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Abstract Pharmaceuticals and personal care prod-
ucts (PPCPs) have been the focus of much recent
research as concerns rise about their occurrence in
bodies of water worldwide. In an effort to character-
ize the risk and determine the prevalence of these
micropollutants in lakes and rivers, many researchers
are examining PPCP removal from impaired water
during wastewater treatment and water recycling (soil
passage) processes. Biodegradation studies and pro-
jects considering combinations of biodegradation and
other removal processes have been conducted over a
wide range of compound categories and therapeutic
classes, as well as across different systems and scales
of study. This review summarizes the extent of PPCP
removal observed in these various systems.
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Abbreviations
HRT Hydraulic retention time
MBR Membrane bioreactor

NSAID Non-steroidal anti-inflammatory drug
PPCP Pharmaceutical and personal care product
SBR Sequencing batch reactor

SRT Solids retention time

WWTP Wastewater treatment plant

Introduction

Pharmaceuticals and personal care products (PPCPs)
have become the center of much current environ-
mental research. These “emerging contaminants”
have been known to be present in the environment for
decades, from sources such as wastewater treatment
plant (WWTP) effluent and confined animal feeding
operation run-off (Daughton and Ternes 1999). Yet it
has only been within the past 10-15 years that
analytical methods have been developed to detect
emerging contaminants at environmentally-relevant
trace concentrations (Ternes and Joss 2006). The
increased analytical sensitivity has allowed PPCP
occurrence studies to be undertaken (Kolpin et al.
2002; Tixier et al. 2003; Ashton et al. 2004). Scien-
tific and public awareness were raised when PPCPs
were found in the environment by these projects, such
as one study that showed that organic wastewater
contaminants, including PPCPs, were present in 80%
of 139 U.S. streams (Kolpin et al. 2002).
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Because the effects of these compounds on human
health and the environment have not been fully
characterized, the presence of PPCPs in the environ-
ment is cause for concern. Though PPCPs are present
usually only at trace concentrations in the environ-
ment, questions are raised regarding chemical
persistence, microbial resistance, and synergistic
effects of the numerous PPCPs present (Daughton
and Ternes 1999). Researchers examining the toxi-
cological implications of PPCPs in the environment
have found that these low concentrations can elicit
adverse effects on aquatic life (Choong et al. 2006;
Crane et al. 2006). These findings have engendered
public concerns as to the possible effects the com-
pounds may exert on both human health and
waterway ecology (Ankley et al. 2007).

Since it is known that PPCPs are present in the
environment and could be causing adverse ecological
and health impacts, ways to remove these micropol-
lutants from water are being examined. Researchers
have examined PPCP removal by biodegradation in
many different systems, including WWTPs, mem-
brane bioreactors (MBRs), sequencing batch reactors
(SBRs), sand columns, and constructed wetlands.
Some of these studies focus solely on biodegradation
as a removal process, whereas others examine overall
removal due to a combination of processes, including
biodegradation. These experiments have been carried
out at varying scales, ranging from lab scale bench
experiments to full scale field studies. The results of
these research projects have been compiled in this
article to provide the reader with the current knowl-
edge regarding the range of removal efficiencies
possible for PPCP removal processes.

Mechanics of this literature review

The literature was searched for journal articles
pertaining to PPCP biodegradation. The information
from those articles was organized into two tabular
summaries (Tables 1, 2). Table 1 focuses on studies
in which the removal mechanism for the PPCP was
identified as biodegradation. Most of the studies
included in Table 1 were batch experiments and other
lab scale studies. Table 2 includes projects in which
the PPCP removal reported is attributed to biodegra-
dation in combination with other removal
mechanisms, such as sorption.
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In both tables, the PPCPs are grouped by com-
pound class, and then organized alphabetically within
that section. The numbers presented in the second
column of the table are removal efficiencies, and the
third column describes the system in which the
removal was assessed. PPCPs studied in more than
one system (e.g., in a full scale WWTP and in a lab
scale batch study) have the results of each presented
in separate rows within the table. Multiple studies of
one PPCP in the same type of system are presented in
a single row, with different studies identified by
superscripts to the right of the removal efficiency
number. Each of these superscript notations corre-
sponds to an entry in Table 3, so that the reported
removal may be linked to its corresponding citation
and additional experimental details. Any parentheti-
cal numbers or letters appearing in the superscript
codes of Tables 1 or 2 correspond to additional
information provided with that reference in Table 3.
For the details of any study, the reader should refer to
the original paper referenced. Only articles that
reported removal efficiencies or data that could be
used to calculate removal efficiencies were included
in this review.

Discussion

The studies of PPCP biodegradation and removal
found in the literature have contributed greatly to our
knowledge regarding the fate of these compounds in
various treatment systems. Generalizing compound
behavior in these systems would allow further
characterization of the fate and risk associated with
PPCPs in the environment, yet this description of
trends is impeded by the wide variation in removal
efficiencies across therapeutic classes, treatment
processes, and even among separate studies for the
same individual compounds. As shown in Tables 1
and 2, it can rarely be said that any compound
included in this review is always entirely removed or
poorly eliminated. In part, these differences in
reported removals may stem from the different
definitions of removal that researchers are employing
when studying the removal of PPCPs. The majority
of studies summarized used “removal” to describe
the elimination of parent PPCP compounds and did
not consider the extent of biodegradation. The mere
disappearance of the parent compound cannot be
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Table 1 PPCP removal efficiencies specifically attributed to biodegradation
Compound Removal efficiency (%) System studied
Analgesic
Acetaminophen >99°¢ Batch
Antibiotic
Azithromycin 0.4 .55 Batch
Benzylpenicillin ~25% WWTP, lab scale
Ceftriaxone <14 WWTP, lab scale
Roxithromycin 85 + 15™, 95 4 5™ Anaerobic digester, pilot scale
Sulfamethoxazole 99 4 1'™ 99 4 1iD Anaerobic digester, pilot scale
Tetracycline ND* Batch
Trimethoprim <1¥ WWTP, lab scale
~70°", ~25°® Batch
Anticancer
5-Fluorouracil ND®D, 222 5(° Batch
Cytarabine 80D, >952) Batch
Exemestane 19.2%D, 8.6X® Batch
Gemcitabine 45%P(0) | 50 Batch
Ifosfamide <3% WWTP, lab scale
ND™ Batch
Anticonvulsant
Carbamazepine 0'™ g™ Anaerobic digester, pilot scale
Gabapentin 90°¢ Batch
Phenytoin 50°¢ Batch
Valproic acid >99°¢ Batch
Antidepressant
Diazepam NDPD Batch
60 £ 18™ 38 + 211D Anaerobic digester, pilot scale
Fluoxetine ND*, ND""®| ND""® Batch
Antiseptic
4-Chloro-m-cresol >99°¢ Batch
Biosol 80°¢ Batch
Biphenylol >99°¢ Batch
Chlorophene >99°¢ Batch
p-Chloro-m-xylenol 80°¢ Batch
Triclocarban 97 + 181 21 4 30¥® WWTP, full scale
41119, ND'® Soil batch
Triclosan 95 4 2P gg 4 2@ g3 4 4bn) Continuous flow aerobic reactors, lab scale
>99°€, 74" Batch
3gef | g3eMib) goellie) NpI) Soil batch
Barbituate
Phenobarbital 80°¢ Batch
Secobarbital 70 Batch
Calcium channel antagonist
Verapamil ND>* | 100P*® Batch
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Table 1 continued

Compound

Removal efficiency (%)

System studied

Fragrance ingredient
Galaxolide
Tonalide

H, blocker (anti-ulcer)
Ranitidine

Hormone (synthetic)
170-Ethinylestradiol (EE2)

Lipid regulator and statin
Bezafibrate
Clofibric acid
Gemfibrozil

65 + 15'™ 67 £+ 16/
60 + 8™, 67 £+ 15'™

224" <@

<14
85 + 5™ 75 4 151D
~100%, 20.2 + 11*

NDbf( D 100bf(2)
26-30°
>99°%

Non-steroidal anti-inflammatory drug (NSAID)

Diclofenac

Ibuprofen

Ketoprofen

Naproxen

Smoking deterrant
Cotinine

Varenicline

Stimulant
Caffeine

Surfactant component

Disodium cocamphodiacetate

Surfactant metabolite

Nonylphenol

X-ray contrast media

Diatrizoate

Topromide

60 £+ 18™ 73 + 9D

ND™, 93-94%° 141D 34_38¢i>)
NDM(I), NDbf(Z), 3ch

40 £ 15™, 47 + 10'D
64-70°D, 17-21°1®

97— >99" ND"™ 100°(®, »99¢¢
NDP®, >99¢e

87 + 5™ 91 4 5™

NDbf(l)’ 60bf(2)’ 80°8

1005
0.3*®, 0.45*@

>95%9 68 + 10 — 1005,
10050, 3 £+ 2@ ND*®

~100%", ~ 100"
42°

NDad

~100%. ND*® ND*®

23 + 15™, 23 + 11I®

~97b(1) ~86b(2) 853k(2) NDak(l)

Anaerobic digester, pilot scale

Anaerobic digester, pilot scale

Batch

MBR, lab scale
Anaerobic digester, pilot scale
Batch

Batch
Lab columns
Batch

Anaerobic digester, pilot scale
Lab columns

Batch

Anaerobic digester, pilot scale
Lab columns

Batch

Batch

Anaerobic digester, pilot scale
Batch

Batch
Batch

Batch

Batch

MBR, lab scale

WWTP, lab scale

Batch

Anaerobic digester, pilot scale
Batch

PPCPs are sorted by compound class and system studied as described in the “Mechanics of this literature review” section.

