 120 EC-C18 2.7 μm, 3.0 x 50 mm column (Agilent, Santa Clara, CA). 
Compounds (Table S1-3) were separated with a 16-minute gradient method (Table S1-4) using 5 
mM aqueous ammonium formate (mobile phase A) and acetonitrile (mobile phase B) at a flowrate 
of 0.6 mL/min. 10 μL of sample were injected during each run. Compounds were detected using 
positive electrospray ionization mode with a gas temperature of 300°C, gas flowrate of 7 L/min, a 
nebulizer pressure of 45 psi, a sheath gas temperature of 250°C, a sheath gas flowrate of 9 L/min, 
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a capillary voltage of 3500 V, and a nozzle voltage of 500 V. Compounds were quantified using 
multiple-reaction monitoring (MRM) with compound-specific MR parameters and retention times 
shown in Table S1-5.

Table S1-3. Target pharmaceuticals, their properties, and internal standards. Pharmaceuticals that were spiked into urine but are 
not listed in this table (i.e., emtricitabine, sulfamethoxazole, N4 acetyl-sulfamethoxazole, naproxen, iopromide) were not quantified 
as target pharmaceuticals due to issues with internal standard detection and/or poor calibration curves. pKa’s were found in 
previous literature19 unless otherwise indicated. MW= molecular weight; IS= internal standard.

Abbrev. Compound Structure Function MW 
(g/mol)

pKa IS

ATE Atenolol Beta-blocker 266.34 9.6 ATE-d7

TMP Trimethoprim Antibiotic 290.32 7.4 TMP-d3

MET Metoprolol Beta-blocker 267.37 9.5 MET-d7

BZF Bezafibrate Lipid 
regulator

361.8 3.83115 BZF-d4

PRO Propranolol Beta-blocker 259.34 9.1 PRO-d7

CBZ Carbamazepine Antiepileptic 236.27 ~1, 
13.9116

CBZ-d10

DIC Diclofenac Pain reliever 296.1 3.99-
4.3117

DIC-d4
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Table S1-4. Mobile phase gradient for LC-MS method for target pharmaceutical analysis where mobile phase A is 5 mM aqueous 
ammonium formate and mobile phase B is acetonitrile.

Time 
(min)

A 
(%)

B 
(%)

0 98 2
2 98 2
10 0 100
11 0 100
13 98 2
16 98 2

Table S1-5. Mass spectrometry parameters for target pharmaceutical analysis.

Compound Retention 
Time 
(min)

Precursor 
Ion m/z

Product 
Ion m/z

Quantifying 
or 
Qualifying

Fragmentor 
Voltage (V)

Collision 
Energy 
(V)

Dwell 
(s)

ATE 5.18 267 145 Qualifying 130 24 100
ATE 5.18 267 190 Quantifying 130 16 100
ATE-d7 5.15 274 145 Quantifying 130 24 100
TMP 5.85 291 123 Qualifying 140 20 7
TMP 5.85 291 261 Quantifying 140 17 7
TMP-d3 5.82 294 123 Qualifying 140 20 7
TMP-d3 5.82 294 264 Quantifying 140 17 7
MET 6.25 268 159 Quantifying 130 17 7
MET 6.25 268 116 Qualifying 130 14 7
MET-d7 6.25 275 159 Quantifying 130 17 7
MET-d7 6.25 275 123 Qualifying 130 14 7
BZF 8.27 362 139 Quantifying 138 21 7
BZF 8.27 362 316 Qualifying 138 5 7
BZF-d4 8.25 366 143 Quantifying 138 21 7
BZF-d4 8.25 366 320 Qualifying 138 5 7
PRO 6.97 260 116 Quantifying 98 13 7
PRO 6.96 260 183 Qualifying 98 12 7
PRO-d7 6.95 267 190 Qualifying 98 12 7
PRO-d7 6.95 267 116 Quantifying 98 13 7
CBZ 7.51 237 179 Qualifying 120 35 7
CBZ 7.51 237 194 Quantifying 120 15 7
CBZ-d10 7.48 247 204 Quantifying 120 20 7
CBZ-d10 7.48 247 189 Qualifying 120 35 7
DIC 9.12 296 250 Qualifying 118 5 7
DIC 9.11 296 214 Quantifying 118 29 7
DIC-d4 9.10 300 254 Qualifying 118 5 7
DIC-d4 9.10 300 218 Quantifying 118 29 7
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1.4.3 Suspect Screening
Samples were analyzed on a Thermo Scientific Orbitrap Exploris 240 mass spectrometer (Thermo 
Scientific, Waltham, MA) using an Agilent Poroshell 120 EC-C18 2.7 μm, 3.0 x 50 mm column 
(Agilent, Santa Clara, CA) for ECS and a Kinetex Core-Shell C18 2.6 μm, 2.1 x 150 mm column 
(Phenomenex, Torrance, CA) for ED and BPED. Compounds were separated with a 22-minute 
gradient method (Table S1-6) using 0.1% aqueous formic acid (mobile phase A) and methanol 
(mobile phase B) at a flowrate of 0.2 mL/min. 10 μL of sample were injected during each run. 
Compounds were detected using positive and negative electrospray ionization mode with collision 
gas pressure of 1 mTorr, spray voltages of 3500 V (positive) and 2500 V (negative), ion transfer 
tube temperature of 320°C, vaporizer temperature of 275°C, and expected peak width of 6 seconds. 
For the MasterScan, MS data were collected with an Orbitrap resolution of 120000, an m/z scan 
range of 100 to 1000 and a radio frequency lens of 70% in positive and negative modes. All-ion 
fragmentation data were collected using an HCD (high-energy collisional dissociation) collision 
energy of 30%, Orbitrap resolution of 60000, m/z scan range of 50 to 1000, m/z isolation range of 
100 to 1000, and a radio frequency lens of 70% in both positive and negative modes. Data were 
collected in both positive and negative mode, but only data in positive mode were used for analysis 
to keep the quantity of data manageable and because all target compounds were detected in positive 
mode so we could not validate the suspect screening workflow in negative mode.

Table S1-6. Mobile phase gradient for LC-HRMS method for non-target analysis where mobile phase A is 0.1% aqueous formic 
acid and mobile phase B is methanol.

Time 
(min)

A 
(%)

B 
(%)

0 98 2
2 98 2
10 0 100
14 0 100
15 98 2
22 98 2

Figure S1-2. Illustration of suspect screening analysis workflow.
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Table S1-7. Parameters for data pretreatment using Proteowizard MSconvert.

Parameter Value
Output format mzML
Binary coding precision 64-bit
Polarity positive
Peak picking: algorithm CWT (continuous wavelet transform)
Peak picking: MS levels 1
Peak picking: minimum signal-to-noise ratio 0.1
Peak picking: minimum peak spacing 0.1

Table S1-8. Parameters for feature finding in patRoon. These parameter values were determined by using patRoon’s built-in feature 
finding optimization function with positive-mode data collected for spiked DI standards (0.5 μg/L) that were analyzed with samples 
for ECS and BPED. Feature finding parameters were separately optimized using the entire dataset for standards and samples 
analyzed for ED experiments to improve detection of target compounds during suspect screening.

Parameter Value for ECS & 
BPED

Value for 
ED

Algorithm openms openms
Noise intensity threshold (noiseThrInt) 5400 13000
Minimum signal-to-noise ratio of mass trace (chromSNR) 10.9 5.32
Retention time range in which to look for coeluting/isotopic 
mass traces (localRTRange)

23 30.5

m/z range in which to look for coeluting/isotopic mass traces 
(localMZRange)

19.8 12.6

Retention time window that is used to find the closest data point 
to the retention time to obtain the intensity of a feature 
(intSearchRTWindow, seconds)

9.2 1

Expected chromatographic peak width (chromFWHM, seconds) 5 1
Allowed mass deviation from trace detection (mzPPM, ppm) 10 24
Minimum chromatographic peak width (minFWHM, seconds) 1 1
Maximum chromatographic peak width (maxFWHM, seconds) 20 15.248
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Table S1-9. Parameters for feature grouping and feature group filtering in patRoon. Parameter values for feature grouping were 
determined by using patRoon’s built-in feature grouping optimization function with positive-mode data collected for spiked DI 
standards (0.5 μg/L) that were analyzed with ECS and BPED samples. Feature grouping parameters were separately optimized 
using the entire dataset for standards and samples analyzed for ED experiments to improve detection of target compounds during 
suspect screening. Parameters for feature group filtering were set so that no target compounds were eliminated during filtering, 
which was checked using patRoon’s suspect screening function.

Parameter Value for 
ECS & BPED

Value for 
ED

Feature Grouping
Algorithm openms openms
Enable retention time alignment (rtalign) TRUE TRUE
Maximum retention time difference for feature pairing during 
retention alignment (maxAlignRT, seconds)

15 15

Maximum m/z difference for feature pairing during retention 
alignment (maxAlignMZ, Da)

0.002 0.002

Maximum retention time difference for feature pairing during feature 
grouping (maxGroupRT, seconds)

12 6

Maximum m/z difference for feature pairing during feature grouping 
(maxGroupMZ, Da)

0.0065 0.002

Feature Group Filtering118

Retention time shift of samples based on time-position of peak apex 
(ElutionShiftScore)

0.8 – 1 0.8 – 1

Retention time alignment of samples by comparing the time at the 
center index of the time vector (RetentionTimeCorrelationScore)

0.9 – 1 0.9 – 1

Shape quality based on normalized variance between a point and its 
immediate neighbor on either side (ZigZagScore)

0.9 – 1 0.9 – 1

Measurement of first unexpected change in direction of intensity to 
detect splitting and integration of multiple peaks (ModalityScore)

> 0.3 > 0.3

Measurement of correlation between left and right halves of peaks 
(SymmetryScore)

> 0.4 > 0.4

Shape quality based on comparing peak area to area of triangle 
formed by apex and boundaries (TPASRScore)

> 0.25 > 0.25

Completeness of integration based on boundary-over-apex intensity 
ratio (ApexBoundaryRatioScore)

> 0.55 > 0.55

Separation of peaks by measuring peak-width at half-max vs. peak-
width at base (FWHM2BaseScore)

> 0.15 > 0.15

Shape quality based on number of changes in direction over length of 
intensity vector (JaggednessScore)

> 0.3 > 0.3

Similarity of peak to Gaussian-fitted curve (GaussianSimilarityScore) > 0.6 > 0.6
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Table S1-10. Parameters for componentization and generating MS peak lists in patRoon.

Parameter Value
Componentization
Algorithm openms
Ionization positive
Potential adducts (probability) [M+H]+ (0.34), [M+Na]+ 

(0.33), [M+NH4]+ (0.33)
Preferential adduct [M+H]+

Generating MS Peak Lists
Algorithm mzr
Maximum m/z window used to cluster mass peaks when averaging 
(clusterMzWindow)

0.005

Maximum time window around feature RT to collect spectra for 
averaging (maxMSRtWindow, seconds)

5

Maximum precursor m/z search window to find MS/MS spectra 
(precursorMzWindow)

NULL

Number of most intense mass peaks to retain (topMost) NULL
Intensity below which mass peaks will be removed before/after 
averaging (minIntensityPre, minIntensityPost)

500

Function used to calculate avg m/z values (avgFun) mean
Method for producing averaged MS spectra (method) hclust (hierarchical clustering)
Remove peak lists without precursor peaks 
(pruneMissingPrecursorMS)

TRUE

Retain MS/MS precursor mass peak even if not among topMost 
peaks for MS/MS (retainPrecursorMSMS)

TRUE

Absolute minimum MS mass peak intensity (absMSIntThr) 500
Relative minimum MS/MS mass peak intensity (relMSMSIntThr) 0.02
Number of most intense MS/MS peaks to retain (topMSMSPeaks) 10
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Table S1-11. Parameters for annotation with formulas and compounds in patRoon.

