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Executive Summary

The main objective of the WP 2 entitled “Assessnadriimits of the current water treatment
processes and new developments for the removahafmpaceutical products (PP’s) from
water” is to assess the efficiency of eliminatidrP®’s by conventional treatment processes
and to identify new treatment processes under dpuatnt.

Deliverable 2.1 concerns mainly the comparisonhef Wwastewater and drinking water
treatment technologies in regard to PPs removal.aABrst step, the data concerning
pharmaceutical compounds removal was collectedsanuh following order:

Sewage treatment plant (STP) characteristics;
Removal.

In order to highlight the differences of the criigarameters impact on the elimination of
PPs, in the second step, literature data was thesciaccording to the following factors:
sludge retention time (SRT), hydraulic retentiomei (HRT), reactor configuration, red-ox

conditions, climatic zones and advanced technasogie

In case of drinking water the data regarding vsriet treatment technologies was

collected and, likewise in case of wastewater mneat, set in following order:
Process description;
Removal.

All pharmaceutical compounds found in the availdiilerature data were divided into
therapeutic groups: antibiotics, anticonvulsantgjirflammatories (analgesich-blockers,

hormones, tranquilizers, X-ray contrast media &oid regulators.

According to the available data concerning wastew#keatment it can be stated, that
sewage treatment plant (STP) (e. g. conventionaVaded sludge processes, membrane
assisted bioreactors) configuration is not a faatdrich have the highest impact on the PPs
removal. It is rather connected with parametershsas sludge retention time (SRT) and

hydraulic retention time (HRT), which seem to be ttrucial parameters and the visible



correlation with the PPs removal rates can be ebderSuch correlation was not found for
the climatic zones, however consumption patterRR$ in each country or region could have

significant impact on the chosen compounds elinonat

In regard to drinking water, it can be concludddttthe ozonation was the most efficient
treatment technology for the majority of compourntdewever, the efficiency depends on the
reagent dose and combination with other oxidantd, gnd presence of OH radicals

scavengers.



Introduction

Majority of pharmaceutical products (PPs) is astepartially eliminated during
conventional treatment. However, since the loaghtwrmaceutical products increases, it is
crucial to improve the elimination efficiency ofefe compounds. Identifying so-called flaws
of the existing technologies gives the opportufotythe future development.

The main objectives ddeliverable 2.1are as follows:

1. Identifying groups of human pharmaceuticals acewydo their removal rates by current
biological sewage treatments and trying to establiisks with their physico-chemical
properties;

2. Comparison of the technologies in regard to PPovam
Identification of different PPs removal rates itat®n to the regional specificities such as
climate or most drugs consumption;

4. Delineation the factors that determine PPs sudmépti to conventional biological

treatment.

Description of works

One of the major objectives BR2.1 is the comparison of the wastewater and drinking
water treatment technologies in regard to PPs ramds a first step, the data concerning
pharmaceutical compounds removal was collectedsanuoh following order:

Sewage treatment plant (STP) characteristics ddirat) reactor configuration, sludge

retention time (SRT), hydraulic retention time (HRTemperature (or sampling

season), red-ox conditions, influent and effluemtaentration of particular PPs;

Removal — usually described as the difference batwenfluent and effluent

concentration, however the specification concernimgjogical transformation and

sorption onto sludge was given, if the data waslavia.
In order to highlight the differences of the crugarameters impact on the elimination of PPs
in the second step literature data was dividedraatog to the following factors:
1. sludge retention time (SRT),
hydraulic retention time (HRT),
reactor configuration,

red-ox conditions,

a kb 0N

climatic zones,



6. advanced technologies,
7. consumption rate of chosen compounds recordedlanBo
In case of drinking water the data regarding var@ttreatment technologies was collected
and, likewise in case of wastewater treatmentinstetlowing order:
Process description — including reagent combinafeg. Q/H,0,), reactor volume,
molar ratio of oxidants (or irradiation in case WY), medium (e.g. Milli-Q water,
environmental waters), reagent dose, reaction foHe temperature;
Removal — described as the difference betweenanfland effluent concentration;
Comments — indicating crucial remarks on the treatm
All pharmaceutical compounds found in the literatwere divided into therapeutic groups:
antibiotics, anticonvulsants, antiinflammatories nalgesic), b-blockers, hormones,

tranquilizers, X-ray contrast media and lipid redats.

1. Wastewater treatment
1.1. Sludge retention time (SRT)

Sludge retention time is defined as the averaggntien time of sludge flocs before
they are removed as excess sludge or lost throhgh effluent. That is the time
microorganisms have for growth: the lower the skudgtention time, the less time they have
to double in order to prevent washout of the pagpama SRT is a crucial parameter in
wastewater treatment, which determines the biodityerof the sludge, the amount of
predominant bacteria in the active biomass and tezymatic activity. According to the
literature data
three ranges of SRT were chosen:

SRT<10 days — carbon removal;

10<SRT<20 days — nutrient removal;

SRT>20 days — nutrient removal plus sludge stadtilin (typical for small STPs).

