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Water Reuse

Alternate Sources of Water to Augment Supplies
“Drought-Proof Resource”

Direct water reuse

Indirect water reuse

Public PerceptionScientific Perception



NRC Report on Reuse (2012)

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



Water Reuse – Natural Systems



Water Reuse – Advanced Treat.

WWTP



Water Reuse – Direct Potable



Any Aqueous Liquid 
Can Be Made Drinkable

Simply a matter of safety, cost, and reliability…



Contaminants potentially detectable in reclaimed water
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Indicator Example – Secondary WWTP



Basic Categories of Treatment

PhysicalBiological Oxidation



Objectives

• To show various physical and oxidative treatment 
processes for CEC attenuation in water reuse applications

• To demonstrate multi-barrier approaches for the 
attenuation of CECs

• To explore various monitoring tools including bioassay and 
surrogate indicator approach to ensure treated water 
qualities



PHYSICAL PROCESSES



Physical processes

Membrane separation Activated carbon 
adsorption



CEC removal by NF

Retention of EDC/PPCPs as a function of Log 
Kow for the NF and UF membranes in various 

source waters in NF membrane

Recovery of EDC/PPCPs based on mass balance with 
feed, permeate, and retentate for NF and UF

Yoon, Y., Westerhoff, P., Snyder, S.A., Wert, E.C. and Yoon, J. (2007) Removal of endocrine disrupting compounds 
and pharmaceuticals by nanofiltration and ultrafiltration membranes. Desalination 202(1–3), 16-23.



NF membrane filtration

• Dow NF270-4040: CECs spiked in CRW
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Granular Activated Carbon



Breakthrough curves

Anumol, T., Sgroi, M., Park, M., Roccaro, P. and Snyder, S.A. (2015) Predicting trace organic compound breakthrough in granular activated 
carbon using fluorescence and UV absorbance as surrogates. Water Research 76(0), 76-87.



Application of fluorescence as 
surrogate for water quality



Surrogates for Water Quality

8,750 BV 45,000 BV

0 BVWastewater effluent

< Excitation-emission matrices of 
wastewater effluent on GAC >

< Correlation of sulfamethoxazole with 
fluorescence by GAC>
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Powdered activated carbon



Effects of PAC dose and contact 
time
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CECs removal by PAC
Calgon PWA 100mg/L (Contact time: 30 min)
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Surrogates for water quality

• Total fluorescence (TF) as a surrogate indicator of CEC 
removal in PAC adsorption



OXIDATIVE PROCESSES



The Multi-Barrier Approach

???



Oxidation of Trace Contaminants: Ozone



Disinfection

E. Coli - Healthy Post-AOP
Sherchan, S. P.; Snyder, S. A.; Gerba, C. P.; Pepper, I. L. J. Environ. Sci. Health 
Part A-Toxic/Hazard. Subst. Environ. Eng. 2014, 49 (4), 397-403.



17β Estradiol

Triclosan

Sulfamethoxazole

Naproxen

Gemfibrozil

Easy to oxidize



Difficult to oxidize

Meprobamate

IopromideTCEP

Musk Ketone

Atrazine
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Oxidation Kinetics of MIB/Geosmin

• MIB/Geosmin has similar removal rate at corresponding 
applied ozone dose and contact time.

Removal of MIB/Geosmin by ozone oxidation

MIB Geosmin



Oxidation Kinetics of MIB/Geomin

EEM as surrogate indicator for T&O Oxidation



UV AOP

Merel, S., Anumol, T., Park, M. and Snyder, S.A. (2015) Application of surrogates, indicators, and high-resolution mass spectrometry to evaluate 
the efficacy of UV processes for attenuation of emerging contaminants in water. Journal of Hazardous Materials 282(0), 75-85.



Online sensor in UV AOP

TOC UV

TF

Yu, H.W., Anumol, T., Park, M., Pepper, I., Scheideler, J. and Snyder, S.A. (2015) On-line sensor monitoring for 
chemical contaminant attenuation during UV/HO advanced oxidation process. Water Res 81, 250-260.



