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Special Topics: Pharmaceuticals in

Water |
Primary Literature (e.g., Westerhoff et al., 2005)

Boston Globe
T e e March 10, 2008; page 2 |

ovem wAEL L S ps st e
dismiissed assertions of an aver-
heating planet 2s 2 Sberal ruse.
. Phammcamfa]s found in US drinking water
Bagptist Comvention was amoag.
the signers. (4F) T The:
race quantities Faderal goverzment does-
MICHIGAN oou]dgndan EBLADBGESSING THE ISSUE Y sequine any testing and Best
= IZET Set safety Emits for drogs in waler.
P@ﬂ'tﬁlﬂgﬂ"s ildlife. b “We recognize it is a growing eoncern, and we're taking it S g e
firiend to confracts | WCHE, AUmans very seriously,” said Benjanin Grombles, assistant o M
DETRORT — Compasies beaded By Jeff Domn' administrator for water at the federal EPA. are present. |
-2 friend of Magor Ewarnc K- e e Of the 62 major water provid-
parrickwonmilisosofdolarsia. | NEW YORK — An array of Eamdom combinations of kow lev-  ficals or byproducts in treated  ers contaciod, the drivking waser
- B New ovis-  elsod icals, recemt  drinking medi- Bosten isamong.
‘secretiy consuited with the may. biotics, ancconvelsants, mood stz ville, Kx stadies, which have gone virtmally  cines for pam, infection, highcha-  the 54 that haven't been tesoed,

- bidding | biliess, —bave e unpoticed by the public, have lesterol, athoo, eplipey, meatal - alang with Baltimare, Chicaga,
strategics, fhe Detroit Free Press | been foend i o nesslts i oo buman  fliness, and beart problerss Sty Housoos, Miarsi, New Yook, and
eporied pesteriay Thepager il | segplies of ot least 41 millicn  ings, wniess pressed, the Associt- | celisand wikilie. ‘tharee pharmacesticals o byprod-  Phoenix.

45 *_For example, the head of 2 _ﬂq.n!-ewﬂlgila? shede that wabersheds, the nabural
reTicr. Fergreom, et andz. ‘The cuscentrations of these  group representing major Calfor-  seriously,” said Bezjamin H. @ Anticpilptic asd mutiamd-  soerces of most o the matioss wa-
icia i i, Tecas- “oes  (mbles, assistern administraor i lima  ter ssppi;
Christine Beatty denied wroog- “red in quantities of parss per bi- T riakis imvthe water-
doing. (AF) oa o trillion, S below the kvl h‘-’ﬂﬂﬁlm ‘Protection Agracy. ‘ter for 15.5 millioa people in  sheds of 35 of the 62 major provid-
wof 2 medical dose. And uilities in-  alarmed. ‘The Associated Press reviewsd  sowthemn California ers survered by the w
FLORIDA sist thather water s safe. When people take pils, thes  bundreds of scieatific rporis, an- W Bescenchers ot the US Geo-  Pressand.
Bat the prescace of 50 many  bodies ahearh some of themedica-  alyaed federal drinking water da-  Jogical Servey amalyoed 2 Passaic  detected i 15,
prescription drugs — and over-  tion, bat the rest of it passes  tabases, visited enviroemental ‘Valley Water Commission driak- Yet oficials in six of those 28
Tannch with new lab | ®ecoeter meticnes iz sce-  trough and is the  stndy siles, ing water tpeatment plant, which  metoopolitan aeas sad they did
aminophen and ivepoden — inso  tollet. The s treated e than 230 of- i northers. ir drimking v 1
CAFECANAVERAL — NASA muoch of our dricking wateris  befors & is Sischaveed imto reser-  Sicials, est: New ametabo-  ter: Fairfax, Va; Montgomery 1
cieared fhe space shratfle Endear. | Beighening wormies among scken-  oirs, rivers, o kekes. fhenatiens h ick the Couaty in Marglaed: Omaha; |
‘@er yestenday for laench easly. | tsts of lomg-term consexpences to Thea, some of the water is 2nd 2 doven other ood- i Okizhema City; ka Cl. |
= { * dieansed sgain 2 drinking water  mujor water providers, as well as i (Calif; and New York CHE.
Jepenesclaborsioryte I | I the course ofa Sve-mondh  toeatrment plams and pipeditocon- commimiy water provid @ AsexBormone wasdeterted  0F the 23 major metropelitas
‘serzational Space Statioa and inguiry, the AP discoversd that smmers. Bt most trestments ersinall 50 states. 1San| waler  arcas whepe tests wese performed
P bave beea the  potremove all drag residue. Here ane some of the key test ® The drinking water for  on drinking water supplies,
1 28ma researchers do mot yet and smoend- Austin, Texas: and
uaderstand the exact risks from ® Officials in Philadelphia sai] g asvas tested positive for six -~ Virginia Beach, Va_ said tests were.
predicted a 90 southera California to porthers  decades of Exposare to ‘negmtive.
pecert: chance that |
ﬂ]lg x;lrh:ﬂm of Sortification that they hope will the Department of Homelind Se-
FORT LAUDERDALE — A tour ‘cut dows o0 incarsions. - — - = curity seems willin to fSex s




