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Water Scarce US Cities

10. Orlando

9. Atlanta

8. Tucson

7. Las Vegas

6. Fort Worth

5. San Francisco

4. San Antonio

3. Phoenix

2. Houston

1. Los Angeles

Source: http://247wallst.com/2010/10/29/the-ten-great-american-cities-that-are-dying-of-thirst/3/ 

540 Km distance & 
600 meters elevation
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California 2011 California 2014

California 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 for Water Reuse

• About 5-6% of 
US wastewater is reused

– 1/3rd of all US 
wastewater discharged 
to oceans

• California is mandating 
increased reuse

• Arizona, Florida and 
Texas also high growth

ReusedReusedReusedReused

USA Wastewater USA Wastewater USA Wastewater USA Wastewater 

ResourcesResourcesResourcesResources

Source: Wade Miller Source: Wade Miller Source: Wade Miller Source: Wade Miller –––– WateReuseWateReuseWateReuseWateReuse AssociationAssociationAssociationAssociation

Water Reuse – Natural Systems
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Water Reuse – Advanced Treat.

WWTP

Water Reuse – Direct Potable

Energy Intensity by Water Source

Source: Pacific Institute analysis regarding SDCWA data

Potable Water Reuse

Ground Water Replenishment

22

u

Dominguez 
Gap Barrier     
41 Wells

Los Alaitos
Barrier - 35 
Wells

West 
Coast 
Barrier 
153 Wells

Source: http://www.hcn.org/issues/354/17227

Potential Contaminants
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http://www.cas.org/

Snyder, S. A., Emerging Chemical Contaminants: Looking for Better Harmony. J. 
Am. Water Works Assoc. 2014, 106 (8), 38-52.

Comprehensive Screening

Comprehensive Screening Surrogates and Indicators

Health-relevant 
CECs

Performance 
indicator CECs

Surrogates

Potential health risks at levels 
at/near occurrence

Provide information on 
treatment efficacy and/or 
represent broader classes

Bulk parameters that are indicative 
of occurrence and/or attenuation of 
substances/organisms

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

SURROGATES

Granular Activated Carbon
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Application of fluorescence as 
surrogate for water quality

Anumol T, Sgroi M, Park M, Roccaro P, Snyder SA.  Water Res. 2015  (76):76-87.

y = 0.3528x + 69.218
R² = 0.5589

0

20

40

60

80

100

120

0 20 40 60 80 100 120

%
 C

on
ta

m
in

an
t R

em
ov

al

% Fluorescence Removal

Group 1: Triclocarban

y = 1.1496x - 13.51
R² = 0.9747
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Group 4: Primidone

Fluorescence Surrogate 
Correlation to LC-MS/MS

Anumol T, Sgroi M, Park M, Roccaro P, Snyder SA.  Water Res. 2015  (76):76-87.

Ozonation Example Disinfection

Membrane Fouling Reduction Fluorescence Surrogate Response

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
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Surrogates On-Line/Real-Time Sensor Network

INDICATORS

Targeted Indicator Analysis

Conventional SPE Method

1 L sample

0.01-10 
ng/L

36 
CECs

5 
hours

Direct Injection Method

0.1 mL sample

10-100 
ng/L

21 
CECs

15 
min

Online SPE Method

1.5 mL sample

0.1-20 
ng/L

33 
CECs

30 
min

Indicator Occurrence

Biotransformation (K b, L/g-d)

Recalcitrant
<0.1

Moderate Slow
0.1-10

Rapid
>10

S
or

pt
io

n 
(lo

g 
K

d
)

Lo
w

<2
.5

Carbamazepine                    
Meprobamate                      

Primidone                      
TCEP                                                         

Sucralose

DEET                                   
Sulfamethoxazole                                  

Gemfibrozil                                   
Iopromide

Acetaminophen                                  
Caffeine                           

Naproxen                           
Ibuprofen                       
Atenolol

S
or

pt
iv

e
2.

