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Clean and Safe Water
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Water Reuse Future



Restrictions on Ocean Outfalls
• South Florida

– 2025 Ocean outfalls banned (except rain)
• Cape Cod

– Moratorium on new outfalls and expanding existing
• California

– Evidence of endocrine disruption at discharges



Potential Contaminants



We Can Detect Anything, Anywhere

But are we looking for the right things?



“About two years ago, very small traces of an antibiotic, an anti-seizure 
medication and a possible cancer-causing agent appeared in four groundwater 
wells in northwest Tucson.
All of the wells are located downstream of the local sewage treatment plant, which 
releases its treated sewage water into a riverbed.
When tested, some of Flagstaff's drinking water wells downstream of the Rio de 
Flag wastewater treatment plant have also shown tiny traces of other 
pharmaceuticals and hormones, which have an ability to influence growth in 
amphibians.”



Comprehensive Screening



Comprehensive Screening



Tiered Testing Strategy

ftp://ftp.sccwrp.org/pub/download/DOCUMENTS/CECpanel/CECMonitoringInCARecycledWater_FinalReport.pdf



Ozone Oxidation



Ozone Disinfection



Membrane Fouling Reduction



Fluorescence Surrogate

1.5 ppmControl

3 ppm 4.5 ppm 6 ppm
Merel S, Anumol T, Park M, Snyder SA. J. Hazard. Mater. 2015  282:75-85



Indicator: Ozone Oxidation

Pisarenko, AN et al.. Water Res. 2012, 46 (2), 316-326.



Ozone Process Control



On-Line/Real-Time Sensors



BUT, WHAT IS FORMED?   DOC 
BEFORE OZONE AND AFTER 
OZONE IS ESSENTIALLY EQUAL.



NDMA Formation: Ozone

Sgroi M, Roccaro P, Oelker GL, Snyder SA. ES&T  2014  48:10308-10315.

WHO 100
CA 10

EPA 0.7



Most DBPs Not Identified

Unknown 69.9%

THMs 13.5%

HAAs 11.8%

Halofuranones 0.1%
IodoTHMs 0.2%

HANs 0.8%
HALDs 1.8%
HKs 0.9%HACEs 0.5%HNMs 0.5% 

Nationwide Occurrence Study, Krasner et al., Environ. Sci. Technol. 2006, 
40, 7175-7185.



Chromatograms Very Similar

Extraction of Molecular Features Reveals thousands of compounds in each chromatogram

Further Data Processing Requires Specific Software

Raw Water

O3 (1.5 mg/L)

O3 (3 mg/L)

O3 (4.5 mg/L)

O3 (5.6 mg/L)

OZONE TREATMENT &
QTOF ANALYSIS OF UNKNOWNS 

Merel S, Anumol T, Park M, Snyder SA. 2015 J. Hazard. Mater.  282:75-85
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Ozonated
water

(1.5 mg/L)
Ozonated

water
(3 mg/L)

Ozonated
water

(4.5 mg/L)
Ozonated

water
(5.6 mg/L)

Blank color reflects compounds not found

B
C

D

Untreated 
water

Although 
chromatograms were 

all similar for the 
analyst, clear 

differences appear on 
the heatmap

A & C are group of 
compounds in the raw 

water but at lower 
concentration or absent 

in ozonated water
(removed by ozone)
B & D are compounds 
absent in raw water but 
present in treated water
(ozone by-products) 

Increasing removal with increasing O3 dose

Formation after exposure to O3

OZONE TREATMENT &
QTOF ANALYSIS OF UNKNOWNS 

Merel S, Anumol T, Park M, Snyder SA. 2015 J. Hazard. Mater.  282:75-85



OZONE TREATMENT &
QTOF ANALYSIS OF UNKNOWNS 

Merel S, Anumol T, Park M, Snyder SA. 2015 J. Hazard. Mater.  282:75-85



Benzotriazole Transformation

m/z 118, 1H-benzotriazole
m/z 124, transformation product

m/z 124.01522 (meas.)m/z 124.01525 (calc.)C4H3N3O2

O3/ .OH

N
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1H-benzotriazole

11,2,3-triazole-4,5-dicarbaldehyde
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HO

O

H

H

Intermediates and minor products

Mawhinney, DB, BJ Vanderford, SA Snyder. (2012)   ES&T 46(13):7102-7111.