1.1.1 Antibiotics

SRT seems not to have significant influence Sulfamethoxazoleand Roxithromycin
removal (Fig.1.1.1), although slight increase temmyecan be observed with longer SRT.
Overall removal ranges from 0 to 80% and 0 — 908épectively. In contradiction, sludge
retention time above 50 days decreases the renodvthe other antibioticTrimethoprim to

less than 10% (Ternes&Joss, 2006). However, with 8&ow 20 days the removal of this
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Fig. 1.1.1SRT influence on the removal of antibiotics.

compound is around 90%. The same situation ocaursase ofClarythromycin with
SRT<20 days the removal rate varies from 75 to 98%6le with SRT>50 days the removal
drops to 10% (Ternes&Joss, 2006jprofloxacin and Ofloxacin are rather highly removed
within wastewater treatment, although there is adya concerning SRT<20 days available
(Vieno et al., 2007). The removal of both compouisdsbove 75%.
(Anhydro-)erythromycineshows no dependency on the sludge retention tintle gh
(>90%) removal rate for SRT<20 and >50 days (Te&dess, 2006).



There is a significant lack of data concerniNgrfloxacin and Sulfapyridine Ternes and
Joss, for the sludge retention time typical forrieut elimination, presented removal below
20% and above 30%, respectively.

No records ofTetracycline or Clindamycin with SRT data was found. However, these
antibiotics were found in the STPs’ effluents ah@entrations up to g L™ (Batt et al.,
2006).

1.1.2 Anticonvulsants

Carbamazepinas the most studied anticonvulsant, thereforentlost of collected literature
data concerns this compound in particular. Moreo@arbamazepine is known to be very
persistent — 43 out of 48 records present the rahmate <20% (Fig. 1.2). Therefore it can be

stated that SRT has no influence of the removaieffcy of this compound.

Phenytoin is also poorly eliminated

SRT - Carbamazepine
[B<10m10-20 0>20] in wastewater treatment, with the
1:2 A1 1 ] removal efficiency ~40% (Yu et al.,
§ SlpMl || ||| 2006). No dependency on the SRT
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Removal [%] by Yu et al. (2006)Gabapentinand

Fig. 1.1.2SRT influence on the removal of Valproic - acid shows very high
anticonvulsants. removal rate (>99%). However, as

mentioned above, the data concerns only nutrienoval sludge retention time.

1.1.3 Antiinflammatories (Analgesics)

Ibuprofen, Ketoprofen and Indomethacin show the removal rates >80% for the sludge
retention time typical for nutrient removal (Fig.113). However, the efficiency of the
elimination of the compounds seems to drop dowin wie decrease of the SRT below 10
days. On the other hand, the elimination obsereeRT>20 is rather complete (Clara et al.,
2005(a); Lishman et al., 2006). On the contrédgproxenis better removed with SRT<10
days (e.g. Lishman et al., 2006) and tends to beemersistent with sludge retention time
above 20 days (Joss et al., 2005).
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Fig. 1.1.3SRT influence on the removal of antiinflammatoiiasalgesics).

Diclofenac is very poorly removed in STPs with SRT<20 daysg.(E.1.3). Increase of the
sludge retention time above 20 days seems to inepttoe removal efficiency of Diclofenac,
however the elimination rate is still in the rarfggm 0 to 80%. Only Lishman et al. (2006)

reported complete removal of this compound.




Nakada et al. (2006) presented data concerning vamates ofFenoprofen at five STPs
with sludge retention times from 3.8 to 8.4 ddgsall cases the compound was eliminated in
the range of 65 — 95%.

Insufficient data prevents the determination of SRpact on the removal of some analgesic;
Yu et al. (2006) reportedcetaminophento be completely removed with sludge retention
time between 8 ad 10 days, Jones et al. (2007¢mes data concerningefenamic acid
ParacetamolandSalbutamol- all compounds show very high removal rates (>B&#/GRT

equal to13 days.

1.1.4b-blockers
All compounds studied within this group of PPs shrather average removal rates within the
SRT up to 20 days (Fig. 1.1.4). No data concer@®®jr>20 days is available. In detalil,

Atenolol is been reported to be removed between 60 — 80%, twio records out of ten
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Fig. 1.1.4SRT ifluence on the removal bfblockers.
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showing the elimination of 37% (Vieno et al., 200&¢ebutololis usually removed in the
range of 20 — 60% with fewer records relevant t® litwer elimination. On the contrary,
removal ofSotalol fits in the range of 40 — 80%, with more recordgarding the lower
removal. Additionaly, Sotalol seems to be sligtibtter removed with SRT between 10 and
20 days.

Metoprolol was reported o be the most persistetlocker with removal efficiencies of 2 —
34% (Vieno et al., 2007).

1.1.5 Hormones

Hormones are known to be well removed during waatemtreatment (Clara et al., 2005a;
Servos et al., 2005; Lishman et al., 2006; Johrgal., 2005; and more). However, there is
data concerning average or low removal, especiallySRT<10 days (Fig. 1.1.5), while
Kreuzinger et al. (2004b) and Schlusener (20069nted even no removal. Altogether, it can
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Fig. 1.1.5SRT influence on the removal of hormones.
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be stated that the longer sludge retention tinep#tter removal rate of hormones. Among all
chosen compounds the most persistent seems i@asethinylestradiolwith 12 records out
of 45 showing the elimination below 40% (Fig. 1)1.5

Esperanza et al. (2007) studied the removal Testosterong Androstenedione and
Progesteroneat pilot scale STP with SRT equal to 6 days. Alinpounds were completely
removed during the treatment.

There is no data regarding to sludge retention tirffleence onl6a-hydroxyestroaemoval.

