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Abstract

A newly developed analytical method was used to measure concentrations of nine pharmaceuticals and personal
care productdPPCP$ in samples from two surface water bodies, a sewage treatment plant effluent and various
stages of a drinking water treatment plant in Louisiana, USA, and from one surface water body, a drinking water
treatment plant and a pilot plant in Ontario, Canada. The analytical method provides for simultaneous extraction and
quantification of the following broad range of PPCPs and endocrine-disrupting chemicals: naproxen; ibuprofen;
estrone; 1B-estradiol; bisphenol A; clorophene; triclosan; fluoxetine; and clofibric acid. Naproxen was detected in
Louisiana sewage treatment plant effluent at 81-108 agd Louisiana and Ontario surface waters at 22—10/1. ng
Triclosan was detected in Louisiana sewage treatment plant effluent at 10-/21Qigthe three surface waters
sampled, clofibric acid was detected in Detroit River water at 103, ngut not in Mississippi River or Lake
Pontchartrain waters. None of the other target analytes were detected above their method detection limits. Based on
results at various stages of treatment, conventional drinking-water treatment pro@essgsdation, flocculation and
sedimentatioh plus continuous addition of powdered activated carbon at a dosage of I2idgiot remove naproxen
from Mississippi River waters. However, chlorination, ozonation and dual media filtration processes reduced the
concentration of naproxen below detection in Mississippi River and Detroit River waters and reduced clofibric acid
in Detroit River waters. Results of this study demonstrate that existing water treatment technologies can effectively
remove certain PPCPs. In addition, our study demonstrates the importance of obtaining data on removal mechanisms
and byproducts associated with PPCPs and other endocrine-disrupting chemicals in drinking water and sewage
treatment processes.
© 2003 Elsevier Science B.V. All rights reserved.
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Table 1
Target analytes

Name Trade name CAS# Purity  Stock Commercial use Chemical name
examples (%) concentration
(mg/D)
Clofibric acid NA 882-09-7 97.0 10.17 Metabolite of lipid  (2-Chlorophenoxy-2-methyl-
regulator propanoic acid
Naproxen Naprosyn, 22204-53-1 100.6  10.02 Anti-inflammatory, («.S)-6-Methoxy«-methyl-2-
Aleve analgesic naphthaleneacetic acid
Ibuprofen Advil, 15687-27-1 99.8 30.08 Anti-inflammatory a-Methyl-4-(2-methylpropy)
Motrin benzene-acetic acid
Acetaminophen Tylenol 103-90-2 >99.0 100.08 Analgesic N-(4-Hydroxyphenylacetamide
Caffeine Caffeine 58-08-2 >99.9 99.9 Stimulant 3,7-Dihydro-1,3,7-trimethyl-
1H-purine-2,6-dione
Fluoxetiné Prozac 54910-89-3 100.0 357.6 Antidepressant  N-Methyl-y-[4-(trifluoromethyl)
phenoxybenzenepropanamine
Clorophene Santophen 1 120-32-1 NA 5.08 Disinfectant 4-Chlofph2nylmethylphenol
Triclosan Ster-Zac 3380-34-5 97.0 5.06 Antibacterial, 5-Chlok@;2-dichlorophenoxy
disinfectant phenol
Bisphenol A Bisphenol A 80-05-7 >99.0 5.11 Plastics intermediate, ‘4(4-Methylethylideng
fungicide bisphenol
Estrone Estrol, 53-16-7 >99.0 10.14 Steroid 3-Hydroxyestra-1,818)-
Femidyn trien-17-one
17B-Estradiol Estrace, 50-28-2 >98.0 9.99 Steroid (17B)-Estra-1,3,610)-triene-
Estraderm 3,17-diol

All chemicals were obtained from Sigma Chemical Corporafish Louis, MO. Stock concentrations were prepared in dichlo-
romethane. NA, not available.
2Purchased as fluoxetine hydrochloride.

2002. Many of these compounds are suspected or cesses for specific PPCP compounds can vary in
potential endocrine-disrupting chemicals. Pharma- a sewage treatment plant, depending on the char-
ceuticals and personal care produdt@PCP3$ acteristics of the sewage, weather conditions, and
describe a large class of chemical contaminants the design and operation of the treatment processes
that can originate from human usage and excre- (Ternes, 1998; Johnson and Sumpter, 20Qpon
tions, and veterinary applications of a variety of discharge of treated sewage into a receiving water
products, such as over-the-counter and prescriptionbody, residual PPCPs can be diluted and blended
medications, and fungicides and disinfectants usedwith contaminants from other discharge points, as
for industrial, domestic, agricultural and livestock well as runoff and seepage. These same receiving
practices (Daughton and Ternes, 1999PPCPs  water bodies also can serve as drinking water
and their metabolites are continually introduced sources. Recent studies aimed at investigating
into aquatic environs and are prevalent at detecta- drinking-water treatment methods for PPCPs have
ble concentrationgKolpin et al., 2002, which demonstrated that conventional treatment processes
can affect water quality and ecosystem health and (coagulation, flocculation and sedimentaficare
potentially impact drinking water suppli€®Roefer not effective methods, but other treatment pro-
et al., 2000; Trussell, 2001 The long-term effects  cesses, such as oxidation with chlorine and ozone,
of continuous, low-level exposure to PPCPs and activated carbon and membrane filtration, can be

