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Biodegradation of linearalkylbenzensulfonate by riverine biofilm in the area of no
sewage service coverage
Tkumi TAMURA', Minako OHTA!, Jun SEKIZAWA' and Hiroshi YAMAMOTO"

'University of Tokushima

Although the recent sewage service coverage in Japan is approximately 70% based on national
population, regional variance is still large and water pollution is still public concern in small rivers and
streams in no sewage service coverage area. Since details of biodegradation in urban streams have long
been focused on indirect water quality indices such as T-N, T-P, and BOD, few studies have been focused
on individual pollutants. In this research, therefore, linear alkylbenzensulfonate (LAS), a popular anionic
surfactant, was selected as a target compound. Tokushima Prefecture is known as the lowest sewage
coverage in Japan, and we selected six streams of suburban Tokushima city with little sewage coverage,
and collected biofilm in three seasons, and the biodegradation rate was investigated. As results, the
riverine biofilm sampled from the highly LAS- or NH,'-N contaminated streams showed relatively
higher biodegradation rate.. In addition, our estimation of the contribution of biofilm to the
biodegradation of LAS is relatively higher than suspended bacteria, which suggests the biofilm plays
important role in the degradation of LAS in the highly contaminated urban streams with no sewage

service coverage.
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Eight pharmaceuticals were selected on the basis of their domestic consumption
in Japan, the excretion ratio of the parent compound and the frequency of detection in
the aquatic environment or wastewater treatment plant effluent. Toxicity tests on these
pharmaceuticals were conducted using Japanese medaka (Oryzias latipes), daphnia
(Daphnia magna), and green algae (Psuedokirchneriella subcapitata). Predicted no ef-
fect concentration (PNEC) was calculated using lethal or effect concentration 50 (LCs,
or ECy;) values and no effect concentration (NOEC) obtained in the toxicity tests for
these compounds. Predicted environmental concentration (PEC) was also calculated
from annual consumption, the excretion rate of the parent compound, and removal rate
in the preliminary batch activated sludge treatment performed in this study. Maximum
concentrations found in the aquatic environment or sewage effluent in Japan or foreign
countries were also used for another calculation of PEC. Initial risk assessment on the
selected pharmaceuticals was performed using the PEC/PNEC ratio. The results of ini-
tial risk assessment on the eight selected pharmaceuticals suggest neither urgent nor se-
vere concern for the ecological risk of these compounds, but further study needs to be
conducted using chronic toxicity tests, including reproduction inhibition and endocrine
disruption assessments.

1. Introduction

While the consumption of human pharmaceuticals has been continuously growing
together with the rapid aging in developed countries including Japan,(V these chemi-
cal compounds have started to attract attention as aquatic micropollutants that might
have been affecting the ecological system since the late 1990s.2-9 Pharmaceuticals are
designed and manufactured to have certain physiological effects on humans (and vet-
erinaries) and safety on mammals (and other animals) should be confirmed before they
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can become commercially available. These pharmaceuticals are excreted through
urine as an unaltered or altered form with or without metabolism, and later released
into the aquatic environment. However, the effects of these released contaminants
on aquatic organisms have been investigated only from the late 1990s. In the EU,
the monitoring of pharmaceuticals in the aquatic environment and the removal rate
of these compounds in drinking and sewage water processes has been extensively
conducted under the EU-POSEIDON project,® whereas the European Medical Eu-
ropean Agency for the Evaluation of Medical Products (EMEA) has started to assess
the environmental risk of some human pharmaceuticals.®” In the US, the results
of a large-scale monitoring of pharmaceuticals in 139 sites by the USGS® and the
detection of an antidepressant fluoxetine from fish® provoked public concern, and
thus, a large-scale project on pharmaceuticals deposited in the environment had
been directed by the USEPA.!"% The conventional acute and chronic toxicities of
pharmaceuticals have also been examined by several researchers and a review has
recently been published.!') From the results of these toxicity tests, detections from
the effluent of a wastewater treatment plant (WWTP) or surface water, predicted no
effect concentration (PNEC) and predicted environmental concentration (PEC) were
determined for several pharmaceutical compounds. Consequently, the initial ecolog-
ical risk of some pharmaceuticals has been assessed by calculating the PEC/PNEC
ratio by several researchers in Europe('>'9 and a low human risk of pharmaceuticals
through drinking water and fish consumption was suggested by American research-
ers of pharmaceutical companies.(