Parameter Value
Formula Annotation
Algorithm genform
Maximum relative m/z deviation for formula to be considered (relMzDev, ppm) 5
Maximum m/z window used to re-align peaks (absAlignMzDev) 0.005
Elements to consider (elements) CHNOSCl
Minimum relative amount that candidate formula for feature group should be 
found among all annotated features (featThresholdAnn)

0.75

Only consider organic formulas (oc) TRUE
Data (MS, MSMS, or both) used for formula generation (MSMode) Both
Formulas calculated for individual features and pooled for feature groups 
(calculateFeatures)

FALSE

Compound Annotation
Algorithm metfrag
Method CL
Database pubchemlite
Relative mass deviation for database search (dbRelMzDev, ppm) 5
Relative mass deviation for fragment matching (fragRelMzDev, ppm) 5
Absolute mass deviation for fragment matching (fragAbsMzDev, Da) 0.002
Number of candidates after which search stops and no results will be returned for 
feature group (maxCandidatesToStop)

2500

Scoring types and weights default
Compound Filtering
Minimum number of annotated MS/MS peaks for candidate (minExplainedPeaks) 1

1.4.4 Metrics for Pharmaceutical Fate
Table S1-12. Existing water reuse guidelines for pharmaceuticals.

California Recycled Water Policy Reporting 
Limit119

Abbrev. Compound

Surface Application 
(μg/L)a

Subsurface 
Application (μg/L)b

Australian 
Recycled Drinking 
Water Guideline 
(μg/L)120

- Gemfibrozil 0.01 - 600
- Iohexol 0.05 - 720
ATE Atenolol - - -
TMP Trimethoprim - - 70
MET Metoprolol - - 25
BZF Bezafibrate - - 300
PRO Propranolol - - 40
CBZ Carbamazepine - - 100
DIC Diclofenac - - 1.8
a Groundwater recharge via surface application
b Reservoir water augmentation and groundwater recharge via subsurface application
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Table S1-13. Samples for calculation of pharmaceutical fold changes.

Subscript ECS ED BPED
influent Chamber 1, initial Chamber 2 (Diluate), initial Chamber 2 (Diluate), initial
product Chamber 3, final Chamber 3 (Concentrate), final Chamber 3 (Concentrate), final
effluent Chamber 1, final Chamber 2 (Diluate), final Chamber 2 (Diluate), final

Figure S1-3. Samples for calculating fold changes of pharmaceuticals and features detected during suspect screening for ECS (A), 
ED (B), and BPED (C). Sample names are indicated in bold italic font in yellow boxes. Names of chamber solutions for ED and 
BPED are indicated in bold italic font. Solution composition and reactor components are indicated in regular font at the bottom 
of diagrams (CEM = cation exchange membrane, GPM = gas permeable membrane, AEM = anion exchange membrane, BPM = 
bipolar membrane).
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1.5 Disinfection Byproduct Analysis
THMs included chloroform (CHCl3, TCM), bromodichloromethane (BDCM), 
dibromochloromethane (DBCM), and bromoform (CHBr3, TBM), which are regulated in drinking 
water as total THMs.121 HAAs included dichloroacetic acid (DCAA), chloroacetic acid (CAA), 
trichloroacetic acid (TCAA), bromoacetic acid (BAA), and dibromoacetic acid (DBAA), which 
are regulated in drinking water as HAA5,121 as well as bromochloroacetic acid (BCAA). 
Additional HAAs, including chlorodibromoacetic acid (CDBAA), bromodichloroacetic acid 
(BDCAA), and tribromoacetic acid (TBAA), were measured but not detected; concentrations were 
not reported due to poor calibration curves. HANs included bromochloroacetonitrile (BCAN), 
dibromoacetonitrile (DBAN), dichloroacetonitrile (DCAN), and trichloroacetonitrile (TCAN). 
HALs included trichloroacetaldehyde (chloral hydrate; TCAL). HKs included 1,1-
dichloropropanone (1,1-DCP) and 1,1,1-trichloropropanone (1,1,1-TCP). Only one HNM, 
trichloronitromethane or chloropicrin (TCNM), was included as in previous DBP studies.96,122,123 
HAMs included dichloroacetamide (DCAM) and trichloroacetamide (TCAM).

THMs, HANs, HALs, HKs, HNMs, and HAMs were extracted by modified USEPA Method 
551.1, while HAAs were extracted by modified USEPA Method 552.3.96,122–127 For THMs, HANs, 
HALs, HKs, HNMs, and HAMs, 10 mL aliquots supplemented with 3 g of sodium sulfate were 
extracted into 2 mL of methyl tert-butyl ether (MTBE) containing 300 μg/L 1,2-dibromopropane 
as an internal standard. Extracts were concentrated to ~0.5 mL under nitrogen. For HAAs, 10 mL 
aliquots acidified to pH < 0.5 with sulfuric acid and supplemented with 3 g of sodium sulfate were 
extracted into 2 mL of MTBE containing 300 μg/L 1,2-dibromopropane as an internal standard. 
Recovered MTBE extracts were mixed with 0.8 mL of acidic methanol (with 10% concentrated 
H2SO4, v/v) and incubated at 50°C in a water bath for 2 hours. The mixture was extracted with 
2.5 mL of 150 g/L Na2SO4 solution, neutralized by 1 mL of saturated NaHCO3 solution, and further 
concentrated to a final volume of ~0.5 mL under a gentle nitrogen stream. All DBPs were analyzed 
by GC-MS using an Agilent 7890A GC with a DB-1701 fused silica capillary column coupled 
with an Agilent 240 Ion Trap mass spectrometer (Agilent, Santa Clara, CA) using electron 
ionization mode for THMs, HANs, HALs, HKs, HNM, and HAAs and chemical ionization mode 
with methanol as the reagent gas for HAMs. These DBPs were quantified using standard curves 
in water and urine (0.5 – 100 μg/L).
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Table S1-14. Summary of disinfection byproducts quantified in this study with limits of detection (LODs). Calibration curves were 
fit for the normalized peak area (analyte peak area divided by internal standard peak area for sample with analyte peak area 
divided by internal standard peak area for blank subtracted) vs. the expected concentration of the standard. LODs were determined 
as 3.3 times the standard error in the estimated normalized peak area divided by the slope of the calibration curve. Limits of 
quantification (LOQs, not shown here) were determined as 10 times the standard error in the estimated normalized peak area 
divided by the slope of the calibration curve. LODs were determined for each set of samples and the averages and standard 
deviations across all sets are summarized in this table. Asterisks indicate species that were not detected (i.e., no GC-MS peaks) in 
any samples and not quantified due to poor calibration curves in urine likely due to matrix effects; for these species, GC-MS peaks 
were only detected at the top two to three concentrations of the standard range, which we considered insufficient for creating 
reliable calibration curves.

Species Abbreviation Detection Limit 
in Water (μg/L)

Detection Limit 
in Urine (μg/L)

Trihalomethanes (THMs)
Chloroform (CHCl3) TCM 5.5  6.7 4.3  4.6
Bromodichloromethane BDCM 1.6  1.2 0.6  0.6
Dibromochloromethane DBCM 0.7  0.6 0.5  0.4
Bromoform (CHBr3) TBM 1.0  0.9 0.3  0.2
Total trihalomethanes THM4 = TCM + BDCM + DBCM + TBM
Haloacetic acids (HAAs)
Chloroacetic acid CAA 4.3  2.9 2.4  0.7
Dichloroacetic acid DCAA 2.2  1.2 9.5  2.3
Trichloroacetic acid TCAA 2.1  1.1 5.5  2.2
Bromoacetic acid BAA 1.7  0.6 1.8  1.5
Dibromoacetic acid DBAA 1.5  0.2 10.9  27
Total haloacetic acids HAA5 = CAA + DCAA + TCAA + BAA + DBAA
Bromochloroacetic acid BCAA 1.1  0.27 18.2  13.7
Chlorodibromoacetic acid CDBAA* - -
Bromodichloroacetic acid BDCAA* - -
Tribromoacetic acid TBAA* - -
Haloacetonitriles (HANs)
Bromochloroacetonitrile BCAN 1.1  0.89 5.3  5.7
Dibromoacetonitrile DBAN 1.9  1.7 5.2  3.0
Dichloroacetonitrile DCAN 0.7  0.5 4.2  4.6
Trichloroacetonitrile TCAN 0.6  0.3 38  40
Haloacetaldehydes (HALs)
Trichloroacetaldehyde or chloral hydrate TCAL 3.3  3.0 21.0  14
Haloketones (HKs)
1,1-dichloropropanone 1,1-DCP 0.84  0.84 1.5  0.90
1,1,1-trichloropropanone 1,1,1-TCP 3.8  4.0 21.6  26
Halonitromethanes (HNMs)
Trichloronitromethane or chloropicrin TCNM 1.1  0.90 24.9  28
Haloacetamides (HAMs)
Dichloroacetamide DCAM 0.83  0.41 1.0  0.30
Trichloroacetamide TCAM 1.6  3.5 0.88  0.88
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2 Results & Discussion
2.1 Nitrogen Removal and Recovery Performance

  

  
Figure S2-1. pH values observed for ECS (A), ED (B), and BPED (C).
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Table S2-1. Average composition of final treated urine across all experiments for each process with influent urine composition 
included for comparison (also in Table S1-1). For pharmaceuticals, values in parenthesis indicate the number of samples that 
were non-detect for the compound. For ECS, atenolol was only quantified in 2 of 6 samples because the internal standard was 
not detected in the other samples.

Influent Urine ECS Effluent ED Effluent BPED Effluent
TAN (mg/L) 3,280  360 70.4  10 1,110  38 272  21

Cations (mg/L)
Na+ 1,090  42 293  22 481  19 298  9.3
K+ 1,150  190 73.5  8.5 219  9.2 75.1  0.85
Mg2+ 0.418  1.2 - - -
Ca2+ - - - -

Anions (mg/L)
SO4

2- 548  63 603  25 226  21 545  9.8
Cl- 1,860  70 1990  37 180  3.9 2030  41
PO4

3- 462  14 500  3.0 295  14 452  5.0
Other

pH 9.32  0.08 1.21  0.38 9.56  0.03 1.60  0.04
COD (mg/L) 3,180  69 2,790  52 2,130  19 2,230  830

Pharmaceuticals (μg/L)
Atenolol 15.0  7.9 10.9  0.80 17.9  0.52 0.26 (all ND)
Trimethoprim 20.1  3.5 0.57  0.64 (5 of 6 ND) 21.5  1.9 11.7  1.4
Metoprolol 26.1  5.1 13.5  1.8 16.8  1.4 7.28  0.51
Bezafibrate 13.4  1.2 8.89  1.5 10.9  0.50 5.06  5.4
Propranolol 30.7  3.6 1.03  0.62 (2 of 6 ND) 16.7  4.4 4.13  0.38
Carbamazepine 18.6  3.2 7.21  5.6 (2 of 6 ND) 18.3  0.17 15.5  0.56
Diclofenac 28.9  19.6 0.54 (all ND) 22.1  5.2 0.79 (all ND)

Figure S2-2. TAN removal (A) and recovery efficiencies (B) over time for ECS, ED, and BPED.
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Table S2-2. p-values for comparison between final TAN fold changes and removal/recovery efficiencies across processes using 
two-sided t-tests. Statistically significant differences (p-values < 0.05) are highlighted in yellow.