Carbamazepine Transformation
• CBZ (RT=5.1min) was oxidized by ozone

TIC CBZ
Transformation 

product
CBZ1
CBZ O3 1



MS/MS Identifies CBZ Product

1-(2-benzaldhyde)-
4-hydro-(1H,3H)-
quinazoline-2-one

N

O

Chemical Formula: C14H10NO3•
Exact Mass: 208.08

N

Chemical Formula: C13H10N3•
Exact Mass: 180.08

N

N

O

O
BQM

Fragment 1Fragment 2

CBZ
Carbamazepine

Ozone



NON-TARGETED EXAMPLE:
TRANSFORMATION PRODUCTS OF CHLORINE



Advantages:
• No water present → little/no oxide interferences
• No evaporative cooling of plasma → lower RF forward power
• Lower RF power → fewer Ar-based ions (40Ar+, 38Ar40Ar+, 38Ar40ArH+, etc.)

 Interference-free analysis without collision gas

GC-ICP-MS

Model 7900 ICP-MS Model 7890B GC GC-ICP-MS



GC-ICP/MS: DBP Formation

127I81Br

After Chloramine
Before Chloramine

S/N = 200!



Nonylphenol Transformation
• Used in antioxidants, oils, detergents, emulsifiers
• Technical mixture of many isomers
• Known to have estrogenic activity
• EPA Drinking Water CCL4 Draft List

1999 Environ. Sci. Tech. 33(16) 2814-2829



Nonylphenol Oxidation
0.04M Phosphate buffer,

1ppm Nonylphenol
6.3uM Bromide, 6.3uM Iodide

4ppm Chlorine

10min
30min

1h
2h
5h

4ppm Chlorine Dioxide

10min
30min

1h
2h
5h

4ppm Monochloramine

10min
30min

1h
2h
5h



Metrohm 850 IC+ Agilent 7900 ICP-MS

Agilent 7900 ICP-MS

Agilent 6540 LC-Q-TOF

Analytical Strategy
Samples

LLE w/ Hexane
GC-QTOF

GC-ICP-MS

SPE
LC-QQQLC-QTOF GC-QTOF BioassayLC-ICP-MS

Direct injection
IC-ICP-MS

Agilent 7200 GC-Q-TOF Agilent 7900 ICP-MS

Volatiles and 
semi-volatiles 

unknowns Polar
unknowns

Halogenated 
volatiles and 
semi-volatiles

Halogenated 
organics

Oxahalides
(BrO3-; IO3-) and 
Ions (Cl-, Br-, I-)

Agilent 6490 LC-MS/MS

Targeted analysis 
of identified DBPs

Mutagenicity
Genotoxicity
p53 induction
Cytotoxicity
Oxidative stress
Estrogenic effects
Glucocorticoid effects …

Bioassays



Nonylphenol – GC-QTOF

(mainlib) 4-Nonylphenol
50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230

55 65 77 94

107

120 133

220

HO

NIST library search:
Nonylphenol
94% probability 



NP Oxidation with Chlorine

Nonylphenol

Br-Cl-I-benzene

DBP formation after oxidation with chlorine:
- 10min
- 30min
- 1h
- 2h
- 5h



Nonylphenol

Monohalogenated DBPs:  (19-22 min retention times)
10min   30min   1h   2h   5h

Br-Nonylphenol Monoisotopic mass:
298.0932 I-Nonylphenol

Monoisotopic mass:
346.0794

Cl-Nonylphenol

Monoisotopic mass:
254.1437

NP Oxidation with Chlorine



NP Oxidation with Chlorine
Dihalogenated DBPs (22-26 min retention times)

10min   30min   1h   2h   5h
Cl2-Nonylphenol

Monoisotopic mass:
288.1048

Cl-Br-Nonylphenol

Monoisotopic mass:
332.0543

Monoisotopic mass:
376.0037

Br-I-Nonylphenol

Monoisotopic mass:
423.9899

I2-Nonylphenol

Monoisotopic mass:
471.9760



NP Transformation Pathway (OCl)
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NP Oxidation w/Chlorine Dioxide

Nonylphenol

Br-Cl-I-benzene

DBP formation after oxidation with chlorine dioxide:
- 10min
- 30min
- 1h
- 2h
- 5h



NP Oxidation w/Chlorine Dioxide
Nonylphenol

Monohalogenated DBPs:
10min   30min   1h   2h   5h

I-Nonylphenol
Monoisotopic mass:

346.0794

Cl-Nonylphenol
Monoisotopic mass:

254.1437



NP Oxidation w/Chlorine Dioxide
Dihalogenated DBPs:
10min   30min   1h   2h   5h

I2-NonylphenolCl-I-Nonylphenol

Monoisotopic mass:
380.0404

Monoisotopic mass:
471.9760



Transformation Pathway (ClO2)
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NP Oxidation with Monochloramine