In Japan, pharmaceuticals in the aquatic environment have recently started to
attract researchers, and the Journal of the Japan Society on Water Environment pub-
lished a special edition on this topic!'”? in April 2006. According to the articles in
the issue and other proceedings, the monitoring of pharmaceuticals in the aquatic
environment has been started by several researchers mainly around the Tokyo met-
ropolitan area since 2001, and the maximum detected concentration from sewage
effluent and river water is approximately 0.3 pg L-1.0%% On the other hand, few
researchers have investigated the toxic effects of these compounds except for those
of triclosan® and other antibiotics.?? Overall, initial risk assessment and screening
were conducted by Iwane et /.2 for 87 human pharmaceuticals with large domestic
consumption. They concluded that eight compounds should be further investigated
for their environmental risk on the basis of their persistence in the environment and
the comparison of their PEC/PNEC ratios. Experimental toxicity data for these
compounds were, however, not sufficient at the time of their screening test and they
mainly used ecological structure activity relationship (ECOSAR) to estimate the
acute/chronic toxicity of the pharmaceuticals. For those with available experimental
toxicity data, they found that some chemicals showed more than one order of mag-
nitude difference between the estimated and experimental values. Additionally, they
estimated the bioconcentration factor (BCF) using the software BCFWIN, which
apparently fails to estimate precisely the BCF values for human pharmaceuticals
usually ionized at neutral pH.®329 As far as PEC is concerned, they used two meth-
ods, the estimation from domestic consumption and the excretion ratio of the parent
compounds and that from the concentration detected outside Japan. Furthermore,
the removal efficiency in a WWTP was not taken into consideration by assuming the
worst-case scenario, which could cause an overestimation of the risk.

Based on the background described above, we selected eight human pharmaceu-
ticals with high domestic consumption, high excretion ratio of an unaltered form,
the number/maximum detected concentration reported by other researchers, the high
PEC/PNEC ratios reported by other researchers outside Japan, and the relatively
higher PEC/PNEC ratios obtained by Iwane er al.?? Acute toxicities for fish (Oryzias
latipes), daphnia (Daphnia magna), and green algae (Pseudokirchneriella subcapita-
ta) were examined using international standard methods (i.e., Organisation for Eco-
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nomic Co-operation and Development (OECD) guidelines for testing of chemicals)
and PNEC was recalculated. The bioconcentrations of the selected pharmaceuticals
were reevaluated using the synthetic membrane vesicles (liposomes)/water system,
which has been proven to better simulate the bioconcentration system. Additionally,
the removal efficiency of the selected pharmaceuticals in the WWTP was roughly
estimated by batch activated sludge treatment, and PEC was also recalculated. By
using the recently detected concentrations of the selected pharmaceuticals, initial
ecological risk was more accurately assessed in this study.

2. Materials and Methods

2.1 Materials

The pharmaceuticals used in this study include three nonsteroidal anti-inflam-
matory drugs (NSAIDs), ibuprofen, indomethacin, and mefenamic acid; an anal-
gesic agent, acetaminophen; two B-blockers (antihypertension drugs), atenolol and
propranolol; an N-methyl-D-aspartate (NMDA) receptor antagonist, ifenprodil, and
an antiepileptic, carbamazepine. Acetaminophen (97%), atenolol (98%), ibuprofen
(98.5%), ifeprodil tartate (98.5%), indomethacin (98%), and mefenamic acid (99%)
-were purchased from Wako Pure Chemical Co. (Osaka, Japan), whereas carbamaze-
pine and propranolol (99%) were purchased from Sigma Chemical Co. (St. Louis,
MO, USA). Palmitoyl-oleoyl phosphatidylcholine (POPC), a phospholipid used to
make liposomes described below, was purchased from Nippon Fine Chemical Co.
(Osaka, Japan).

Chemical structure, domestic consumption in Japan, the excretion ratio of an
unaltered form, octanol-water distribution constant (log D,,), acidity constant (pK,),
and the PEC/PNEC ratio reported by Iwane ef al.?? are shown in Table 1. Domestic
consumption was obtained from the “Survey of Pharmaceutical Industry Produc-
tions”® edited by the Japan Ministry of Health, Labor and Welfare if available.
Otherwise, annual sales listed in “Pharma Japan 2006 Handbook™® were divided
by drug price listed in “Today’s Drug 2005729 to determine the annual domestic
consumption in Japan. The excretion ratio of an unaltered form was from the attach-
ment form of each pharmaceutical company. Log D,,, and pK, values were estimated
using the ACD software log D suite.

2.2 Procedure of batch activated sludge treatment®)

The preliminary batch activated sludge treatment test was conducted in a 100-ml
Erlenmeyer flask capped with parafilm. Activated sludge was sampled from a
WWTP using the conventional activated sludge process and used for the batch ex-
periments immediately after sampling. The concentration of the mixed liquor sus-
pended solid (MLSS) was set at 2,000 mg L, and the initial concentration of each
pharmaceutical was set at 100 pg L' in a total volume of 100 ml. The mixed liquor
was aerated by an aeration pump at an air flow rate of 2.0 L min™ in the dark at 25°C
for a typical hydraulic retention time of 6 h. No additional food was added during
the batch experiments. ‘