1.1.6 Tranquilizers

Very few data regarding on the SRT - Diazepam

removal of tranquilizers is available, e

Kreuzinger et al. (2004b) reported th 0TI T I i R
elimination of Diazepam at STPs % 32 [} . ]
with sludge retention times ranging 2 11 | ||| | |
from 0.7 to 275 days. In all cases th éﬁ COR S O s R I Eeaiatauial Mty R
removal rate did not surpass 259 § 22 [ ]
with no removal for the SRT equal ta . 12 1

0.7 days (Fig. 1.1.6). 0 P ey 0

Fig. 1.1.6SRT influece on the removal of tranquilizers.

1.1.7 X-ray contrast media (CM)

Contrast media are known to be the

SRT - lopromide

most persistent compounds. Howeve B<10 10 - 20 0 >20
the data concerning these PPs 132 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
strongly limited. Among all CM g 33 777777777777777777777777777777777777
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1.1.7 shows that SRT<10 days resul*~

Fig. 1.1.7SRT influence on the removal of X-ray
contrast media.
the sludge retention time allows tc

in no removal, while the increase o

eliminate lopromide up to 95% (Joss et al., 2005).
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1.1.8 Lipid regulators

Lipid regulators shows a variety of removal ratepehding on the sludge retention time.
Both Bezafibrateand Gemfibrozil are removed above 80% with SRT>20 days, well resdov
with sludge age ranging from 10 to 20 days, andigaemoved with SRT<10 days (Fig.

1.1.8).
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Fig. 1.1.8SRT influence on the removal of lipid regulators.

No data is available regarding SRT influence onrémeoval ofClofibric acid andFenofibric

acid.

1.2. Hydraulic retention time (HRT)

Hydraulic retention time can be defined as a meastithe average length of time that
a soluble compound remains in a constructed bitoea®Vikipedia). Following IUPAC
Compendium of Chemical Terminologgsidence time (hydraulic retention time)is the
average time a particle or volume element of thikucal resides in a bioreactdor other
device) through which a liquid medium continuouBbws. Residence time of the liquid is
the reciprocal of dilution rate.
To compare the impact of this parameter three wmsimon ranges were chosen:

HRT<12 hours,

12<HRT<25 hours,

HRT>25 hours.
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1.2.1 Antibiotics

No clear dependency on the HRT impact on the rehmiv8ulfamethoxazolecan be stated.
However, it seems that the range of 12 — 25 h cheniaes the highest removal rate of this
compound (Fig. 1.2.1). HRT>25 hours representstimeination either below 20% or above
60%. Additionally, Clara et al. (2005b) reported nemoval of Sulfamethoxazole for

hydraulic retention time equal to 237 hours.
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Fig. 1.2.1HRT inluence on the removal of antibiotics.

Bendz et al. (2005) presented data concerning rahwivirimethoprim at HRT of 15 — 16
hours. The elimination of the studied compound a@gsroximately 50%. However, that is the
only record regarding this compound, thereforedb@blishment of the HRT impact on the
removal rate is impossible.

At HRT above 12 hourfoxithromycin proves a variety of removal efficiencies, ranging
from no removal to 80%. Additionally, HRT below hdurs results in poor removal, within
the range of 0 — 30% (Fig. 1.2.1).

14



Ciprofloxacin andOfloxacin are highly removed at HRT range up to 25 hourg.(Eil). No
data concerning hydraulic retention time above 2&ré is available. Moreover, obtained
information originate from one article by Vienoatt (2007).

No data concerning HRT influence on the removal Aaiithromycin, Clarithromycin,

Norfloxacin, Sulfapyridine TetracyclineandClindamycincould be found.

1.2.2 Anticonvulsants

Carbamazepinglike in case of SRT, is HRT - Carbamazepine

the most commonly studied compoun 0<12812-250>25
among anticonvulsants (Clara et al 122
2005b; Kreuzinger et al., 2004b;
Nakada et al., 2006; and more)
According to the literature data it car

be stated, that likewise SRT, the

80 -
70
60 -
50
40
30 A
20 A

. . . 10 A
hydraulic retention time has no 0

Percentage of literature data
(32 records)

20-40 40 - 60 60 - 80 >80

influence on the removal of Removal [%

Carbamazepine. There seems to be Fig. 1.2.2HRT influence on the removal of
slight increase of the remova anticonvulsants

efficiency within the HRT range from

12 — 25 hours (Fig. 1.2.2), however, the elimimaimstill insufficient (20 — 40%).

There is lack of data regardiMgalproic acid GabapentinandPhenytoin

1.2.3 Antiinflammatories (Analgesics)

Paracetamoland Salbutamol were reported to be very degradable (Jones et2@07),
although the data concerned only HRT equal to h8ugs. Therefore no precise conclusions
could be made.

Ibuprofen is very effectively removed with no dependencyhgdraulic retention time (Fig.
1.2.3). On the contraryiNaproxen shows very good removal rates exceeding 60%, with
slight, but noticeable increase with longer HRTkewise, Diclofenac proves to be more
susceptible with hydraulic retention time above (&&urs. However, the most commonly
reported removal rate of this compound fits inrduege of 0 — 60% (Fig. 1.2.3).

On the contrarylenoprofenseems to show higher removal rates with HRT<12Z$)oumhile

at the range of 20 — 95% the elimination patteindefinite.
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Fig. 1.2.3HRT influence on the removal of antiinflammator{asalgesics).

Ketoprofen Indomethacin and Mefenamic acidcover the whole range of the removal rates
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for the HRT below 25 hours (Fig. 1.2.3). Therefirgan be stated that HRT has no impact on
the elimination pattern of these compounds. Thowttept from Indomethacin, no data
regarding longer hydraulic retention time was aiedi

Urase et al. (2004) reported no removaPobpyphenazonet HRT equal to 1 day. No other
information regarding this compound was found.

