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Wastewater Treatment Wastewater Treatment -- Solids and Nutrient RemovalSolids and Nutrient Removal

Not designed to remove PPCPs!

influent effluent
Activated Sludge 

Basin Clarifier

ActivatedActivated--Sludge Treatment Sludge Treatment –– Laboratory ScaleLaboratory Scale

PPCP spiked

recycled sludge waste sludge
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ActivatedActivated--Sludge Treatment Sludge Treatment –– Effluent ConcentrationsEffluent Concentrations
Removal of organic compounds with the time (SRT= 10 days)
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influent effluent
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Basin Clarifier

Sludge Age Sludge Age –– Sludge Retention Rate or SRT (days)Sludge Retention Rate or SRT (days)

recycled sludge waste sludge

With increasing SRT the bacterial population becomes With increasing SRT the bacterial population becomes 
more diversifiedmore diversified
Bacteria start to compete for compounds that are more Bacteria start to compete for compounds that are more 
complex and harder to degrade with increasing SRTcomplex and harder to degrade with increasing SRT

SRT → ∞ (>100 days)More wasting decreases SRT (1-20 days)
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ActivatedActivated--Sludge Treatment Sludge Treatment -- Effect of  SRTEffect of  SRT
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Fate and Transport of PPCPsFate and Transport of PPCPs
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No removalNo removal
Sorption to Sludge SolidsSorption to Sludge Solids
BiodegradationBiodegradation

Sorption to SludgeSorption to Sludge
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Sorption to SludgeSorption to Sludge

Biotransformation by ActivatedBiotransformation by Activated--SludgeSludge

Chlorine TransformationChlorine Transformation

Hypochlorous Acid



7

Occurrence in Treated EffluentOccurrence in Treated Effluent

Detection Ratio (DR):
DR = Median/MDL

Groundwater

Surface
Water

Ocean

Advanced Treatment Advanced Treatment –– PlannedPlanned Indirect Potable ReuseIndirect Potable Reuse

Advanced 
Treatment

Wastewater
Treatment

Consumption

PPCP

PPCP

Groundwater

Surface
Water

Ocean

PPCP

Receiving WatersReceiving Waters

Consumption

PPCP

Wastewater
Treatment



8

Fate and Transport in Receiving WatersFate and Transport in Receiving Waters

Source: USGS
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Conventional Drinking Water TreatmentConventional Drinking Water Treatment

Primidone

influent

effluent

recycled sludge waste sludge

Activated 
Sludge Basin Clarifier

“Futuriol”

Screening Mass Balance ModelsScreening Mass Balance Models

y g

Quantitative Structure Property Relationships

Good Removal
>90%

Intermediate Removal
90-50%                          50-25%

Poor 
Removal

<25%
hydroxy aromatic

acyl/amino aromatic
nitro aromatic
nitrosamine

halogenated 
aliphatic

•• OzonationOzonation of Treated Wastewaterof Treated Wastewater

Indicator Compound for MonitoringIndicator Compound for Monitoring

y
alkoxy aromatic

nonaromatic alkene
deprotonated amines

alkyl aromatic

saturated aliphatic
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SummarySummary

Drinking

• Water Reuse 

• Multiple Barrier Treatment 

Strategy

• Byproduct Formation

Consumption

PPCP

Wastewater
Treatment

g
Water

Treatment• Fate from Biosolids

• Indicator Monitoring

• Screening Models

• Health Effects
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Fluoxetine (Prozac)
MW: 309

F
F F

Tandem Mass Spectrometry (MS/MS) – quantify ppt levels

Precursor/product ion transition (310 → 44) – very selective!