their metabolites are not well understo@@augh- effective in removing antibiotic¥Adams et al.,

ton and Ternes, 1999 2002 and other selected pharmaceutic@lernes
Effluents from sewage treatment plants contain et al., 2002.

a variety of PPCP$Daughton and Ternes, 1929 A list of target analytes representing a variety

Studies have shown that the transformation pro- of PPCPs was developed for this studiable 1.
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To date, there is no universally accepted method method was also used to analyze treated water
for the analysis of PPCPs in aquatic environs. samples from a sewage treatment plant in Louisi-
Several analytical approaches have been utilized,ana, several stages of drinking water treatment
including gas chromatograpfimass spectrometry  plants in Louisiana and Ontario, and a pilot drink-

(GC/MS), gas chromatographynass spectrome-
try/mass spectrometryGC/MS/MS), GC with

ing-water treatment plant in Ontario.

high-resolution mass spectrometry, liquid chroma- 2. Site selection and sampling

tography-ultraviolet detection(LC-UV), liquid
chromatographymass spectrometi§. C/MS) and
liquid chromatographymass spectrometfynass
spectrometry (LC/MS/MS) (Desbrow et al.,

Surface water samples were collected from the
Mississippi River in New Orleans, Louisiana dur-
ing September—November 20QEig. 1, Site #1).

1998; Barber et al., 2000; Lagana et al., 2000; The Mississippi River extends from northern Min-
Moder et al., 2000; Huang and Sedlak, 2001; nesota to the Gulf of Mexico and drains 41% of
Kolpin et al., 2002. The decision to use GC or the conterminous United States in an area where
LC is usually based on the physicochemical char- 27% of the population residés/eade, 1995 The
acteristics of the target analyte. Many PPCPs mean annual discharge of the lower Mississippi
contain polar functional groups afor are ther- River near New Orleans is 13 500%/s (Meade,
mally labile and do not lend themselves readily to 1996). The Mississippi River receives a variety of
GC analysis. Thus, most GC methods for polar organic wastes from urban areas, farms, factories
PPCPs must incorporate a derivatization step to and individual households. Approximately 70 US
overcome these limitations. LC is generally appli- cities rely on the Mississippi River as a source of
cable to more polar compounds, in contrast to GC. drinking water. Surface water samples were col-
The use of MS for detection in either case gives a lected from the Mississippi River at a site outside
second dimension of information, which can be of direct influence of discharge points of known
used to confirm the identity of the targeted com- private or municipal sewage treatment plants.
pound through its mass spectrum. Nonetheless, Surface water samples were also collected on
PPCPs include a broad range of molecules of the southern shore of Lake Pontchartréifg. 1,
differing polarity and functionality, and hence pose Site #2), which is located within the Lake Pont-
a significant analytical challenge. chartrain estuary in the central Gulf Coast region
The objective of this study was to develop a adjacent to New Orleans, Louisiana. Lake Pont-
method for gquantifying the concentration of a chartrain is influenced by riverine discharge28
target list of a variety of PPCPs in surface and m3/s) as well as stormwater drainage and fresh-
treated waters of Louisiana, USA and Ontario, water diversion from the Mississippi River through
Canada. This paper provides a method for analyz- the Bonnet Carre spillwayFlowers and Isphord-
ing the following diverse list of PPCP compounds ing, 1990; Argyrou et al., 1997 Lake Pontchar-
in natural and treated water samples: a metabolitetrain is not used as a municipal drinking water
(clofibric acid) of a lipid regulator; two analgesics source.
(naproxen and ibuprofen two steroids(estrone Sewage plant effluent samples were collected
and 1P-estradio); a chemical intermediate in the during February and March 2002 from the Jeffer-
synthesis of commercial productsisphenol A; son Parish East Bank Wastewater Treatment Plant
one disinfectant(cloropheng; an antibacterial  (Fig. 1, Site #3), which discharges treated sewage
additive (triclosan); and an antidepressatfiuox- effluent into the Mississippi River. The plant is
etine). The target list of PPCPs is inclusive of located in metropolitan New Orleans, Louisiana,
bisphenol A, an intermediate, due to its ubiquitous approximately 5 km west of the city line. The
nature and its endocrine-disrupting potential. The plant uses conventional secondary wastewater
method was used to determine concentrations of treatment and operates at an annual average flow
the target PPCPs in surface water samples fromof 125 000 ni/day. Treated sewage samples were
the Mississippi River and Lake Pontchartrain in collected prior to chlorination of the effluent
Louisiana, and the Detroit River in Ontario. The (STPJ), as shown inFig. 2a.
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Fig. 1. Sampling sites in greater New Orleans, Louisiana and Windsor, Ontario# $jtMississippi River, Louisiana; Sit#2,
Lake Pontchartrain, Louisiana; Si#3, Jefferson Parish East Bank Wastewater Treatment Plant, Louisian#4Sidefferson Parish
East Bank Water Treatment Plant, Louisiana; $it& A.H. Weeks Water Treatment Plant and ENWIN Pilot Plant, Ontario.