EDCs and PPCPs

0 Why study these?
O Direct impacts on human health
® Maybe not the most important?

O Public perception

® Becoming a very sensitive issue

O Direct impacts on ecological health

® Well documented: feminization of fish, etc.
O Tracers of wastewater contamination
O Indicators & promoters of antibiotic resistance

O Precursors to more Hazardous DBPs

WW Tracers

O WW contributions: Near conservative PPCP tracers
O Primidone

O Others? Carbamazepine, caffeine, etc.

O Raw vs Treated: Chiral PPCPs
O Racemic mixtures that undergo enantioselective
biodegradation
O Analysis of enantiomeric fractions may permit discrimination
between raw and treated WW contributions
® Propranolol example: Fono & Sedlak, 2005 [ES&T]
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adapted by Daughton from Ternes (April 2000)

Primidone

Variability in Primidone Over Time and Space at Nogales WWTP
{Site 1) and in Santa Cruz River (Sites 2-10): 2 Sample Events
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o Krasner et al., 2006
o WQTC

% of South Platte River Flow Due to Treated Wastewater:
Flow-Based versus Primidone-Based
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Antibiotic Resistance

0 One of the most critical human health challenges of
the 215" century (WHO report)
a >1,000,000 Americans infected each year
O 14,000 deaths annually

o Cause: antibiotics are everywhere

O Up to 95% of antibiotics in US are excreted in an unaltered
state

a Over prescription in humans
O Heavy use in agriculture
O Result: Antibiotic resistant genes (ARGs) are ubiquitous
in the aquatic environment
O e.g., Pruden et al., 2006 [ES&T]

Precursors to NDMAZ2¢

NDMA (nitrosodimethylamine) LHa HOCI CHs
is a very potent probable
human carcinogen

Formation of NDMA from
chloramination of DMA DMCA
dimethylamine (DMA) NH3
O Not enough DMA to account for
anything much NH,CI
NDMA formation is much
higher in municipal WW than
in pristine natural waters CH;
Maijor precursor is not HN—N NH,CI

naturalee? CHy ————— ON—N\
CHs3

UDMH NDMA
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The Unnatural Precursor?e
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0 Ranitidine (Zantac)
O 63% conversion to NDMA
m Schmidt et al., 2006 [WQTC]
O Introduced in 1981, largest selling prescription drug by 1988

m Stomach ulcers and esophageal reflux
O Mean concentration of 3000 ng/L estimated for raw municipal WW

(national average)
m Sedlak 2005 AWWARF report
O 450 ng/L formation in raw WW expected
O Unknowns: how much does this persist in treatment and in the

environment?