N
H2

O

F

F

N
H

O

F

F
F

Precursor (310 m/z)
(From source)

Neutral Product (44 m/z)
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Isotope Dilution Strategy

• Add isotopically labeled versions of target compounds 
to all samples

• Corrects for extraction losses
• Corrects for matrix effects

N
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D

D
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D D
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N

O NH2

Carbamazepine
Anti-epileptic

Carbamazepine-d10
Non-radioactive isotope label

Low probability of natural occurrence
Chemically similar
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DEET - SRT 5 d
Indolebutyric acid - SRT 5 d
Propylparaben - SRT 5 d
Phenylphenol - SRT 5 d
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Solids and Nutrient RemovalSolids and Nutrient Removal

PLANT DATA AVERAGE
CALCULATED VALUE
Yellow Flows: Sampled
Values need to be Confirmed

AB Effluent Secondary Effluent 
Secondary Influent Flow 141.5 mgd Flow 65.5
Flow 66.9 mgd mg/L lb/d mg/L

mg/L lb/d NH3-N 19.4 22,886 TSS 11.8
NH3-N 29 16,180 NO3-N 0.6 708 CBOD 7.3
NO3-N 0 45 NH3-N 19.4
TKN 41 22,820 TKN 23
BOD5 218 121,800 NO3-N 0.6

SC (10)
SLR = 19.6 ppd/sf 

SOR = 425.6 gpd/sf
SVI = 241 mL/g

Aeration Basins (6)
Aerobic  (HIPO)
HRT = 1.2 hours

MLSS = 2,563 mg/L
SRTa = 2.0 days

F/M = 1.0
T =  ˚C

TSS 108 60,426 RAS
Flow 74.6 mgd Chloramination

mg/L
TSS 4543.0

WAS
Flow 1.4

mg/L
TSS 4,543.0
NH3-N 19.4

ActivatedActivated--Sludge Treatment Sludge Treatment –– Effect of  Operational Effect of  Operational 
Parameters/Conditions: SRT, Parameters/Conditions: SRT, RedoxRedox, Temperature, Temperature
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Comparison of Two Activated Sludges Comparison of Activated and Primary Sludges

Sorption to SludgeSorption to Sludge

Stevens-Garmon et al., In Review, Water Research

Sorption QSPRsSorption QSPRs

• Kd= Koc x foc

• log Koc = alog Kow + b

• Soil-based systems

• Neutral Compounds

Advanced Treatment Advanced Treatment -- Managed Aquifer RechargeManaged Aquifer Recharge

Soil Aquifer Treatment (SAT)
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Intermediate Removal Good Removal 
(>90%) (90–50%) (50–25%) 

Poor Removal 
(<25%) 

Acetyl cedreneb Indolebutyric acidc TCEP1 Carbamazepine1 
Atenololc,1 Iopromide1 TCPP1 Primidone1 
Atorvastatinb,1 Isobornyl acetateb  TDCPP1  
Benzophenone1 Meprobamate1  Dilantin1 
Benzyl acetatec Methyl dihydrojasmonatec    
Benzyl salicylated Methyl ionined    
Bisphenol A1 Methyl salicylatec    
BHA1 Metoprolol    
Bucinald Musk ketoneb     
Caffeine1 Musk xyleneb    
DEET1 Naproxen1   

Managed Aquifer RechargeManaged Aquifer Recharge

DEET1 Naproxen1    
Diclofenac1 NDMA     
EDTA Nonylphenol     
Erythromycin1 OTNEb     
Estrone Propranolol      
Fluoxetine1 Propylparabenc       
Galaxolideb,1 Sulfamethoxazole1   
Gemfibrozil1 Terpineolb      
Hexyl salicylated Tonalideb       
Hexylcinnamaldehydeb  Triclocarbanb       
Hydrocodone1 Triclosan1    
Ibuprofen1 Trimethoprim1    

 
Partially nitrified treated wastewater, extensive vadose zone (>100’);
subsurface travel time: > 2 weeks
Nitrified/denitrified treated wastewater, shallow vadose zone (<10’); 
subsurface travel time: > 2 months

Intermediate 
Removal 

Good Removal 
(>90%) 

(90–
50%) 

(50–
25%) 

Poor 
Removal 
(<25%) 