No data concerning=lurbiprofen and Acetaminophen affiliation with HRT could be

obtained.

1.2.4b-blockers

From 8 to 10 records were found regarding hydrawtiention time impact on the removal of
Atenolol, Metoprolol, AcebutololandSotalol For all compounds, however, there seems to be
an increasing tendency of the elimination patteith Vvower HRT values (Fig. 1.2.4). Overall

removal rates are ordered as follows: 0 — 40%, 260%, 40 — 80% for Metoprolol,
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Fig. 1.2.4HRT influence on the removal btblockers.
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Acebutolol and Sotalol, respectively, and concémiRT<25 hours. With the same value of

hydraulic retention time Atenolol removal rate raagrom 0 to 80%. However, there is a

lack of data regarding HRT>25 hours.

Propranolol andBisoprolol, although found in the STPs’ effluents (e.g. Beertlal., 2005;

Miege et al., 2006) , were not studied accordintheoHRT impact on their removal rates.

1.2.5 Hormones

Most of the data concerning elimination of hormodesing wastewater treatment presents

high removal rates. However, majority of recordgarels176-estradiol Estriol andEstrone

(Fig. 1.2.5). These compounds tend to be very meeflloved at the whole range of hydraulic

retention time, so no influence of this parameter loe observed.
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Fig. 1.2.5HRT influence on the removal of hormones.

In case ofl7a-ethinylestrdiolthe highest removal rate was obtained with HRTgeaof 12 —
25 hours (Urase et al., 2004; Joss et al., 200d)veider, no data regarding HRT>25 hours
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was found. Therefore, according to the availabka dacan be stated, that with higher values
of hydraulic retention time, better removal couldbtained.

TestosterongAndrosteroneand Progesteronewvere completely removed at HRT equal to 6
hours (Esperanza et al., 2007). No other informatmncerning these compounds was found.

The HRT influence on the removal D8a-hydroxyestronenvas not reported.
1.2.6 Tranquilizers
No data containing information about HRT of wastmwatreatment plants in case of

Diazepamremoval (or any other tranquilizer) was found.

1.2.7 X-ray contrast media

There is a lack of data regarding HRT - lopromide

influence of the HRT on contrast B<12m12-250>25
100

media elimination during wastewate

©
o
t
|

~N @
o o
} 1
|

treatment. However, Carballa et al
(2004) and Clara et al. (2005b

reported no removal otopromide

[e2]
o
1

(3 records)
N oW oA g
© © o ©
P
i i
| |

with HRT ranging from 2 to 29 hours
(Fig. 1.2.7). Based on this

information in can be stated, tha <20 20- 40 40 - 60 60 - 80 >80

Removal [%]

Percentage of literature data

[any
o
1

o

contrast media tend to be ver
Fig. 1.2.7HRT influence on the removal of X-ray

persistent regardless of the hydraul contrast media.

retention time.

1.2.8 Lipid regulators

Bezaibrateshows the highest removal rate at the HRT<25 h@itigs 1.2.8) ranging from 77
— 100%. The exception is a record presenting thval of 36%, which was reported for the
carbon removal WWTP with HRT of 2 hours (Clara let 2005b). Lower degradation, equal
to 54%, was reported also by Clara et al. (2005khe&a HRT of 29 hours. On the contrary,
hydraulic retention time seems to have no influemtéhe elimination pattern @emfibrozil
which in most cases is removed above 6@6fibric acid shows a tendency of decreasing

removal efficiency as HRT increase (Fig. 1.2.8).
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Fig.

1.2.8HRT influence on the removal of lipd regulators.

1.3. Reactor configuration

In order to compare the removal efficiencies oforégd compounds regarding to the WWTP

configuration, the following treatments were taketo account:

CASP - Conventional Activated Sludge Processe€(NP, removal),

CASP-C — Conventional Activated Sludge Process#s @arbon removal only,
CASP-P — Conventional Activated Sludge Processasstl on phosphorus removal,
CASP-TF — Conventional Activated Sludge Proceseeashmed with Trickling Filter,
CASP-0OD - Conventional Activated Sludge Processeé3xadation Ditch,

SBR - Sequencing Batch Reactor,

MBR — Membrane Biological Reactor,

FBR — Fixed Bed Reactor,

Lagoon.
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1.3.1 Antibiotics
Poor or no removal dbulfamethoxazolevas reported for CASP, CASP-C and CASP-P (Fig.
1.3.1). SBR, MBR and FBR seem to be much more w@ffedn the elimination of this

compound. Similarly, Trimethoprim removal at CASP and CASP-P was rather low.

Sulfamethoxazole Trimethoprim
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Fig 1.3.1Reactor configuration influence on the removal mftaotics.
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However, there is a lack of data regarding other YWP\configurations, therefore no
statement could be made.

Clarythromycin and(Anhydro-)erythromycinhave almost the same degradation pattern; their
elimination at CASP covers the whole range of temoval rates and shows quite poor
susceptibility of these antibiotics at CASP-TF (Fid3.1).

Roxithromycin is hardly removed at CASP-TF and FBR (Fig. 1.3Mast of the records
concerning the elimination of this compound at CASBsent rather low removal rates. In
case of MBR, the degradation pattern seems to M@acn increase in degradation of
Roxithromycin.