Superscript notation is explained in Table 3

ND indicates that no significant degradation was reported
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Table 2 PPCP removal efficiencies attributed to biodegradation in addition to other removal mechanisms

Compound Removal efficiency (%)

System studied

Analgesic, Antipyretic

99 + 47,9193 98.4%¢ >99°¢
>99°m(D | 599am2) g9 cbe
98.9°™

Acetaminophen

Angiotensin converting enzyme inhibitor

Enalapril 18°, 100°?®
Antibiotic
Amoxycillin 75°M, 100°@
Ampicillin 16.4MD | 42 10
8.9(:}1(1)’ 9.5<:h(2)
67.8Ch(1), NDch(Z)
Aureomycin 25.9¢hM 31 3¢h@
6.2Ch(l), 8.7Ch(2)
51‘5ch(1)’ NDch(Z)
Azithromycin —26 + 8P _18 + 7Y 55 4 4 22 4 11YCD 30 + ¢VFERY,
13+ 10y(FBRb) NDYSFD NDy(SFZ)
Chloramphenicol >93%¢, 45
Ciprofloxacin 60°D, 63°2) 84<L@ID " ggeb(h 7geb2) - ggeb(3)
Clarithromycin 0°1, 0°®, 9 4 410 _g5 4 70 _7 4 5yU0) 4 4 7yC)
20 £ 6, 5.6 + 6"TBRY 14 + FBRD) 54bs
>88%
Erythromycin 0°1, 0°2, 6 4+ 4¥19 _14 4 40 27 4 4309 _6 4 gY@,
—9 4 gY@ 7 4 7yEFBRa) 13 4 gy(FBRb) 53 gbe H5bs Hgee
9.lam(1)’ 4_5am(2)’ 67.3bg
>95b
78.95m
Lincomycin 0°D, 0°@
69.47D
Norfloxacin 66°¢
Ofloxacin 43° 5702 g4be 23 gbe gocb@lh g3cb(l) ggeb@) 75¢b(3) 57ce
94.0°¢
Roxithromycin —58' M 27'@ _g0'™ 18 4 4¥U™ 38 4 3¥I® _18 4 V1O,
38 + 5y(2a) 5+ 8y(2b) 35 + 6y(FBRa) 4+ 8y(FBRb) _8210(43)
27;\0(2), _430(4b)’ 5830(13)7 6130(10), 33bs’ 48ce
9a0(1) 62a0(2) 6630(3) 39ao(4)
>99[ 7Sao(lb)
94 £+ 9™
>95%
Spiramycin 0°, 0°@
Sulfadiazine >97%, 50
Sulfadimidine 50°¢

WWTP, full scale

MBR, pilot and lab scale

Batch

WWTP, full scale

WWTP, full scale

Anaerobic baffled reactor,

pilot scale

Biofilm airlift suspension reactor,

pilot scale
Batch

Anaerobic baffled reactor,

pilot scale

Biofilm airlift suspension reactor,

pilot scale
Batch
WWTP, full scale

WWTP, full scale
WWTP, full scale
WWTP, full scale

Subsurface flow
WWTP, full scale

MBR, pilot scale
Subsurface flow
Batch

WWTP, full scale
Batch

WWTP, full scale
WWTP, full scale
MBR, lab scale
WWTP, full scale

WWTP, lab scale

MBR, pilot and lab scale
Anaerobic digester, lab scale

Subsurface flow

WWTP, full scale
WWTP, full scale
WWTP, full scale
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Table 2 continued

Compound Removal efficiency (%) System studied
Sulfamethoxazole —250°, 57, 57%, 50'®, 17°D, 71°® 66D, —280'®, 32!, WWTP, full scale
—107 £ 8%, 9 £ 3P 79 4 7Y, _138 £ 159,
60 £ 3PP, —61 £ 10¥PRY, 29 L 4¥YFBRD NDYOED NDYEF),
33200) 0P 98P 55 6P 24P5 (64
68D 66702 91203 a0 WWTP, lab scale
61", 642D 703m2) 572002 ") 5be MBR, pilot and lab scale
99 + 1™ Anaerobic digester, lab scale
~100% SBR, lab scale
2%, 952D 532¢(2) Subsurface flow
77.3%™ Batch
Sulfapyridine —74 £ 6617, —16 4 45, 107 4+ 819, 49 + 5V WWTP, full scale
72 + 5y(2h), 52 & Sy(FBRa)’ 41 + 9y(FBRb)’ _28y(SF1,SF2)
Tetracycline 86.4 + 879" 851 + 547 784 + 7.19® SBR, lab scale
Trimethoprim <1P® ~50°@ 49¢, 3 4+ 530D 1 £ D) 14 4 5309 WWTP, full scale
20 £ 11939, —40 4+ 20°@P, 17 + 11YFBRD 1o 4 1Y FBRD),
157D, 748 <10-40", 69
—4gamM - _33am(2) MBR, pilot scale
>92° Subsurface flow
23.8°m Batch
Anticancer
Ifosfamide ND* WWTP, full scale
Anticonvulsant
Carbamazepine 30¢, 79, 0°0, 0°@, ND™IP) | 0051 <205 204053, <20°®),  WWTP, full scale
<2054 203 () 141D 31D 4313 20 4 157, 00,
—3%0(2) 35a0b) jgaollb) jgaotle) 195 gbe  10-53 <10,
7br’ Obs’ _]2lcb(all)’ _44cb(1)’ _193cb(2)’ _37cb®)
<200, 0%, <20°® WWTP, pilot scale
<0, 0%, 0¥, gD @) _j1a0@) jaod  1gbp WWTP, lab scale
134, 12!, —9.52m(1) 4, g2m@ NprMLD) qjactda) - _gao(lb) gaotle) - MBR, pilot and lab scale
<10
o™ Anaerobic digester, lab scale
<20° SBR, lab scale
30 £ 10%D, 47 4+ 6v@ Constructed wetland
<—4450, ND*, 73% Subsurface flow, field scale
5 4 43D 5 4 53O Subsurface flow, lab scale
53.5P™m Batch
Gabapentin >99°¢ WWTP, full scale
Phenytoin (Dilantin) ~ 44°¢ WWTP, full scale
76.8°™ Batch
Primidone <-5" Subsurface flow, full scale
Valproic acid >99¢2 WWTP, full scale
Antidepressant
Citalopram 29%* WWTP, full scale
Fluoxetine >70% WWTP, full scale
98.7°™ Batch
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Table 2 continued

Compound Removal efficiency (%) System studied
Fluvoxamine >63%* WWTP, full scale
Paroxetine 90.6°¢, 94 WWTP, full scale

89.7% MBR, lab scale
Sertraline 11% WWTP, full scale

Antiseptic
4-Chloro-m-cresol >90°¢ WWTP, full scale
Biosol >90°¢ WWTP, full scale
Biphenylol 80°® WWTP, full scale
Chlorophene 73 WWTP, full scale
p-Chloro-m-xylenol ~ 80°® WWTP, full scale
Thymol 98.1-99.8" WWTP, full scale
Triclosan 58°, 88 £ 5% 48 £ 19°, 954D, 96,277 58 0PP3) 86,170 WWTP, full scale

82.5°7, 58.2-86.2", 55-94", 58-96"V, 86-97"*®), 95-98"*3),
98.4°¢, 69°¢
66>™", 733m2) MBR, pilot scale
67.9° Constructed wetlands,
pilot scale
98.8°™ Batch
38¢M1), g3ei) gpeftia) Npef) Soil batch

Barbituate
Phenobarbital >90°¢ WWTP, full scale

Biocide
Permethrin 88 + 9%, 90™ WWTP, full scale

Bronchodilator
Salbutamol 0°, 0°®, 94.60*" WWTP, full scale

Diuretic
Furosemide 8o 540 WWTP, full scale

Hydrochlorothiazide

Flame retardant
Tris (2-chloroethyl)

24°0, 44°),76.3%¢
66.3"

*6 7am(l) 0 4um(2)

WWTP, full scale
MBR, lab scale

MBR, pilot scale

phosphate
Tris (2-chloro- 19¢ WWTP, full scale
isopropyl)
phosphate
Fragrance ingredient
Acetyl cedrene 98.5°D 951 4 4.4°@ 97 7%k®) 98 o°k® 71 3 4+ 40.5%%), WWTP, full scale
87.7°K©®
Benzyl acetate 99.9°KD 952 + 7.1°K2) 98 9Pk g5 5Pk g6 4 4 74PKO) 98 3PKO WWTP, full scale
Benzyl salicylate 99.9%(M 99 5 4+ 0.5°%@, 91.1°® 99 7°% 94,9 4 46", 98.6"™® WWTP, full scale
Galaxolide —37°, 85, 46.6'D, 76.9'®, ~80*MID) g5t 38D 363 e wWWTP, full scale

27ao(2), 5660(4b)’ 4430(3), 85‘, 852\0(1;.1), 86ao(lb)’ Sgao(lc)’ 7831‘7 99.7bk(1),
87.8 £ 7.9%2 73 5% g9 6Pk® 78 1 + 8.7°K) 80.8%K(®) 44

~80rMID) g5t gsactla) ggae(lb) gpactie) MBR, pilot scale
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Table 2 continued

Compound

Removal efficiency (%)

System studied

g-Methyl ionine

Hexyl salicylate

Hexylcinnamaldehyde

Isobornyl acetate

Methyl
dihydrojasmonate

Methyl salicylate

Musk ketone
Musk xylene

OTNE
p-t-bucinal

Phantolide
Terpineol
Tonalide

Traseolide

H, blocker (anti-ulcer)
Ranitidine

Hemorrheologic agent

Pentoxifylline

Hormone (synthetic)