Water samples were collected from various stag-

(JPJ), after PAC addition and conventional treat-

es of the Jefferson Parish East Bank Water Treat- ment (JP2, and after chlorination, filtration and

ment Plant(Fig. 1, Site #4), which relies on the
Mississippi River as its source. The drinking water
treatment plant is located approximately 2.5 km
west of the New Orleans city line. The plant
operates at a maximum flow of 330 000° fday

storage(JP3, as shown irFig. 2b.

In Canada, water samples were collected in
January 2002 at the A.H. Weeks Water Treatment
Plant(Fig. 1, Site #5) in Windsor, Ontario, which
relies on the Detroit River as its source. The

and uses conventional treatment, which includes drinking water treatment plant operates at a max-

coagulation (alum and cationic polyelectrolyte
polymen, flocculation and sedimentation. The
treated water is disinfected by chlorination prior
to filtration, and chloramination prior to distribu-
tion (Fig. 2b). High-load organic pollutants are
removed from the raw water by adding powdered
activated carbon(PAC) at a concentration of 2
mg/l. Samples were collected at the plant inlet

imum flow of 227 000 ni/day and uses ozonation,
conventional treatmenfalum and Percol LT22 as
coagulant} and chlorination prior to distribution
(Fig. 2c). Samples were collected from the Detroit
River at the plant inlefWO1) and after treatment
at the plant outle WO2), as shown inFig. 2c.
Samples were also collected at the ENWIN Pilot
Plant (Fig. 2D), which was located at the same
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Fig. 2. Process flow diagrams for sewage and drinking water treatment plants in Louisiana and (@tardicates sampling
location). (a) Jefferson Parish East Bank Wastewater Treatment Plant, Loui§fégal, Site #3); (b) Jefferson Parish East Bank
Water Treatment Plant, Louisiar&ig. 1, Site #4); (c) A.H. Weeks Water Treatment Plant, Ontafigig. 1, Site #5); and (d)
ENWIN Pilot Plant, Ontaria(Fig. 1, Site #5).
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site as the A.H. Weeks Water Treatment Plant and solution(Decon Laboratories Inc, Bryn Mawr, BPA
used to test treatment processes for the Detroitand in hydrochloric acid2 N), and then ashing
River water sourc WO1). Water samples were at 450 °C. All laboratory materials were either
collected at the outlet of the pilot plant following made of glass or Teflon to avoid sample contami-
conventional treatment and dual media filtration nation. Teflon containers were cleaned in the same
(EN1) and at the outlet of a similar process train manner as glassware, but without ashing. Ultra-
preceded by ozonatiofEN2), as shown inFig. pure water was produced in the laboratory by
2d. filtering tap water through activated carbon, fol-
For all sites, a total 08 | was collected as grab  lowed by a mixed-bed deionization tank and ultra-
samples using pre-cleaned 4-1 amber glass contain-filtration membrane system, and then ultraviolet
ers. Louisiana samples were stored on ice during light exposure(US Filter, Modulab UFUV, CA,
transport to the laboratory and were processed USA). Analysis of ultra-pure water used for spiked
within 7 days. Samples collected from the Cana- recovery experiments and method blanks showed
dian plants were acidified prior to shipping and low-level background contamination with bisphen-
were analyzed immediately upon arrival at Tulane ol A. Once this was determined, the procedure
University. A method blank using ultra-pure lab- was modified to include further purification of the
oratory water further purified by passing through ultra-pure water by passing it through a SPE disk.
a SPE disk prior to usesee belowwas performed  All solvents were GC grade.
for each batch of samples collected from the
sewage and drinking water treatment plants. 3.1. Solid-phase extraction