Norfloxacin was reported to be quite persistent compound.nésrand Joss (2006) show that
the elimination of this PP at CASP was below 20%. dther data of this compound was
available.

There is a very few data regardi@gprofloxacin and Ofloxacin (Vieno et al., 2007; Ternes
and Joss, 2006). According to the available dath bompounds are removed above 80% and
60% at CASP and CASP-OD, respectively.

There is no data concerning the removarl efracyclineandClindamycin available, although
these compounds were found in the WWTP effluenédt(@& al., 2006).

1.3.2 Anticonvulsants

Carbamazepine is on of the most _
Carbamazepine

persistent compounds detected in th
E<20020-40 D40 -60 860 -80 >80

wastewater effluents. Fig 1.3.2 show, .y,

very low or no removal or all treatments  so% | -

found in the literature. Therefore it can  60% -

be stated, that reactor configuration hz  **]

. 20% -
no influence on the removal of

0% -

Carbamazepine.

SBR
MBR
FBR

CASP
CASP-P
CASP
oD

Gabapentin and Valproic acid are

completely removed at CASP (Yu et al Fig 1.3.2Reactor configuration influence on the

2006). Additionally, Yu et al. (2006) removal of anticonvulsants.
reported also the removal dthenytoin at CASP, equal to 44%. Regrettably no other

treatment was mentioned.

1.3.3 Antiinflammatories (Analgesics)
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Ibuprofen shows very good removal at CASP, CASP-P, MBR, FEBR Lagoon, within the
range of 90% to complete removal (Fig. 1.3.3a). iAdidally, very high elimination rate was
reported in case of CASP-TF, exceeding 75% (Stwhpf., 1999).

Ibuprofen Naproxen
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Fig 1.3.3aReactor configuration influence on the removalmtfiaflammatories.

Likewise, Naproxen was reported to be well degraded at CASP-P andodmagand
eliminated at the medium range at CASP (Fig. 1)3.8ASP-TF, MBR and FBR shows
rather high removal rates, with CASP-TF being tlesnefficient.

Diclofenac usually was reported to be quite persistent, takimo consideration CASP and
MBR, while very low or no removal was reported iase of SBR and FBR (Fig. 1.3.3a).
Stumpf et al. (1999) show the results of eliminatal Diclofenac for CASP-TF to be very
high, exceeding 75%.

There is a limited amount of records regardifenoprofen removal. Nakada et al. (2006)
reported the elimination of this compound at thegeaof 65 — 95% for CASP. On the other
hand, Urase et al. (2004) shows the removal ofdiedac for MBR to fit in the range
between 22 and 92%.
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Ketoprofenwas reported to be effectively removed at CASPanB CASP-P (Fig. 1.3.3b).
MBR and CASP shows the variety of the removal rataisging from no removal to 100%
(Lishman et al., 2006; Lindgvist et al., 2005).

Ketoprofen Indomethacin
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Fig 1.3.3bReactor configuration influence on the removalmtfilammatories.

As presented at Fig. 1.3.8domethacinshows either high (>80% for CASP-TF ad Lagoon)
or average elimination rates (CASP and MBR).

No data could be found concerniBlyirbiprofen.

1.3.4b-blockers

Atenolol andMetoprolol were hardly degraded at CASP-P (Fig. 1.3.4) aed #limination
was rather low at CASP. However, inversely thandgatlol, Atenolol was eliminated above
80% at CASP-DO.

In case ofAcebutololandSotalol Vieno et al. (2007) reported the removal rateGaSP and
CASP-OD. Both compounds were quite susceptiblenduronventional treatment. However,
their behaviour was significantly different in cageCASP-OD (Fig. 1.3.4).
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Fig 1.3.4Reactor configuration influent on the removabeflockers.

Bendz et al. (2005) reported the eliminationPobpranolol at CASP-P to be approximately

30%. No other data of this compound was available.

1.3.5 Hormones

Majority of records regarding the removal of horrasrshows very good degradability of
these compounds. That is especially true Iféb-estradiol and Estrone (Fig. 1.3.5) — both
compounds were eliminated above 80% at MBR, FBR laagbon. CASP and CASP-OD
seems to be also very efficient, however thereracerds showing average or even poor
removal of these hormones.

17a-ethinylestadiolis effectively removed by MBR and FBR (Fig. 1.3.8gry low removal
was observed for SBR (Clara et al., 2005a). In cd$2ASP, this compound fits in the whole
range of the removal rates, meaning that the edittin depends on the configuration of

particular facility. The similar situation occuns case ofEstriol and 16a-hydroxyestrone
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Yet, approximately 45% of records regarding CASewshthe removal of Estriol at the range

above 80%.

17a-ethinylestradiol
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Fig 1.3.5Reactor configuration influence on the removal @frhones.
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1.3.6 Tranquilizers

The only data concerning compounds from this gneap given by Kreuzinger et al. (2004b)
and regarded the elimination @fiazepamat CASP. No removal higher than 25% was
reported. The lack of data prevents the comparigsbrdifferent wastewater treatment

technologies.

1.3.7 X-ray contrast media

Ternes at al. (2000) reported n

lopromide
removal of Diatrizoatg lomeprol,

I<20D20-40E40-60D60-80l>80‘

lopamidol, lothalamic acid and 100%
loxithalamic acid at CASP. No further l

80% 1 - - M -l

information  according to this| gl | | BN} |______
compounds’ elimination was found. 20% | m

lopromide was hardly removed at| q |

CASP-C (Fig. 1.3.7), on average ox w

MBR
FBR

eliminated by MBR, and quite well

CASP
CASP-C

removed in FBR. In case o CASP i

can be stated, that lopromide is rath' Fig 1.3.7Reactor configuration influence on the removal

persistent, however there was & of X-ray contrast media.

evidence of the removal rates even above 95% giads 2005; Kreuzinger et al., 2004b).