Fold Change Type / Efficiency ECS vs. ED ECS vs. BPED ED vs. BPED
Removal 0.0030 0.0023 0.0031
Enrichment / Recovery 0.0172 0.0785 0.0401

Figure S2-3. Total ammonia nitrogen (TAN) mass balances for ECS, ED, and BPED.

2.2 Fate of Organic Contaminants
Table S2-3. Summary of suspect screening workflow and validation with target analysis.

ECS ED BPED
Features Total found 474318 425845 544468

Raw 171296 193429 185542Feature 
groups After filtering 12562 17735 16235

Total candidates 262019 398402 357275
Correctly ranked 1st 5/7 4/7 (ATE not identified) 5/7
Correctly ranked 2nd 1/7 2/7 (ATE not identified) 1/7

Formula

Correctly ranked 3rd 1/7 - 1/7
Total candidates 129001 (raw) / 

108537 (filtered)
162146 (raw) / 
144623 (filtered)

157636 (raw) / 
138590 (filtered)

Compounds

Correctly ranked 1st 7/7 6/7 (ATE not identified) 7/7
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Figure S2-4. Mass balance on target pharmaceuticals for ECS, ED, and BPED. For compounds totaling to less than 100% of the 
initial concentration, the balance is assumed to be transformed or lost from solution (e.g., sorbed by membrane, volatilized). The 
mass balance for atenolol during BPED treatment is shown with lighter colors because the internal standard atenolol-d7 was not 
detected in multiple samples from each replicate experiment, making quantification of atenolol concentration uncertain.
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Table S2-4. Target pharmaceuticals, their fates (enrichment and removal ratios, ER and RR), and their properties. pKa’s were found in previous literature19 unless otherwise 
indicated. MW = molecular weight.

ER RRCompound
ECS ED BPED ECS ED BPED

Structure MW 
(g/mol)

pKa KH (atm-
m3/mol)

log Kow

Atenolol 
(ATE)

0.007  
0.0005

0.086  
0.011

0.72  
0.21

1.0  
0.076

1.6  
0.15

0.21  
0.008

266.34 9.6 1.378x10−18 

(128)
0.16

Trimethoprim 
(TMP)

0.006  
0.001

0.009  
0.0005

0.002  
0.00006

0.040 
 0.03

2.0  
0.23

0.87  
0.11

290.32 7.4 2.4x10-14 0.91

Metoprolol 
(MET)

0.006  
0.0007

0.032  
0.03

0.005  
0.004

0.66  
0.07

1.4  
0.14

0.49  
0.04

267.37 9.5 2.1x10-11 1.88

Bezafibrate 
(BZF)

0.012  
0.002

0.012  
0.001

0.011  
0.001

1.0  
0.05

1.5  
0.13

0.69 
0.74

361.8 3.8311

5
2.24x10-11 

(129)
3.62129

Propranolol 
(PRO)

0.006  
0.0009

0.008  
0.001

0.006  
0.0002

0.059 
 0.04

1.0  
0.38

0.22  
0.02

259.34 9.1 7.98x10-13 

(130)
3.48130

Carbamazepine 
(CBZ)

0.010  
0.002

0.014  
0.001

0.015  
0.0006

0.61  
0.5

1.8  
0.13

1.3  
0.07

236.27 ~1, 
13.911

6

1.1x10-10 2.45

Diclofenac 
(DIC)

0.012  
0.002

0.006  
0.002

0.006  
0.0002

0.052 
 0.01

0.91 
 
0.09

0.060  
0.002

296.1 3.99-
4.3117

4.73x10-12 

(131)
4.51
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Figure S2-5. Volcano plots for enrichment ratio for ED (A) and BPED (B) as calculated for each of the target pharmaceuticals 
and all features detected during suspect screening. Volcano plots for enrichment ratio overlaid for all processes (C) based on all 
features detected during suspect screening.
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Figure S2-6. Volcano plots for removal ratio for ECS (A), ED (B), and BPED (C) as calculated for each of the target 
pharmaceuticals and all features detected during suspect screening. Volcano plots for removal ratio overlaid for all processes (D) 
based on all features detected during suspect screening.

Table S2-5. p-values for comparison between ratios calculated for processes based on all suspect data and feature intensity for 
targets determined via suspect screening. Statistically significant differences (p-values < 0.05) are highlighted in yellow. Pairwise 
Wilcox tests were used to compare data because the datasets were generally not normally distributed and did not have similar 
variances.

Target Data Suspect Data
Enrichment Ratio Removal Ratio Enrichment Ratio Removal Ratio

ECS vs. ED - 0.0024 7.87E-07 1.67E-168
ECS vs. BPED 0.0016 0.1359 0.1050 5.28E-18
ED vs. BPED - 0.0024 1.58E-07 1.84E-57
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Figure S2-7. Average enrichment (A) and removal (B) ratios calculated for all features detected during suspect screening (orange), 
for features identified as target compounds during suspect screening (purple) and for target compounds quantified separately via 
target analysis (two shades of green). For target compounds quantified via target analysis, ER and RR were calculated in two 
ways: (1) using concentrations determined by target analysis and (2) using the peak area for the target compound normalized to 
the peak area for the respective internal standard. For ECS, no ER based on target concentrations is shown because the 
concentrations were determined to be below method LOQ/LOD. No average ER for targets is shown for ED because none of the 
features detected in the product chamber were identified as target compounds during suspect screening. Results of statistical 
analysis for comparisons of ratios calculated using different methods are shown in Table S2-7.
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Figure S2-8. Enrichment ratio vs. removal ratio for ECS (A), ED (B), and BPED (C) for all features detected during suspect 
screening.

Table S2-6. p-values for comparison between ratios calculated from target and suspect screening data for each process. 
Statistically significant differences (p-values < 0.05) are highlighted in yellow. Pairwise Wilcox tests were used to compare data 
because the datasets were generally not normally distributed and did not have similar variances.

ECS ED BPED
Enrichment Ratio 0.0002 - 2.94E-07
Removal Ratio 0.0004 0.0460 0.0038
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Table S2-7. p-values for comparison between ratios calculated for target data for each process using different calculation methods. 
Statistically significant differences (p-values < 0.05) are highlighted in yellow. Pairwise Wilcox tests were used to compare data 
because the datasets were generally not normally distributed and did not have similar variances.

ECS ED BPED
Enrichment Ratio
Suspect screening intensity vs. normalized area 0.3355 - 0.0007
Suspect screening intensity vs. concentration - - 0.6805
Normalized area vs. concentration - 0.0113 0.0062
Removal Ratio
Suspect screening intensity vs. normalized area 0.1618 0.0262 0.6652
Suspect screening intensity vs. concentration 0.0012 0.0225 0.3491
Normalized area vs. concentration 0.0905 0.9214 0.6552

2.3 Product Purity

Figure S2-9. Disinfection byproducts detected in anode chambers. (A) Number of DBPs detected for each process. (B) Identity of 
DBPs detected.
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Figure S2-10. Disinfection byproducts detected in influent and treated urine. (A) Number of DBPs detected for each process. (B) 
Identity of DBPs detected.

Despite little DBP migration to products in all processes, significant DBP formation occurred in 
the anode chambers (Figure S2-9). All classes of DBPs were detected in the anode chamber for 
ED, and all except HNMs and HALs were detected in the anode chamber of BPED. In ED, chloride 
ions readily transferred from the diluate chamber to the anode chamber via electro-migration 
across the AEM (Figure 1B) and could then be oxidized at the anode. The observed DBP 
concentrations were greater than in ECS despite operating ED for only 4 hours (vs. 12 hours for 
ECS). Therefore, a greater proportion of the current passed through the system was likely 
consumed by chloride oxidation in ED than in ECS possibly because there were fewer other 
species present in the anolyte (0.1 M Na2SO4 vs. urine) that could interact with the electrode. With 
extended operation and continued recirculation of the anolyte, DBP formation in the anode 
chamber of ED would likely change in rate and types of compounds formed as the anolyte 
continues to accumulate chloride ions and organic species due to transmembrane migration of 
organics and buildup of DBPs in the anolyte. This accumulation of contaminants could result in 
diffusion of DBPs and other transformation products into the diluate chamber, affecting the quality 
of treated urine.

For BPED, mainly HAAs and THMs, and to a lesser extent HANs, formed in the anode. Therefore, 
the BPM separating the anode and diluate chambers appeared to be only partially effective in 
preventing ion and organic crossover from the diluate chamber to the anode chamber or the BPM 
released DBP precursors. Neutral organic molecules, such as organic acids at low pH conditions 
existing in urine during BPED, can accumulate in the low-pH cation exchange layer of the BPM 
by diffusion.132,133 Neutral molecules can continue diffusing through the anion exchange layer, and 
deprotonation could also occur due to the high pH in this part of the BPM, enhancing transport of 
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negatively charged organics toward the anode. Amino acids are known precursors of HAAs134 and 
found in urine,135 which could explain HAA formation in BPED. DBP formation in the anode 
Chambers of ED and BPED illustrated the importance of considering systems-scale management 
of DBPs, rather than focusing only on product and effluent urine characteristics.

Speciation of DBPs in the anolyte (urine for ECS and 0.1 M Na2SO4 for ED and BPED) depended 
on chlorine concentrations, TAN concentrations, and pH. In ECS, TCM was the dominant THM, 
and the dominant HAAs were DCAA, followed by CAA and TCAA. DCAN was the dominant 
HAN, but TCAN was also observed. DCAM dominated HAMs, and for HKs, 1,1-DCP dominated 
over 1,1,1-TCP. Across groups, the less or intermediately chlorinated species dominated, and 
brominated DBPs were not detected in ECS-treated urine. For ED, as for ECS, TCM was the 
dominant THM and DCAN was the dominant HAN. However, for HAAs, HAMs, and HKs, the 
more chlorinated species accounted for greater fractions than in ECS. DCAA remained dominant 
but TCAA became a larger fraction of total HAAs over time. DCAM and TCAM accounted for 
similar fractions of total HAMs over time, and 1,1-DCP and 1,1,1-TCP accounted for similar 
fractions of HKs over time. The fact that more chlorinated species dominated in ED compared to 
ECS despite shorter operation of ED could be a result of a greater ratio of chloride ions (1,660  
370 mg/L in ED vs. 1,410  26 mg/L in ECS at final time) to precursor organic compounds (812 
mg/L COD in ED vs. 2,790  52 mg/L COD in ECS at final time) in the ED anolyte than in urine, 
effectively equivalent to a greater free chlorine dose.136,137 In ECS, HOCl/OCl- generated by 
chloride oxidation could react with NH3/NH4

+ to form monochloramine while these reactions are 
unlikely in ED due to the absence of TAN in the anode chamber. Reactions of organics with 
chlorine and chloramines favor formation of different DBPs; for example, oxidation with 
monochloramines can lead to greater 1,1-DCP formation than oxidation with free chlorine, and 
formation of trichlorinated species, such as 1,1,1-TCP, is less likely with monochloramines than 
free chlorine.138 Conducting experiments with synthetic urine containing model DBP precursors 
could provide additional insights into the mechanisms at play.