UV AOP vs. Ozone AOP

UV AOP vs. Ozone AOP



UV AOP vs. Ozone AOP
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UV AOP vs. Ozone AOP
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UV Hypo system

Benefits (LP UV + NaOCl)
• Implementation does not require additional dosing equipment, 

chemical storage or quenching
• The pH of RO effluent <6.5 is beneficial for the UV Hypo process
• Low pressure UV provides low OPEX



Application of UV Hypo in IPR
Terminal Island in LA
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Removal of CECs by UV/Cl2
Triclosan Sulfamethoxazole Estrone

Ditiazem

0 1 2 3 4 5
0

800

1600

2400

3200

U
V 

D
os

e 
(m

J/
cm

2 )

Cl2 Dose (mg/L)

25%

50%

75%

90%

90%

0 1 2 3 4 5
0

800

1600

2400

3200

U
V 

D
os

e 
(m

J/
cm

2 )

Cl2 Dose (mg/L)

25%

50%

75%

90%

90%

Hydrocortisone Prednisone

 Removal: Good (>90%); Intermediate (90-50%; 50-25%); Poor (<25%)



Removal of CECs by UV/Cl2
Dexamethasone Testosterone Fluoxetine

Triclocarban
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Removal of CECs by UV/Cl2
Atrazine Bisphenol A Diphenhydramine

Naproxen
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Removal of CECs by UV/Cl2
Primidone Gemfibrozil
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Removal of CECs by UV/Cl2
Ibuprofen Atenolol DEET

Meprobamate PFHxA
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Removal of MIB in UV/Cl2

 With LPUV irradiation of 1600 
mJ·m‒2 alone, the removal of 
MIB was 47%. Removal rate 
can be as high as 80%.

LPUV/Cl2 MPUV/Cl2

 With MPUV irradiation of 
1600 mJ·m‒2 alone, the 
removal of MIB was 98%.

 Both LPUV/MPUV-Cl2 are capable of MIB 
removal.
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COMBINATION OF PHYSICAL 
AND OXIDATIVE PROCESSES



Ozone Reduces Membrane Fouling

MBR-RO control MBR-Ozone-RO (3 mg/L)

Stanford, B. D.; Pisarenko, A. N.; Holbrook, R. D.; Snyder, S. A., Preozonation
Effects on the Reduction of Reverse Osmosis Membrane Fouling in Water Reuse. 
Ozone-Sci. Eng. 2011, 33 (5), 379-388.



Decreased Fouling by Pre-Ozone



Modified Fouling Index (MFI)
Ozone reduced MFI value about 1.7 fold

Matrix MFI (s/L2)

Brine w/o O3 63.27

Brine w/ 1.8 ppm O3 47.39

Brine w/ 7.5 ppm O3 37.62

22
m

MFI

Rt I V
V A P PA

η η
= +

∆ ∆



Additive removal
Pre-ozonation + NF membrane

*: Compounds below method detection limit



BYPRODUCTS FORMATION



NDMA-FP with Ozone (West Basin)



Discovery of New DBPs
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Monitoring Ozonation Through 
LC-QTOF Analysis

Impact of Ozone on Water Quality

A

D

C

E
B

FCompounds attenuated
A & B

Intermediates
C

By-products
D & E

Recalcitrant compounds
F

Ozone Dose
0 ppm 1.5 ppm 3 ppm 4.5 ppm 5.6 ppm

Normalized abundance

2155 Molecular features 
(compounds) across 5 samples



Pilot plant test: various AOPs
Sample collection
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Analytical Chemistry VS Bioassay 

Targeted Analytical                           Mechanistic Bioassay

Known compounds
Quantitative
Individual compounds

Knowns/unknowns
Semi-quantitative
Synergism/Antagonism 
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Removal of GR Activity in Various 
Treatments: Results

 GR activity was detected in the WWTP effluent as well as AOP treated 
samples. UV treatment appeared to be the most efficacious AOP at 
GR activity attenuation, while ozone and chlorine cannot. Infiltration is 
a great process to prevent GR coming into the ground water system.
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Water Research, 2015, 80, 1-11.



Toxicity attenuation during different water 
reuse treatment techniques

Water Research, 2015, 80, 1-11.

Efficient for 
most activities

new DBPs may 
generated in AhR and 
mutagenicity under UV

UV based treatment is good for GR removal;
Ozone: efficient for oxidative stress;
Chlorinatin could partially eliminate genotoxicity



Multi-barrier approach

PhysicalBiological Oxidation



CONCLUSIONS



Concluding remarks

• The extent of CECs attenuation depends on physico-
chemical natures of individual CEC as well as the 
characteristics of treatment processes.

• Multi-barrier approach is required to secure water quality of 
treated water against CEC.

• Real-time online sensor for infallible treatment verification 
can be achieved using surrogate indicators.

• Bioassay screening would help to evaluate the integrated 
biological effects.
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Q&A

Thank you!!!!
Any question???

Snyder group
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