3. Analytical methods The targeted PPCP compounds were isolated
from water samples by solid-phase extraction using

A relative response factdiRRF) standard solu- a polar SDB-XC Empore disk3M Corporation,
tion of all reference standards was prepared in St. Paul, MN. Surface water samples, sewage
dichloromethand DCM) and methanol, with con-  treatment plant effluent samples and untreated
centrations of each analyte ranging between 5 anddrinking water treatment plant samples were
100 mg/l. The RRF standard consisted of the pumped through 1.0- and O@2m glass fiber filters
compounds summarized ifable 1(except fluox- (47 mm in diameter, Millipore Corporation, Bed-
etine hydrochloride, which was prepared separate-ford, MA) to remove particulate matter prior to
ly) and three deuterated surrogate compoundssolid-phase extraction. Pre-filtration was not nec-
(bisphenol A-d, , estrone,d and acetaminophen- essary for water samples collected at the outlet of
d,). Fluoxetine was not as stable as our other the drinking water treatment plants. Extraction
target analytes; therefore, fluoxetine standards weredisks were pre-conditioned with 50 ml of metha-
prepared from the solid material just prior to use. nol, 50 ml of DCM, 50 ml of methanol and 10 ml
The surrogate standard was prepared in DCM at of ultra-pure water. If samples were not previously
concentrations between 5 and 100 fhgrior to acidified, the pH was adjusted te2.0 using 12
adding it to the RRF standard. Phenanthrepge-d N HCI prior to spiking with the surrogate standard
(99.3% purity, AccuStandard Inc, New Haven, (0.5 ml/l sample. Samples were then drawn
CT) was chosen as the internal standard, since it through the extraction disks using vacuum aspira-
was not affected by the derivatization step in the tion at an approximate flow rate of 100 pnhin.
analytical procedure, as discussed below. Phenan-The disks were then air-dried and the targeted
threne-d, was prepared in DCM at a concentration compounds were extracted from the disks by elut-
of 495.4 mg| and added to the sample after the ing with 50 ml of methanol, 50 ml of DCM and
final concentration step and after derivatization. 50 ml of methanol. The extracts were concentrated

Sampling bottles and all glassware used for to an approximate volume of 1 ml using a
sample collection and preparation were cleaned by RapidVa® with mild heat50 °C) and a gentle
washing with soap, soaking in a 5% Contrad stream of nitrogen gas.
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The concentrated organic extracts were passeded no response to derivatization. Estrone was

through a column containing 3 g of pre-washed
silica gel to remove dissolved interfering com-
pounds (e.g. humic acids from some samples.

The silica gel was then washed with three bed
volumes each of DCM and methanol. This clean-

up step was added to the analytical procedure after

a method revision in the course of this research,
and therefore was not applied to all samples. The
silica gel-treated samples were carefully evaporat-
ed to a volume of 1 ml under the same conditions
described previously.

3.2. Derivatization

Derivatization was used to enhance the thermal
stability of clofibric acid, which thermally degrad-
ed in the GC injection port, and reduce the polarity
of specific target analytelofibric acid, ibuprofen
and naproxento facilitate GC analysis. Given the
sensitivity of the derivatization reagenV,0-
bis(trimethylsilyl)-triflouroacetamide in the pres-
ence of trimethylchlorosilane; BSTFA; Supelco
Inc, Bellefonte, PA to moisture, and because
Na,SQ, was not effective at removing traces of
water dissolved in methanol, all samples were
placed in GC autosampler vials and completely
dried under a stream of N prior to derivatization.
Derivatization was achieved by dissolving the
dried sample residue in 1 ml of BSTFA reagent
mixture. The closed vial was then heated at’80
for 20 min. Finally, 10ul of the internal standard
(phenanthrenesg) was added to the sample prior
to instrumental analysis.

For the RRF and instrument detection limit
experiments, the working standards were carefully
dried, dissolved in the BSTFA reagent mixture and
derivatized as described here. A 1-ml aliquot of

derivatized to 84.7% completion. All other analy-
tes were derivatized to 100% completion.

3.3. GC/MS conditions

Samples were analyzed by GKIS (Agilent
6890 GC and 5972 MSpunder the following
conditions. Splitless 2l injections were made
onto a DB-5MS columr(25 m with 0.25pm film
thickness and 0.25 mm ixat a constant flow
rate of 1 m{min. The GC oven was operated from
100 °C (0-min hold at 5°C/min to 165°C (5-
min hold), then at 2°C/min to 175 °C (0-min
hold) and at 10°C/min to 320°C (5-min hold
for a total run time of 42.5 min. The injector and
detector temperatures were 230 and 30D,
respectively. The MS was operated #El mode
using selected ion monitorin@IM) for sensitivity.
Table 2summarizes the SIM conditions.