In BPED, brominated DBPs played a significant role in the anode unlike in ECS and ED. TBM 
was the dominant THM, with BDCM and DBCM also detected. BAA and DBAA were the 
dominant HAAs, and DBAN was the dominant HAN. The greater occurrence of brominated DBPs 
in BPED than in ECS and ED increased concerns because brominated species are often more toxic 
than chlorinated analogues.139 Bromide concentrations in urine and all reactor chambers were 
below detection (< 1 mg/L). The BPM was the only unique component to the reactor for BPED, 
suggesting that the formation of brominated DBPs could be related to the BPM, which showed 
some blistering and delamination after use (Figure S2-11). According to the manufacturer, the 
BPM (Fumasep FBM) consisted of sulfonated cross-linked poly-ether-ether-ketone (PEEK) as the 
cation exchange layer, a polysulfone with bicyclic amines as the anion exchange layer, and a 
polyacrylic acid/polyvinyl pyridine salt complex in the junction.140 Therefore, its degradation 
would not have been expected to be a bromine source unless bromine-containing compounds were 
used during membrane synthesis and impurities remained. Despite visual evidence, degradation 
did not appear to allow significant mixing between Chambers 1 and 2 based on chloride, sulfate, 
and phosphate ion concentrations (Figure S2-12, Figure S2-13, Figure S2-14). The BPM was 
loaded with Na+ and Cl- in the cation and anion exchange layers, respectively,141 and stored in 
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NaCl solution. Even though the BPM was rinsed and immersed in water for at least 12 hours before 
experiments, Na+ and Cl- ions likely remained inside the membrane, contributing to the measurable 
chloride concentration and chlorinated DBPs in Chamber 1 (Figure S2-12, Figure S2-9). Further 
investigation, including membrane characterization (e.g., scanning electron microscopy with 
energy dispersive x-ray spectroscopy, Fourier Transform Infrared Spectroscopy), is needed to 
understand membrane degradation and explain the unique formation of brominated DBPs in 
BPED.

DBPs pose a greater risk to effluent urine quality in ECS than ED and BPED (Figure S2-10). 
Although BPED and ECS were operated longer than ED (12 hours vs. 4 hours) and achieved 
greater TAN removal/recovery, comparing DBP occurrence at the final timepoints for each process 
is worthwhile because the final times represented the maximum DBP formation and TAN 
treatment given the study’s experimental conditions. At least one species in each class of quantified 
DBPs, including regulated DBPs like HAAS and DCAN, was detected in urine treated by ECS. In 
contrast, for ED, only HAAs and HAMs were detected in the urine, and for BPED, only HAAs, 
HAMs, HKs, and THMs were detected in urine. In ECS, urine was directly exposed to the anode, 
while in ED and BPED, urine was separated from the anode by an anion exchange membrane 
(AEM) and a bipolar membrane (BPM), respectively. Therefore, chloride could be readily 
oxidized to chlorine at the anode, leading to the formation of hypochlorite. The active chlorine 
species could easily react with organic compounds in urine because the chamber was well-mixed. 
Initial and final chloride concentrations were similar (1,840  69 initial vs. 1,410  26 mg/L final, 
p-value = 0.0477), indicating only a small proportion of chloride was oxidized (Figure S2-12A). 
Given that separation of anodes from urine by a membrane in ED and BPED mitigated DBP 
formation in urine, such a reactor architecture would be beneficial in ECS.

Other approaches for DBP mitigation can prevent their formation or remove DBPs after formation. 
To prevent formation, DBP precursors could be removed from urine before electrochemical 
treatment (e.g., using ion exchange for chloride ions). Membranes to separate electrodes from urine 
could be combined with using alternative redox couples (e.g., iron-based with graphite 
electrodes142) instead of water splitting to both reduce DBP formation and energy consumption. 
Controlling operational parameters (e.g., applied current density, residence time in chambers, 
duration of treatment) could also reduce DBP formation, as could improved electrode designs.67 
Another strategy for preventing DBP formation is introducing influent urine to the cathode 
chamber instead of the anode chamber for ECS.143 This configuration would prevent urine from 
being exposed to an oxidizing environment but could lead to other challenges, such as fouling of 
the gas permeable membrane and product contamination with small, volatile compounds present 
in the influent. If strategies for preventing DBP formation are ineffective or not practical, post-
treatment with activated carbon can remove halogenated organics, while ion exchange or 
membrane filtration could remove inorganic DBPs (e.g., chlorate, perchlorate, bromate).25,67 
Electrochemical nutrient recovery technologies could also be coupled with electrochemical 
dehalogenation or reduction technologies to remove DBPs.67
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Figure S2-11. Photo of bipolar membrane after use during BPED experiment. Two example areas showing blistering and 
delamination are circled in red.

Figure S2-12. Chloride concentrations in all chambers for ECS (A), ED (B), and BPED (C). The concentrations shown account 
for volume reduction due to sample collection throughout experiments.



34

Figure S2-13. Sulfate concentrations in all chambers for ECS (A), ED (B), and BPED (C). The concentrations shown account for 
volume reduction due to sample collection throughout experiments.

Figure S2-14. Phosphate concentrations in all chambers for ECS (A), ED (B), and BPED (C). The concentrations shown account 
for volume reduction due to sample collection throughout experiments.
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2.4 Identification of Priority Compounds

Figure S2-15. Fraction of all detected feature groups identified during suspect screening.

Figure S2-16. Fraction of priority compounds (enrichment ratio less than 0.5 or greater than 2, removal ratio less than 0.5 or 
greater than 2, and p-value less than 0.05) and fraction of non-detects (either influent only or effluent only). Feature groups labeled 
as “Other” were detected in both paired samples (i.e., influent and effluent or influent and product) but exhibited ER or RR values 
between 0.5 and 2 and/or had p-values greater than 0.05. Feature groups were discarded from analysis if they were detected in 
more than zero but less than 7 of 9 or 5 of 6 replicate samples. The discarded feature groups based on ER accounted for 83% 
(10,730 of 12,998), 91% (16,679 of 18,283), and 87% (14,627 of 16,794) of feature groups for ECS, ED, and BPED, respectively. 
The discarded feature groups based on RR accounted for 83% (10,799 of 12,998), 93% (17,079 of 18,283), and 89% (14,956 of 
16,794) of feature groups for ECS, ED, and BPED, respectively.
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Figure S2-17. Fraction of priority feature groups identified during suspect screening.

Table S2-8. Priority compounds identified through suspect screening.

Table S2-8 is included as an Excel spreadsheet: Kogler_et_al_priorityCompoundIDs_TableS2-7.xlsx.
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Table S2-9. Properties of identified compounds categorized as priority compounds based on ER for multiple processes. Properties were taken from Pubchem unless otherwise 
indicated.

Category Compound MW (g/mol) pKa KH (atm-m3/mol) log Kow Structure
BPED & ED,
ER > 2

Linoleic acid 280.4 4.77 2.0x10-7 7.05

BPED & ED,
ER > 2

Ricinoleic acid 298.5 4.74 - 6.19

BPED & ED,
ER > 2

Methyl ricinoleate 312.5 - 1.47x10-7 6.48

BPED & ED,
ER < 0.5

Carbamazepine 236.27 ~1, 
13.9116

1.1x10-10 2.45

BPED & ED,
ER < 0.5

Bakuchiol 256.4 - - -

ECS & BPED, 
ER > 2

Ne-Boc-L-lysine 110.2 2.53 ~9- 
10101,102

- -

ECS & BPED, 
ER < 0.5

(2E,6Z)-N-ethylnona-2,6-
dienamide

181.27 - - -

ECS & BPED, 
ER < 0.5

Benzylideneacetone 146.19 - - -

ECS & BPED, 
ER < 0.5

beta-Damascenone 190.28 - - -

ECS, ER > 2 & 
BPED, ER < 0.5

Pinonic acid 184.23 4.82 - -

ECS & ED,
ER > 2

1,4-dimethyl-2,3,4,5,6,7-
hexahydro-1h-1,6-methano-
4-benzazonin-10-ol

231.33 - - -

ECS & ED,
ER < 0.5

Bicyclo(2.2.2)octane 110.2 - - -
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Several priority compounds had RR < 0.5, indicating high extent of removal from urine, for ECS 
and BPED: hexadecyl 4-chloro-3-[2-(5,5-dimethyl-2,4-dioxo-1,3-oxazolidin-3-yl)-4,4-dimethyl-
3-oxopentamido]benzoate; linalool; lidocaine; 3-pyridin-3-ylpropyl (2S)-1-(3,3-dimethyl-2-
oxopentanoyl)pyrrolidine-2-carboxylate; and levonorgestrel (Table S2-10). These compounds 
contain electron-rich groups (e.g., amines, aromatic rings, alkenes, alkynes, heterocycles), making 
them susceptible to reaction with electrophilic chlorine species that can form in Chamber 1 of 
ECS. Such degradation could have occurred in BPED due to potential loss of BPM integrity (see 
Section S2.3). Removal by electromigration is also possible for lidocaine due to protonation and a 
resulting positive charge at pH’s below about 7.9. Two priority features with RR > 2 for ECS and 
BPED were identified: 1,3-bis(2,2-dimethyl-1,3-dioxolan-4-ylmethyl)carbodiimide and 1-
ethylpiperidine. The high RR indicates that these compounds are degradation products and/or that 
they are not degraded or transported out of the urine. 1-Ethylpiperidine is an intermediate in 
pharmaceutical synthesis, suggesting that it could be a degradation product of pharmaceuticals.
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Table S2-10. Properties of identified compounds categorized as priority compounds based on RR for BPED and ECS. Properties were taken from Pubchem unless otherwise 
indicated.

Category Compound MW 
(g/mol)

pKa KH (atm-m3/mol) log Kow Structure

RR < 0.5 Hexadecyl 4-chloro-3-[2-(5,5-
dimethyl-2,4-dioxo-1,3-
oxazolidin-3-yl)-4,4-dimethyl-
3-oxopentamido]benzoate

649.3 - - -

RR < 0.5 Linalool 154.25 - 2.15x10-5 2.97

RR < 0.5 Lidocaine 234.34 7.86 1.3x10-10 2.44

RR < 0.5 3-pyridin-3-ylpropyl (2S)-1-
(3,3-dimethyl-2-
oxopentanoyl)pyrrolidine-2-
carboxylate

360.4 - - -

RR < 0.5 Levonorgestrel 312.4 -1.5, 17.91 7.7x10-10 3.48

RR > 2 1,3-Bis(2,2-dimethyl-1,3-
dioxolan-4-
ylmethyl)carbodiimide

270.32 - - -

RR > 2 1-Ethylpiperidine 113.2 10.45 - -
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Table S2-11. Uses of identified priority compounds, as indicated on PubChem.