Nonylphenol
Br-Cl-I-benzene

DBP formation after oxidation with monochloramine:
- 10min
- 30min
- 1h
- 2h
- 5h



NP Oxidation w/Chloramine

Nonylphenol

Monohalogenated DBPs:
10min   30min   1h   2h   5h

I-Nonylphenol
Monoisotopic mass:

346.0794

Br-Nonylphenol

Monoisotopic mass:
298.0932



NP Oxidation w/Chloramine
Dihalogenated DBPs:

10min   30min   1h   2h   5h
I2-NonylphenolCl-I-Nonylphenol Br-I-Nonylphenol

Monoisotopic mass:
380.0404

Monoisotopic mass:
423.9899

Monoisotopic mass:
471.9760



Transformation Pathway (NH2Cl)
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NON-TARGETED EXAMPLE:
TRANSFORMATION PRODUCTS OF UV AOP



UV Transformation Products



Formation of nitrogenous byproducts through UV photolysis

• Formation of nitrogenous byproducts (nitro- or nitroso aromatic compounds) through nitrate photolysis with organic precursors



Experimental matrixfor UV AOP genotoxicity
UV collimated beam device

Nitrate(0 mg/L) Nitrate(10 mg/L)
LP∙MP UV/H2O2 AOP

H2O2(mg/L) H2O2 (mg/L)
0 7 0 7

UV dose(mJ/cm2)
0 X X X X

400 X X X X
800 X X X X

• UV lamp type: low pressure (LP) and 
medium pressure (MP)

• Test water: Secondary treated wastewater 
(Ina Rd. WWTP)

• Oxidant: Hydrogen peroxide



Ames mutagenicity test
• Mutagenicity strain: Salmonella typhimurium (TA98 w/o S9)
• Type of reversion mutation: Frameshift



Identification of Genotoxicant



Discovery of New DBPs

LC-QTOF

GC-QTOFRed = Before MP UVGreen = After MP UV



Discovery of Novel UV 
Transformation Products

InfluentMP UV+Cl2 MP UV MP UV+BAC MP UV+BAC+Cl2

UV Attenuated
!

New By-products
?

Color by normalized abundance

Software: Agilent Mass Profiler Professional (MPP)       



Fragmentation pattern of Iopamidol
MS/MS spectra of Iopamidol

m/z: 386.98

m/z: 558.88

m/z: 541.88
m/z: 686.76 

< Fragmentation pattern 1 > < Fragmentation pattern 2 >

Collision E: 10V

Collision E: 20V

Collision E: 40V



Transformation product of 
Iopamidol

C17 H22 I N3 O9 (Proposed structure)

C17 H22 I N3 O9(Proposed structure)

m/z: 448.98

m/z: 386.95 m/z: 313.89
m/z: 430.97

C17 H22 I3 N3 O8(Iopamidol)
Collision E: 10V

Collision E: 20V

Collision E: 40V

UV



Fragmentation pattern of Iopromide
MS/MS spectra of Iopromide

m/z: 773.86
m/z: 700.82

m/z: 686.80

m/z: 558.88

m/z: 527.87
m/z: 372.98

Collision E: 10V

Collision E: 20V

Collision E: 40V

< Fragmentation pattern >



Transformation product of 
Iopromide

C15 H21 I2 N3 O7 (Proposed structure)

I OH

NH2

I

NH

O

O

O N

OH

HO

OH

m/z: 518.89
m/z: 504.87

m/z: 486.86

m/z: 413.81

Collision E: 10V

Collision E: 20V

Collision E: 40V

UV

C15 H21 I2 N3 O7(proposed structure)
C18 H24 I3 N3 O8(Iopromide)



DISCOVERY & TREATMENT OF 
GLUCOCORTICOID STEROIDS

Jia, A.; Wu, S.; Daniels, K. D.; Snyder, S. A., Balancing the Budget: Accounting for Glucocorticoid Bioactivity and Fate during Water Treatment. Environ. Sci. Technol. 2016.