17a-ethinylestradiol
(EE2)

69 + 9™
85 + 2% g8 + ¥

45 + 1™ 50 4 72V 61 4 107V 31 £ 112V
44 + 6V 96

09.3%(D 965 + 4.4%%@ g7 15k 98 7%k g7 7 + 16.8%C),
98.4°K(©

99.7°1 99 8 + (.1°%6@, 973K 99 gk 96 4 + 4.0,
99.9hk(6)

99.9°%K™D 998 4 0.1%?@ 96.3%k® 99 9Pk® 98 6 + 1.7°K>
99.8°K(®)

99.9°%(D 99 6 + (.4°%6@ 998K 97 (°k® 96.8 + 2.0°k®
98.7°K(®

99.0°M 982 4 (.8°@, 825K 97 9*k® 93 1 4 3 7%O),
99.9°K(©

99 & 1™, 99 4 (3P 99 4 ™19, 94 4 22WCY),
61 + Saw(lb)

99.5%( 99 6 + (.3%@ 987K 99 3%k 93 ( 4 5.1k,
95.7°K©

96.7°1 91,0 + 5.2°@, 93 1PK®) 878 4 4 6K g5 2°K©

09.5°%( 978 + 1.0°%@, 8933 97 3%k g7 6 + 142,
89.1hk(6)

99.2°%( 917 + 10.0°%?®, 66.0%®, 96.6°®, 80.0 £+ 16.3%®
90.7°K®

08.3%(D 96,1 + 3.5%@ 85.9PK® 96 2%k 94 .8 4 2 9Pk,
94.8°K(

>40%"

99.9°%( 99 9 + 0.1%® 99.6°K3 99 9*k® 954 4 565 99 gbK©®
90!, 72.2'V, 74.0'®, ~ 80" M 87D 64 19! 7127 gty

87ao(1b), 86&\0(1(:), 62\0(2)’ 68ao(3), _22110(4:1\)7 67;\0(4b)7 99.3bk(1),

88.8 + 6.3 58 6% 88.9%kW g1 £ 575K 81.7°K®) 7qbs

~80r(M,.I,D) 85[ 85a0(|a) 92a0(lh) 91210(10)
63 £+ 14™

88 + 2 90 + 1P

44 £ 91D g5 4 3avAB) g4 4 gawlle) 35 4 1D,
53 4+ 62V 75

>30%

390D 84°2) 47 2be
95.0°

98.6°™

90°, 85 £ 14", 60-70"™", 60", 40-60*", <20"**, <20°*",
80-100°®, 60-80°“, 80-100°“®, 60-80°“), 94 4 23U,

>75'di(lb) 71 + 9ui(2'd) 69 + 9ai(2b) 702\0(11\) Slao(lb) 69ao(lc)

5130(2) _1130(43) 7030(4b) 67bs Nva(l) 78bv(2:1) 64bv(2b)

Anaerobic digester, lab scale

Constructed wetland

Subsurface flow

WWTP, full scale
WWTP, full scale
WWTP, full scale
WWTP, full scale
WWTP, full scale
Subsurface flow

WWTP, full scale

WWTP, full scale
WWTP, full scale

WWTP, full scale
WWTP, full scale

WWTP, full scale
WWTP, full scale
WWTP, full scale

MBR, pilot scale

Anaerobic digester,
pilot and lab scale

Constructed wetland

Subsurface flow

WWTP, full scale

WWTP, full scale
MBR, lab scale

Batch

WWTP, full scale
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Table 2 continued

Compound Removal efficiency (%)

System studied

80-100%", 20-40"®, 60-80°7,
60_80s(2) 60_808(3) 60_808(4) 592\0(2) 58;\0(3) 3730(4)
60_70r(M,J) NDr(D) Soao(la) 2530(]1)) 66%(]0

86 + 9™
<20°
NDPD, NDP@), 78 9™
Mestranol 80Puh
Hypoglycaemic agent
Glibenclamide 44.5°¢
47.3%

Insect repellant ingredient

Diethyltoluamide 19.2-46.2
(DEET) 75‘6um( 1 Oam(2)

Lipid regulator and statin

Bezafibrate 15°0, 87°® 595 ™MD g(r®) (405D <2053 204053,
40-60°®, 80-100°“?, 80-100°“?, 80-100°“®), 99! 37'@
54t(3) Slag 9la0(1a) 9930(113) 9950(1(:) 37a0(2) 5430(3) _530(4:1)
36a0(4b) —11-100™ 9] + 4bf(MBR) 48.4bg 27b0(1) 50b0(2)
835, 97%s 942

80-100%", 60-80°®, 80-100°>

80-100°®, 80-100°®, 80-100°¥, —112°D), 9432
9930(3)’ 9630(4)

>95r(M,J) 76r(D) 95! 9430(13) 76a0(1b) 97ao(lc) 95.8bg
>80
<20°
88.5%¢(D_ 77 (2@
Clofibric acid 269, 30°0, <0.36°®, 0?8, 27.7%, 15500 34P02) NDPAZ: 3 51br 57bs
2911\;1(1,2)7 1_6ci
549 71.8%
NDcd
36 £+ 3vD 32 4 gYP
ND¥, >79%
NDax(l)’ NDax(Z)
16.7281), 4832?14l
Fenofibric acid 600D 4502 gqbr
>80
Gemfibrozil 75°, <10-75%, 38.8%¢, 16°°0, 46%°@ 9, 68°¢
89.6%
>99
98.9°m
Pravastatin 61.8%
90.8%

Narcotic analgesic
Codeine 46 + 19*

WWTP, pilot scale

WWTP, lab scale

MBR, pilot scale

Anaerobic digester, lab scale
SBR, lab scale

Batch

Batch

WWTP, full scale
MBR, lab scale

WWTP, full scale
MBR, pilot scale

WWTP, full scale

WWTP, pilot scale
WWTP, lab scale

MBR, pilot and lab scale
Subsurface flow

SBR, lab scale

Lab columns

WWTP, full scale

WWTP, pilot scale

MBR, lab scale

Rotating annular bioreactor
Constructed wetland
Subsurface flow, field scale
Subsurface flow, lab scale
Lab columns

WWTP, full scale
Subsurface flow

WWTP, full scale

MBR, lab scale
Subsurface flow

Batch

WWTP, full scale

MBR, lab scale

WWTP, full scale
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Table 2 continued

Compound

Removal efficiency (%)

System studied

Hydrocodone

< _40am( 1) <_5021m(2)
47.0""

Non-steroidal anti-inflammatory drug (NSAID)

Diclofenac

Dimethylamino-
phenazone

Dipyrone

Fenoprofen

Flunixin

Ibuprofen

220’ 24d’ 40_60r(M,J,D)’ <20$(1), <205(21\)’ 20_403(2b)’ <205(3),
60—-80°“4 60—80°“P), 6080, 531D 7@ 413
59 + ]72’ 2133) 5230(121)’ 46ao(lb)’ 69ao(lc)’ 7.9"10(2)’ l3ao(3)’
92U "g9_60™, <10-80™, 23 + 30PTMBR) 50,102, gbo(D),
75b0(2)’ Nqu(all), 69br, 33[,5’ 13037 18¢8

<20%", 40-60°®, 40-60°?, 59.3 £ 25*"", 49.0 & 32",
1_6CI

20_403(2) <205(3) <20s(4) an(l) 36a()(2) 1330(3) 330(4) <20bp

58d, _7t’ 44_852121, _lsoam(l)’ _120um(2), _Sao(la), 39;\0(1b)7
512019 g7 4b2

69 + 10™

<20°

96 & 11, 73 £ 7V

>87Y, 45 £+ 172V o £ 53%UD g 4 10109 11 £ 423VCD,
0 + 122%C® >9gbs

71.0%0, 64.5%¢>
73.5"™
38br

71 + 15
91.8-97.5%

>71Y

ND¥, 64 £ 39

96°, 979, 96-99.9", 631, 68.7'V, 69.0'@, 38°1) 93°?) 95" MI.D)

<20°Y, <2059, 80-100°?, 80-100°>, 80-100°“*,
80-100°“"), 80-100°“9, >99¥D _41@ 98> 95 4 7% 7%,
86.03ah, _130(43)’ _42:0(2), 92a0(4b)’ 98210(3), 9930(];\)’

992U ggae(le) 78_100™, 96.1-99.2¢, 52-99™, 97 4 4PIMBR),

82.5%, 65", >95P, 22bo(h) 75502
79'3‘](1) 53bq(28) 72bq(2b) Nqu(Zc) 20bq(3) 9Obr 96bs
>09¢a g7¢e

80-100°", 80-100°®, 80-100"®, 90.8 £ 13*"",
91.5 + 6@, ~ 60", 81-82°®, 57-60°

80-100°®, 80-100°%, 80-100°®, 92°1) 962°@ 992,
99ao(4), 82bp

99d 99t >993m(1) 983m(2) 99a0(1a) 97ao(lb) 9930(1c)
99.8%, >99""

41 £ 157

<20°

>90%

96 £ 21, 95 £ 1V

>99Y, 80 £ 22V 71 4 gWUID gy 4 pawdle) 5p 4 (awa)
17 & 113%CD 5g(bs

52 + 3% 51 4 2@

MBR, pilot scale
Batch

WWTP, full scale

WWTP, pilot scale

WWTP, lab scale
MBR, pilot and lab scale

Anaerobic digester, lab scale
SBR, lab scale
Constructed wetland

Subsurface flow

Lab columns
Batch
WWTP, full scale

WWTP, full scale
WWTP, full scale
Subsurface flow
Constructed wetland
WWTP, full scale