After the reaction time of 6 h, the mixed liquor was centrifuged at 2,500 rpm in
10-ml] amber glass centrifuge tubes. The supernatant was filtered through a 0.2 um
pore size membrane filter (OMNIPORE membrane, Millipore Co., Billerica, MA)
and analyzed by high-performance liquid chromatography (HPLC), as described
below. For the residue after the centrifugation, the supernatant was carefully de-
canted and acetonitrile was added. After 5 min of'sonication, the extract was filtered
through a membrane filter, and diluted with Milli Q water 10 times before the analy-
sis by HPLC. Samples with instantaneous contact of pharmaceuticals with activated
sludge were prepared for all selected compounds, and the fraction sorbed to the acti-
vated sludge at 6 h was corrected by these recoveries.
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Table 1
Pharmaceuticals selected in this study.
Pharmaceutical Acetaminophen Atenolol Carbamazepine Ibuprofen
Domestic consumption 1027 t@ 5.4t® 45 t@ 107 t®
Exeretion ratio of 0.9-2.7% 90% 2-3% <1%
unaltered form®
NH, ‘“‘
4 CHy
Chemical structure /@ T e C)\Q(Y\om O N O o
HO' ? OH . )\Mz 0
log D,/ (at pH 7) 0.34 -2.02 2.67 1.16
pK,@ 1.72,9.86 9.16, 13.88 ~0.49, 13.94 441
Reported PEC/NEC 0.057@ 0.7 0.23@ 0.043@
Pharmaceutical Ifenprodil Indomethacin Mefenamic acid Propranolol
Domestic consumption 8.6 t@ 86 t@ 41 t® 1.3 t@
Excretion ratio of o 64%,©® . ,
unaltered form® 2030% 0.08-0.1%® 4% <1%
Q,
e = a .
ag! ads ~ Iy
‘ S N o g } Q/\l/\ﬁ
Chemical structure MO \© on ’
o (2
OH “
o]
log D,,9 (at pH 7) 1.97 0.14 2.42 1.00
pK,@ 9.34,9.99 3.96 -1.31,3.73 9.14, 13.84
Reported PEC/PNEC 0.20© 0.28® 0.65@ 0.080

@From ref. 25, ®calculated from annual sales shown in ref. 1 and drug price shown in ref. 26, ©cited from attachment form of each pharmaceutical compound issued by pharmaceutical
industry, @predicted by log D Suite (ACD software), ©from ref. 22, Ofrom ref. 53, ®used as oral medicine, ®used as topical medicine.
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The concentration of the pharmaceuticals was determined by HPLC. The HPLC
system used was an LC-10AD VP series (Shimadzu, Kyoto, Japan) equipped with an
ODS column (Shimpack VP-ODS, Shimadzu, Kyoto, Japan) and both a fluorescence
(RF-10A XL, Shimadzu, Kyoto, Japan) detector and a UV/visible absorbance (SPD-
10A VP, Shimadzu, Kyoto, Japan) detector. In order to avoid preventive peaks and
noise originating from activated sludge, sludge blanks with no pharmaceuticals were
prepared for all HPLC analytical conditions and no preventive peak/noise near the
retention time of the selected pharmaceuticals was confirmed.

2.3 Procedure of toxicity tests
2.3.1 Fish acute toxicity test
Fish acute toxicity tests were conducted using Japanese medaka (Oryzias latipes)

bred at the National Institute for Environmental Studies (Tsukuba, Japan) and ac-

climated in a laboratory of The University of Tokushima for at least two months.

Tests were conducted in conformity with the “OECD Test Guidelines for Testing of

Chemicals No. 20372% and the Test Guideline for Chemicals by the Japan Ministry

of the Environment.® Briefly, 10 approximately 10-day-old fish were exposed to at

least six different concentrations of the pharmaceuticals in a 100-ml beaker. Half of
. the pharmaceutical solution was replaced every 24 h (semistatic test), and lethal con-

centration 50 (LC,;) was determined.

2.3.2 Daphnia acute immobilization test

Daphnia magna provided by the National Institute for Environmental Stud-
ies (Tsukuba, Japan) was used for the acute immobilization tests after at least two
months of acclimation in a laboratory of The University of Tokushima. Tests were
conducted in conformity with the “OECD Test Guidelines for Testing of Chemicals
No. 20276% and the Test Guideline for Chemicals by the Japan Ministry of the En-
vironment.®” Briefly, 20 less than 24-h-old daphnid larvae (five larvae per beaker)
were exposed to at least six different concentrations of the pharmaceuticals in 50-ml
beakers. The number of immobilized bodies was counted after 48 h of exposure and
the effect of median effective concentration 50 (EC,,) was determined.