Category Compound Use
Linoleic acid Component in topical medications and 

cosmetics, component of human diet
Ricinoleic acid Cosmetic ingredient, contraceptive gel
Methyl ricinoleate Cosmetic ingredient
Carbamazepine Anticonvulsant drug, analgesic drug
Bakuchiol Antimicrobial cosmetic
Ne-Boc-L-lysine Related to preparations of treatments for 

neoplasms, communicable diseases, diabetes, 
and other diseases

(2E,6Z)-N-ethylnona-2,6-dienamide Flavoring agent
Benzylideneacetone Flavoring agent, fragrance
beta-Damascenone Flavoring agent, fragrance
Pinonic acid Related to preparation of drugs for toxemia, 

cyanosis, typhoid fever, and other conditions
1,4-dimethyl-2,3,4,5,6,7-hexahydro-1h-
1,6-methano-4-benzazonin-10-ol

Related to preparation of drugs for pain, 
neoplasms, and other conditions

Priority 
compound 
based on ER

Bicyclo(2.2.2)octane Related to preparation of drugs for 
thrombosis, neoplasms, dementia, and other 
conditions

Hexadecyl 4-chloro-3-[2-(5,5-dimethyl-
2,4-dioxo-1,3-oxazolidin-3-yl)-4,4-
dimethyl-3-oxopentamido]benzoate

Photosensitizer

Linalool Flavoring agent, adjuvant, insecticide
Lidocaine Anesthetic, anti-arrhythmia drug
3-pyridin-3-ylpropyl (2S)-1-(3,3-
dimethyl-2-oxopentanoyl)pyrrolidine-2-
carboxylate

Parkinson disease drug (terminated)

Levonorgestrel Contraceptive drug, hormone therapy
1,3-Bis(2,2-dimethyl-1,3-dioxolan-4-
ylmethyl)carbodiimide

Related to preparation of treatments for 
neoplasms, thrombosis, spontaneous platelet 
aggregation, and other diseases

Priority 
compounds 
based on RR

1-Ethylpiperidine Intermediate in chemical manufacturing
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Figure S2-18. Extreme enrichment and removal ratios for priority features that were identified: highest 5 ERs (A), lowest 5 ERs 
(B), highest 5 RRs (C), and lowest 5 RRs (D) for each process.
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Figure S2-18. Extreme enrichment and removal ratios for priority features that were identified: highest 5 ERs (A), lowest 5 ERs 
(B), highest 5 RRs (C), and lowest 5 RRs (D) for each process. (continued)
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2.5 Mechanistic Understanding of Compound Fate
 

 

Figure S2-19. Relationships between compound properties and enrichment ratio for priority compounds. Figure 4 shows these 
relationships for the properties shown in panel A for ECS only. Spearman correlation and linear regression results are summarized 
in Table S2-12 and Table S2-13.
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Figure S2-19. Relationships between compound properties and enrichment ratio for priority compounds. Figure 4 shows these 
relationships for the properties shown in panel A for ECS only. Spearman correlation and linear regression results are summarized 
in Table S2-12 and Table S2-13. (continued)
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Figure S2-20. Relationships between compound properties and removal ratio for priority compounds. Figure 4 shows these 
relationships for the properties shown in panel A for ECS only. Spearman correlation and linear regression results are summarized 
in Table S2-12 and Table S2-13.
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Figure S2-20. Relationships between compound properties and removal ratio for priority compounds. Figure 4 shows these 
relationships for the properties shown in panel A for ECS only. Spearman correlation and linear regression results are summarized 
in Table S2-12 and Table S2-13. (continued)
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Table S2-12. Spearman correlation results for relationships between compound properties and fates for priority compounds. Boxes 
have a yellow background if correlations were statistically significant.

Enrichment Ratio
ECS ED BPED

p-value rho p-value rho p-value rho
XLogP 0.1986 0.237 0.0477 0.486 0.4198 -0.069
ExactMass 0.1322 -0.276 0.4248 0.207 0.0068 -0.226
TPSA 0.5743 -0.105 0.5698 -0.148 0.5308 -0.053
Complexity 0.1225 -0.283 0.5570 0.153 0.0031 -0.246
Charge 0.9132 -0.020 - - 0.6017 -0.044
HBondDonorCount 0.0255 -0.401 0.2231 -0.312 0.5232 -0.054
HBondAcceptorCount 0.2737 -0.203 0.8139 0.062 0.0694 -0.153
RotatableBondCount 0.0982 -0.302 0.2724 0.282 0.1398 -0.125
HeavyAtomCount 0.0939 -0.306 0.3833 0.226 0.0040 -0.240
AtomStereoCount 0.9557 -0.010 0.3159 0.259 0.1832 -0.112
DefinedAtomStereoCount 0.3784 -0.164 0.1870 0.336 0.2284 -0.102
UndefinedAtomStereoCount 0.3877 0.161 - - 0.7338 -0.029
BondStereoCount 0.1384 -0.272 0.0189 0.562 0.9407 -0.006
DefinedBondStereoCount 0.0948 -0.305 0.0189 0.562 0.9422 0.006
UndefinedBondStereoCount 1.0000 0 - - 0.6017 -0.044
Volume3D 0.3212 -0.191 0.5151 0.182 0.0103 -0.224
XStericQuadrupole3D 0.6021 -0.101 0.7131 -0.104 0.1545 -0.126
YStericQuadrupole3D 0.3787 -0.170 0.1261 0.414 0.0895 -0.150
ZStericQuadrupole3D 0.8840 -0.028 0.3268 0.271 0.0267 -0.194
FeatureCount3D 0.0943 -0.317 0.7519 -0.089 0.0467 -0.175
FeatureAnionCount3D 0.0408 0.382 0.1172 0.422 0.3590 0.081
FeatureCationCount3D 0.3231 -0.190 0.4983 -0.190 0.2036 -0.112
FeatureRingCount3D 0.2982 -0.200 0.6095 -0.144 0.0103 -0.224
FeatureHydrophobeCount3D 0.0910 -0.320 0.3161 0.278 0.4921 0.061
ConformerModelRMSD3D 0.2070 -0.241 0.4342 0.218 0.1852 -0.117
EffectiveRotorCount3D 0.3689 -0.173 0.4489 0.212 0.2097 -0.111
ConformerCount3D 0.7585 0.058 0.6577 -0.116 0.6371 -0.040



48

Table S2-12. Spearman correlation results for relationships between compound properties and fates for priority compounds. Boxes 
have a yellow background if correlations were statistically significant. (continued)

Removal Ratio
ECS ED BPED

p-value rho p-value rho p-value rho
XLogP 0.3990 -0.084 0.3719 -0.205 0.1641 -0.128
ExactMass 0.9943 0.001 0.4022 -0.192 0.2094 0.115
TPSA 0.0990 0.163 0.9599 0.012 0.0862 0.157
Complexity 0.6382 -0.047 0.2424 -0.266 0.1302 0.138
Charge 0.0268 -0.217 - - 0.3312 0.089
HBondDonorCount 0.6256 0.048 0.5543 0.137 0.1273 0.139
HBondAcceptorCount 0.1175 0.154 0.6956 -0.091 0.1250 0.140
RotatableBondCount 0.2241 0.120 0.5586 -0.135 0.4445 -0.070
HeavyAtomCount 0.9101 -0.011 0.4344 -0.180 0.2303 0.110
AtomStereoCount 0.4728 -0.071 0.2337 0.272 0.0186 0.214
DefinedAtomStereoCount 0.5620 -0.058 0.6983 0.090 0.2510 0.105
UndefinedAtomStereoCount 0.6309 0.048 0.1429 0.331 0.0327 0.194
BondStereoCount 0.3473 -0.093 0.9707 -0.009 0.6891 -0.037
DefinedBondStereoCount 0.6012 -0.052 0.9707 -0.009 0.6140 -0.046
UndefinedBondStereoCount 0.1219 -0.153 - - 0.6903 0.037
Volume3D 0.5735 -0.060 0.9435 -0.020 0.3848 0.084
XStericQuadrupole3D 0.9352 0.009 0.8611 0.047 0.9583 0.005
YStericQuadrupole3D 0.6179 -0.053 0.4846 0.181 0.2991 0.100
ZStericQuadrupole3D 0.6639 -0.046 0.9330 -0.022 0.4386 -0.075
FeatureCount3D 0.6651 0.046 0.8474 0.050 0.0212 0.221
FeatureAnionCount3D 0.2045 0.135 0.2069 0.322 0.0111 0.242
FeatureCationCount3D 0.5964 -0.057 0.3836 0.226 0.2029 0.123
FeatureRingCount3D 0.0775 -0.187 0.0682 -0.453 0.0562 0.183
FeatureHydrophobeCount3D 0.1848 0.141 0.1104 0.401 0.1290 -0.146
ConformerModelRMSD3D 0.5909 0.057 0.3306 0.251 0.7876 0.026
EffectiveRotorCount3D 0.2502 0.122 0.2790 0.279 0.6043 -0.050
ConformerCount3D 0.1262 0.151 0.3418 0.218 0.1634 -0.128
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Table S2-13. Slopes, intercepts (Int), and R2 for relationships between compound properties and fates for priority compounds. 
Boxes have a yellow background if correlations were statistically significant based on Spearman correlation (Table S2-12).