3.4. Quantification

Quantification of the targeted PPCP compounds
was conducted by comparing peak areas of the
most intensive ion of each compound with that of
the internal standard. Compound identification was
confirmed by GC retention time and qualifier ions
(usually molecular ion and one or two fragment
ions) as shown inTable 2 Baseline interference
was observed at or near the retention time of
estrone. As part of the method development, ion
ratios were monitored, enabling discrimination
between interference and the proper response for
estrone. In addition, qualifier ions were re-evalu-
ated for the steroid compounds as compared to
methods employed by the authors in previous

known concentration was prepared for each target research(Boyd and Grimm, 2001 Before each

compound and analyzed by GEIS. This same

sequence of samples, response factors were calcu-

sample was then dried and derivatized as describedlated separately from the analysis of the RRF and

previously. The derivatized sample was analyzed
by GC/MS and the chromatogram was checked
for both the non-derivatized and derivatized forms
of the analyte. If the derivatization was incomplete,

its dilutions, 1:10, 1:20 and 1:200.

Fig. 3a shows the GEZMS chromatogram of the
RRF stock solution containing the target com-
pounds. Fig. 3 shows the chromatogram of a

the percentage completion was determined by sample collected from the inlet of Jefferson Parish
comparing the peak areas. Caffeine and fluoxetine, East Bank Water Treatment Plant representing raw
lacking the appropriate functional groups, exhibit- Mississippi River watefFig. 2b, JPJ. It identifies
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Table 2

Selected ion monitoringSIM) program for targeted and standard analytes

SIM Type Name Molecular Retention Target Qualifier ion
group weight time(min) ion 1 2

1 TGT Clofibric acid—TMS 286 17.66 128 143 286
1 TGT Ibuprofen-TMS 278 19.61 263 278 234
2 SS Acetaminophen-d —TMS 227 ND 227 — —

2 Ss Acetaminophen-g ~TM&) 299 19.79 284 299 -

2 TGT Acetaminophen—-TMR) 295 19.83 280 295 206
3 IS Phenanthrened 188 26.11 188 160 -

3 TGT Caffeine 194 27.30 194 109 -

3 TGT Fluoxetine 309 ND 309 104 -

4 TGT Clorophene—-TMS 290 28.39 290 292 275
4 TGT Naproxen—TMS 302 30.77 243 302 185
5 TGT Triclosan—-TMS 360 31.33 200 360 362
6 SS Bisphenol A-dg 244 ND 226 - -

6 SS Bisphenol A-ds —~TM$1) 315 ND 315 - -

6 Ss Bisphenol A-d, ~TM$2) 386 32.08 368 386 -

6 TGT Bisphenol A-TM$2) 372 32.17 357 372 -

7 SS Estrone-d —TMS 346 36.21 346 220 -

7 TGT Estrone-TMS 342 36.21 342 327 257
7 TGT Estrone-d 274 ND 274 - -

8 TGT 17-Estradiol-TM%2) 416 36.43 416 285 -

IS, internal standard; ND, not detected; SS, surrogate standard; TGT; targeted analyte; TMS, Trimethylsilyl derivative. Note that
(1) or (2) after TMS refers to the mono- or di-derivative, respectively.

the response of the target ion and two qualifier pilot plant. As such, sample matrices were diverse

ions of naproxen. and surrogate standards were added to samples to
monitor matrix effects. Spiked recoveries were
3.5. Limits of detection and determination measured for each compound, including surrogates

using ultra-pure laboratory water. Three 1-1 labor-
The instrument detection limits for all com- atory samples were spiked with 1 ml each of a
pounds were determined by serial dilution of the RRF and a fluoxetine standard. The spiked samples
RRF and fluoxetine standard solutions. The diluted were extracted and analyzed using solid-phase
solutions were prepared by weighing a known extraction, derivatization and G®S as described
amount of working standard into an autosampler previously. Results were compared to non-extract-
crimp-top vial and adding a known mass of BSTFA ed RRF and fluoxetine standard solutions. For
derivatization reagent and a known amount of gquantification, the samples and the standard solu-
internal standard. In this way, the injected mass of tion were spiked with 10l of the internal
each compound could be calculated. Instrument standard.

detection limits are reported ifable 3 Recoveries for most compounds were greater
than 47%. Exceptions were acetaminophen and
3.6. Recoveries caffeine. Acetaminophen was repeatedly not

detected, whereas caffeine exhibited low recovery

Natural water samples were collected from three (2.8%). These low recoveries were attributed to
surface water bodies, and treated water samplesincomplete retention of these compounds on the
were collected from the effluent of a sewage extraction disk. Recovery rates for the surrogate
treatment plant and various stages of treatmentcompounds bisphenol A;gd and estrone-d were
from two drinking water treatment plants and a greater than 95%. The recovery rate for acetamin-
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Fig. 3. GGUMS chromatograms{a) relative response factor standard containing all target compoiexaept fluoxetine and chlo-
ropheng; (b) inlet sample(JPD for Jefferson Parish East Bank Water Treatment P(&ite #4, Fig. 1).