5-
3

TCPP
Cimetidine                     

Trimethoprim

Benzophenone                         
Diphenhydramine                              

Bisphenol A

E
ffe

ct
iv

e
>3

Triclocarban Triclosan
Fluoxetine

Faster transformation during 
secondary treatment 

H
ig

he
r 

so
rp

tio
n 

du
rin

g 
se

co
nd

ar
y 

tr
ea

tm
en

t 

WERF CEC4R08 – Tanja Rauch-Williams et al. 2013

Indicator Example – Secondary WWTP
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Indicator Priority List

Indicators of 
wastewater 
influence

Indicators 
of process 
failure

TRANSFORMATION PRODUCTS: 
CHLORINE

Oxidation/Disinfection

???

Nonylphenol Experiment
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

Sample Preparation and Analysis

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

7x10

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

+EI TIC Scan AD3_1ul.D

Counts vs. Acquisition Time (min)
9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

5x10

0

2

4

+EI Scan (rt: 20.133 min) AD3_1ul.D  Subtract

* 107.0491

220.1824
77.038651.0227 150.1032

Counts vs. Mass-to-Charge (m/z)
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400

(mainlib) 4-Nonylphenol

50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230

50

100

55 65
77

94

107

120 133

220

HO

NIST library search:
Nonylphenol
94% probability 
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6x10

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

6.5

7

+EI TIC Scan AF2_1ul.D

Counts vs. Acquisition Time (min)
8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

Oxidation with chlorine

Nonylphenol

Br-Cl-I-benzene

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

6x10

0

0.25

0.5

0.75

1

1.25

1.5

1.75

2

2.25

2.5

2.75

3

3.25

+EI TIC Scan AF2_1ul.D

Counts vs. Acquisition Time (min)
19.9 20 20.1 20.2 20.3 20.4 20.5 20.6 20.7 20.8 20.9 21 21.1 21.2 21.3 21.4 21.5 21.6 21.7 21.8 21.9 22 22.1 22.2 22.3

Oxidation with chlorine

Nonylphenol

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

Br-Nonylphenol

5x10

0

1

2

+EI Scan (rt: 21.292 min) AE3_1ul.D

184.9596

107.0490 300.0899
77.0386 207.032351.0232 147.0796

Counts vs. Mass-to-Charge (m/z)
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400

Monoisotopic mass:
298.0932

I-Nonylphenol

Monoisotopic mass:
346.0794

Cl-Nonylphenol

4x10

0

1

2

+EI Scan (rt: 20.471-20.491 min, 7 scans) AE3_1ul.D  Subtract

141.0102

74.0360 254.1433
107.0490 227.2003199.1687171.1378

Counts vs. Mass-to-Charge (m/z)
60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400

Monoisotopic mass:
254.1437

5x10

0

0.5

1

1.5

+EI Scan (rt: 22.343 min) AE3_1ul.D

232.9453

346.0778
107.0489 207.032577.0388 281.0515174.9717141.0105

Counts vs. Mass-to-Charge (m/z)
60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400

6x10

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

6.5

7

7.5

+EI TIC Scan AE3_1ul.D

Counts vs. Acquisition Time (min)
22.2 22.4 22.6 22.8 23 23.2 23.4 23.6 23.8 24 24.2 24.4 24.6 24.8 25 25.2

Oxidation with chlorine

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

Cl2-Nonylphenol

4x10

0

2.5

5

7.5

+EI Scan (rt: 22.233 min) AE3_1ul.D

174.9712

141.0102 288.1038207.0327
111.000675.0231 341.0158265.0193

Counts vs. Mass-to-Charge (m/z)
40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400

Monoisotopic mass:
288.1048

Cl-Br-Nonylphenol

5x10

0

0.5

1

1.5

+EI Scan (rt: 22.990 min) AE3_1ul.D

220.9184

334.0508141.0103
186.9575 281.051377.0384 107.0491 254.1425

Counts vs. Mass-to-Charge (m/z)
40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400