2.3.3 Algal growth inhibition test

Pseudokirchneriella subcaptata was purchased from the National Institute for
Environmental Studies (Tsukuba, Japan) (NIES-35) and was acclimated for at least
one month in a laboratory of The University of Tokushima before the exposure tests.
Tests were conducted in conformity with the “OECD Test Guideline for Testing of
Chemicals No. 201”¢" and the Test Guideline for Chemicals by the Japan Minis-
try of the Environment.? Briefly, a preincubated algal suspension was exposed to
at least five different concentrations of the pharmaceuticals in 100-ml Erlenmeyer
flasks in AAP medium® at 24°C with illumination controlled at 5,000 Lux. The
number of algae was measured every 24 h during the 96-h exposure using a UV/vis-
ible spectrophotometer at 450 nm after calibration with algal counts. EC,, was cal-
culated by linear correlation at a log-normalized plot. Maximum no effect concen-
tration (NOEC) was also determined for the selected pharmaceuticals.

2.3.4 Prediction using ECOSAR

The acute and chronic toxicities of the chemical compounds can be predicted us-
ing the software ECOSAR v0.9%h as part of the EPI suite, freely downloadable from
the USEPA.®? Fish 96-h LCj,, Daphnia 48-h ECy,, and Algal 96-h EC,, and the
arithmetic mean of NOEC and the lowest effect concentration (ChV) for the eight se-
lected pharmaceuticals were all estimated with the mode of “The Other Compounds”
which excluded inorganic compounds, organometallics, dyes, polymers, and surfac-
tants.
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Table 2

2.4 Procedure of measuring liposome/water partition coefficient

The partition coefficient of the pharmaceuticals between liposomes and water
was determined using equilibrium dialysis developed by Escher and Schwarzen-
bach,® later modified by Yamamoto and Liljestrand.®® A liposome suspension was
prepared from POPC using thin film hydration,®¥ followed by an extrusion pro-
cess.’® The final aqueous concentration of the pharmaceuticals was determined by
HPLC, and the partition coefficient was determined using initial and final pharma-
ceutical concentrations, and the concentration of liposome. The total organic carbon
(TOC) concentration of the membrane vesicle suspension was measured using a
TOC analyzer (TOC-5000, Shimadzu, Kyoto, Japan).

2.5 Procedure of initial ecological risk assessment .

PNEC was calculated on the basis of experimental EC,, and LC,, for three
acute tests and NOEC for the algal growth inhibition test assumed as a chronic test.
PNEC,,, was determined by dividing these experimental EC,,/LCs, or NOEC values
by an assessment factor as follows:

minimum of ECs¢/L.Cs, in three acute tests

= minimum of

PNEC,,
AFacute-}

algal NOEC
AFchronic-l

(M

and -

where AF,,.; is the assessment factor for at least one acute EC,/LCs, from each
of three trophic levels of the base set (fish, daphnia, and algae), and AF ., is that
for one chronic NOEC. Several sets of assessment factors have been proposed by
several organizations (Table 2).09 In the present study, an assessment factor of 100
was used for both the minimum of the acute results (AF,...3;) and NOEC of the algal
growth inhibition test (AF o) O the basis of the “Initial Ecological Risk Assess-
ment Guidelines for Chemicals,”3” as directed by the Japan Ministry of the Environ-
ment.

Proposed assessment factors for application to aquatic toxicity data for estimating PNEC.06*7

Assessment factor applied to lowest value

Awvailable information applied Japan Ministry ~ OECD EU Tecl1n1cal ECETOC
. . Guidance
of Environment Workshop Proposal
Document
One acute LC/EC;, for acute toxicity from one
. 1000 — —
trophic level 1000
Two acute LC;/ECs, from species representing two o .
trophic levels (two of fish, daphnia and algae) 4
One acute LC,/EC;, from each of three trophic levels
(two of fish, daphnia and algae) (AF y.3) 100 100 1000 200
One chronic NOEC (AF yonic.t) — 100 —
Two chronic NOECs from species representing two 100 . 50
trophic levels (two of fish, daphnia and algae)
Chronic NOECs from at least three species (normally 5

fish, daphnia, and algae) representing three trophic 10 10 10
levels (AFclwronic—E)

ECETOC: European Centre for Ecotoxicology and Toxicology of Chemicals
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PNECggsar Was also determined from the ECOSAR prediction as follows:

minimum of thr@e ECso/LCs, predictions
AFacute—l

PNECgeosar = minimum of

and minimum of three NOEC/ChV predictions

2

chronic-s

where AF i 1S the assessment factor for at least one chronic NOEC/ChV from
each of the three trophic levels of the base set (fish, daphnia, and algae). As for
PNEC,,,, 100 and 10 were used for AF,.., and AF .., respectively, on the basis
of the “Initial Ecological Risk Assessment Guidelines for Chemicals,”¢? as directed
by the Japan Ministry of the Environment (Table 2).