ophen-d could not be determined, as (LS od detection limits for the target compounds are
analysis repeatedly showed non-detection for this summarized infable 3

compound. Acetaminophen and caffeine were In contrast to spiked recovery experiments with
therefore not included in the final list of target ultra-pure water, for which the recovery was great-
analytes for this method. Recovery rates and meth-er than 95% for estrone;d and bisphenol A-d ,
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recoveries of deuterated compounds were slightly Table 4 _ N
decreased in most surface water samples, whichPPCPs in surface waters in Louisiana

W_as attributed t_O the presence of high I_Oads of PPCP compound Concentration in surface water
dissolved organic matter and other matrix com- (ng/l)

plexities. Samples collected from the Louisiana

.. . Mississippi Lake
sewage treatment plant and f[he Louisiana dnnlg_ng— River Pontchartrain
water treatment plant were filtered through a silica —
gel column to remove dissolved organic matter. Clofibric acid ND— ND  ND  ND
This clean-up step was not applied to samples 2Profen ND ND ND ND
p step app _Samples g 5yetine ND ND ND ND

from the Canadian plants and it had no significant cjorophene ND ND ND ND
effect on recovery of the target analytes. Water Naproxen 37 39 107 22
samples that were disinfected with chlorine at the Triclosan ND ND ND ND
drinking water treatment plants were quenched Bisphenol A NQ  NQ  NQ  NQ
with 40-50 mgl of sodium sulfite to avoid S o® ND ND - ND- ND

_ _ . ; 178-Estradiol ND ND ND ND
reaction of chlorine residuals with the surrogate Bisohenol Ad. (%)
standard compounds. Samples that were stored inE'St'? oo (O/'C)i:( ) 680 750 670  67.0
the refrigerator for several days exhibited improved C°tone-d % 1034 1194 883 1246

. . Acetaminophen-gd(%)?
surrogate standard recovery, which was attributed cetaminophen-g(%)*  ND ND ND ND

to the dissipation of free chlorine prior to sample  Samples were collected from the shores of the Mississippi
analysis. River (Fig. 1, Site #1) and from the shores of Lake Pont-
chartrain (Fig. 1, Site #2). No silica gel cleanup was used

. . during sample preparation. ND, not detectete MDLs in
4. Results and discussion Table 3; NQ, not quantified.

@ Percentage recovery of surrogate standard.

Sampling results for the nine targeted PPCP
compounds are summarized Table 4 Tables 5—

Table 3
Detection limits and percentage recovery

IDL Completion of Method development Revised method
(ng/) ?(ir)'vat'zat'on MDL Recovery  RS.D.  MDL Recovery  R.S.D.
> (ng/N (%) (%) (ng/N (%) (%)

Clofibric acid 3 100 0.6 60.8 12.6 0.8 44.2 26.5
Ibuprofen 13 100 35 47.1 26.9 2.6 63.0 12.3
Acetaminophen 45 100 ND ND ND ND ND ND
Caffeine 24 0 107.1 2.8 3.6 319.3 0.9 1.1
Fluoxetine 178 0 25.8 86.1 7 254 87.7 -
Chlorophene 0.6 100 0.1 71.7 5.9 0.1 168.9 -
Naproxen 3 100 0.4 87.9 2.8 0.4 102.9 17.8
Triclosan 1 100 0.2 53.8 24 0.2 60.1 22.8
Bisphenol A 0.6 100 0.1 99.7 3.5 0.1 95.6 39.5
Estrone 3 84.7 0.4 91.9 5.1 0.3 130.3 22.3
17B-Estradiol 1 100 0.1 90.5 9.1 0.1 117.6 14.8

Method development does not include silica gel clean-up. Revised method includes silica gel clean-up. Completion of derivati-
zation was based on comparison of underivatized peak area and derivatized peak area. IDL, instrument detection limit; MDL, method
detection limit; ND, not detected; R.S.D., relative standard deviation. MDL was based qul ajection from a 1-ml extract of
an 8-1 sample. Percentage recovery is based on non-extracted RRF and fluoxetine standard.