Monoisotopic mass:
332.0543

5x10

0

1

2

+EI Scan (rt: 23.698-23.714 min, 6 scans) AE3_1ul.D

264.8678

184.9597 378.0005
281.051277.0386 141.0103107.0496 220.9188 341.0169

Counts vs. Mass-to-Charge (m/z)
60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400

Monoisotopic mass:
376.0037

Br-I-Nonylphenol

5x10

0

0.5

1

+EI Scan (rt: 24.498 min) AE3_1ul.D  Subtract

310.8554

423.9885186.9577
232.9462 355.069873.0468 281.0514147.0677105.0336

Counts vs. Mass-to-Charge (m/z)
40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480

Monoisotopic mass:
423.9899

I2-Nonylphenol

5x10

0

1

2

+EI Scan (rt: 25.275-25.295 min, 7 scans) AF2_1ul.D  Subtract

358.8414

471.9744
232.9453

207.0322105.033557.0699 147.0764 312.8538272.9766 425.9859

Counts vs. Mass-to-Charge (m/z)
40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480

Monoisotopic mass:
471.9760

6x10

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

6.5

+EI TIC Scan AN3_1ul.D

Counts vs. Acquisition Time (min)
8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

Oxidation with chlorine dioxide

Nonylphenol

Br-Cl-I-benzene

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

6x10

0

0.5

1

1.5

2

2.5

3

3.5

4

+EI TIC Scan AJ3_1ul.D

Counts vs. Acquisition Time (min)
20.2 20.4 20.6 20.8 21 21.2 21.4 21.6 21.8 22 22.2 22.4 22.6 22.8 23 23.2

Oxidation with chlorine dioxide

Nonylphenol
Monohalogenated DBPs:

10min   30min   1h   2h   5h

I-Nonylphenol
Monoisotopic mass:

346.0794

Cl-Nonylphenol

Monoisotopic mass:
254.1437

3x10

0

2

4

6

+EI Scan (rt: 20.480 min) AJ3_1ul.D  Subtract

141.0103

254.1433207.031987.044055.0540 168.9862

Counts vs. Mass-to-Charge (m/z)
40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480

4x10

0

1

2

3

+EI Scan (rt: 22.359 min) AJ3_1ul.D

232.9454

207.0324
346.0782107.0489

281.050277.0384 429.0913

Counts vs. Mass-to-Charge (m/z)
60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540

6x10

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

6.5

+EI TIC Scan AK3_1ul.D

Counts vs. Acquisition Time (min)
22.6 22.8 23 23.2 23.4 23.6 23.8 24 24.2 24.4 24.6 24.8 25 25.2 25.4 25.6

Oxidation with chlorine dioxide

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

I2-Nonylphenol

4x10

0

1

2

+EI Scan (rt: 23.829-23.846 min, 6 scans) AK3_1ul.D  Subtract

266.9060

380.0392
141.0098

207.032091.0539 308.9526

Counts vs. Mass-to-Charge (m/z)
60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540

Cl-I-Nonylphenol

Monoisotopic mass:
380.0404

5x10

0

0.5

1

+EI Scan (rt: 25.289 min) AN3_1ul.D  Subtract

358.8436

471.9777
232.9475

57.0708 127.9128 281.0533 400.8934

Counts vs. Mass-to-Charge (m/z)
60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540

Monoisotopic mass:
471.9760
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7x10

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

+EI TIC Scan AO3_1ul.D

Counts vs. Acquisition Time (min)
8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

Oxidation with monochloramine

Nonylphenol

Br-Cl-I-benzene

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

6x10

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8

+EI TIC Scan AO3_1ul.D

Counts vs. Acquisition Time (min)
19.8 20 20.2 20.4 20.6 20.8 21 21.2 21.4 21.6 21.8 22 22.2 22.4 22.6 22.8 23 23.2

Oxidation with monochloramine

Nonylphenol

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

I-Nonylphenol
Monoisotopic mass:

346.0794

Br-Nonylphenol

Monoisotopic mass:
298.0932

5x10

0

0.25

0.5

0.75

+EI Scan (rt: 21.255 min) AO3_1ul.D

184.9614

300.0928107.0506 207.034077.039355.0550 171.9540133.0663 248.9896

Counts vs. Mass-to-Charge (m/z)
40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380