WWTP, pilot scale
WWTP, lab scale
MBR, pilot and lab scale

Anaerobic digester

SBR, lab scale

Rotating annular bioreactor
Constructed wetland

Subsurface flow, field scale

Subsurface flow, lab scale
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Table 2 continued

Compound Removal efficiency (%) System studied
96.3%¢(D 100%e® Lab columns
98.9°™ Batch

Indomethacin 23.4% 710D g3bo@) 75br WWTP, full scale
46.6% MBR, lab scale
Ketoprofen 65°, 51-100™, 51.1-68.4", 62 + 21PMBR) 57 5be. WWTP, full scale

Mefenamic acid

Naproxen

Phenazone

Propyphenazone

Salicylate
Aspirin
Scabicide

Crotamiton
Lindane

Skin care ingredient

Salicylic acid

Stimulant
Caffeine

48b0(1) 69b0(2) 52bq(l) 43bq(2a) 53bq(2b) 8bq(2c)
qu(B), 9203, 77cg

91.1 £+ 10™®, 89.6 + 7@

91.9%

99 £+ 19D 97 4 1@

>77Y, 69 £+ 52V1D (o 4 gWUID g5 4 5awde) (g 4 (4G

0 + 29:1w(2b)

91.54%, 29.4%2 504D 7baGa) 4gba(2b) - 43ba(2e)  41bd(3)

74.8%

93°, 55, 56.2'@, 0%, 55-98" 64.9-82.9°, 42-93%4
71 £ 18°MMBR) g5 1be g5bi 15bo(l) 78bo@) " ggbr
95° gg°e

93.6 + 8", 86.6 + 11"®

68°P

36", 4173, 99 30

88 + 4™

92 £+ 19D, 52 4 9@

>99Y, 90 £ 33V g5 4 4avUb) g 4 gawdle)
0 £ 10°VC_ 47 4 223V

NDg, 75.9%¢(1) 100%€®
97.8°™

33br

91

—282-36", 42.7°%
64.6

25", 100*

99.3-99.6°, 81°*

—5-24"°
>99%

98 £ 12V g 4 pawlb) g7 4 jawde) g7 4 (awCa)
77 £ 53D

94, 85 & 4%, 99.7™
>98am(l)’ 993m(2)

98 £ 12V gq 4 13WUL) g9 4 1WA gy 4 13V
85 + 22VCh ggbs

92.2bm

WWTP, pilot scale
MBR, lab scale
Constructed wetland

Subsurface flow

WWTP, full scale
MBR, lab scale
WWTP, full scale

WWTP, pilot scale
WWTP, lab scale

MBR, pilot and lab scale
Anaerobic digester, lab scale

Constructed wetlands
Subsurface flow

Lab columns
Batch

WWTP, full scale
Subsurface flow
WWTP, full scale
MBR, lab scale

Subsurface flow

WWTP, full scale

WWTP, full scale

Subsurface flow constructed

wetlands

Subsurface flow

WWTP, full scale
MBR, pilot scale

Subsurface flow

Batch
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Table 2 continued

Compound Removal efficiency (%) System studied

Sunscreen agent

Tranquilizer

Diazepam

Meprobamate

X-ray contrast media

Adsorbable organic
iodine (surrogate)

Amidotrizoic acid

Diatrizoate

Tohexol

Iomeprol

Topamidol

Topromide

Totalamic acid

Toxithalamic acid

25'&0(1'&)7 20'z\0(lb)7 23uo(lc), Ouo(Z)
_530(1)’ 72\0(2)’ _521\0(3)7 2ao(4)’ <10bp
50 + 16™

82.2"™

47.6"™

37¢

Sou(l), ~60u(2)’ 011(3), ~60ac(1)’ ~30ac(2)
NDUD, 20v®| 57,343
02

8.0%¢(M 28 0%

0%, ND™

—73%

0%, 89"

>97%

94328 54 5%

0%, 89™, ND™

>97%

87.1%8) 33 32
17°, ND"*

>99

NDPD, ~61°@, —415, —32'@, _862'D), 0%, 83",

NDbt 2530(13) 030(2) _830(43) 50a0(4b)
_1230(1) 49a0(2) 4230(3) 4030(4)
22 £ 11"
>97%D 97 599"
100%™, 48.8%¢
33.0™
0%, ND"
Oﬂg(l)’ ]6’7‘dg(2)
NDbt

3-(4-methylbenzyl-  90™ WWTP, full scale
idene) camphor
Octyl-methoxy ~100™ WWTP, full scale
cinnamate
Octyl-triazone 74% WWTP, full scale
Oxybenzone 50 413m@) MBR, pilot scale
98.9°™ Batch
Surfactant component
Hexadecanoic acid 98¢ WWTP, full scale
Octadecanoic acid 98¢ WWTP, full scale

WWTP, full scale
WWTP, lab scale

Anaerobic digester, lab scale

Batch
Batch

Constructed wetlands

Subsurface flow
Lab columns
WWTP, full scale
Lab columns
WWTP, full scale
Subsurface flow
WWTP, full scale
Subsurface flow
Lab columns
WWTP, full scale
Subsurface flow
Lab columns
WWTP, full scale
Subsurface flow
WWTP, full scale

WWTP, lab scale

Anaerobic digester, lab scale

Subsurface flow
Lab columns
Batch

WWTP, full scale
Lab columns
WWTP, full scale
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Table 2 continued

Compound Removal efficiency (%) System studied
p-blocker
Acebutolol 47°0@ID | 6P 38¢b(2) 5()b(3) WWTP, full scale
Atenolol —433¢, 10°1, 55°®) 79 4 17°%D 73 4 9@ 1bd WWTP, full scale
<10bg’ 84bs’ 58cb(all)’ 63cb(l)’ 37cb(2)’ 77cb(3)
65.5% MBR, lab scale
33.5M0 36" SBR, lab scale
>93° Subsurface flow
28.7"1, 453" Batch
Celiprolol 36" WWTP, full scale
>91% Subsurface flow
Metoprolol —19%, 31 + 1122, 29 4 522@ <1010, <10P¢, 83", WWTP, full scale
65bs7 17cb(all)’ 34cb(l)’ 2cb(2)’ 34cb(3)
58.7% MBR, lab scale
>98° Subsurface flow
Propranolol 32¢, 28 4 2P, 35 4 303 96Pr, 65" WWTP, full scale
>86° Subsurface flow
Sotalol 26 + 790 27 £ 2P 48Ps ga@D 54b) 71eb@) - g7ebG) WWTP, full scale

>08"

Subsurface flow

Removal efficiency is not limited to biological mechanisms, but may also include physical and chemical processes such as sorption
and volatilization in addition to biotransformation. PPCPs are sorted by compound class and system studied as described in the
“Mechanics of this literature review” section. Superscript notation is explained in Table 3

ND indicates that no significant removal was reported

considered synonymous with complete biodegrada-
tion. If adequate controls for physical and chemical
removal mechanisms are in place, the loss of the
parent compound indicates biotransformation of an
unknown degree, and not necessarily mineralization.
Only monitoring for metabolites or end products of
mineralization can provide information about the
degree of biotransformation. In order to determine the
actual biodegradability of PPCPs, detailed biodegra-
dation studies, such as mineralization experiments
and biodegradation pathway studies, are necessary.

In this review, we discuss 4 methods for deter-
mining the biotransformation-influenced removal of
PPCPs, which are studies focusing on: (1) biotrans-
formation, (2) multiple removal mechanisms, (3)
laboratory-based simulations, (4) and computer-based
prediction tools.

Biotransformation studies

As shown in Table 1, the literature suggests that the
biodegradability = of  PPCPs  often eludes

generalizations at the levels of an individual com-
pound or PPCP class. This is, in part, due to only a
small number of studies focusing on certain PPCPs
and contradictory removals reported in the literature
for compounds so that a consensus cannot be reached
among many studies. PPCP categories whose under-
representation in Table 1 prevents meaningful
generalizations include anticonvulsants, barbituates,
calcium channel antagonists, H, blockers, lipid
regulators, smoking deterrents, surfactant compo-
nents, and X-ray contrast agents. Generalizations can
also be difficult for well-represented categories due to
the disparity of reported removal efficiencies for
PPCPs within the class. For instance, antibiotics
exhibit biotransformation-based removals ranging
from no removal for tetracycline in a batch study
(Kim et al. 2005) to 99 4+ 1% for sulfamethoxazole
in a pilot scale anaerobic digester (Carballa et al.
2006). Anticancer drugs studied do not exhibit any
removal trend either. Ifosfamide was reported to have
negligible removal in batch and lab scale WWTP
studies (Kiimmerer et al. 1997), whereas cytarabine
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Table 3 The superscript notations included in Tables 1 and 2 are explained with pertinent experimental details provided

Reference

System details and abbreviations

a  Andersen et al. (2003)

b Batt et al. (2006)

¢ Bendz et al. (2005)
d Bernhard et al. (2006)

e Bradley et al. (2007)

f  Baronti et al. (2000)
g Boyd et al. (2005)

h  Buser et al. (1999)

—-

Carballa et al. (2006)
Carballa et al. (2004)
Carballa et al. (2005)
Carballa et al. (2007a)

—_ e e

m Carballa et al. (2007b)

n  Carucci et al. (2006)

o  Castiglioni et al. (2006)

p Cira et al. (2006)

q Cirja et al. (2007)
r Clara et al. (2004)

s Clara et al. (2005a)

t Clara et al. (2005b)

WWTP: 24 h flow proportional, composite samples; system includes denitrification and nitrification
tanks