Enrichment Ratio
ECS ED BPED

Slope Int R2 Slope Int R2 Slope Int R2

XLogP
0.99 1.2 0.0972 0.33 -

0.029
0.1882 0.13 0.83 0.0048

ExactMass
-0.0087 5.5 0.0213 -

0.00011
1.2 0.0001 0.0029 0.33 0.0062

TPSA 0.0078 2.9 0.0021 -0.0052 1.5 0.0354 0.0079 0.64 0.0053
Complexity -0.0050 4.6 0.0109 -0.0010 1.6 0.0283 0.0011 0.78 0.0030
Charge -3.1 3.4 0.0067 - - - -1.1 1.2 0.0005
HBondDonorCount -1.6 4.9 0.0684 -0.14 1.4 0.0192 -0.011 1.2 0.0000
HBondAcceptorCount -0.24 4.1 0.0132 -0.075 1.4 0.0145 0.14 0.63 0.0050
RotatableBondCount -0.080 3.8 0.0102 0.13 0.39 0.2162 0.029 1.0 0.0009
HeavyAtomCount -0.15 6.0 0.0319 -0.0037 1.3 0.0004 0.035 0.45 0.0045
AtomStereoCount -1.5 4.3 0.0479 0.059 1.2 0.0026 -0.20 1.4 0.0094
DefinedAtomStereoCount -1.4 3.8 0.0312 -0.015 1.2 0.0002 -0.17 1.3 0.0062
UndefinedAtomStereoCount -1.0 3.5 0.0090 0.37 1.1 0.0203 -0.25 1.3 0.0027
BondStereoCount -2.6 3.7 0.0286 1.9 0.54 0.4211 -0.058 1.2 0.0001
DefinedBondStereoCount -2.3 3.6 0.0213 1.9 0.54 0.4211 0.013 1.2 0.0000
UndefinedBondStereoCount -3.1 3.4 0.0064 - - - -0.28 1.2 0.0005
Volume3D -0.011 5.5 0.0095 0.00079 0.86 0.0025 0.0052 0.062 0.0087
XStericQuadrupole3D 0.015 3.3 0.0006 -0.0050 1.1 0.0005 0.053 0.60 0.0080
YStericQuadrupole3D -1.2 6.3 0.0542 0.092 0.72 0.0201 0.28 0.37 0.0091
ZStericQuadrupole3D -0.86 4.4 0.0027 -0.067 1.1 0.0011 0.35 0.76 0.0014
FeatureCount3D -0.34 5.4 0.0234 -0.049 1.4 0.0252 0.063 0.71 0.0026
FeatureAnionCount3D 4.8 2.8 0.0895 1.0 0.77 0.1482 0.087 1.1 0.0001
FeatureCationCount3D -1.6 4.5 0.0423 -0.39 1.2 0.0247 0.13 1.1 0.0006
FeatureRingCount3D -0.94 4.9 0.0273 -0.30 1.7 0.1281 0.21 0.72 0.0032
FeatureHydrophobeCount3D -1.6 4.5 0.0455 0.38 0.76 0.0839 0.23 1.0 0.0024
ConformerModelRMSD3D -1.4 4.5 0.0028 1.8 -0.48 0.1953 2.9 -0.91 0.0277
EffectiveRotorCount3D -0.010 3.6 0.0000 0.12 0.35 0.1660 0.15 0.40 0.0148
ConformerCount3D 0.31 1.0 0.0292 0.0031 1.2 0.0001 0.089 0.56 0.0063
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Table S2-13. Slopes, intercepts (Int), and R2 for relationships between compound properties and fates for priority compounds. 
Boxes have a yellow background if correlations were statistically significant based on Spearman correlation (Table S2-12). 
(continued)

Removal Ratio
ECS ED BPED

Slope Int R2 Slope Int R2 Slope Int R2

XLogP -0.17 1.8 0.0223 -0.097 2.2 0.0550 -0.41 3.6 0.0234

ExactMass
-0.0020 2.0 0.0096 -

0.00039
1.9 0.0019 -

0.0045
4.0 0.0070

TPSA 0.0032 1.1 0.0029 -0.0013 1.9 0.0031 0.0057 2.0 0.0009

Complexity
-
0.00084

1.7 0.0045 0.00020 1.7 0.0031 -
0.0026

3.7 0.0105

Charge -1.2 1.3 0.0048 - - - -0.68 2.5 0.0001
HBondDonorCount 0.048 1.2 0.0006 0.039 1.7 0.0026 -0.027 2.5 0.0000
HBondAcceptorCount 0.011 1.3 0.0001 -0.027 1.9 0.0025 0.16 1.7 0.0023
RotatableBondCount -0.023 1.5 0.0038 -0.016 1.9 0.0064 0.063 2.1 0.0016
HeavyAtomCount -0.032 2.0 0.0116 -0.0024 1.8 0.0004 -0.069 4.1 0.0089
AtomStereoCount -0.057 1.4 0.0019 0.093 1.6 0.0221 -0.044 2.5 0.0003
DefinedAtomStereoCount -0.16 1.5 0.0137 0.013 1.8 0.0004 -0.19 2.7 0.0041
UndefinedAtomStereoCount 0.32 1.2 0.0166 0.50 1.6 0.1023 0.49 2.2 0.0078
BondStereoCount -0.31 1.4 0.0069 0.12 1.6 0.0275 -0.33 2.6 0.0038
DefinedBondStereoCount -0.29 1.4 0.0061 0.12 1.6 0.0275 -0.32 2.6 0.0034
UndefinedBondStereoCount -1.3 1.3 0.0019 - - - -0.39 2.5 0.0004

Volume3D
-0.0040 2.3 0.0114 0.0020 1.4 0.0289 -

0.0074
3.9 0.0136

XStericQuadrupole3D -0.042 1.9 0.0161 0.019 1.6 0.0705 -0.065 2.9 0.0096
YStericQuadrupole3D -0.053 1.5 0.0007 0.011 1.9 0.0003 -0.34 3.2 0.0094
ZStericQuadrupole3D -0.47 2.0 0.0072 -0.20 2.3 0.0109 -0.98 3.4 0.0080
FeatureCount3D 0.036 1.1 0.0016 0.035 1.7 0.0185 -0.052 2.6 0.0011
FeatureAnionCount3D 2.0 1.0 0.0728 0.56 1.8 0.0626 2.6 1.5 0.0341
FeatureCationCount3D -0.21 1.5 0.0037 0.46 1.7 0.0598 -0.36 2.4 0.0032
FeatureRingCount3D -0.34 2.1 0.0228 -0.28 2.6 0.1465 -0.28 2.8 0.0052
FeatureHydrophobeCount3D 0.15 1.3 0.0027 0.38 1.5 0.2314 -0.26 2.3 0.0018
ConformerModelRMSD3D -0.88 2.1 0.0080 0.87 1.1 0.0512 -2.2 3.9 0.0111
EffectiveRotorCount3D -0.038 1.6 0.0021 0.068 1.4 0.0702 -0.16 3.1 0.0097
ConformerCount3D 0.096 0.67 0.0194 0.067 1.3 0.0506 -0.17 3.7 0.0078
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Figure S2-21. Relationships between compound properties and enrichment ratio for all identified compounds. Spearman 
correlation and linear regression results are summarized in Table S2-14 and Table S2-15.
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Figure S2-21. Relationships between compound properties and enrichment ratio for all identified compounds. Spearman 
correlation and linear regression results are summarized in Table S2-14 and Table S2-15. (continued)
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Figure S2-22. Relationships between compound properties and removal ratio for all identified compounds. Spearman correlation 
and linear regression results are summarized in Table S2-14 and Table S2-15.
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Figure S2-22. Relationships between compound properties and removal ratio for all identified compounds. Spearman correlation 
and linear regression results are summarized in Table S2-14 and Table S2-15. (continued)
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Table S2-14. Spearman correlation results for relationships between compound properties and fates for all identified compounds. 
Boxes have a yellow background if correlations were statistically significant.

Enrichment Ratio
ECS ED BPED

p-value rho p-value rho p-value rho
XLogP 0.0592 0.232 0.1609 0.208 0.0101 0.175
ExactMass 0.6864 -0.050 0.8570 0.027 0.6292 0.033
TPSA 0.8622 0.022 0.7031 -0.057 0.6741 -0.029
Complexity 0.9060 -0.015 0.8398 -0.030 0.2920 -0.072
Charge 0.7724 0.036 0.9422 0.011 0.0737 0.122
HBondDonorCount 0.3098 -0.126 0.3481 -0.140 0.3894 -0.059
HBondAcceptorCount 0.6668 -0.054 0.7478 -0.048 0.1965 -0.088
RotatableBondCount 0.1082 -0.198 0.0318 0.314 0.0607 0.128
HeavyAtomCount 0.5025 -0.083 0.9019 0.018 0.8994 0.009
AtomStereoCount 0.5739 -0.070 0.5243 0.095 0.0429 -0.138
DefinedAtomStereoCount 0.1423 -0.181 0.7782 0.042 0.6421 -0.032
UndefinedAtomStereoCount 0.2079 0.156 0.5790 0.083 0.0161 -0.163
BondStereoCount 0.4510 -0.094 0.0908 0.249 0.1336 0.102
DefinedBondStereoCount 0.5968 -0.066 0.0908 0.249 0.1659 0.094
UndefinedBondStereoCount 0.4733 -0.089 - - 0.5395 0.042
Volume3D 0.5690 -0.074 0.9935 0.001 0.2686 -0.082
XStericQuadrupole3D 0.9606 -0.006 0.1793 0.229 0.3539 -0.069
YStericQuadrupole3D 0.7105 -0.048 0.8903 0.024 0.4192 -0.060
ZStericQuadrupole3D 0.9855 0.002 0.5410 -0.105 0.4940 -0.051
FeatureCount3D 0.5263 -0.083 0.2425 -0.200 0.1506 -0.107
FeatureAnionCount3D 0.0786 0.227 0.2664 0.190 0.1520 0.106
FeatureCationCount3D 0.3989 -0.110 0.6167 -0.086 0.3990 -0.063
FeatureRingCount3D 0.6941 0.051 0.0792 -0.296 0.0378 -0.154
FeatureHydrophobeCount3D 0.3542 -0.121 0.0273 0.368 0.5302 0.047
ConformerModelRMSD3D 0.2024 -0.166 0.0693 0.306 0.6466 0.034
EffectiveRotorCount3D 0.2333 -0.155 0.0296 0.363 0.9381 -0.006
ConformerCount3D 0.8963 0.016 0.6920 -0.059 0.0101 -0.174
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Table S2-14. Spearman correlation results for relationships between compound properties and fates for all identified compounds. 
Boxes have a yellow background if correlations were statistically significant. (continued)

Removal Ratio
ECS ED BPED

p-value rho p-value rho p-value rho
XLogP 0.1786 -0.076 0.0672 -0.079 0.2379 -0.072
ExactMass 0.0893 0.096 0.0007 0.144 0.4265 0.048
TPSA 0.0002 0.211 0.0031 0.127 0.2221 0.074
Complexity 0.2182 0.070 0.0039 0.124 0.6793 0.025
Charge 0.4905 -0.039 0.1581 0.061 0.0050 0.170
HBondDonorCount 0.0177 0.134 0.0008 0.144 0.1296 0.092
HBondAcceptorCount 0.0011 0.183 0.0036 0.125 0.5917 0.033
RotatableBondCount 0.2613 0.064 0.0017 0.135 0.6849 0.025
HeavyAtomCount 0.1797 0.076 0.0003 0.155 0.4693 0.044
AtomStereoCount 0.5660 -0.033 0.0007 0.145 0.5406 0.037
DefinedAtomStereoCount 0.7828 -0.016 0.0469 0.085 0.9424 -0.004
UndefinedAtomStereoCount 0.6820 -0.023 0.0146 0.105 0.2950 0.064
BondStereoCount 0.7841 -0.016 0.7039 0.016 0.4024 -0.051
DefinedBondStereoCount 0.9809 -0.001 0.9469 0.003 0.2114 -0.076
UndefinedBondStereoCount 0.0947 -0.095 0.4319 0.034 0.2305 0.073
Volume3D 0.2491 0.072 0.0003 0.170 0.7699 0.019
XStericQuadrupole3D 0.4131 0.051 0.0691 0.086 0.6960 -0.025
YStericQuadrupole3D 0.6151 0.032 0.0001 0.178 0.6435 0.030
ZStericQuadrupole3D 0.3378 0.060 0.1127 0.075 0.9425 0.005
FeatureCount3D 0.0197 0.146 0.0069 0.127 0.0645 0.119
FeatureAnionCount3D 0.2549 0.071 0.7479 -0.015 0.0243 0.145
FeatureCationCount3D 0.5988 0.033 0.0004 0.165 0.0421 0.131
FeatureRingCount3D 0.7172 -0.023 0.9809 0.001 0.3920 0.055
FeatureHydrophobeCount3D 0.4883 0.044 0.8150 -0.011 0.2267 -0.078
ConformerModelRMSD3D 0.3659 0.057 0.00001 0.208 0.9436 0.005
EffectiveRotorCount3D 0.2404 0.074 0.00002 0.202 0.7756 -0.018
ConformerCount3D 0.0538 0.109 0.3426 0.041 0.1942 -0.079
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Table S2-15. Slopes, intercepts (Int), and R2 for relationships between compound properties and fates for all identified compounds. 
Boxes have a yellow background if correlations were statistically significant based on Spearman correlation (Table S2-14).