Firstly, PEC for WWTP effluent (PEC.g) and that for surface water (PEC,,) were
each estimated using three different procedures. One (PEC,,,.q 0r PEC, ) is the
estimation from domestic consumption in Japan, the excretion ratio of an unaltered
form (assumed as 1% for those with less than 1%), the total volume of domestic
wastewater in Japan, and the removal rate in the activated sludge treatment (assumed
as 1% for those with less than 1%) obtained in this study as follows:

Agom*UxR
PECcons = *"d*—_—’ (3)
Vdome

where Ay, is the annual consumption of the pharmaceutical in Japan (kg year), U
is the unaltered excretion ratio (%) (all indomethacin was assumed as oral intake),
R is the measured removal efficiency in the activated sludge treatment (%), Vdom is
the volume of wastewater per year in Japan (m? year™'), and D is the dilution factor.
The dilution factor was 1 for WWTP effluent (PEC,..¢r) and 10 for surface water (PEC,,..),
which is recommended by EMEA® and is also widely accepted as the relationship
between environmental standard and effluent standard in Japan.

Secondly, the estimation from the concentration detected outside Japan was car-
ried out using the equation as follows:

X
= 1 CimcffXAdom Pim
PECin{ch = maximum Ofm’ (4)
A _xP
int dom
s Ptom P C_ . *A, xP
. < d . .
PEC, ., = maximum of —ms¥ " dom "t o4 Timel *dom” Cint )
Ay <P A _xP_ xD
int dom int dom

where C, ..z and C,,, are the maximum concentrations of the pharmaceutical de-
tected in WWTP effluent and surface water, respectively, outside Japan,@-48:21338-43)
A, 1s the annual consumption of the pharmaceutical in the country where it was detected
(kg year”), and P, and Py, are the populations in Japan and the country where it was
detected. If A, is unavailable, Cy .z ot C,y 18 directly used as PEC, .4 or PEC, .,
respectively. A dilution factor of 10 is used for eq. (5).

Thirdly, the estimation from the concentration detected in Japan was carried out
as follows:

PECdomeﬂv = maximum Of C’dome{.f and (Cdominf>< R)v (6)
PECdomsw = InaXimum Of Cdomsw and (CdomcfféD) aﬂd (Cdcminfx R_:‘D)’ (7)

where Cyope Coomins ad Cyone are the maximum concentrations of the pharmaceuti-
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cal detected in WWTP effluent,(31949 raw wastewater (or WWTP influent),® and
surface water,('® respectively, in Japan. Again, a dilution factor of 10 is used for
eq. (7). )

These PEC/PNEC ratios were used to assess the ecological risk of the selected
pharmaceuticals. According to the Japan Ministry of Environment’s “Initial Ecolog-
ical Risk Assessment Guidelines for Chemicals,”®” if the PEC/PNEC ratio is larger
than 0.1, further environmental risk assessment is necessary. As far as bioaccumula-
tion is concerned, those compounds with a liposome/water partition coefficient larg-
er than 1000 can have a bioconcentration factor larger than 1000, which is used as a
criterion under the Chemical Substances Control Law for newly registered chemicals
other than pesticides and pharmaceuticals in Japan.

3. Results

3.1 Efficiency of removal in batch activated sludge treatment

The results of the 6-h preliminary batch activated sludge treatment are summa-
rized and shown in Table 3. Removal efficiency is equal to the summation of the
sludge phase (i.e., sorbed fraction) and the unknown fraction (i.e., transformed or
unextractable).

As can be seen from Table 3, the removal efficiencies of acetaminophen and
ibuprofen were both relatively high and approximately 96%. The sludge phase was
under the detection limit for both compounds, and the unknown fraction was nearly
95%, which is possibly biologically transformed. This trend is in agreement with
our previous results®” conducted under slightly different experimental conditions in
terms of MLSS concentration and aeration. Moreover, the results are in good agree-
ment with those of other researchers who compared the concentration of these phar-
maceuticals in the influent and WWTP effluent.®-1419449 These results suggest that
environmental loading is significantly decreased by wastewater treatment for both
acetaminophen and ibuprofen.

The removal efficiency of ifenprodil and mefenamic acid was nearly 80%. Their
sorbed fractions by activated sludge were relatively low, 8.2 and 17%, and the un-
‘known fractions were 69 and 59% for ifenprodil and mefenamic acid, respectively.
No report by other researchers is available for ifenprodil, whereas the efficiency of
removal in Swiss WWTP(# was slightly lower than our experimental results for
mefenamic acid. Differences in experimental conditions such as temperature, MLSS
concentration, treatment system, and effects of metabolites such as conjugates are
the possible reasons behind the higher efficiency shown in this study. Our prelimi-
nary results suggest that as high as 20% each of these two compounds in the waste-
water influent is possibly released into the environment, but further investigation is
necessary in the case of large-scale WWTP with additional treatment such as chlori-

nation.
Table 3
Results of batch activated sludge treatment.
Aqueous Sludge Unknown Removai Literature
phase phase efficiency value