WWTP: 24 h flow proportional, composite samples,

(1 )

activated sludge, ““nitrifying activated sludge

Batch: 96 h incubation, 250 mg 17" of PPCP, Pnitrifying sludge inoculum, ®inhibited nitrifying
sludge inoculum

WWTP: 24 h flow proportional, composite samples
WWTP: 24 h time proportional, composite samples

MBR: Lab scale, operated in parallel to WWTP activated sludge process, 24 h time proportional,
composite samples

Batch: Sediments taken upstream of WWTP served as inocula:

(O)
(A)

oxic sediment inoculum, 3 river sediments, incubation time for caffeine was 32 d, for cotinine 72 d;
anoxic sediment inoculum, 3 river sediments, incubation time for caffeine was 52 d

Rivers water oxic inoculum: VSouth Platte River ®Fourmile Creek, @Boulder Creek; incubation
time for caffeine was 46 d

WWTP: 24 h flow proportional, composite samples, 5-month averages of overall removal from six
WWTPs

Lab column: Storm water inoculum, 5 mg 1! naproxen solution, unacclimated reactor of 30.5 ft of
tubing

WWTP: 24 h flow proportional samples, influent to biological stage and treated effluent sampled

Batch: WWTP influent inoculum and activated sludge, incubated for 8 h

Anaerobic digester: Pilot scale, mesophilic (M) and thermophilic (T) conditions, 4400 pg 1~' PPCP

WWTP: 24 h composite samples, removals from entire WWTP calculated

WWTP: 24 h samples, overall removal

WWTP: 24 h liquid samples, grab samples for sludge

Mdegradation in a WWTP calculated from actual concentration measurements in sludge and liquid
phases, @calculated from Ky in combination with liquid phase measurements

Anaerobic digester: Lab scale, continuously stirred, 4-400 pg 17! PPCP in influent, average removals
from thermophilic and mesophilic digesters

Batch: Inocula from PWWTP and PSBR activated sludge, aerobic, 4 h incubation, 2 mg 1=" drugs

(1)

SBR: Lab scale, inoculum from WWTP activated sludge, influent 2 mg 1! drugs, *’aerobic and

@anoxic/aerobic modes
WWTP: 24 h time proportional, composite samples

2)

Dywinter sampling of four WWTPs, @summer sampling of three WWTPs

MBR: Lab scale, '*C-labeled nonylphenol isomer (4-[1-ethyl-1,3-dimethylpentyl]phenol); percent
recovered as degradation products reported

MBR: Lab scale, % mineralization reported, 100 ug 1=' PPCP

WWTP: 24 h composite samples

MBR: Pilot scale, with ultrafiltration membrane, 24 h composite samples
MMay, PJuly, ®December sampling campaigns for both systems

WWTP: 24 h composite samples, four separate WWTPs with different SRTs: SRT = My d, 20,6 d,
@19 g, @48 d, 42 g, “P182 d, “9550 d;
WWTP: pilot scale, SRT = 22 d, @40 d, @82 d;
WWTP: lab scale, SRT = @10 d, @34 d, “68 d; SBR: lab scale, SRT = 2 d

WWTP: 24 h composite, time proportional samples;
OWWTP 1 (first sampling reported), ®WWTP 2, YWWTP 3

MBR: Pilot scale, first sampling reported; Removals calculated from mean influent and effluent values
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Table 3 continued

Reference

System details and abbreviations

aa

ab

ac

ad

ac

af

ag

ah

ai

Y

ak

al

am

an

ao

Drewes et al. (2001)

Drewes et al. (2002)

Drillia et al. (2005)
Ericson (2007)

Gobel et al. (2007)

Gomez et al. (2007)

Gonzalez et al. (2006)

Groning et al. (2007)

Grunheid et al. (2005)

Haif3 and Kiimmerer
(2006)

Heidler and Halden
(2007)
Heidler et al. (2006)

Hua et al. (2003)

Jones et al. (2007)
Joss et al. (2004)

Junker et al. (2006)

Kalsch (1999)

Kim et al. (2005)

Kim et al. (2007)
Kosjek et al. (2007)

Kreuzinger et al. (2004)

Constructed wetlands: Anaerobic, travel time less than 10 d;

Subsurface flow: Groundwater recharge field studies, water travel times M6-12 months and
@6-10 years in saturated, anoxic flow; ®aerobic conditions in vadose zone;

(1

Lab columns: Three columns, *’aerobic (water travel time = 3 d), @anoxic (16 d), and

®anaerobic (14 d)

Subsurface flow: Groundwater recharge, 2 h composite secondary effluent samples compared with
hydraulically corresponding groundwater samples

SBR: Lab scale, aerobic, PPCP concentration from 20-320 mg 17', activated sludge inoculum

Batch: Water/sediment studies, 100 d incubation, % detected as CO,, volatiles, and methane;
Maerobic, Panaerobic

WWTP: 24 h flow proportional, composite samples, two WWTPs with different temperatures (°C) and
SRTs (d): '9T = 14, SRT = 12, T = 12, SRT = 12, 99T = 16, SRT = 10, ®T = 19,
SRT = 25, ®®T = 12, SRT = 21; fixed-bed reactor FBRIT = 19, FBROT — 12: sand filters SFat
WWTP1, SF2 at WWTP2

WWTP: 24 h composite samples

MBR: Pilot scale, 24 h composite samples of effluent, grab samples of influent
Lab column: River water inoculum

Lab column: River sediment and river water, 3.5-3.7 uM PPCP

Subsurface flow: MBank filtration, short aerobic zone, then mostly anoxic and anaerobic, 4-5 month
recharge; @artificial recharge, aerobic, 50 d travel

Batch: Modified Zahn-Wellens test, 30 d incubation, 1.86 g 1! PPCP, sludge inoculum
WWTP: Lab scale, 0.14-1.44 mg 1~! PPCP
WWTP: Hourly and 24 h composite samples, digested sludge composite samples

WWTP: 24 h composite samples, grab samples of dewatered, digested sludge for mass balance;
Dremoval from aqueous phase, ?PPCP lost, likely by biotransformation

WWTP: Sampled every 2 weeks

Lab columns: Sieved sewage trickled through anoxic columns; M’segmented, 5-25 cm columns,

@125 ¢cm column

WWTP: Grab samples from every 6 h averaged for daily concentration

WWTP: 24 h flow proportional, composite samples, two WWTPs; !'® activated sludge removal at
WWTP1, "MBR removal at WWTP1, @Vactivated sludge removal of WWTP2, ®®fixed bed
reactor removal at WWTP2

WWTP: Lab scale, 28 pg 17" benzylpenicllin, 14 pg 17" ceftriaxone, and 30 pg 17" trimethoprim;
percent mineralization presented

Batch: Aerobic primary sludge inoculum, 1.5 nmol 1" diatrizoate or 1.85 nmol 1~" iopromide;
M54 1 incubation, % mineralized, aerobic, ®54 h incubation, % transformed, 2 week incubation,
% transformed, anaerobic

SBR: Lab scale, 250 pg 17'; 3 operating phases with varying HRT and SRT (d) ("HRT = 24,
SRT = 10, ®HRT = 7.4, SRT = 10, PHRT = 7.4, SRT = 3

Batch: 200 pg 17" PPCP, diluted sludge inoculum, ~ 20 d incubation, aerobic

MBR: Pilot scale, two types of modules; plate and frame type module, ®hollow-fiber type module

e))

WWTP: Pilot scale, two separate reactors, = reported standard deviation; reactor 1, 0.05 mg 1™

PPCPs, Preactor 2, 0.005 mg 1~! PPCPs
24 h composite samples, removal based on mass balance, SRT normalized to 20°C:
WWTP: 4 lab scale, (1 d, operated as SBR @5 d, @17 d, ¥35 d;
MBR: 1 pilot scale, '11 d, ™20 d, 941 d;
WWTP: 4 full scale, 1924 d, ™96, 19275 4, @0.7 d, ®23.6 d, “?0.3 d, “"9.6 d
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Table 3 continued

Reference

System details and abbreviations

ap Kiimmerer and
Al-Ahmad (1997)

aq Kiimmerer et al. (1997)

ar  Kupper et al. (2006)

as Kwon and Armbrust
(2006)

at  Layton et al. (2000)
au Lindqvist et al. (2005)
av  Massmann et al. (2006)

aw Matamoros and Bayona

(2006)
ax Matamoros et al.