2Due to fast degradation of this compound, the value of only one sample was considered.

b Assumed completion. Underivatized ibuprofen did not elute from the GC.
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Table 5

) _ o 4.1. Surface waters
PPCPs in sewage treatment plant effluent in Louisiana

PPCP compound Concentration at STP1 Results for Louisiana and Ontario surface waters
(ng/) are shown inTables 4, 6 and .7/Naproxen, which
Clofibric acid ND ND is @ common prescription pain reliever, was detect-
lbuprofen ND ND ed in Mississippi Rive(Table 4and JP1 inTable
Fluoxetine ND ND 6), Lake PontchartraiiTable 4 and Detroit River
Cloraphene ND ND  (WO1 in Table 7 waters at concentrations ranging
Naproxen 106 81 from 22 to 107 ngl. These observations are
Triclosan 21 10 s o :
Bisphenol A ND ND similar to findings reported bffernes(1998 and
Estrone ND ND Ternes et al.(1999 for German, Canadian and
173-Estradiol ND ND Brazilian surface waters. Clofibric acid, which is
Bisphenol A-d, (%) 13.6 13.9 a metabolite of the lipid regulator clofibrat@as
Estrone-d (%) 52.6 28.9 one of several in this clays was detected in
Acetaminophen-g(%)* 1.1 1.2 Detroit River water(WO1 in Table 7 at a con-

Samples were collected at the Jefferson Parish East Bank centration of 103 ng, similar to findings for
Wastewater Treatment Plafffig. 1, Site #3). Sampling loca- European surface wate(Stan et al., 1994; Stumpf
tion is shown inFig. 2a. Sample preparation included silica et al., 1996; Ternes, 1998; Daughton and Ternes,
gel clean-up. ND, not detectddee MDLs inTable 3. 1999. The absence of clofibric acid in Mississippi

* Percentage recovery of surrogate standard. River and Lake Pontchartrain waters could be

attributed to the declining use of clofibrate in the
7. Results are discussed with regard to occurrenceUnited StateWHO, 1996.
of these nine compounds in surface waters in 17B-Estradiol was observed to be below the
Louisiana and Ontario, in the effluent of a sewage method detection limi{Table 3 of 0.1 ng/l for
treatment plant, and during various stages of all samples collected from surface waters. Other
removal by drinking water treatment processes. investigators have reported A-&stradiol in surface

Table 6
PPCPs at Jefferson Parish East Bank drinking water treatment plant in Louisiana, USA
PPCP compound Concentration at water treatment pldng/1)

Mississippi R.(JP) Precipitator(JP2 Finished wate(JP3
Clofibric acid ND ND ND ND ND ND
Ibuprofen ND ND ND ND ND ND
Fluoxetine ND ND ND ND ND ND
Clorophene ND ND ND ND ND ND
Naproxen 64 65 63 68 ND ND
Triclosan ND ND ND ND ND ND
Bisphenol A NQ NQ NQ NQ NQ ND
Estrone ND ND ND ND ND ND
17B-Estradiol ND ND ND ND ND ND
Bisphenol A-d, (%)? 62.8 65.2 46.0 81.3 94.9 18.6
Estrone-d (%)° 130.1 68.3 118.1 99.3 106.7 17.7
Acetaminophen-g(%)* 0.2 0.2 0.2 ND 0.1 ND

Samples were collected at Jefferson Parish East Bank Water Treatment Plant in LouisianéFigSK Site #4). Sampling
locations at the plant are shown fiig. 2b. ND, not detectedsee MDLs inTable 3; NQ, not quantified.
aPercent recovery of surrogate standard. Sample preparation included silica gel clean-up.
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Table 7
PPCPs at drinking water treatment plant and pilot plant in Ontario, Canada

PPCP compound Concentration at water treatment plang/1)

Full-scale plant ENWIN pilot plant

Detroit R. water Finished water Filter EN1) Filter 2 (EN2)

(Woy (W02
Clofibric acid 103 ND ND ND
Ibuprofen ND ND ND ND
Fluoxetine ND ND ND ND
Clorophene ND ND ND ND
Naproxen 63 ND ND ND
Triclosan ND ND ND ND
Bisphenol A NQ NQ NQ NQ
Estrone ND ND ND ND
17B-Estradiol ND ND ND ND
Bisphenol A-d, (%)? 66.7 93.6 80.2 91.5
Estrone-d (%)* 77.2 90.7 82.1 74.6
Acetaminophen-d(%)? ND 0.2 ND ND

Samples were collected at the A.H. Weeks Water Treatment Plant and ENWIN pilot plant in Ontario, CéigadaSite #5).
Sampling locations are shown Fig. 2c,d. Sample preparation did not include silica gel clean-up. ND, not detéstedMDLs in
Table 3. NQ, not quantified.