Indolebutyric 
acidb Dichlorprop Isobutylparabenb Propranolol  Chloro-

form  

Acetaminophen Diclofenac Ketoprofen Propylparabe
b

 NDMA  
Acetyl cedreneb Dilantin Mecoprop Salicylic acid  NDEA  

Atenolol EDTA Meprobamate Simvastatin 
hydroxy acid    

Atorvastatin Erythromycin–
H2O 

Methyl 
dihydrojasmonateb 

Sulfamethoxa
zole    

Atorvastatin     
(o-hydroxy) Estriol Methyl ionineb TCEP    

Reverse OsmosisReverse Osmosis

Atorvastatin     
(p-hydroxy) 

Estrone Methyl salicylateb TCPP    

Benzyl acetateb Fluoxetine Metoprolol TDCPP    
Benzyl 

salicylateb Galaxolide Musk ketone Terpineolb    

Bisphenol A Gemfibrozil Musk xyleneb Tonalideb    
Bucinalb Hexyl salicylateb Naproxen Triclocarbanb    
Butylated 

hydroxyanisoleb 
Hexylcinnam-

aldehydeb Nonylphenol Triclosan    

Caffeine Hydrocodone Norfluoxetine Trimethoprim    
Carbamazepine Ibuprofen OTNE     
Ciprofloxacinb Iopromide Phenylphenolb     

DEET Isobornyl 
acetateb Primidone 

    
 

Operating conditions: ESPA membrane; 85% recovery; permeate 
flux: ~12 gfd; pH = 6.5

NanofiltrationNanofiltration

40

50

60

70

80

90

100

t R
em

ov
al

 (%
)

bisphenol A

salicylic acid 

caffeine 

NF-4040 (Dow/Filmtec), 82% recovery and permeate flux of 12 gfd

0

10

20

30

40

0 100 200 300 400 500 600 700 800

molecular weight (g/mol)

Pe
rc

en

phenacetine

chloroform

acetaminophen



15

Good Removal 
(>90%) 

Intermediate Removal Poor Removal 
(<25%) (90–50%) (50–25%) 

Acetyl cedrenec Acetaminophenb Atenololh Ciprofloxacinf 
Benzyl salicylatec Caffeineb Atorvastatin (o-hydroxy)i Dichlorpropf 

Bisphenol Ac Carbamazepineb Atorvastatin (p-hydroxy)i EDTAf 
Bucinalc Erythromycin–H2Ob Atorvastatini Iopromideb 

Butylated hydroxyanisolec Estriolb Benzyl acetatee Mecopropf 
Estroneb Hydrocodoneb Chloroforme Meprobamateb 

Fluoxetineb Methyl dihydrojasmonated DEETb NDMAf 
Galaxolidec Methyl salicylated Diclofenacb Ofloxacinf 

Hexyl salicylatec Naproxenb Dilantinb Primidonef 
Hexylcinnamaldehydec Phenylphenold Gemfibrozilb Salicylic acidf 

Isobornyl acetatec Propranololg Ibuprofenb Sulfamethoxazoleb 

Activated Carbon AdsorptionActivated Carbon Adsorption

• Log D (pH 7) > 3
• Positively Charged
Compounds

Isobutylparabenc Propylparabend Indolebutyric acidi TCEPb 
Methyl ioninec Trimethoprimb Ketoprofeni  
Musk ketonec  Metoprololh  
Musk xylenec  TCPPe  
Nonylphenolc  TDCPPe  
Norfluoxetine    

OTNEc    
Simvastatin hydroxy acidc    

Terpineolc    
Tonalidec    

Triclocarbanc    
Triclosanb    

 