Enrichment Ratio
ECS ED BPED

Slope Int R2 Slope Int R2 Slope Int R2

XLogP 0.26 1.2 0.0167 0.057 1.7 0.0078 0.10 1.2 0.0053
ExactMass -0.0058 3.7 0.0234 -0.0011 2.3 0.0073 0.0014 1.1 0.0023

TPSA
0.00042 2.0 1.23E-

05
-0.0053 2.3 0.0309 0.0037 1.2 0.0018

Complexity -0.0034 3.1 0.0157 -0.0010 2.4 0.0279 0.0005 1.3 0.0011

Charge
-0.45 2.0 0.0028 -0.10 1.9 0.0002 0.091 1.5 3.94E-

05
HBondDonorCount -0.75 2.9 0.0390 -0.13 2.2 0.0194 -0.026 1.5 0.0001
HBondAcceptorCount -0.16 2.6 0.0092 -0.09 2.3 0.0236 0.059 1.3 0.0011
RotatableBondCount -0.060 2.4 0.0084 0.045 1.5 0.0268 0.019 1.4 0.0009
HeavyAtomCount -0.10 4.1 0.0306 -0.018 2.4 0.0090 0.017 1.1 0.0016
AtomStereoCount -0.45 2.4 0.0192 -0.016 1.9 0.0007 -0.21 1.7 0.0116
DefinedAtomStereoCount -0.38 2.2 0.0138 -0.074 2.0 0.0061 -0.17 1.6 0.0065
UndefinedAtomStereoCount -0.50 2.1 0.0032 0.017 1.9 0.0006 -0.32 1.6 0.0051

BondStereoCount
-1.4 2.2 0.0135 0.54 1.8 0.0236 0.037 1.5 4.89E-

05
DefinedBondStereoCount -1.3 2.2 0.0114 0.54 1.8 0.0236 0.10 1.4 0.0003
UndefinedBondStereoCount -1.7 2.0 0.0019 - - - -0.34 1.5 0.0007
Volume3D -0.010 4.3 0.0209 -0.0022 2.4 0.0087 0.0026 0.89 0.0030

XStericQuadrupole3D
0.0018 2.1 1.31E-

05
0.0090 1.7 0.0026 0.049 0.92 0.0084

YStericQuadrupole3D -0.61 3.7 0.0361 -0.092 2.1 0.0095 0.14 1.0 0.0030

ZStericQuadrupole3D
-1.1 3.4 0.0092 -0.68 2.8 0.0521 0.012 1.4 2.32E-

06
FeatureCount3D -0.24 3.7 0.0246 -0.11 2.7 0.0598 0.033 1.2 0.0008
FeatureAnionCount3D 2.6 1.7 0.0422 0.15 1.8 0.0015 0.15 1.4 0.0003

FeatureCationCount3D
-0.99 2.8 0.0311 -0.32 2.0 0.0187 -0.025 1.5 2.31E-

05
FeatureRingCount3D -0.49 3.0 0.0170 -0.35 2.7 0.1026 0.083 1.3 0.0007
FeatureHydrophobeCount3D -0.94 2.8 0.0287 0.30 1.6 0.0260 0.10 1.4 0.0006
ConformerModelRMSD3D -1.5 3.3 0.0060 1.1 0.84 0.0305 1.9 0.012 0.0167
EffectiveRotorCount3D -0.078 2.6 0.0034 0.094 1.1 0.0491 0.10 0.93 0.0084
ConformerCount3D 0.10 1.2 0.0062 0.032 1.7 0.0060 0.019 1.4 0.0004
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Table S2-15. Slopes, intercepts (Int), and R2 for relationships between compound properties and fates for all identified compounds. 
Boxes have a yellow background if correlations were statistically significant based on Spearman correlation (Table S2-14). 
(continued)

Removal Ratio
ECS ED BPED

Slope Int R2 Slope Int R2 Slope Int R2

XLogP -0.057 1.3 0.0091 -0.0039 1.5 0.0002 -0.20 2.5 0.0114
ExactMass -0.0010 1.5 0.0076 0.00037 1.4 0.0031 -0.0032 3.0 0.0071

TPSA
0.00077 1.0 0.0005 0.00082 1.4 0.0020 0.0010 1.8 7.22E-

05

Complexity
-
0.00038

1.3 0.0038 0.00017 1.4 0.0031 -0.0017 2.7 0.0095

Charge -0.15 1.1 0.0007 0.029 1.5 0.0001 1.1 1.8 0.0022

HBondDonorCount
-
0.00083

1.1 7.23E-
07

0.024 1.5 0.0021 -0.0052 1.9 2.98E-
06

HBondAcceptorCount
0.0029 1.1 2.14E-

05
0.016 1.4 0.0020 0.0018 1.8 6.79E-

07

RotatableBondCount
-0.012 1.2 0.0025 0.0079 1.4 0.0038 -0.0014 1.9 2.16E-

06
HeavyAtomCount -0.016 1.5 0.0086 0.0057 1.3 0.0038 -0.048 3.0 0.0083
AtomStereoCount -0.035 1.2 0.0033 0.0084 1.5 0.0007 -0.054 2.0 0.0009
DefinedAtomStereoCount -0.053 1.2 0.0076 0.0033 1.5 0.0001 -0.11 2.0 0.0038
UndefinedAtomStereoCount 0.14 1.0 0.0067 0.021 1.5 0.0013 0.34 1.7 0.0055
BondStereoCount -0.072 1.1 0.0016 0.031 1.5 0.0019 -0.22 1.9 0.0029
DefinedBondStereoCount -0.068 1.1 0.0015 0.018 1.5 0.0006 -0.21 1.9 0.0026
UndefinedBondStereoCount -1.0 1.1 0.0011 0.15 1.5 0.0044 -0.28 1.9 0.0002
Volume3D -0.0022 1.7 0.0112 0.00091 1.2 0.0230 -0.0049 3.0 0.0126
XStericQuadrupole3D -0.022 1.4 0.0110 0.0048 1.4 0.0096 -0.040 2.3 0.0089
YStericQuadrupole3D -0.038 1.2 0.0014 0.041 1.3 0.0159 -0.22 2.4 0.0074
ZStericQuadrupole3D -0.18 1.4 0.0038 0.044 1.4 0.0025 -0.51 2.4 0.0044
FeatureCount3D -0.0034 1.1 0.0000 0.017 1.3 0.0160 -0.046 2.1 0.0018
FeatureAnionCount3D 0.49 1.0 0.0134 0.083 1.5 0.0044 1.2 1.4 0.0130
FeatureCationCount3D -0.035 1.1 0.0004 0.068 1.4 0.0139 -0.12 1.8 0.0007

FeatureRingCount3D
-0.12 1.4 0.0117 -0.0015 1.5 1.74E-

05
-0.18 2.2 0.0046

FeatureHydrophobeCount3D 0.024 1.1 0.0002 0.012 1.5 0.0008 -0.14 1.8 0.0013
ConformerModelRMSD3D -0.54 1.6 0.0072 0.32 1.2 0.0301 -1.6 3.0 0.0101
EffectiveRotorCount3D -0.029 1.3 0.0037 0.025 1.3 0.0305 -0.11 2.4 0.0097
ConformerCount3D 0.033 0.86 0.0065 -0.0063 1.6 0.0007 -0.089 2.5 0.0046
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Figure S2-23. Relationships between compound properties and enrichment ratio for identified compounds that showed significant 
(p < 0.05) changes in feature intensity from influent to effluent or product. Spearman correlation and linear regression results are 
summarized in Table S2-16 and Table S2-17.
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Figure S2-23. Relationships between compound properties and enrichment ratio for identified compounds that showed significant 
(p < 0.05) changes in feature intensity from influent to effluent or product. Spearman correlation and linear regression results are 
summarized in Table S2-16 and Table S2-17. (continued)
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Figure S2-24. Relationships between compound properties and removal ratio for identified compounds that showed significant (p 
< 0.05) changes in feature intensity from influent to effluent or product. Spearman correlation and linear regression results are 
summarized in Table S2-16 and Table S2-17.
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Figure S2-24. Relationships between compound properties and removal ratio for identified compounds that showed significant (p 
< 0.05) changes in feature intensity from influent to effluent or product. Spearman correlation and linear regression results are 
summarized in Table S2-16 and Table S2-17. (continued)
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Table S2-16. Spearman correlation results for relationships between compound properties and fates for identified compounds that 
showed significant (p < 0.05) changes in feature intensity from influent to effluent or product. Boxes have a yellow background if 
correlations were statistically significant.

Enrichment Ratio
ECS ED BPED

p-value rho p-value rho p-value rho
XLogP 0.1095 0.254 0.0831 0.397 0.7764 -0.023
ExactMass 0.3399 -0.153 0.5670 0.136 0.0167 -0.190
TPSA 0.7024 -0.062 0.7646 -0.071 0.6822 -0.033
Complexity 0.1924 -0.208 0.6980 0.093 0.0057 -0.219
Charge 0.6182 -0.080 - - 0.5195 -0.052
HBondDonorCount 0.2266 -0.193 0.2862 -0.251 0.5122 -0.053
HBondAcceptorCount 0.2197 -0.196 0.7074 0.090 0.1235 -0.123
RotatableBondCount 0.1324 -0.239 0.3089 0.240 0.5493 -0.048
HeavyAtomCount 0.1574 -0.225 0.5136 0.155 0.0077 -0.211
AtomStereoCount 0.7979 -0.041 0.3473 0.222 0.2340 -0.095
DefinedAtomStereoCount 0.3199 -0.159 0.2523 0.269 0.3745 -0.071
UndefinedAtomStereoCount 0.4030 0.134 - - 0.5092 -0.053
BondStereoCount 0.2539 -0.182 0.0400 0.463 0.9734 0.003
DefinedBondStereoCount 0.3050 -0.164 0.0400 0.463 0.9883 -0.001
UndefinedBondStereoCount 0.6781 -0.067 - - 0.8101 0.019
Volume3D 0.4587 -0.124 0.6536 0.114 0.0145 -0.203
XStericQuadrupole3D 0.8387 -0.034 0.9675 0.010 0.2709 -0.092
YStericQuadrupole3D 0.5225 -0.107 0.1704 0.338 0.1075 -0.135
ZStericQuadrupole3D 0.8387 0.034 0.4552 0.188 0.0728 -0.150
FeatureCount3D 0.2294 -0.200 0.6893 -0.101 0.0279 -0.183
FeatureAnionCount3D 0.0219 0.371 0.1507 0.353 0.3236 0.083
FeatureCationCount3D 0.6133 -0.085 0.4664 -0.183 0.3222 -0.083
FeatureRingCount3D 0.3497 -0.156 0.6402 -0.118 0.0038 -0.240
FeatureHydrophobeCount3D 0.3981 -0.141 0.5297 0.159 0.3567 0.077
ConformerModelRMSD3D 0.2751 -0.182 0.5104 0.166 0.4168 -0.068
EffectiveRotorCount3D 0.4718 -0.120 0.4642 0.184 0.5195 -0.054
ConformerCount3D 0.3862 0.139 0.8518 -0.045 0.7424 -0.026
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Table S2-16. Spearman correlation results for relationships between compound properties and fates for identified compounds that 
showed significant (p < 0.05) changes in feature intensity from influent to effluent or product. Boxes have a yellow background if 
correlations were statistically significant. (continued)