Acetaminophen 3.6% <0.3% 96.1%< 96.4% 988%™
Atenolol 78% <0.2% 21.8%< 22% <10%#9/0-56%¢
Carbamazepine 99%< <0.1% <0.1% <0.1% 7%3/0-83%19
Ibuprofen 4.5% <0.5% 95.0%< 95.5% 90%®/ 83—-100%
Ifenprodil 25% 3.2% 69% 77% NA
Indomethacin 69% 3.0% 28% 31% 75%%
Mefenamic acid 24% 17% 59% 76% 41-50%19/20-50%
Propranolol 40% 37% 23% 60% 96%

NA: not available
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Table 4

The poor removal efficiency of less than 22% for atenolol and carbamazepine is
in agreement with the results obtained by European researchers.®4) Despite addi-
tional removal by chlorination or ozonation, significant fractions of these two phar-
maceuticals collected into WWTPs are released into the aquatic environment. The
low removal efficiency of carbamazepine is also in agreement with the comparison
of influent and effluent for Japanese WWTP.(') Propranolol and indomethacine were
moderately removed and the experimental removal efficiency was lower than those
in the literature.®) The reactivities of these compounds with disinfectants such as
hypochlorite and ozone in addition to the difference in the conditions used for the
secondary treatment are the possible reasons behind the lower removal efficiency in
this study. Since almost all pharmaceuticals are weak acids or bases, the sorption/
biodegradation of these compounds by activated sludge is highly affected by pH,“®
operational conditions of the secondary treatment and the characteristics of influents.
Particularly for atenolol and carbamazepine, both of which are reported to be poorly
removable, the mass balance in the WWTP needs to be experimentally investigated
using a large-scale pilot plant or by performing batch experiments using radiolabeled
compounds.

3.2 Results of toxicity tests for aquatic organisms

The results of toxicity tests using fish (Oryzias latipes), daphnia (Daphnia mag-
na), and green algae (Pseudokirchneriella subcapitata) are shown in Table 4. The
ECOSAR predictions are also added in Table 4. Although there are slight differences
in endpoints for daphnia and green algae, a difference larger than one order of mag-
nitude was not found between the measured and predicted values for any compounds
except for the 96-h NOEC of propranolol for green algae. A preliminary comparison
between measured and ECOSAR predictions was conducted by the Japan Ministry
of the Environment for 35 compounds for fish 96-h LCj,, daphnia 48-h EC,, or 48-h
LCs, and green algae 96-h ECy,. Discrepancies larger than one order of magni-
tude were found for approximately 10, 20, and 30% of all compounds for fish 96-h
LCs, daphnia 48-h EC;, or 48-h LC,,, and green algae 96-h EC, respectively.®
The results obtained in this study were slightly better than the preliminary compari-
son results.

Results of measured toxicity for fish, daphnia, and green algae and ECOSAR predictions (mg L-).

Fish Daphnia Green algae

[Oryzias latipes) [Daphnia magna] [Pseudokirchneriella subcapitata)

Measured Predicted Measured Predicted Measured Predicted Measured Predicted

Endpoint:
PO 96 h L, 96-hLC, 48-hEC, 48-hLCy 96-hEC, 96-h EC, 96.1 NOEC 96.5Chv
- 300 17 2300 7 :
Acetaminophen (630-960) 260 (15-19) 41 (1100-4500) 2600 550 94
1800 180 110
Atenolol ooy 1500 180 83 e 78 10 1
< 20 55 64
Carbamazepine (20-20) 100 (50-59) 110 35-120) 70 6.4 8.1
80 31 3600
Ibuprofen (84-95) 32 (29-33) 39 (22-6000) 27 2.0 7.5
, 4.4 4.1 1.9
Ifenprodil 4052 32 (3.7-48) 2.9 (123.0) 34 0.18 1.0
. 4 2 39
Indomethacin ot 21 o 27 - 19 2.9 6.9
Mefenamic acid 39 15 10 2.0 18 15 25 1.0
(3.3-3.5) (7.6-13) (12.2-26.3)
Propranolol 2.0 30 046 23 0.66 5.5 0.10 1.4
(7.9-10) (0.31-0.61) 0.24-1.4)

95% cenfidence interval for measured values are within the parentheses; ChV is the arithmetic mean of NOEC and LOEC; Bold letters

are those for Measured/Predicted<0.5; Jtalic letters are those for Measured/ Predicted>2; *larger than aqueous solubility limit.
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In the comparison of the toxicities of the selected pharmaceuticals, it was found
that the toxicities for three compounds, ifenprodil, mefenamic acid, and proprano-
lol, were relatively stronger than those of the other five compounds. In particular,
for green algae 96-h ECy,, a strong toxicity of less than 1.9 mg L' was found for
ifenprodil and propranolol; for daphnia 48-h ECs, a toxity of less than 4.1 mg L™ was
found for ifenprodil and propranolol; for fish 96-h LCs,, a toxicity of less
than 4.4 mg L-' was found for mefenamic acid and ifenprodil. Among the five
compounds of relatively weak toxicity, the LCs, or ECs, of acetaminophen and aten-
olol was as high as 100 mg L-'. For ibuprofen, LCs, (or ECs,) was not accurately
determined for fish and green algae because of the aqueous solubility limit.