DOC < 3 mg/L; Norit HD4000, Norit Superdarco; EBCT = 7.5 min

Before Ozonation After Ozonation

OzonationOzonation of  Treated Wastewaterof  Treated Wastewater

Good Removal Intermediate Removal Poor Removal 
> 90% 90-50% 50-25% < 25% 

Hydroxy Aromatic: Nonaromatic C=C:  Alkoxy Polyaromatic: Saturated Aliphatic: Nitrosamine: Halogenated Aliphatic: 
Acetaminophen Acetyl cedrene Naproxena,6,15,A(3) Iopromidea,1,3,4,15,D(7) NDMAD(8) ChloroformD(10) 
Atorvastatin (o-hydroxy) Carbamazepinea,1,4,15,A(4) Propranolol4(>72),A(14) Isobornyl acetate  TCEPa,1,15 
Atorvastatin (p-hydroxy) Hexylcinnamaldehyde  Meprobamatea,1,15 Nitro Aromatic: TCPPa,15 
Benzyl salicylate Methyl ionine Alkoxy Aromatic: Methyl dihydrojasmonate Musk ketone1 TDCPPa 
Bisphenol Aa,15,A(12) OTNE Dichlorprop  Musk xylene  
Butylated hydroxyanisolea Simvastatin hydroxy Gemfibrozila,15    
EstriolA(12) Terpineol Hydrocodonea,1    
Estronea(>77),4(>80),6,15,A(12)  Mecoprop    
Hexyl salicylate Deprotonated Amine:     

OzonationOzonation

Isobutylparaben2 Atenolol15,B(14) Alkyl Aromatic:    
Methyl salicylate Caffeine15 Benzophenone1(>60),15    
NonylphenolA(12) Ciprofloxacin5,B(5) Benzyl acetate    
Phenylphenol Diclofenaca,1,3,4,15,A(7,13) Bucinal    
Propylparaben2 EDTAA(11) DEETa,1,15    
Salicyclic acidB(10) Erythromycin-H2Oa,1,3,4 Dilantina,1,15    
Triclosana,6,15,A(9) Fluoxetinea,1,15 Galaxolide1,4    
Vanillin MetoprololB(14) Ibuprofena(>82),1,15,C(7)    
 Norfluoxetine Indolebutyric acida(81),2(85)    
Amino/Acylamino Aromatic: Ofloxacin Ketoprofen    
Sulfamethoxazolea,1,3,4,5,15,A(7,5) Trimethoprima,4(>85),5,6,15,A(5) Primidone15    
Atorvastatin  Tonalide4(>50)    
Triclocarbana,2      
 

kO3,app (M
-1s-1) a this study 8 Lee et al. (38 )

A > 105 1 Snyder et al. (6 ) 9 Suarez et al. (28 )
B 103 - 105 2 Lei and Snyder (19 ) 10 Hoigne and Bader (29 ) 
C 100 - 103 3 Huber et al. (20 ) 11 Munoz and Sonntag (30 )
D < 100 4 Ternes et al. (21 ) 12 Deborde et al. (31 )

5 Dodd et al. (22 ) 13 Sein et al. (32 )
6 Nakada et al. (23 ) 14 Benner et al. (33 )
7 Huber et al. (27 ) 15 Wert et al. (24 )

Operational Conditions: Operational Conditions: secondary/tertiarysecondary/tertiary
treated wastewater, O3:TOC = 0.6treated wastewater, O3:TOC = 0.6--1 mg/mg, ozone 1 mg/mg, ozone 
exposure CTexposure CT1010 = 4= 4--11 mg min/L, pH 711 mg min/L, pH 7--8, ~208, ~20°°C, Alkalinity C, Alkalinity 
<300 mg/L as CaCO3<300 mg/L as CaCO3

Dickenson et al., 2009, Environ. Sci. Technol. 43, 6242–6247
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Saturated aliphatic, nitro 
aromatic compounds

Dickenson et al., 2009, Environ. Sci. Technol. 43, 6242–6247

UV is not effectiveUV is not effective
Chloramines are not effective Chloramines are not effective 
Chlorine transforms Chlorine transforms somesome compoundscompounds
Ozone transforms Ozone transforms manymany compoundscompounds

Disinfection Treatment TechnologiesDisinfection Treatment Technologies

Dickenson et al., 2009, Dickenson et al., 2009, Environ. Sci. Technol.Environ. Sci. Technol. 43, 624243, 6242––6247 6247 
Drewes, Dickenson, et al. 2009. Drewes, Dickenson, et al. 2009. WateReuse FoundationWateReuse Foundation
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Comprehensive Utility Guide for Endocrine Disrupting Chemicals, Pharmaceuticals, 
and Personal Care Products in Drinking Water (Water Research Foundation)