(2008a)

ay Matamoros et al.
(2008b)

az Matamoros et al. (2007)
ba Maurer et al. (2007)

bb McAvoy et al. (2002)
bc Nakada et al. (2006)

bd Paxéus (2004)
be Peng et al. (2006)

bf Quintana et al. (2005)

bg Radjenovic et al. (2007)

bh Redshaw et al. (2008)

bi Rodriguez et al. (2003)
bj Sharvelle et al. (2008)

bk Simonich et al. (2002)

bl  Smook et al. (2008)

Batch: Inoculum from WWTP

Melosed bottle test, 40 d incubation, 4.5-9.02 mg 1~! PPCP; ®Modified Zahn-Wellens test,
175-1,660 mg 1! PPCP

WWTP: 1-2 h samples;
WWTP: Lab scale, 11.4 pg 17" drug, 56 d operation;

Batch: Modified Zahn-Wellens test, 42 d incubation, activated sludge inoculum, 4.3-160 mg 1!
PPCP

WWTP: 24 h flow proportional, composite samples, removals calculated from mean concentrations
from primary and secondary effluents

Batch: Activated sludge supernatant inoculum, 1 mg 1=' PPCP, 28 d incubation

Batch: 72 ug 17" PPCP, 24 h incubation, WWTP biosolids inoculum; % mineralization presented
WWTP: 24 h composite samples, range of removals from 7 WWTPs

Subsurface flow: Artificial recharge, travel time was from hours to <3 d, representing first few meters
of flow

Subsurface flow: Horizontal flow pilot constructed wetlands, daily grab samples, 1-25 pg 1= PPCPs;
{2027 m bed depth, May 2004, 0.27 m water depth, May 2005, ©0.27 m water depth, July
2005, ®»0.5 m water depth, May 2004, ®®bed with 0.5 m water depth, May 2005

Subsurface flow: Lab scale, horizontal subsurface flow constructed wetlands microcosms, 25 pg 17!
PPCP; (l)glucose added as carbon source, Pstarch added as carbon source

Constructed wetlands: Full scale, surface flow constructed wetland; WWTP secondary effluent was
wetland influent, HRT = ~ I month, VJune sampling, ®February sampling

Subsurface flow: Horizontal subsurface flow constructed wetlands, 2.5 mg 17" PPCP
WWTP: 24 h flow proportional, composite samples over 3 d, "WWTP 1, ®WWTP 2
WWTP: Overall removal from 5 WWTPs; @activated sludge, @ trickling filters

WWTP: 24 h composite samples of influent and secondary effluent; May 2002 samplings of 4
WWTPs; ranges across plants presented

WWTP: Average flow proportional samples from 5 WWTPs and grab samples from 1 WWTP, range
of means across WWTPs presented

WWTP: Grab samples from 2 WWTPs; removals during activated sludge treatment calculated,
combined values for both WWTPs presented

WWTP: 24 h composite samples from WWTP MBR, mean removals reported;

Batch: sludge inoculum, mean removals by transformation reported, 28 d incubation; M0 mg 1!
PPCP as sole carbon source, ¥5 mg 17" PPCP and 50 mg 17" milk

WWTP: 24 h time proportional composite samples, mean removals presented;
MBR: Lab scale, installed at WWTP, mean removals presented

Batch: (”liquid culture, 60 d incubation, agricultural biosolid-amended soil inoculum,
~ 192 mg 17! PPCP; @soil culture, >200 d incubation, 1.5 pg PPCP spiked into 15 g soil

WWTP: 24 h composite samples

Batch: Acclimated activated sludge inoculum, 93 h incubation, aerobic, 216 mg 17! PPCP in
Dmineral salts medium, @tryptic soy broth

WWTP: Composite samples of entire sampling period, averages for 17 WWTPs; Mlagoon, @primary
treatment and activated sludge, (S)primary treatment and carousel, “Yoxidation ditch, (S)primary
treatment and trickling filter, primary treatment and rotating biological contactor

WWTP: Aeration tank, time-proportional grab samples
WWTP: Pilot scale, grab samples, Manaerobic tank, Paerobic tank
MBR: Pilot scale, time-proportional grab samples
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Table 3 continued

Reference

System details and abbreviations

bm
bn

bo
bp
bq

br
bs

bt

bu
bv
bw
bx
by
bz

ca
cb

CcC

cd

ce

cf

cg

ch

ci

Snyder et al. (2004)
Stasinakis et al. (2007)

Stumpf et al. (1999)

Suarez et al. (2005)

Tauxe-Wuersch et al.
(2005)

Ternes (1998)
Ternes et al. (2007)

Ternes and Hirsch
(2000)

Ternes et al. (1999a)

Ternes et al. (1999b)

Thompson et al. (2005)

Trautwein et al. (2008)

Vader et al. (2000)
Vasskog et al. (2006)
Vieno et al. (2005)
Vieno et al. (2007)

Waltman et al. (2006)

Winkler et al. (2001)
Xu et al. (2007)

Ying et al. (2007)

Yu et al. (2006)

Zhou et al. (2006)

Zwiener and Frimmel
(2003)

Batch: 10-100 ng 1= PPCP, river water with biologically active sand, 5 d incubation
Batch: Aerobic, activated sludge inoculum, 1 mg 17! PPCP, 10 h incubation

Continuous flow aerobic reactors: Pacclimated sludge, 0.5 mg 17" PPCP, 24 d incubation,
@acclimated sludge, 2 mg 1=! PPCP, 48 d incubation, @unacclimated sludge, 1 mg 1-! PPCP, 10 d
incubation

WWTP: 24 h composite samples, (l)trickling filter, @activated sludge
WWTP: Lab scale, nitrifying-denitrifying plant

WWTP: 3 WWTPs, 24 h flow proportional, composite samples for OWWTP 1 and ®WWTP 2;
samples every 15 min for ®WWTP 3; ®winter 2003 sample, ®®summer 2003 sample,
9winter 2004

WWTP: Flow proportional composite samples taken over 5 periods of 6 d, mean removals reported
WWTP: 24 h flow proportional, composite samples; mean removals from 4 samplings reported;

Subsurface flow: Soil-aquifer passage, WWTP effluent and sludge irrigated onto soil, well water
sampled, data calculated from Well 1 presented, 12-15 m well depth

WWTP: Flow propotional composite influent and effluent samples

Batch: Aerobic, activated sludge inoculum; V1 pg ml™", incubation is 48 h for EE2, 24 h for
mestranol, @1 ng ml™! EE2, 24 h

WWTP: Composite influent and effluent samples; "German WWTP, ®”Brazilian WWTP aerator
tank, ®Brazilian WWTP biological filter

WWTPs: Grab samples from 3 WWTPs with three different biological processes, (l)rotating biological
contactors, Ptrickling filters, @activated sludge

Batch: VZahn-Wellens test, sludge inoculum, 76.75 mg 17! PPCP, 30 d incubation, ®Closed Bottle
test, 28 d incubation, 2.33 mg 1! PPCP, WWTP effluent inoculum

Batch: Nitrifying activated sludge inoculum, 6 d incubation, 50 pg 1~' PPCP

WWTP: 24 h flow proportional influent and effluent samples

WWTP: 24 h composite samples, removals calculated from means with all samples considered

WWTP: 24 h composite samples from 12 WWTPs; mean removals presented, 12 WWTPs® sorted by
process: Mactivated sludge process, Pdenitrifying processes, ditch oxidation processes

WWTP: 24 h cycle of 8 h composite grab samples from influent and effluent

Constructed wetlands: Pilot scale, same sampling as for WWTP

Rotating annular bioreactors: Lab scale, river water inoculum, 10-100 pg 1~! pPPCP

WWTP: Average overall removals for 4 WWTPs, 2 WWTPs sampled as time proportional grab
samples, 2 WWTPs sampled as 24 h composites

Batch: Agricultural soil, 1 mg kgfl PPCP, ®aerobic, 7 d incubation, “b)aerobic, 28 d incubation,
(99¢erobic, 70 d incubation, Panaerobic, 70 d incubation

WWTP: 24 h composite influent and effluent samples

Batch: Activated sludge inoculum, 50 d incubation, 1, 10, and 50 pg 1~! PPCP

Anaerobic baffled reactor: pilot scale, 1.0-3.2 mg 1! PPCP, HRT of M1.25 d and ®2.50 d;

Biofilm airlift suspension reactor: Pilot scale, 1.0-3.2 mg 17! PPCP, followed anaerobic baffled

reactor treatment, HRT = 12.5 d, previous anaerobic treatment time = M125d and ®2.5 d;

(1)

Batch: 3.5-4.6 mg 1! PPCP, inoculum from ditch near sewer, * ’anaerobic, 8 d incubation and

(2)aerobic, 10 h incubation

WWTP: Pilot scale, activated sludge inoculum, 10 pg 17" PPCP + 30 mg 17! acetone;

Lab column: Activated sludge inoculum, 10 pug 17" + 35 mg 17" acetone, Poxic, @anoxic
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had 80% and greater than 95% removal for two batch
conditions (Kiimmerer and Al-Ahmad 1997). In the
non-steroidal anti-inflammatory (NSAID) therapeutic
class, diclofenac showed no greater than 30%
removal while ibuprofen and ketoprofen both showed
greater than 99% removal in the same batch study
(Yu et al. 2006).

These widely varying removals within a therapeu-
tic class suggest that accurately predicting
biodegradability based on a PPCP’s intended function
may not be possible. This is not surprising as
compounds within the same PPCP class can have
vastly different chemical structures. For example,
anticonvulsant drugs have chemical structures as
diverse as branched chain carboxylic acids and
complex azepines. Kiimmerer and Al-Ahmad (1997)
considered that inherent differences in biodegradabil-
ity are due to chemical structures, pointing out that
the presence of sugar moieties on the compounds or
fluorination could make parent compounds more or
less biodegradable, respectively. Since biodegrada-
tion involves enzymatic reactions specific to
chemical structures, the biodegradability of PPCPs
with different structures grouped in the same thera-
peutic class is expected to vary, thwarting efforts to
observe general trends. In spite of these difficulties,
there is a noteworthy exception in the antiseptic
category. Antiseptic removals of greater than 70% in
the majority of studies found in Table 1 are surprising
due to the compounds’ intended function of harming
bacteria.

Describing biotransformation trends even just at
the compound level is further complicated by vastly
different reported removals for a single PPCP. One of
the potential explanations for the diversity of reported
values is that removal can denote different degrees of
biodegradation in two separate studies. This compli-
cation is demonstrated by the X-ray contrast agent
iopromide. A batch biodegradation study was mon-
itored for both loss and mineralization of the parent
compound. Biotransformation of 85% of the iopro-
mide was observed, whereas no mineralization was
detected (Kalsch 1999).