Several researchers have examined the acute/chronic toxicity of carbamazepine,
ibuprofen, and propranolol on aquatic organisms, and the results shown in the re-
view paper(') were all similar to our results. However, Huggett ef al.®® reported that
the reproduction of fish was significantly inhibited by a very low concentration (0.1 pg g™)
of the p-blocker propranolol. Other chronic tests such fish reproduction/ early-stage
development test (e.g., OECD test guideline 210) and daphnia reproduction test
(e.g., OECD test guideline 211) are necessary for those compounds with a relatively
strong acute toxicity. Moreover, pharmaceuticals are designed and manufactured to
have a specific physiological function such as nuclear receptor agonist or antagonist,
so that the grouping of compounds with a similar pharmacological function and the
investigation of the specific endpoint of these grouped compounds need to be exam-
ined in addition to genetic approaches using tools such as DNA microarrays.

3.3 Evaluation of bioaccumulation using liposome/water system

The relationship between logarithm of liposome/water distribution coefficient
(log Dy,,) and that of octanol/water distribution coefficient (log D,,) predicted by
ACD software (at pH 7) is shown in Fig. 1. A moderate linear relationship has been
found for moderately hydrophobic estrogenic compounds that are nonionized at the
testing condition of pH 7,09 but a poor relationship was found for the selected phar-
maceuticals, most of which are ionized at pH 7. Various substituted phenols®® and
the secondary amine fluoxetine,® which both exist in ionized form at the tested pH,
were found to have an octanol-water partition coefficient of as low as two to three
orders of magnitude lower than that in the nonionized form, whereas the BCF and
liposome water partition coefficient were also lower for the nonionized form but the
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difference was as low as one order of magnitude. These results suggest that the lipo-
some/water system seems to be a much better model of bioaccumulation than the
octanol/water system, and our results may be a better estimate than the BCF values
calculated from log K.,

Dy, values larger than 5,000 (log D,;,,,> 3.7) were found for three selected phar-
maceuticals, ifenprodil, mefenamic acid, and propranolol. These values are similar
to those obtained for 17-estradiol and 17a-ethynylestradiol.?® For the other five
compounds, Dy, values were less than 300. The BCF values are probably smaller
than the Dy, values because of the metabolic pathway in the aquatic organisms and
the existence of more hydrophilic nonlipid constituents of cells; however, these three
compounds were identical to those with a relatively stronger toxicity, as presented in
the previous section. Further investigation such as bioconcentration factor measure-
ment is necessary for these three compounds.

4. Initial Ecological Risk Assessment

Initial ecological risk was assessed for the selected pharmaceuticals on the basis
of the PNEC and PEC determined in Japan. As presented above, these concentra-
tions were calculated from the measured or predicted toxicity, estimated removal ef-
ficiency at WWTP, and the detection from surface water and WWTP effluent inside
or outside Japan. First, the predicted environmental concentrations were calculated
by three different methods for WWTP effluent and surface water, as presented above.
These results are shown in Table 5.

As can be seen from Table 5, the PEC for WWTP effluent (PEC,;,) from the de-
tected concentration outside Japan (PEC,.q) is the highest followed by that from
annual consumption (PEC,,..s), except for a few cases. PEC,,. values could highly
overestimate PEC, particularly those without correction by annual consumption in
Japan and the country of detection (e.g., mefenamic acid and propranolol). The dif-
ference in removal efficiency in WWTP attributed to the difference in the treatment
system and temperature between Japan and other countries, and the smaller number
of available data in Japan all possibly resulted in the lower concentration detected
in Japan. PECui/PEC. oner ratios, often abbreviated as measured environmental
concentration (MEC)/PEC ratio by other researchers,('*s") were higher than 40 for
ibuprofen and propranolol, and higher than 4 for carbamazepine. The possible rea-
sons behind these significant underestimations were the use of maximum detected
concentration (rather than median or mean), no uniformity in drug consumption
throughout the country/season, and the alteration of removal efficiency in WWTP (i.e.,
highly temperature-dependent) in addition to the metabolites, retransformation back
to the parent compounds from metabolites such as conjugates in the WWTP, For
other compounds, the ratios were less than 1, which is due to the unused drugs and
decomposition between the discharge of urine into wastewater and WWTP,

Table 5
PEC of selected pharmaceuticals in Japan (ug L™).
WWTP effluent (PEC,y,) Surface water (PEC,,)
PECneer  PECier  PECinr  PECn  PECi  PECimg