1.3.8 Lipid regulators

The most efficient technology in eliminatiBgzafibrateseems to be MBR, with the removal
rates above 60% (Fig. 1.3.8). Furthermore, CASPwshmther high degradation of this
compound (most of the records concern the elinonadf more than 80%). Poor degradation
of Bezafibrate can be observed for CASP-TF and GASP

On the contrary, MBR is not effective in the remloed Gemfibrozil and Clofibric acid.
Although there is data concerning the eliminatibowe 80% of Gemfibrozil, the majority of
records show rather low removal rates (<20%). CAB8 CASP-TF are characterized by
average elimination of both compounds.

Additionally, Stumpf et al. (1999) presented themoeal efficiency of CASP-TF of
Fenofibric acid to be around 40%. There is a lack of informatiegarding other treatment

technologies.
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Fig 1.3.8Reactor configuration influence on the removaligifll regulators.

To make the statement of the reactor configuratroonge clear, the table comparing average

removal rates of particular treatment — accordingach substance — was prepared (TAB 1).
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CASP

Antibiotics
Sulfamethoxazole X
Trimethoprim X
Clarythromycin overall
Roxythromycin X
(Anhydro-)erythromycin overall
Ciprofloxacin XXX
Ofloxacin XXX
Norfloxacin X
Sulfapyridine XX
Anticonvulsants
Carbamazepine X
Gabapentin XXX
Valproic acid XXX
Phenytoin XX
Antiinflammatories
lbuprofen XXX
Naproxen XXIXXX
Diclofenac XIXX
Fenoprofen XXX
Ketprofen overall
Indomethacin XX
b-blockers
Atenolol XX
Metoprolol X
Acebutolol XX
Sotalol XX
Propranolol n.a.
Hormones
17a-ethinylestradiol overall
17b-estradiol XXX
Estrone XXIXXX
Estriol XXIXXX
16a-hydroxyestrone overall
Testosterone XXX
Androstenedione XXX
Progesterone XXX
Tranquilizers
Diazepam X
X-ray contrast media
Diatrizoate X
lohexol X
lomeprol X
lopamidol X
lopromide overall
lothalamic acid X
loxithalamic acid X
Lipid regulators
Bezafibrate XXIXXX
Gemfibrozil XX
Clofibric acid XIXX
Fenofibric acid n.a.

X - very low or no removal

XX - average removal

XXX - good or very good removal
overall - removal range from 0 - 100%
n.a. - data not available

CASP-C

X
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
overall
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.

n.a.
n.a.
n.a.
n.a.
X
n.a.
n.a.

X
n.a.
n.a.
n.a.

CASP-P  CASP-TF CASP-OD

n.a.

XX
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.

XXX
XXX
n.a.
n.a.
XXX
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
XIXX
X
XIXX
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.

XXX
XXX
XXX
n.a.
XXX
XXX

n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
X
n.a.
overall
overall
n.a.
n.a.
n.a.

n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

XX
XX
X
XX

n.a.
n.a.
n.a.
n.a.
n.a.
XXX
XXX
n.a.
n.a.

n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

XXX
X
X

XXX

n.a.

na.
XXX

overall

XXIXXX
na.
na.
na.
na.

n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.

SBR

XXX
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

X
n.a.
n.a.
n.a.

X
n.a.
X
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.

X
XX
XX
XX
n.a.
n.a.
n.a.
n.a.

n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.

MBR

XXX
n.a.
n.a.
XX
n.a.
n.a.
n.a.
n.a.
n.a.

X
n.a.
n.a.
n.a.

XXX
XXX
XIXX
XXIXXX
overall
XX

n.a.
n.a.
n.a.
n.a.
n.a.

XXIXXX
XXX
XXX
XXX
n.a.
n.a.
n.a.
n.a.

n.a.

n.a.
n.a.
n.a.
n.a.
XX
n.a.
n.a.

XXX
XIXXX
overall

n.a.

TAB 1. Comparison of the reactor configuration impactimaremoval of PPs.

FBR

XXX
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.

XXX
XXIXXX

n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.

XXX
XXX
XXX
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.

n.a.
n.a.
n.a.
n.a.
XXIXXX
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.

Lagoon

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.

XXX
XXX
XXX
n.a.
XXX
XXX

n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
XXX
XXX
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
XXX/IX
n.a.
n.a.
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1.4. Red-ox conditions
There is a lack of data regarding red-ox cond#ianfluence on the removal of
pharmaceuticals — in most cases the treatment falees in overall conditions (including

aerobic, anoxic and anaerobic).

1.5. Climatic zones

Comparison of the data on the removal of PPs eamge countries from Europe,
North and South America, Asia and Australia reveale influence of the climatic zone on
the PPs elimination efficiency (data not shown)islimore likely that the removal rates of
pharmaceutical compounds depends on their consampéttern, therefore as a next step this

data will be analyzed.

1.6. Advanced technologies

In addition, advanced technologies were takenaetmunt including @ MnO,, TiO,,
TiO,/UV, CIlO,. However, only few records regarding advanced abath processes were
found. As can be seen at Fig. 1.6.1, majority dfssances is very susceptible to ozonation.
The only exception is Diatrizoate with the reportethoval rate ranging fro 0 to 36% (Ternes
et al., 2003).