NH

N"/

(o]

o

USGS Survey

[3e]
o 138 stream sampling sites
o Kolpin et al., 2002
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Removal by coagulation &

disinfection /oxidation
[

o Coagulation

O Generally no

m Nearly all EDCs and PPCPs are too small or too low in functional
group density to be susceptible

o Oxidation/Disinfection
O Yes to some

O Chlorination: primary amines and activated aromatics
(especially phenolics) and activated aliphatics

o Ozonation: Many aromatics; aliphatics if hydroxyl radicals
are formed

o Oxidation & Biofiltration
O Almost nothing is known

i

Ozonation
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Selected Compounds

EDC PhAC WW associated
17p-estradiol Atorvastatin or Nitrosodimethylamine
Gemfibrozil

Estriol Naproxen
Estrone Sulfamethoxazole

17a-ethinylestradiol

Trimethoprim

Perchlorate

Atenolol

Ranitidine

Primidone?

Beta-Blockers: Atenolol

A,
ST

o Atenolol is a representative of the group of Beta-blockers, for treating
cardiovascular disease.

O This particular drug has been in use since 1976.

OH

o Sedlak and co-workers (2005) estimate a nationwide average raw
municipal wastewater concentration of about 1500 ng/L.

O This compound is rather unreactive with free chlorine, as it lacks activated

aromatic structures as well as reactive nitrogen sites.
o It does not appear to have been tested for reaction with ozone

O May be used as an indicator of treated vs raw WW as propranolol was

by Fono & Sedlak
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Statins: Atorvastatin

15

O This compound is more commonly known as
Lipitor, and it is representative of a larger
group of cholesterol-reducing drugs called
statins.

o It does not appear to have been tested for
removal by coagulation or reaction with
either chlorine or ozone.

O Based on its structure, we would expect it to
be slightly reactive with ozone, but little
affected by the other treatments

Reproductive Hormones: 17b-estradiol, 17a-
ethinylestradiol, Estrone, Estriol

16

- PN
Fe UL

Estriol 17p-Estradiol  Ethynylestradiol Esteome

O Three of these four (17b-estradiol, Estrone, Estriol) are naturally occurring human
estrogens. Ethinylestradiol is the estrogen component of oral contraceptives.

O All four of these compounds have the fundamental steroid skeleton, with many similarities in
positioning of the functional groups.

o All of these compounds are rapidly destroyed by free chlorine

o (Westerhoff et al., 2005; Deborde et al., 2004). It's quite likely that the phenolic “A” ring
is the initial site of attack and the most reactive structure within each of these compounds.

O Reaction with chlorine should result in large fragments that are partially oxygenated
or even halogenated.

O Estradiol has been found to produce at least 7 daughter products that persist in treated
waters (Irmak et la., 2005; Hu et al., 2003)




Non-steroidal anti-inflammatory:
Naproxen

: OH
O
H3CO I I

0 Naproxen is a common arthritis treatment, intended to reduce
pain and inflammation.

O Its mean concentration in US wastewaters has been estimated to
be about 2400 ng/L (Sedlak et al., 2006). Limited occurrence
data has centered around 300 ng/L in US wastewaters

o It is quite reactive with ozone, and surprisingly reactive with
chlorine too.

0 Probably many daughter products

Sulfonamide Antibiotic:
Sulfamethoxazole

0 This antibiotic is a major component of Bactrim.

O Its median concentration in tfreated wastewaters has
been mesured at 1400 ng/L, a value quite close to its
nationwide estimated level of 3200 ng/L.

O This compound is moderately reactive with free
chlorine and ozone
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Bacteriostatic Antibiotic: Trimethoprim

19
NH,
OCH,

N
A
HN' N OCH,

OCH,

O This particular antibiotic is widely used for treatment or urinary

tract infections. It is also a member of the group of
dihydrofolate reductase inhibitors.

o It is quite prevalent in US wastewaters (500 ng/L median;
1500 ng/L estimated nationwide).

O It is extremely reactive with free chlorine, as would be

expected from its structure. It is quite likely that the molecule is

extensively degraded and oxidized by chlorine or ozone
treatments.