Reasons other than monitoring endpoint differ-
ences for discrepancies in removals of specific
compounds include differences in initial PPCP con-
centrations, primary substrate  concentrations,
incubation times, and microbial inoculum sources.
Initial  concentrations of PPCPs in these
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biotransformation studies can vary greatly from one
study to another. For example, a biodegradation study
with an initial concentration of more than 800 mg 1™
of anticancer drug 5-fluorouracil yielded a removal of
2% (Kimmerer and Al-Ahmad 1997), whereas a
study starting with 50 pg 17" or less of 5-fluorouracil
reported a removal of 50% (Yu et al. 2006). Com-
monly used Organization for Economic Co-operation
and Development (OECD) test guidelines tend to
require a high substrate concentration, while other
environmental experiments maintain a more oligo-
trophic level of usable substrates. These differences
in experimental design may dictate how the micro-
organisms are transforming the PPCPs. Studies using
PPCPs in high concentrations are supplying the
compound as the carbon and energy source for
microbes. Even when an alternative primary substrate
is added in low concentrations, PPCPs could poten-
tially serve as primary substrates for microorganisms.
Studies providing trace PPCP concentrations along
with higher concentrations of non-PPCP substrates
enable observation of how microbes use these
compounds through cometabolism. With lack of data
suggesting otherwise, the current assumption is that
at low environmentally relevant concentrations of
PPCPs, these micropollutants are degraded by micro-
bial enzymes through cometabolism (Ternes and Joss
2006). The difference in the utilization of PPCPs as
either a primary substrate or as a secondary substrate
degraded through cometabolism likely contributes to
the removal discrepancies observed between different
biodegradation studies. Another concern regarding
differences in concentrations is that increased PPCP
levels could inhibit biotransformation, perhaps
through toxicity to the microorganisms.

In addition to PPCP concentrations, the incubation
period of laboratory studies is also a potential reason
for removal differences. These times can be arbitrary,
and therefore the biotransformation results may be
experiment specific. In fact, the incubation time
varied widely in different studies shown in Table 1,
ranging from 4 h (Carucci et al. 2006) to 100 d
(Ericson 2007). A batch study examining the fate of
triclosan over time in soil showed biotransformation-
based removal increasing from 38%, to 83%, to 92%
as the incubation time increased from 7 d, to 28 d, to
70 d under aerobic conditions (Ying et al. 2007).

Biotransformation results could also depend on the
source and concentration of the inoculum. Prior
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exposure and adaptation of the microorganisms to the
PPCPs of interest could also affect removal efficien-
cies and lag times. Wastewaters from residential,
industrial, and medical sources will have vastly
different compositions, as will different environmen-
tal sources of inocula. For example, when studying
the biodegradation of the smoking deterrent cotinine,
three different river waters were used as the inocula
for batch studies. It was found that cotinine was not
removed with the first river’s water, yet was removed
approximately 100% by the second river’s water and
24% by the third river’s water (Bradley et al. 2007).
Batt et al. (2006) also demonstrated this phenomenon
when they found that the antibiotic trimethoprim was
biotransformed about 70% by conventional activated
sludge inoculum, but only about 25% by a nitrifying
sludge inoculum.

Overall, these biodegradation and biotransforma-
tion studies provide a good first step in understanding
the potential for biodegradation in the environment,
but one must proceed with caution in extrapolating
these results to understand the biodegradability of
these compounds outside of the laboratory, in natural
or engineered systems. The results shown in Table 1
provide a good overview of the potential biotrans-
formation of the studied PPCPs, but the results may
not be directly applicable to understanding PPCP fate
in full scale treatment systems or in the environment.

Studies with multiple removal mechanisms

Trends for therapeutic classes are no easier to identify
with biotransformation occurring in conjunction with
other removal mechanisms than they are with
biotransformation as the sole removal mechanism.
Vastly different removals were found within classes
and for individual compounds, as shown in Table 2.
Differences at the field scale level can be seen from
inspection of the entries for the antibiotic therapeutic
class. Within the class, lincomycin and spiramycin
showed no removal from WWTPs (Castiglioni et al.
2006), whereas sulfadiazine was shown to have
greater than 97% removal from a WWTP (Peng
et al. 2006). In addition to such wide variation of
removal efficiencies within a class, individual com-
pounds showed great disparity in eliminations as
well. The removal efficiency for the antibiotic
sulfamethoxazole during wastewater treatment in full

scale plants ranged from no removal (Bendz et al.
2005) to greater than 98% removal (Peng et al. 2006).

There were some individual PPCPs that had remark-
ably similar removals even in studies of different
systems. The analgesic acetaminophen had a removal
of greater than 95% as reported in 6 studies examining
full scale WWTPs, pilot and lab scale MBRs, and a
batch system. Caffeine, a stimulant, exhibited removals
greater than 80% in 6 studies that examined full scale
WWTP, pilot scale MBR, subsurface flow, and a batch
system. Conversely, the anticonvulsant carbamazepine,
notorious for its poor elimination, never showed
removal levels higher than 30% across 20 studies
examining lab and full scale subsurface flow, lab scale
SBR, lab scale anaerobic digester, pilot and lab scale
MBR, and full, pilot, and lab scale WWTP systems. It
should be noted that there were 3 studies that reported
slightly higher removals for batch, field scale subsur-
face flow, and constructed wetlands.

Aside from these three compounds behaving
similarly in various systems, many of the other
PPCPs do not. Several factors have been considered
to explain why removals vary within the same types
of systems. In field scale studies, the solids residence
time (SRT) and hydraulic residence time (HRT) have
been proposed as significant factors affecting PPCP
removal. Maurer et al. (2007) found that HRT and
reactor design were responsible for the variation they
observed in removal efficiencies from one WWTP to
another. Even though Gobel et al. (2007) found
comparable removals in a fixed bed reactor and an
activated sludge process that had vastly different
HRTs (<1 h and up to 31 h, respectively), they
suggested that this occurred because the lower HRT
of the fixed bed reactor was balanced by a higher
concentration of microbes. Another study taking
HRT into account assessed the effect of dilution of
WWTP influent by rain on PPCP elimination. A
decrease in removal efficiency of f-blockers was
found when the WWTP HRT was decreased to
accommodate the increased amount of water that
needed to be treated following a rainfall event (Vieno
et al. 2007). The SRT has also been proposed as a
significant factor in PPCP removal. One study
examined the effect of SRT on the removal of 20
PPCPs from full scale treatment systems in the
United States. Critical SRT values, or the SRTs
necessary for removal efficiencies of 80% or greater,
were determined for the compounds. Caffeine and
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oxybenzone, two compounds classified as consis-
tently exhibiting excellent removal, had critical SRTs
less than 5 d. On the other hand, PPCPs classified as
having poor removal, such as galaxolide and tris(2-
chloroethyl)phosphate, had critical SRTs greater than
15 d (Oppenheimer et al. 2007). Another study found
that in activated sludge systems, trimethoprim and
several macrolide antimicrobials showed removals up
to 50% when SRTs were 16 £+ 2 and 33 £+ 3 d, but
when the SRT was increased to 60-80 d, up to 90%
removal was observed (Gobel et al. 2007).

Another often-cited explanation for variability in
same-system studies is operating temperature.
Though some researchers found no difference in
compound removal based on incubation temperature
(Gobel et al. 2007), others did find that temperature
was responsible for differences in eliminations (Vi-
eno et al. 2005; Castiglioni et al. 2006). Castiglioni
et al. (2006) examined seasonal temperature varia-
tions and found that removal rates for total loads of
target compounds in the summer were 31%, versus
0% in the winter, even though individual compounds
could be classified into three categories of greater
removal in summer than in winter, comparable
removal in summer and winter, and negligible
removal regardless of season. The difference between
the winter temperature of 9.7°C and the summer
temperature of 18.6°C was considered responsible
because of its effect on microbial activity. These
findings are in agreement with observations at a
WWTP in Finland, in which the pharmaceuticals had
winter effluent concentrations that were 3-5 times
higher than concentrations found any other time of
year (Vieno et al. 2005).

In several studies, the concentrations of PPCPs
appear to increase during the treatment process, in
which case the values in the table are presented as
negative numbers. It is possible that systems operat-
ing in arid regions could experience an increase in the
concentration of PPCPs during treatment due to water
evaporation or that a sampling interval may not
accurately reflect the temporal variations in influent
and effluent concentrations. It has also been proposed
that influent PPCPs can be encased in fecal particles,
leading to an apparent increase in concentration
during treatment as the fecal particles are degraded
(Gobel et al. 2007). Another reason that has been
suggested is that PPCPs are entering the WWTP as
conjugates and are then cleaved during treatment,
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leading to an apparent increase in concentration of
the PPCP of interest when influent and effluent
concentrations are compared (Lindqvist et al. 2005;
Ternes 1998). These conjugates are formed during
the biotransformations involved in drug metabolism
in the body. If the parent compound is not polar
enough to be excreted by the body, its functional
groups can combine with substrates, such as amino
acid, acetic acid, sulfuric acid, or glucuronic acid.
The newly formed conjugate is more polar and
readily eliminated (Correia 2007). For example,
fenofibric acid and clofibric acid are excreted from
humans mostly in the form of glucuronides of their
metabolites. Throughout the compounds’ travel
through a water treatment system, the glucuronides
may be cleaved, resulting in an apparent increase in
the concentration of the PPCPs (Ternes 1998).