Ozonation
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Sulfamethoxazole
Clarythromycin |
Roxythromycin
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Fig. 1.6.1Removal of PPs by means of ozonation.
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In case of other AOPs the only information regagdiemoval could be found for hormones
(Ternes et al, 2003) and lomeprol (Doll et al., 20Except from contrast medium, both

substances were eliminated at very high rates (F&32)

AOPs removal of PPs

‘EI MnO2 B TiO2 O TIO2/UV W CIOZ‘

120%

100% -
80% ~
60%
40%
20% A
0% T

17a-ethinylestradiol 17b-estradiol lomeprol

Fig. 1.6.2Removal of PPs by means of Advanced
Oxidation Processes (AOPs).

1.7. Consumption of PPs

Consumption pattern (data obtained from Kamsdit@mepared by M. Stopa) of
chosen PPs tends to increase (Fig. 1.7.1). Howtheedata regards the amount of money
spend on pharmaceutical packages with no informatiothe amount of an active substance
nor the price of the package.
Because of the lack of data, trying to establiskdibetween consumption patterns and the

removal rates of PPs regarding EU countries lisis{progress.
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Consumption pattern of chosen PPs
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Fig. 1.7.1Consumption pattern of chosen PPs in Poland.

2. Drinking water

Second part of the report on the limitations o&tneent processes on the removal of
pharmaceutical compounds was comparison of drinkiatgr facilities. However, this part of
work is still under preparation. Therefore, onlyr@general remarks are presented within
this Deliverable.

2.1 Antibiotics
Sulfamethoxazolds reported to be very well removed by ozonatiothweagent dose above
0.2 mg Q L™ (Huber and Canonica, 2003). Nano- and ultrafitratvas not efficient in the

removal of this antibiotic.
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Reyes et al. (2006) studied the eliminationTetracyclineusing a combination of UV and
TiO,. No significant differences were observed betweféiciency of 1 g [* and 0.5 g [* of
TiO, — in both cases the removal exceeded 85%.

Ofloxacin was completely degraded by means of UVAT@th 20 mg of Q and pH=3,

which increases adsorption potential of this conmgou

2.2 Anticonvulsants

According to Huber and Canonica (20@3arbamazepinas a fast-reaction pharmaceutical,
with no dependency on pH. However, with lower dase®; the removal efficiency decrease
significantly. Molinari et al. (2006) reported colage removal of Carbamazepine by
UV/TIiO,. The adsorption advantage is related to the dalubf the drug; at pH around 3 and
11 Carbamazepine was completely soluble, therefdserption percentage on LiParticles
was low.

Combination of UV with HO, resulted in very effective removal of Carbamazefiogna

et al., 2004). He experiment was performed in tlesgnce of humic acids, which decreased
reactivity of studied compound. Te reason is thethic acids act as OH radicals scavengers.

Vogna et al. also confirmed, that Carbamazepim®inspH dependent.

2.3 Antiinflammatories (Analgesics)

Ibuprofen is very effectively removed by means of/@0, with O; dose above 3.7 mg'L
(Zwiener et al., 2000). It is significant, thatistctory degradation efficiency was obtained
when the applied ozone concentration was equale®OC value of the studied river water.
Huber and Canonica (2003) compared the efficiefi@zonation with and without ¥D,. As
could be predicted, usings®,0, combination increased the removal of Ibuprofenuabo
approximately 40%.

Boyd et al. (2003) showed the removalMdproxen by means of coagulation/flocculation,
combined with @ and C}. Complete elimination of this compound was achie\Moreover,
Molinari et al. (2006) reported 100% removal of Nan by means of UV/TiO
combination.

Diclofenacwas effectively removed by ozonation with @bses above 0.5 mg;@™ (Huber
and Canonica, 2003). Combining the process wi@-Hesulted in complete degradation of
the compound (Zwiener and Frimmel, 2000). In twiegna et al. (2004) examined the
efficiency of UV and UV/HO, on the removal of Diclofenac. This compound can be

degraded either by dechlorination or mineralizationcase of the combined process most of
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the UV radiation was absorbed by.® and photolysis of Diclofenac was not a main
contributing reaction pathway. However, in the alggeof HO, photolytic substrate decay
and chloride release were markedly slowed down.

2.4b-blockers
No data regarding this group of PPs could be found.

2.5 Hormones

Zhang et al. (2005) reported the removaEsfrone (E1) andl7b-estradiol (E2) by means of
granular activated carbon (GAC) in comparison witer adsorbents. Adsorption capacity of
GAC was decreased with an increase in adsorbenteotmation an by the presence of
surfactants or humic acids. Moreover, the adsamptd E1 and E2 on the corbonaceus
adsorbent is more rapid than on GAC. In both cggdseemed to be an important parameter,
as the elimination rate increased at pH above 8.

Nano- and ultrafiltration was presented in casé @-ethinylestradioland Estriol removal
(Yoon at al., 2006). For both methods the elimoratiate was rather poor and did not exceed
40 — 60%.

Progesterong Testosteroneand Androstenedionewere effectively eliminated by means o
nanofiltration and poorly or not removed by ulthaéition (Yoon et al., 2006).

2.6 Tranquilizers

Diazepamremoval varied from 24 to 65% using 2 mgld (Huber and Canonica, 2003). In
case of ultrafiltration no removal was reportedwhweer nanofiltration resulted in the
elimination from 20 — 90% (Yoon et al., 2006).