Acetaminophen 0.071 6.2 0.025 0.0071 1.3 0.0025
Atenolol 0.27 ND 0.00078 0.027 0.027 0.000078
Carbamazepine 0.10 2.1 0.45 0.0096 0.36 0.050
I[buprofen 0.0034 1.3 0.18 0.00034 0.29 0.018
Ifenprodil 0.042 ND 0.0021 0.0042 ND 0.00021
Indomethacin 1.4 0.60 0.19 0.14 0.20 0.019
Mefenamic acid 0.52 4.5 0.35 0.052 0.45 0.035
Propranolol 0.00037 0.37 0.016 0.000037 0.10 0.0093

ND: not detected
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As far as the predicted PEC,, is concerned, PEC,, values were clearly smaller
than PEC,; because of dilution. Ternes® reported higher propranolol concentra-
tion in river water than in WWTP effluent possibly due to the formation of parent
compounds from conjugates. Otherwise, the trend of PEC,, was similar to that of
PEC,. Further investigation is necessary to extensively measure the concentration
of these pharmaceuticals in the aquatic environment, including WWTP effluents and
river waters in several seasons and locations, to more accurately determine PECs.
Once sufficient data are collected for river waters and WWTP effluents, a 75 or 90
percentile value rather than the maximum concentration needs to be used to more ac-
curately and realistically evaluate the ecological risk.

The PNEC values predicted using ECOSAR (PNECgcosar) and those calculated
from toxicity tests conducted in this study (PNEC,,,) are shown in Table 6. As can
be seen from Table 6, the PNEC,,/PNECgcosar ratio becomes less than 0.5 for five
compounds, carbamazepine, ibuprofen, ifenprodil, indomethacin, and propranolol,
partly because of the underestimation of algal toxicity by ECOSAR. Another reason
is the assessment factor for chronic toxicity of 100 for this study due to the test using
only one species, whereas the factor was 10 for ECOSAR because the chronic values
are available for all three species. For these compounds, chronic toxicities for fish
and daphnia need to be determined to more accurately calculate PNEC. PNEC,,,
was as low as 1.8 pg L for ifenprodil and propranolol whose algal NOEC was lower
than 0.18 mg L. PNEC,,, was used for initial ecological risk assessment.

Finally, three PEC values each for WWTP effluent and surface water shown in
Table 5 and the PNEC,,, values shown in Table 6 were compared in Figs. 2 and 3 on
the basis of the criteria presented by the Japan Ministry of Environment for initial
ecological risk assessment for chemicals (Table 7). The PEC/PNEC ratios deter-
mined in this study for selected pharmaceuticals were all less than 1 and these results
suggest no prominent effects on aquatic organisms such as fish, daphnia, and algae.
The PEC/PNEC ratio for propranolol was the highest and as high as 0.37 and 0.10
for WWTP effluent and surface water, respectively, followed by mefenamic acid,
which became as high as 0.18 and 0.018 for WWTP effluent and surface water, re-
spectively. However, these extremely high PEC/PNEC ratios resulted from the pos-
sible overestimation of PEC,,. Since the risk assessment is targeted for Japan, the
other two PEC predictions are more reliable. For the PEC/PNEC values originating
from PEC,,,, and PEC,,., the highest values were 0.047 for indomethacin, followed
by 0.023 for ifenprodil and 0.021 for mefenamic acid, all of which were less than 0.1.

Compared with the results obtained by other researchers, Stuer-Lauridsen ef al.(?
first conducted an initial ecological risk assessment for the top 25 pharmaceuticals
sold in Denmark using ECOSAR predictions and reported the toxicity data to deter-
mine PNEC. They found that the MEC/PNEC ratio was 0.68 for ibuprofen, and the
PEC/PNEC ratios were 7.1 for acetaminophen and 1.8 for ibuprofen. These values
are probably overestimated because of the use of an assessment factor of 1000 to de-

Table 6
PNEC of selected pharmaceuticals determined in this study and ECOSAR prediction (ug L-).

PNEC,,, PNECecosar PNEC,,/PNECecosar

Acetaminophen 170 110 1.5

Atenolol 100 110 0.91
Carbamazepine 64 640 0.10

Ibuprofen 20 270 0.074
[fenprodil 1.8 5.5 0.33
Indomethacin 29 190 0.15
Mefenamic acid 25 15 1.7
Propranolol 1.0 14 0.071
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Fig. 2. PEC/PNEC ratio for WWTP effluent PEC (PEC,y).
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Fig. 3. PEC/PNEC ratio for surface water PEC (PEC,,).

Table 7
Criteria for initial ecological risk assessment for chemical compounds proposed by Japan
Ministry of Environment.®®

PEC/PNEC value Evaluation

PEC/PNEC<0.1 No more investigation is necessary

0.1<PEC/PNEC<] Need to collect further information

I<PEC/PNEC Considered as candidate for further detailed evaluation
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