5x10

0

0.5

1

1.5

+EI Scan (rt: 22.356 min) AO3_1ul.D

232.9475

346.0808
107.0501 207.034757.0711 78.0478 281.0540147.0801

Counts vs. Mass-to-Charge (m/z)
50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370

7x10

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

+EI TIC Scan AQ3_1ul.D

Counts vs. Acquisition Time (min)
22.8 23 23.2 23.4 23.6 23.8 24 24.2 24.4 24.6 24.8 25 25.2 25.4 25.6 25.8 26

Oxidation with monochloramine

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

I2-NonylphenolCl-I-Nonylphenol Br-I-Nonylphenol

5x10

0

0.5

1

+EI Scan (rt: 23.818-23.831 min, 5 scans) AO3_1ul.D  Subtract

266.9086

380.0421
141.0116

232.947677.0395 308.9552

Counts vs. Mass-to-Charge (m/z)
60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540

Monoisotopic mass:
380.0404

4x10

0

2

4

6

+EI Scan (rt: 24.468-24.505 min, 12 scans) AO3_1ul.D  Subtract

310.8581

425.9899
186.9594 232.9478

77.0397 127.9131 281.0536 346.0806

Counts vs. Mass-to-Charge (m/z)
60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540

Monoisotopic mass:
423.9899

5x10

0

1

2

+EI Scan (rt: 25.366 min) AO3_1ul.D

358.8443

207.0347
471.9784

281.0539127.913557.0712 429.0902

Counts vs. Mass-to-Charge (m/z)
60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540

Monoisotopic mass:
471.9760

Transformation Pathways
OH

C9H19

Cl

OH

C9H19

Cl

Cl

Cl

OH

C9H19

Cl

Br
OH

C9H19

Cl

OH

C9H19

Cl

I

OH

C9H19

Cl

Br

I

Identified DBPs after chlorination
OH

C9H19

Cl

OH

C9H19

Cl

Cl

Cl

OH

C9H19

Cl

Br
OH

C9H19

Cl

OH

C9H19

Cl

I

OH

C9H19

Cl

Br

I

ç

ç

ç

Identified DBPs after oxidation with 
chlorine dioxide

OH

C9H19

Cl

OH

C9H19

Cl

Cl

Cl

OH

C9H19

Cl

Br
OH

C9H19

Cl

OH

C9H19

Cl

I

OH

C9H19

Cl

Br

I
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Identified DBPs after 
monochloramination

OH

C9H19

Cl

OH

C9H19

Cl

Cl

Cl

OH

C9H19

Cl

Br
OH

C9H19

Cl

OH

C9H19

Cl

I

OH

C9H19

Cl

Br

I

Mechanism of Formation

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 +, 38Ar 40Ar +, 38Ar 40ArH+, 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!

TRANSFORMATION PRODUCTS: 
OZONE

Indicator Oxidation

Pisarenko, AN et al.. Water Res. 2012, 46 (2), 316-326.
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NDMA Formation w/ Ozone

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

WHO 100

CA 10
EPA 0.7

Benzotriazole Transformation Products

m/z 118, 1H-benzotriazole

m/z 124, transformation 

product

m/z 124.01522 (meas.)

m/z 124.01525 (calc.)

C4H3N3O2

O3/ .OH

N

N

N

H

H

H

H

H

1H-benzotriazole

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

N

N

N

H
O

O

H

H

Intermediates and minor 

products

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

Carbamazepine with/without 
ozonation

• CBZ (RT=5.1min) was degraded by ozone

TIC
CBZ

Transformation 
product

CBZ1
CBZ O3 1

MS/MS spectra of transformation 
product (BQM)

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

N

Chemical Formula:C13H10N
3•

Exact Mass: 180.08

BQM

Fragment 1Fragment 2

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.