2.7 X-ray contrast media

Doll et al. (2003) studied the removal lomeprol by means of UV/Ti@ The results varied
from 12 — 80%, which can be explained with the esaf different UV lamps: Hombikat
UV100 was more effective for photocatalytic oxidatio lomeprol than P25. Similar results
were obtained folopromide

Kim et al. (2007) reported very high removal of tomide using granular activated carbon
(GAC). The advantage of this treatment technolagyhiat low concentrations of organic
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matter in lake or river water results in less cotitipe for the binding of particles to activated

carbon.

2.8 Lipid regulators

Huber et Canonica (2003) presented the influemizohe dose on the removalBézafibrate
Doses from 0.1 — 2 mgsQ. ™" were examined. Satisfactory elimination was actewith 0.5
mg O; L™. This results were confirmed by Dantas et al. {30Moreover, combining ©with
H,O; results in very high removal, exceeding 95%.

In case ofClofibric acid combination of UV and Ti@was reported to be highly efficient
(Molinari et al., 2006; Doll et al., 2003). Accongj to Molinari, adsorption advantage can be
related to the drug solubility in water and inceeasth the decrease of pH. On the other hand,
Zwiener and Frimmel (2000) compared the efficieatlofibric acid removal from Milli-Q
water and river water by means o§/B,0,. However the removal of this compound was
quite low for Milli-Q water (~46%), it decreasedgsificantly in the river water (12% of
removal) This could be explained with the preseoteadical scavengers, which compete
with pharmaceuticals for OH radicals. On the othand, higher concentrations of/8,0;
increase the degradation kinetics of Clofibric acid

Andreozzi et al. (2003) reported very high remowél this compound using UV and
UV/H,0,. However, the elimination was performed in Millis@ater as a medium, therefore
the results from the environmental waters coul¢.var

Yoon et al. (2006) treated river water with ulteard nanofiltration to measure the removal of

Gemfibrozil None of this technologies was able to eliminagedompound effectively.
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Conclusions

1. Wastewater treatment
SRT

According to the available data it can be statbdt PPs can be divided into three major
groups:

Compounds with the optimum SRT range for which rthreimoval is the most
effective, e.g.: the majority of antibiotics andtiarflammatories is well removed with
SRT typical for the nutrient removal (10 — 20 days)

Compounds on which SRT has no impact and are deaized by:

o very low removal rates (anticonvulsants),
0 average removal rates {blockers),
o0 satisfactory removal rates (majority of hormones);
Compounds with visible influence of SRT on themval rate, e.qg. lipid regulators.

HRT
Likewise in case of sludge retention time, all gdddcompounds can be divided into two
groups according to the HRT influence on their reatoates:
Compounds with the optimum HRT, which results ia tiighest elimination rate, e.g.:
0 Antibiotics — HRT<12 hours,
0 Antiinflammatories — HRT>12 hours,
0 Lipid regulators — 12<HRT<25 hours;
Groups of compounds with no impact of HRT on themoval rate, characterized by:
o very low or no removal (e.g. contrast media, amiagsants),
o very high removal (e.g. majority of hormones).
Therefore the optimum range of hydraulic retentiome for PPs elimination during

wastewater treatment would be from 12 to 25 hours.

Reactor configuration

According to the obtained data, several statenmamnikl be made:
For CASP and MBR there is the whole range of rerhoates. Therefore, the

elimination of PPs depends rather on parametezsIRT, HRT, flow rate etc.
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There is no impact of reactor configuration on saumpounds removal, which are
characterized by:
o low or no removal (e.g. anticonvulsants),
o very high removal (e.g. majority of hormones),
o0 in some cases only slight impact of the reactofigaration could be observed
(e.g. contrast media).
Lack of data limits proper comparison of the remogéiciencies of most compounds

according to a variety of treatment technologies.

Red-ox conditions

No data regarding the influence of red-ox condgion the removal of PPs could be found.

Climatic zones

No influence of the climatic zones on the removidPBs was observed. It is more likely that

the removal rates of pharmaceutical compounds aispem their consumption pattern.

Advanced technologies

General remarks on the removal of PPs with advatexdthologies was given. Further details
will be delivered within D2.1.

2. Drinking water treatment

In most cases ozonation was the most efficientrtreat technology. However, the efficiency
depends on:

reagent dose and combination with other oxidants (&0O.,);

pH — in most cases, with exception of e.g. Carbapiaz;

presence of OH radicals scavengers;
In case of UV the only parameter deciding of tHeeicy of the photocatalysis, except from
combination with other processes, seems to beeadiypV lamp.
Granular activated carbon is the most effectiveelation to compounds with high sorption

efficiencies based on their hydrophobicity.
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Annexes

1. SRT influence on the removal of PPs.

2. HRT influence on the removal of PPs.

3. Reactor configuration influence on the removal BEP
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Appendix 1. SRT influence on the removal of PPs.
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Fig. 1.1.1SRT influence on the removal of antibiotics.
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SRT - Ibuprofen
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Fig. 1.1.3SRT influence on the removal of antiinflammatoiiasalgesics).
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Fig. 1.1.4SRT ifluence on the removal bfblockers.
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Fig. 1.1.5SRT influence on the removal of hormones.
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Appendix 2. HRT influence on the removal of PPs.
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Fig. 1.2.1HRT inluence on the removal of antibiotics.
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Appendix 3. Reactor configuration influence on témoval of PPs.
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