Field scale studies have provided valuable data on
the behavior of these compounds during biological
treatment, but the actual contribution from biotrans-
formation in these processes is seldom documented.
Thus, low removals in these systems signal the low
biodegradability of these compounds, while high
removal efficiencies cannot be definitively attributed
to biotransformation alone. Results from Table 2
serve as an indicator for the PPCP biotransformation
behavior, but it is important to consider the contri-
bution of other competing removal mechanisms. For
example, Heidler and Halden (2007) considered the
roles of volatilization, photodegradation, abiotic
hydrolysis, and other chemical transformations in
addition to biotransformation in the removal of
triclosan from a WWTP. After taking into account
the properties specific to triclosan, they determined
that biological transformation was the dominant
process responsible for loss of the antiseptic in their
mass balance, but they also found that 50 & 19% of
the influent triclosan mass accumulated in the WWTP
sludge. Kim et al. (2005) found that sorption was
responsible for removal of tetracycline during batch
and SBR studies and found no evidence of biodeg-
radation. They raised concerns about a sorbed drug
desorbing if environmental conditions change and
sorption had been the compound’s main removal
mechanism. A change in environmental conditions
did affect removal processes in a study by Thompson
et al. (2005) in which they observed that biodegra-
dation was responsible for the majority of triclosan
removal in WWTP processes when there were high
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dissolved oxygen levels. Yet in processes with lower
oxygen levels, sorption became the dominant
removal mechanism. The changing relative impor-
tance of competing removal mechanisms can
complicate reporting the role of biodegradation.

Laboratory-based simulations

To attempt to bridge the gap between the PPCP
removals shown to be due to biotransformation in
Table 1 and the removals reported in natural and
engineered treatment systems due to a combination of
processes in Table 2, researchers have conducted
laboratory studies involving laboratory scale treat-
ment simulations. For instance, laboratory columns
have been used to simulate soil passage (Drewes
et al. 2001; Hua et al. 2003), and lab scale WWTPs
have been used to examine the processes occurring in
their full-scale counterparts (Kreuzinger et al. 2004;
Clara et al. 2005a; Suarez et al. 2005; Junker et al.
2006). Laboratory scale simulated treatment studies
are included in both Tables 1 and 2, reporting
biotransformation removals and a combination of
biotransformation and other mechanisms, respec-
tively. By conducting these studies in the laboratory
and closely controlling experimental conditions,
researchers are able to use these simulated treatment
studies to gain insight into the behavior of PPCPs in
full scale treatment systems. These laboratory simu-
lated studies often determine parameter guidelines for
enhancement of PPCP removal through changes in
operational or environmental conditions. It has been
suggested that a prolonged SRT increases removal
efficiencies of PPCPs, as was demonstrated by Clara
et al. (2004), who reported SRT-dependent removal
of the NSAID diclofenac in a conventional activated
sludge WWTP and a laboratory scale MBR. The
effect of HRT on the antibiotic ampicillin’s removal
was studied in a pilot scale anaerobic baffled reactor
at steady state. Removal increased from 16.4% to
42.1% when HRT was increased from 1.25 to 2.50 d.
With the same HRT increase, the antibiotic aureo-
mycin had a removal increase from 25.9% to 31.3%
(Zhou et al. 2006). Redox conditions were also found
to be important for PPCP removal by Drewes et al.
(2001), who studied the removal of adsorbable
organo-iodine (AOI) in laboratory soil columns under
different redox conditions. They found that unsatu-
rated aerobic conditions did not lead to significant

biotransformation of AOI, saturated anoxic condi-
tions yielded removals of about 20%, and saturated
anaerobic conditions caused removals of 57.3%
(Drewes et al. 2001). Another laboratory scale study
provided insight into the actual biological removal of
sulfamethoxazole. In a lab scale SBR, cometabolism
of sulfamethoxazole with acetate was observed and it
was found that microorganisms may use the degraded
antibiotic as a nitrogen source (Drillia et al. 2005).

There are several reasons why laboratory scale
studies do not exactly match removals reported from
their full scale counterparts. Many of the reasons
cited in the above discussion for biotransformation
studies and multiple mechanisms apply to laboratory
scale treatment studies as well, such as the use of
arbitrarily chosen PPCP concentrations that can be
much higher than those encountered in treatment
systems and in the environment. These higher
concentrations facilitate analytical detection and
quantification, but they also have the potential to
induce toxic effects in the microbes present. Labo-
ratory and field scale studies can also vary markedly
in their incubation times for biodegradation. Batch
studies following OECD guidelines can have incu-
bations of 28 d, whereas full scale studies of a
conventional plug flow reactor in a WWTP, for
example, consider HRTs of 4-8 h and SRTs of 3—
15 d (Metcalf and Eddy, Inc. 2003). If the microor-
ganisms have a longer time during which they can
degrade the PPCPs, it is likely that differences in
removals will arise. In spite of the differences
between the two, lab scale studies provide valuable
insight into critical parameters for PPCP removal in
full scale systems.

Computer-based prediction tools

Though their predictions are not included in either
table, computer-based predictive tools are also used
to determine the potential biodegradability of PPCPs.
There are three general approaches to biodegradation
prediction modeling, which are regression analysis,
expert opinions, and artificial intelligence (AI) (Baker
et al. 2004). The regression models have been shown
to possess the highest utility and are currently being
adapted by the U.S. Environmental Protection
Agency as EPA BIOWIN predictive models, but Al
approaches have recently gained attention for their
potential to greatly improve prediction accuracy
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(Klopman and Tu 1997; Rorije et al. 1999; Baker
et al. 2004). The majority of current regression
models rely mainly on structure activity relationships,
in which statistical models (mostly regressions or
Bayesian statistics) are applied based on expert
knowledge regarding the biodegradability of organic
compounds according to their structures (Boethling
et al. 2004). Advances in the understanding of
structure-biodegradability relationships have pro-
vided valuable information regarding the
biodegradability of PPCPs. Tunkel et al. (2000) used
results from biodegradation tests of 884 organic
chemicals to develop structure-biodegradability rela-
tionships. They found that certain compounds,
including esters, nitriles, and aromatic alcohols, have
functional groups that usually increase a compound’s
biodegradability, whereas aromatic amines, iodide,
nitro, and azo groups tend to render a compound
more recalcitrant (Tunkel et al. 2000). Boethling
et al. (2004) have demonstrated the utility of the
computational model by predicting the readily bio-
degradable nature of 63 pharmaceuticals with
reasonable accuracy (83% and 87%) using BIOWIN
5 and 6 models. However, though current prediction
models have proven useful, inconsistencies between
different models and inaccuracies have been
observed. For example, Yu et al. (2006) have shown
that the BIOWIN 5 (MITI) models tend to under-
predict the likelihood of a PPCP being readily
biodegradable, predicting that only 4 of 18 com-
pounds would fit this designation. Conversely, the
BIOWIN 1 and 2 (BIODEG) models tend to over-
predict the likelihood of being readily biodegradable,
predicting 15 of 18 compounds would be in this
category. Advances in the understanding of structure-
biodegradability relationships have provided valuable
information regarding the biodegradability of PPCPs.
However, the predictions made by such relationships
are not always fully accurate when model outputs are
compared to batch study results (Tunkel et al. 2000;
Yu et al. 2006).

Research needs
Though the knowledge regarding the occurrence and
fate of PPCPs in the environment has increased

greatly in recent years, there are still gaps worthy of
further research. As seen in Tables 1 and 2,
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biodegradability cannot often be generalized or
predicted for therapeutic classes, individual PPCPs,
or the systems studied. Research in the following
areas will likely help elucidate further reasons why
variations in PPCP biodegradation exist.

Biodegradation pathways need to be further
developed to understand which byproducts are form-
ing and their potential for ecological and human
health impacts compared to the parent PPCPs. In a
study where only 4 of 52 compounds could be
detected after soil-aquifer treatment, Ternes et al.
(2007) cautioned that even though the parent com-
pounds were not detected, transformation products
may still be of concern due to their potential stability
or toxicity. Discrepancies between removals in stud-
ies measuring mineralization and those measuring
disappearance of parent compounds also emphasize
the need for metabolic pathways and breakdown
products to be examined. For example, <1% of
trimethoprim was mineralized in a lab scale WWTP
(Junker et al. 2006), yet in full scale studies looking
for the disappearance of the parent compound,
removal was found to be 69% (Ternes et al. 2007).

The microbial communities degrading PPCPs also
merit further research. Whether biodegradation of a
compound is carried out by one specific microbial
species or whether the process depends on the
interactions of an entire microbial community could
prove useful in removing PPCPs efficiently. Also of
interest would be investigating if a community needs
to adapt to the presence of a PPCP or if it is already
producing the enzymes needed to degrade the
micropollutants.

As discussed earlier, biodegradation is usually
only one of many removal processes possible. The
other mechanisms need to be further explored so that
a clearer understanding of the processes controlling
PPCP removal and the interactions of the various
mechanisms can be developed. For instance, sorption
has been designated a removal mechanism for many
compounds, but the degree to which sorption limits
PPCP bioavailability is poorly understood.

Synergistic interaction among multiple chemicals
is also an important issue that needs to be addressed.
PPCPs are not occurring individually in treatment
systems, but rather in mixtures whose known num-
bers of constituent PPCPs seem to be limited
currently only by what scientists are aiming to detect.
Synergism has great potential for impeding
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biodegradation through microbial toxicity. Kiimmer-
er and Al-Ahmad (1997) suggested that degradation
of compounds in hospital effluent was hindered due
to the synergistic effects of 5-fluorouracil and anti-
biotics. Synergistic interactions are also a concern for
human and environmental health.

Research in the above areas will help increase the
understanding of PPCP behavior in the environment.
This knowledge of PPCP fate will provide a better
indication of how much of a threat, if any, exists from
PPCPs in the environment and how biodegradation
can be better utilized to prevent or reduce PPCP
contamination of the environment.
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