Searching for unknown in water

Chromatograms Very 

Similar

Extraction of 

Molecular Features 

Reveals thousands of 

compounds in each 

chromatogram

Further Data 

Processing Requires 

Specific Software

Raw Water

Ozone (1.5 ppm)

Ozone (3 ppm)

Ozone (4.5 ppm)

Ozone (5.6 ppm)

OZONE TREATMENT &
QTOF ANALYSIS OF UNKNOWNS 

Merel, S.; Anumol, T.; Park, M.; Snyder, S. A ., J. Hazard. Mater. 2014  In Press
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Untreated water

Ozonated water
(3 mg/L)

Ozonated water
(1.5 mg/L)

Ozonated water
(4.5 mg/L)

Ozonated water
(5.6 mg/L)

PCA Plot for Different Ozone Doses

Although 
chromatograms were 

all similar for the 
analyst

Software identifies 
features able to 
discriminate the 

different water quality 

OZONE TREATMENT &
QTOF ANALYSIS OF UNKNOWNS 

Merel, S.; Anumol, T.; Park, M.; Snyder, S. A ., J. Hazard. Mater. 2014  In Press

TRANSFORMATION PRODUCTS 
FROM UV PHOTOLYSIS & 
OXIDATION

UV Transformation Products
Formation of nitrogenous 

byproduct by MPUV photolysis

• Formation of nitrogenous byproducts (nitro- or nitroso aromatic compounds) 

through nitrate photolysis with organic precursors

Experimental matrix

for 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
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Identification of Genotoxicant Discovery of New DBPs

LC-QTOF

GC-QTOF
Red = Before MP UV

Green = 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 >
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Transformation product of 
Iopromide

C15 H21 I2 N3 O7 (Proposed structure)

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 
GLUCOCORTICOIDS

Transient Transfection Assay Multiple Endpoints Considered

Initial Recycled Water Screening

Receptors:

GR = glucocorticoid
AR = androgen
ER = estrogen

Glucocorticoids (GC)

• 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
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Chemical structure of selected GCs

In most synthetic GCs, halogens are introduced to increase drug 
stability and potency/efficacy.

Glucocorticoids Among Most 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)

Recently approved as over-the-counter (OTC) drugs 
by the US FDA (2014)

Fluticasone propionate (Flonase)
Triamcinolone acetonide (Nasacort)

Glucocorticoids in environmental waters

Country Number of 
investigated
cpds

Concentration 
range (ng/L)

In vitro GR 
bioactivity 
(Dex-EQ, 
ng/L)

Mass 
Balance

Ref.

Australia NA NA 81 NA Water Res 2014, 49, 300.

USA NA NA 16-90 NA Water Res 2015, 80, 1.
Water Res 2015, 83, 303.

China 7 <LOD-3.4 NA NA Environ Sci Technol 2007, 41, 3462.
Environ Sci Technol 2011, 45, 2725.

France 9 3-229 NA NA Talanta 2008, 74, 1463.

Netherlands 18 ND-14 11-38 Maybe Environ Sci Technol 2008, 42, 5814.
Environ Sci Technol 2010, 44, 4766.

Japan 10 <LOD-7.6 <3-78 NO Sci Total Environ 2015, 527, 328.
Environ Toxicol Chem 2015, doi: 
10.1002/etc.3136.

Switzerland ~23 <LOD-29 30 NO Anal Bioanal Chem 2014, 406, 7653.
Environ Sci Technol 2014, 48, 12902.

Compared to estrogenic compounds, limited studies h ave investigated the 
occurrence and behavior of GCs in environmental wat ers.

Expose to GCs at low levels could 
potentially affect aquatic organisms 

Fathead minnow 

Rainbow trout

Carp

• GC at concentration of 0.1-1.0 µg/L can
– Increase plasma glucose concentration as well as 

the related gene expression (PEPCK)

– Increase the serum concentrations of free amino 
acids 

– female fathead minnows exhibit male secondary 
sexual characters, which suggest glucocorticoids 
may induce fish masculinization

• GCs crosstalk with other pathways and could 
enhance/depress xenobiotic metabolism related 
toxicity.