17p-Estradiol Ethynylestradiol  Estrone

W;” NX; - oH;
[ v 1 ”_i Chly
Joiare i alies

Andrestengdione  Progesterone  Testosterone

S ot
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Removal by Residual Disinfectants

Snyder et-al., 2007 [AwwaRF report]

Removal by Free Chlorine

Acetaminophen
Estradiol
N Estriol
S Estrone
A Ethynyestradiol
Triclosan
w
w 3
£ g Benzo(a)pyrene
c 2 Diclofenac
S 3 Oxybenzone
K]
<
O
>
o) X
— 2 Galaxolide Hydrocodone
O
s ¢
o
£
K Androstenedione
o | Atrazine g-BHC
% Caffeine Ibuprofen Erythromycin
§ | Corb lopromid P Gemfibrozil Musk Ketone
DDT Meprobamate Pentoxifylline torozl Naproxen
DEET Metolachlor Sulfamethoxazole
Dilantin Progesterone Trimethoprim
Fluorene TCEP
Fluoxetine Testosterone
<20% 20-50% 50-80% >80%

O Rates

O Pinkston & Sedlak, 2004

TABLE 2. Rate Constants for the Reaction of Pharmaceuticals and Model Compounds with Chlorine

k ke ks L) Kemons hail-life (min),
M) msT) m's M2s79) ™is) Hocyoc- #
Pharmaceuticals
acetaminophen 31x10°  70x10° <13 x 1077 52x10°
atenolol 17%x102 00x10° <30x102 6.3 % 10°
gemfibrozil 73x1077 42x10° <BOx10¢  93x10°
indometacine 6.7 x 10! 69x 100 <15x107 1.4 % 10°
metoprolol 17 %102 11x100 <3.0x1072 59 x 10°
nadolol 18x 107 13x 105 <4010 3.4x 10
naproxen 24x10° B8Ix1F <BOx10¢  33x10'
propranolol 75x10°  66x10° <30x10%  1.3x10'
Model Compounds
anisole 19x102  19% 10
butyl phenyl ether 25x 102 8.2x10¢
1-methoxynaphthalene 35%x10 ' 24x107
3-methylanisole 331077 12x10°
4-methylanisole 32x1072 47 x10°
1-phenoxy-2-propanal 1.4x102 25x10*
= The halfsives: were calculated assuming a total chiorine concentration of 10 mgiL and a pH value of 7.

halt-life (min),
'monochloramine®
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Aromatic EDCs
|

1000
O Rates
O Deborde et al., 2004
100
m Env. Sci Technol. g
38:5577 2
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pH
FIGURE 2. pH-dependence of the apparent-second-order rale constants of i liol, and estrone tion at 20
=+ 2 “C. Symbols represent measured data and lines represent the mode! calculations.
Aromatic EDCs (cont.)
L]
O Rates
O Deborde et al., 2004
TABLE 2. Second-Order Rate Constants C. for the ED Ck " (20 = 2 °C, 35120 pH Range)
compounds K (o) M 's ) ki (=0} W25 ke (20) (M1 s K (=) (M5
4-n-nonylphenol 3.02 (0.34) x107 3.02 (0.34) « 10¢ 1.31(0.13) 7.5(0.27) x 104
17a-ethinylestradiol 2.04 (0.16) = 108 2.04 (0.16) = 10° 4.33 (0.53) 3.52 (0.10) = 108
f-estradiol 224 (0.17) x 108 2.24 (0.17) = 105 3.78 (0.42) 3.64 (0.11) x 108
estrone 262 (0.18) x 109 2,62 (0.18) « 10° 3.74 (0.57) 4.15 (0.17) = 108
estriol 1.82 (0.15) = 108 1.82 (0.15) = 10° _ 4.82 (0.50) 3.56 F0,1 2}7 '71{73"
+ kl - — ..- " — S -
EDC + HOCI + H" — products s st e, B ST
Ranging from 0.1 to 1 mg/L
k tyz fmin}
EDC + HOCl —=— products et
foe chre e
‘compounds: M5 0imgl 0Smgl Tmgl
EDC™ + HOCI—— products = W e 4
14. 1
2 & &
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O To next lecture

CEE690K Lecture #10

David A. Reckhow
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