Removal Ratio
ECS ED BPED

p-value rho p-value rho p-value rho
XLogP 0.0704 -0.138 0.9082 0.013 0.4565 -0.056
ExactMass 0.2477 0.088 0.1627 0.156 0.1979 0.096
TPSA 0.0194 0.178 0.1578 0.157 0.3898 0.064
Complexity 0.3269 0.075 0.0953 0.185 0.1599 0.104
Charge 0.0902 -0.129 0.3704 -0.100 0.1198 0.115
HBondDonorCount 0.3246 0.075 0.3683 0.101 0.7460 0.024
HBondAcceptorCount 0.0124 0.190 0.0668 0.203 0.2569 0.084
RotatableBondCount 0.4653 0.056 0.4567 0.083 0.3058 -0.076
HeavyAtomCount 0.2927 0.080 0.0645 0.205 0.2130 0.092
AtomStereoCount 0.7367 -0.026 0.3746 0.099 0.0390 0.153
DefinedAtomStereoCount 0.6352 -0.036 0.5361 0.069 0.4564 0.055
UndefinedAtomStereoCount 0.4977 0.052 0.9892 0.002 0.0634 0.137
BondStereoCount 0.5980 -0.040 0.7546 -0.035 0.8201 -0.017
DefinedBondStereoCount 0.8374 -0.016 0.7546 -0.035 0.6720 -0.032
UndefinedBondStereoCount 0.1050 -0.124 - - 0.3453 0.070
Volume3D 0.5869 0.046 0.0267 0.265 0.2416 0.091
XStericQuadrupole3D 0.6618 0.037 0.4343 0.095 0.6928 0.031
YStericQuadrupole3D 0.7715 0.024 0.0187 0.280 0.5465 0.047
ZStericQuadrupole3D 0.7969 0.022 0.0602 0.226 0.8865 -0.011
FeatureCount3D 0.0983 0.138 0.0176 0.283 0.1477 0.112
FeatureAnionCount3D 0.2296 0.101 0.4036 0.101 0.0713 0.139
FeatureCationCount3D 0.6938 0.033 0.0043 0.337 0.3948 0.066
FeatureRingCount3D 0.8224 -0.019 0.1293 0.183 0.0626 0.144
FeatureHydrophobeCount3D 0.5273 0.053 0.1978 0.156 0.0736 -0.138
ConformerModelRMSD3D 0.8631 0.014 0.0857 0.207 0.9080 0.009
EffectiveRotorCount3D 0.4695 0.061 0.1139 0.191 0.5174 -0.050
ConformerCount3D 0.2306 0.092 0.1962 0.144 0.3462 -0.070
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Table S2-17. Slopes, intercepts (Int), and R2 for relationships between compound properties and fates for identified compounds 
that showed significant (p < 0.05) changes in feature intensity from influent to effluent or product. Boxes have a yellow background 
if correlations were statistically significant based on Spearman correlation (Table S2-16).

Enrichment Ratio
ECS ED BPED

Slope Int R2 Slope Int R2 Slope Int R2

XLogP 0.52 1.4 0.0397 0.27 0.13 0.1594 0.12 0.80 0.0045

ExactMass
-0.0078 4.8 0.0259 -

0.00046
1.3 0.0014 0.0029 0.30 0.0066

TPSA 0.0043 2.4 0.0008 -0.0054 1.5 0.0436 0.0071 0.65 0.0049
Complexity -0.0045 3.9 0.0129 -0.0010 1.5 0.0352 0.0011 0.72 0.0036
Charge -2.5 2.7 0.0042 - - - -1.1 1.1 0.0004

HBondDonorCount
-1.1 3.9 0.0515 -0.13 1.3 0.0200 -

0.0047
1.1 3.07E-

06
HBondAcceptorCount -0.20 3.4 0.0093 -0.079 1.4 0.0222 0.14 0.59 0.0052
RotatableBondCount -0.082 3.2 0.0115 0.13 0.35 0.2258 0.027 0.98 0.0009
HeavyAtomCount -0.15 5.5 0.0359 -0.0086 1.3 0.0025 0.035 0.41 0.0050
AtomStereoCount -0.90 3.3 0.0271 0.018 1.1 0.0003 -0.18 1.3 0.0085
DefinedAtomStereoCount -0.83 3.1 0.0207 -0.037 1.1 0.0015 -0.16 1.3 0.0057
UndefinedAtomStereoCount -0.61 2.8 0.0032 0.41 1.0 0.0249 -0.21 1.2 0.0023

BondStereoCount
-2.0 3.0 0.0213 1.8 0.56 0.4298 -0.057 1.1 8.42E-

05

DefinedBondStereoCount
-1.9 3.0 0.0168 1.8 0.56 0.4298 0.015 1.1 4.45E-

06
UndefinedBondStereoCount -2.4 2.7 0.0040 - - - -0.28 1.1 0.0005
Volume3D -0.014 5.6 0.0190 0.00035 0.89 0.0005 0.005 0.02 0.0095
XStericQuadrupole3D 0.0039 2.8 0.0001 -0.010 1.1 0.0021 0.051 0.58 0.0080
YStericQuadrupole3D -0.86 5.1 0.0472 0.095 0.66 0.0222 0.27 0.37 0.0092
ZStericQuadrupole3D -0.90 3.9 0.0041 -0.11 1.1 0.0040 0.36 0.70 0.0015
FeatureCount3D -0.30 4.7 0.0247 -0.045 1.3 0.0296 0.067 0.64 0.0031

FeatureAnionCount3D
5.1 2.3 0.1011 1.1 0.74 0.1566 0.087 1.1 7.11E-

05
FeatureCationCount3D -1.7 4.1 0.0512 -0.32 1.1 0.0241 0.13 1.0 0.0007
FeatureRingCount3D -0.74 4.0 0.0205 -0.25 1.6 0.1214 0.21 0.68 0.0037
FeatureHydrophobeCount3D -1.6 4.1 0.0529 0.39 0.74 0.0932 0.20 0.98 0.0021

ConformerModelRMSD3D
-1.8 4.2 0.0060 1.8 -

0.49
0.2009 2.6 -

0.79
0.0261

EffectiveRotorCount3D -0.072 3.3 0.0020 0.12 0.32 0.1710 0.14 0.40 0.0139

ConformerCount3D
0.20 1.2 0.0139 0.00050 1.1 1.91E-

06
0.083 0.55 0.0060
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Table S2-17. Slopes, intercepts (Int), and R2 for relationships between compound properties and fates for identified compounds 
that showed significant (p < 0.05) changes in feature intensity from influent to effluent or product. Boxes have a yellow background 
if correlations were statistically significant based on Spearman correlation (Table S2-16). (continued)

Removal Ratio
ECS ED BPED

Slope Int R2 Slope Int R2 Slope Int R2

XLogP -0.10 1.4 0.0154 -0.017 1.1 0.0085 -0.40 3.0 0.0258

ExactMass
-0.0018 1.7 0.0129 0.00041 0.82 0.0071 -

0.0039
3.1 0.0071

TPSA 0.0013 0.96 0.0007 0.0020 0.83 0.0090 0.0057 1.4 0.0014

Complexity
-
0.00076

1.4 0.0075 0.00053 0.71 0.0410 -
0.0020

2.8 0.0092

Charge
-0.74 1.1 0.0030 -0.250 0.98 0.0028 -0.021 1.8 1.29E-

07

HBondDonorCount
0.0089 1.0 3.94E-

05
0.069 0.86 0.0159 0.028 1.8 4.94E-

05

HBondAcceptorCount
-0.0033 1.1 1.79E-

05
0.018 0.90 0.0025 0.11 1.4 0.0014

RotatableBondCount -0.019 1.2 0.0042 -0.0013 0.99 0.0003 0.025 1.7 0.0004
HeavyAtomCount -0.027 1.7 0.0145 0.0077 0.78 0.0122 -0.059 3.3 0.0086
AtomStereoCount -0.043 1.1 0.0028 0.046 0.92 0.0174 -0.048 1.9 0.0006
DefinedAtomStereoCount -0.084 1.2 0.0103 0.021 0.95 0.0035 -0.14 2.0 0.0040
UndefinedAtomStereoCount 0.25 0.94 0.0143 0.52 0.91 0.1100 0.45 1.6 0.0081
BondStereoCount -0.15 1.1 0.0042 0.052 0.94 0.0171 -0.20 1.9 0.0024
DefinedBondStereoCount -0.15 1.1 0.0038 0.052 0.94 0.0171 -0.20 1.9 0.0023
UndefinedBondStereoCount -1.0 1.1 0.0011 0.15 1.5 0.0044 -0.23 1.8 0.0001

Volume3D
-0.0034 1.9 0.0151 0.0019 0.52 0.0536 -

0.0061
3.2 0.0140

XStericQuadrupole3D -0.032 1.5 0.0155 0.0071 0.90 0.0267 -0.046 2.2 0.0092
YStericQuadrupole3D -0.074 1.3 0.0021 0.10 0.72 0.0332 -0.26 2.4 0.0079
ZStericQuadrupole3D -0.36 1.6 0.0070 0.16 0.80 0.0112 -0.77 2.6 0.0067

FeatureCount3D
0.0017 1.1 6.60E-

06
0.064 0.49 0.0717 -0.04 1.9 0.0010

FeatureAnionCount3D 0.98 0.91 0.0326 0.29 0.94 0.0264 2.2 1.2 0.0303
FeatureCationCount3D -0.096 1.2 0.0015 0.15 0.93 0.0241 -0.18 1.7 0.0014
FeatureRingCount3D -0.22 1.6 0.0197 -0.062 1.2 0.0079 -0.22 2.2 0.0046
FeatureHydrophobeCount3D 0.10 1.0 0.0018 0.13 0.88 0.0658 -0.18 1.7 0.0019
ConformerModelRMSD3D -0.75 1.7 0.0086 0.65 0.51 0.0455 -1.7 3.0 0.0097
EffectiveRotorCount3D -0.035 1.3 0.0031 0.048 0.75 0.0527 -0.12 2.4 0.0094
ConformerCount3D 0.064 0.63 0.0146 0.019 0.85 0.0115 -0.13 2.8 0.0062
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