– Glucocorticoids simulated aryl hydrocarbon 
receptor (AhR)-mediated transcription and the 
consequent CYP1A1 gene expression in rodents, 
however, suppress the AhR expression in human 
cells.

Environ. Sci. Tech. 2013, 47, 9487-
9495.
Mar. Pollut. Bull. 2014, 85, 370-
375.
Toxicol. Sci. 2007, 99, 455-469.

In Vivo Evaluation with GCs
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In Vivo Evaluation with GCs

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 GCs

Santa Cruz River Sampling Sites
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Sensitive LC-MS/MS analysis 
for targeted GR agonists 

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 GC Budget

WWTP 2nd effluents

Reclamation Treatment

Chemical 
Concentrations
(Chemi-EQ)

Sample 
Bioactivity

(Bioassay-EQ)

Attenuation

Occurrence

In vitro GR bioassay

LC-MS/MS targeted screen 

Chlorination
Ozone
UV
Membrane

Treatment 
suggestions

Priority GCs monitoring 
suggestions

27 agonists

Sample Collection

• 2nd effluents from four WWTPs in 
Arizona and California.

• Full scale:
– Chlorination

• Pre-, Chlor-, De-chlor.
– WWRF: 

• Effluent-MF-RO-UV
• Effluent-ozone

• Bench/pilot scale:
– Ozonation: 

• O3: TOC 0.25, 0.5, 1.0
– UV

• 20, 40, 80, 100, 200, 400 mJ/cm2

– Reverse osmosis (RO)
• RO permeate, RO brine

– Chlorination AOP Pilot (Wedeco)

WWTP Effluent

Glucocorticoid Concentrations
in WWTP Effluents
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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

The occurrence and attenuation of GR 
activity in water treatment processes

Effluent EC 10 EC50
Dex-EQ
(ng/L)

1-1 5.25 17.8 39.0
1-2 2.19 7.59 93.6
2-1 2.95 11.8 69.4
2-2 3.16 11.8 64.8
3 1.32 7.41 155
4 4.47 17.8 143

GR activity in four US WWTP effluents
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Sample Enrichment Fold

WWTP Effluents

WWTP1-1

WWTP1-2

WWTP2-1

WWTP2-2

WWTP3

WWTP4

Comparable with reported levels 
(<3-90 ng Dex-EQ/L)

Relative potency of targeted 
GR agonists
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Concentration (M)

Prednisone
Cortisone
Prednisolone
Triamcinolone
Fludrocortisone acetate
Hydrocortisone
Methylprednisolone
Betamethasone
Fluocinonide
Dexamethasone
Triamcinolone acetonide
Flumethasone
Budesonide
Fluocinolone acetonide
Clobetasol propionate
Fluticasone propionate
GCs mixed standard

GCs EC50
(nM) REP

Prednisone >500 <0.004
Cortisone >500 <0.004
Prednisolone 17.7 0.101
Triamcinolone 11.8 0.152
Fludrocortisone
acetate 9.67 0.185

Hydrocortisone 6.81 0.264
6α-
methylprednisol
one

6.79 0.264

Betamethasone 2.83 0.634
Fluocinonide 1.89 0.948
Dexamethasone 1.79 1.000
Triamcinolone
acetonide 0.79 2.265

Flumethasone 0.36 5.032
Budesonide 0.26 6.895
Fluocinolone
acetonide 0.24 7.398

Clobetasol
propionate 0.048 37.04

Fluticasone
propionate 0.025 70.88

GCs mixed
standard 0.005 329Most synthetic GCs have much higher 

activity than natural GCs



11/25/2015

19

Aldosterone Amcinonide Beclomethasone
Beclomethasone dipropionate Betamethasone Budesonide
Clobetasol propionate Clobetasone butyrate Corticosterone
Cortisone Deflazacort Deoxycorticosterone acetate
Dexamethasone Fludrocortisone acetate Flumethasone
Flunisolide Fluocinolone acetonide Fluocinonide
Fluorometholone Fluticasone propionate Hydrocortisone
Methylprednisolone Mometasone furoate Prednisolone
Prednisone Spironolactone Triamcinolone
Triamcinolone acetonide