2Percentage recovery of surrogate standard.

waters at concentrations ranging from 0.2 to 2.6 indicate naproxen at concentrations of 81 and 106
ng/l (Snyder et al., 1999; Ternes et al., 1999 ng/I. This sewage treatment plant discharges efflu-
More data are therefore needed to determine theent into the Mississippi River and these naproxen
occurrence of 1g-estradiol and other PPCPs at concentrations are approximately 2.5-fold greater
lower concentrations in Louisiana and Ontario than naproxen detected in Mississippi River water.
surface waters. Other investigator{Ternes, 1998; Stumpf et al.,

Ibuprofen, fluoxetine, triclosan, estrone and 1999) have reported similar findings for naproxen
17B-estradiol were not detectable in Mississippi i, wastewater effluent, ranging from 20 to 520
River surface waters in our analyses. This obser- /| Results of this study also indicate triclosan
vation is consistent with another study, which used ;"¢ | guisiana sewage treatment plant effluent
multiple analytical techniques to determine PPCP at concentrations ranging from 10 to 21 /ihg
target analyteSBarnes et al., 2002 Detectable Triclosan is added as an antibacterial agent to

but non-quantifiable levels of bisphenol A were detergents and it has been reported in sewage

found in several of our Mississippi River samples. treatment plant effluents at concentrations up to
In contrast, Barnes et al.(2002 were able to P P

detect bisphenol A at a concentration of 60/hg 650 ng'l (Paxeus, 1996; Lindstrom et al., 2002
in their analysis of Mississippi River surface For this study, samples were collected prior to
waters. These contrasting results suggest a need tehlorination of the effluent at the sewage treatment
include bisphenol A as a target analyte in natural plant. As such, results from this study do not
water samples. necessarily indicate the quality of the final treated
water as discharged into the Mississippi River.
Results from this Tulane study also indicate that
Results for samples collected from the effluent no other targeted PPCPs were detected in the
of the Louisiana sewage treatment pl&fable 9 effluent from the sewage treatment plant.

4.2. Sewage treatment plant effluent
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4.3. Drinking water treatment processes

Samples collected at the inlet of the drinking
water treatment plants in LouisiafdP1 inTable
6) and Ontario (WO1 in Table 7 contained
naproxen at concentrations ranging from 63 to 65
ng/l. Samples collected at the precipitator of the
Louisiana plan{JP2 inTable 6 exhibited naprox-
en concentrations of 63—68 fig which indicates

that the conventional treatment processes and 2-

mg/| PAC addition do not remove naproxen from
Mississippi River water.Adams et al. (2002
reported no significant removal of selected antibi-
otics with alum or ferric salt coagulation. Similarly,
Ternes et al(2002 reported no significant elimi-
nation of selected pharmaceuticals using iron chlo-
ride coagulationAdams et al(2002) also reported
25-50% removal of antibiotics from Missouri
River water in batch experiments with a PAC
dosage of 5 mgd, and >90% removal for a PAC
dosage of 50 mg. For the Louisiana drinking-
water treatment plant, routine addition of 2 phg
of PAC, which is used for the removal of natural
organic matter in Mississippi River water, does not
appear effective in reducing low-level concentra-
tions of naproxen.

Samples collected after chlorination at the Lou-
isiana drinking water treatment pla@iP3 inTable
6) exhibited non-detectable concentrations of

13

dation (e.g. chlorination and ozonatiprand sorp-
tion (dual media processes may be effective
treatments for reducing the concentration of
naproxen that was observed in Mississippi River
and Detroit River waters. Further research is need-
ed to understand the removal processes and the
possible formation of byproducts associated with
these and other PPCP compounds.

Most of the water samples collected at the
Louisiana and Ontario drinking-water treatment
plants exhibited non-quantifiable but detectable
concentrations of bisphenol A. These observations
may be attributed to low-level contamination of
the ultra-pure water used for sample preparation
in the laboratory, or possible contamination in the
plant (Krishnan et al., 1998 More data are there-
fore needed to determine if containers Aod
chemical conveyor systems contribute to low-level
bisphenol A contamination in drinking water treat-
ment and distribution systems.

4.4. Application of method

The analytical method developed for this
research is suitable for quantitative determination
of nine functionally different PPCP compounds
from diverse matrices. The method was success-
fully applied for the analysis of surface waters,
wastewater effluent and treated water samples.

naproxen and all other targeted compounds prior Application of this method is limited to analysis

to discharge into the distribution system. A sample
collected at the Ontario water plant following
ozonation, conventional treatment and chlorination
(WO2 in Table 7 exhibited non-detectable con-
centrations of all the target PPCP compounds.
Samples collected from the Ontario pilot plant
following conventional treatment plus dual media
filtration (EN1 in Table 7 and ozonatiofEN2 in
Table 7 also exhibited non-detectable concentra-
tions for all of the target PPCP compoundsrnes

et al. (2002 reported variable results in reducing

of the targeted PPCP compounds only. Additional
quantities of these compounds could be present in
water samples, either in conjugated or other met-
abolic forms. Further method development would
be required to include other chemical forr(esg.
breakdown products or disinfection byprodydis

the list of targeted compounds developed for this
study.
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