Integrated Approach
A

A

Identification of chemicals of interest

Effect Directed Analysis



Integrated Approach

NTA Bioassays
Develop NTA Tools and Standardizing Protocols Selection of Endpoints and bioassays
Identify Transformation Products and Other Unknowns Interpretation Framework for Cell Bioassay Results
Characterize Source Water Quality Standardization of Methods 
Update Surrogate Lists for Targeted Monitoring Multiplexing Cell Bioassay Technologies



Transient Transfection Assay



Multiple Endpoints Considered



Reclaimed Water Screening
Receptors:
GR = glucocorticoid
AR = androgen
ER = estrogen



Glucocorticoids (GRs)
• Natural & Synthetic
• Used for human diseases such as severe allergies, skin 

problems, asthma, and arthritis
• Used as veterinary medicine to restore muscle strength 

and as growth promoters to increase muscle size



GRs Are Widely Used Drugs
Class Prescribed 

(kg)
Estrogens 480
Androgens 307
Progestogens 1705
Glucocorticoids 4368

Amount prescribed in UK (2006)

Source: The 2013 Drug Trend Report, 
Express Scripts Lab.

Medicare drugs USA (2013)



Approved as OTC in 2014
Fluticasone propionate (Flonase)
Triamcinolone acetonide (Nasacort)



GR Chemical Structures

In most synthetic GRs, halogens are incorporated to 
increase drug stability, potency, and efficacy.



In Vivo Evaluation with GRs



In Vivo Evaluation with GRs

Phosphoenolpyruvate carboxykinase (pepck): gluconeogenesis
Pregnane X receptor (pxr): signals for detoxification

pepck enzyme

Brain-specific angiogenesis inhibitor 1-associated protein 2): insulin receptor



In Vivo Evaluation with GRs



Santa Cruz River Sampling Sites
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Fractionation and Bioassay



QTOF Analysis



Targeted Quantitative Analysis
5x10
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Cpd 32: Fluocinonide: -ESI MRM Frag=380.0V CF=0.000 DF=0.000 CID@20.0 (553.2000 -> 375.2000) 20140927_010_Cal_50ppb+IS.d

14.892

1 1

Counts vs. Acquisition Time (min)
1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 10.5 11 11.5 12 12.5 13 13.5 14 14.5 15 15.5 16 16.5 17 17.5

Triamcinolone
Aldosterone

Prednisolone

Hydrocortisone
Prednisone

Cortisone

Methylprednisolone

Betamethasone

Dexamethasone

Corticosterone

Flumethasone

Beclomethasone

Triamcinolone
acetonide

Flunisolide

Fluocinolone
acetonide

Fludrocortisone
acetate

Fluorometholone

Deflazacort

Budesonide
R (+), S (−)

Spironolactone

Fluocinonide

Deoxycorticosterone
acetate

Amcinonide

Clobetasol
propionate

Fluticasone
propionate

Mometasone
furoate

Beclomethasone
dipropionate

Clobetasone
butyrate

Baseline Separation for Epimers:
Betamethasone vs Dexamethasone

MDLs: 0.02-5 ng/L



Balancing the GR Budget
WWTP Effluents

Reclamation Treatment

Chemical 
Concentrations
(Chemi-EQ)

Sample 
Bioactivity

(Bioassay-EQ)

Attenuation

Occurrence
In vitro GR bioassay

LC-MS/MS Analysis 

Chlorination
Ozone
UV
Membrane

Treatment Fate Toxicity Reduction

27 agonists



GR Occurrence
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WWTP secondary effluents

Fluticasone propionate
Clobetasol propionate
Fluocinonide
Budesonide
Fluocinolone acetonide
Triamcinolone acetonide
Dexamethasone
Betamethasone
6α-methylprednisolone
Cortisone
Hydrocortisone
Prednisolone

9.6-21.2 ng/L, much higher occurrence levels than estrogens at same sites



Biological Potency (In Vitro)
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Prednisone
Cortisone
Prednisolone
Triamcinolone
Fludrocortisone acetate
Hydrocortisone
Methylprednisolone
Betamethasone
Fluocinonide
Dexamethasone
Triamcinolone acetonide
Flumethasone
Budesonide
Fluocinolone acetonide
Clobetasol propionate
Fluticasone propionate
GCs mixed standard

Synthetic GRs have much 
higher bioactivity.
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WWTP 2nd effluents 
Fluticasone propionate
Clobetasol propionate
Fluocinonide
Budesonide
Fluocinolone acetonide
Triamcinolone acetonide
Dexamethasone
Betamethasone
6α-methylprednisolone
Cortisone
Hydrocortisone
Prednisolone

GR Concentration and Activity
Highest Occurrence

Highest Potency
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Mass-Activity Balance Achieved

• RO Ozone Cl2 UV MF-RO-UV AOP

Chemical 
Concentrations

Sample 
Bioactivity

Chemi-EQ=Sum(concentration*relative potency)

The quantitated GRs can explain the 
observed biological GR activity.
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