Removal of GCs
in Cl 2 and H2O2 Only
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Cl2 and H2O2 are not effective in GC attenuation
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Budesonide
Deflazacort
Flunisolide
Methylprednisolone
Prednisolone
Prednisone
Triamcinolone
Amcinonide
Dexamethasone
Betamethasone
Clobetasol propionate
Triamcinolone acetonide
Clobetasone butyrate
Fluticasone propionate
Fluorometholone
Fluocinonide
Flumethasone
Fluocinolone acetonide
Mometasone furoate
Corticosterone
Hydrocortisone
Beclomethasone
Fludrocortisone acetate
Beclomethasone dipropionate
Spironolactone
Aldosterone
Deoxycorticosterone acetate
Cortisone

Removal of GCs
in LPUV Only

Group 1: High Removal in UV

Group 2: Low Removal in UV
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Chemi-EQ Bioassay-EQ

Targeted GCs derived GR activity 
in water

• RO Ozone Cl 2 UV MF-RO-UV AOP

Chemical 
Concentrations

Sample 
Bioactivity

Chemi-EQ=Sum(concentration*relative potency)

The detected glucocorticoids can entirely 
explain the observed biological GR activity
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Chemical concentration (ng/L) GR bioactivity (Dex-EQ, ng/L)

WWTP 2nd effluents 

Fluticasone propionate

Clobetasol propionate

Fluocinonide

Budesonide

Fluocinolone acetonide

Triamcinolone acetonide

Dexamethasone

Betamethasone

6α-methylprednisolone

Cortisone

Hydrocortisone

Prednisolone

GCs concentration and GR activity 
profiles in WWTP effluents

Fluticasone propionate , clobetasol propionate , 
fluocinolone acetonide , and triamcinolone 
acetonide , which have high contributions to GR 
activity in WWTP effluents, all within Group 1

UV treatment is very 
effective in GR 
activity attenuation

GR Oxidation Products

Triamcinolone acetonide (TA)

C24 H31 F O6

TA
Label Formula

1 C24 H31 F O8

2 C24 H33 F O8

3 C23 H31 F O8

4 C24 H31 F O8

5 C23 H31 F O8

6 C26 H33 F O9

CH3

CH3

O

O

CH3

F

HO CH3 O

O

OH

GR Oxidation Products

Triamcinolone acetonide (TA)

Byproducts

C24 H31 F O6

TA

TA with 2 mg/L O 3
Label Formula

1 C24 H31 F O8

2 C24 H33 F O8

3 C23 H31 F O8

4 C24 H31 F O8

5 C23 H31 F O8

6 C26 H33 F O9

1
2

3
4 5

6

CH3

CH3

O

O

CH3

F

HO CH3 O

O

OH
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GR Oxidation Products

TA

TA with 2 mg/L O 3

1 3
4 5

CH3

CH3

OH3C F

HO
H3C O
O

OH

H

O

O

O

1 3

4 5

2 6

CH
3

CH3

OH3C F

HO
H3C O
O

OH

H

O

O

O Structures of major 
byproducts

CH3

CH3

OH3C F

HO
H3C O
O

OH

O

O

HO

CH3

CH3

OH3C F

HO
H3C O
O

OH

O

O

OH

GR byproduct (MS/MS)

1
CH3

CH3

OH3C F

HO
H3C O
O

OH

H

O

O

O

CH3

CH3

OH3C F

HO
H3C O
O

OH

H

O

O

O

m/z=445.19

m/z=273.11

m/z=369.13

GR byproduct (MS/MS)

3
CH3

CH3

OH3C F

HO
H3C O
O

OH

O

O

OH

CH3

CH3

OH3C F

HO
H3C O
O

OH

O

O

OH

m/z=433.19

m/z=221.08
m/z=415.78

m/z=333.17

Public Acceptance is Growing

“…distinction between indirect and direct potable 
reuse is not scientifically meaningful…”

Tiered Testing Strategy

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

http://west.arizona.edu
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