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SWITCH Deliverable Briefing Note Template

SWITCH Document Deliverable 4.1.3 entitleBiodegradability of selected
pharmaceuticals:

Audience This document is targeted mainly at engineerspsisis and technologists. Tq

a lesser extent it addresses policy makers, theratzutical industry (awareness) and the

general public.

Purpose

Biological treatment of wastewater is a core tetbgyin most sanitation systems. In this

work the biodegradability of eight selected humharmaceutical compounds, each hayv

ing

very different characteristics, has been asse3¢wrresults, complemented with literatire

research, contributes to increased understandingtheh more advanced treatment

of

source separated wastewater streams containingteteeoncentrations of pharmaceutical

compounds, is needed in order to avoid risks fondms and the environment.

Background
Human pharmaceuticals are consumed in high quastitorld wide. The consumption
in the range of tons per year per one pharmacéuwutcapound, depending on the size g

country. It is expected that these amounts willpkea increasing because of improvipng

health care systems and longer life expectatiomgeople.

The diversity of pharmaceuticals is large. E.gthie Netherlands, there are 12,000 human

pharmaceuticals approved (authorised). From anr@mviental point of view, there ar
850 active compounds in human pharmaceuticals,atigaimportant (Derksen 2004). The
pharmaceuticals that are administered (a medical, tedicating ‘consumed’) by humans

after the required action in the body, get excretgith urine and faeces as a par
(original) compound and usually as a number of baiges. In conventional wastewa

systems, the toilet wastewater (consisting of udand faeces flushed with clean water;
often called black water) is mixed with other wasiter streams forming sewage that
enters the municipal sewer. Research shows thegvimge treatment plants (STPs), many
pharmaceuticals compounds do not get removed tdfigient degree. The reason is that
the configurations (designs) of the current STRd #re not efficient enough to remoyve
these micro pollutants. Consequently, they entefase water systems where they may

pose effects on aquatic life and ultimately mayeetihe human water cycle through
intake of surface water for the production of taptev. There is evidence that harm
effects are there.

Our knowledge on the fate of pharmaceuticals intevaater treatment systems (biologig
physical-chemical) is still limited. Especially $gms dealing with concentrated strea
such as urine or black water, have not been ngesubf many investigations. In th
research described in this report, the behavioueight selected pharmaceuticals
investigated in biological systems for treatmentaficentrated wastewater.
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Potential I mpact

This work contributes to othetontributes to increased understandamgthe fate of
pharmaceuticals in different environmental compartts. Studies were done on a numpber
of representative pharmaceuticals, each havingreift chemical-physical property. The
knowledge obtained in the research can be genedatiz other, ‘similar’ pharmaceuticgl
compounds. The knowledge on the potential of bickigtreatment for environmentally
relevant compounds could facilitate further resedrdo the optimization of biological
STPs to achieve an improved efficiency towards rfrmoval of pharmaceuticals. The
research also shows that for persistent and sersispent compounds it is inevitable [to
develop more efficient treatment methods. These naost likely advanced chemical-
physical treatment methods.

I ssues

- Although the issue of the pharmaceutical in envitent attracts a lot of attention),

especially, of scientific world, there is no policyo standards defining which
compounds should be removed and to which level.

- The analytical methods to determine pharmaceutinascomplex matrix like
wastewater are still difficult, time consuming asabtly; for many pharmaceutical
compounds not even developed/validated yet

- The fate of excreted (active) metabolites/conjugatdreatment systems is very
unclear.

- The number of environmentally relevant pharmacaigiexcreted to the
environment is large; examining all of them is iragible. Therefore the
simplifications are required and it is recommendablwork with a restricted
number of so called representative compounds;

- Separation and concentration of wastewater stré@man advantage of having
pharmaceuticals in a very small, perhaps bettetraitable volume; on the other
hand the matrix becomes more complex.

Recommendations

- More research should be devoted to the biodegrhtgadfihuman pharmaceuticals
from source separated concentrated wastewatenstyéiae selection of
representative pharmaceuticals should be enlarged;

- Both anaerobic and aerobic biodegradation are pbitance in the expected
overall treatment schemes;

- This research worked with laboratory batch tests. .iecommended to also
investigate the fate of these pharmaceuticals mitwoous biological treatment
systems during a long term period in order to sthéyadaptation of the biologica
sludge.

- The information on potential biodegradability ofnan pharmaceuticals should be
bundled into a model enabling the prediction oftitkbaviour of a given
compound in a biological treatment systems.
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Preface

Human pharmaceuticals are consumed in high quesititdrldwide; the consumption is in the range
of tons per year per pharmaceutical compound dépgrah the size of a country. The expectations
are that these amounts will only keep increasingabse of a improving health care system and
longer life expectations of people.

Our current sanitation systems are characterised igh degree of dilution. Dilution is one of the
reasons why pharmaceutical compounds are not iuffig removed. When discharged to surface
water they may form a threat to aquatic life andhia worse case may re-enter the water cycle.
Source control, i.e. sanitation approaches basezkparation at source, are based on separation and
separation of wastewater streams of different orilack water, grey water). Specific treatments,
targeting different flows, may enable eliminatiof gharmaceuticals and minimisation of the
emission of human pharmaceuticals to the envirohmen

In this document a final selection of representaptarmaceutical compounds to be tested in various
biological- (Z“ year of the project) and later on physical-chei{i8d year of the project) wastewater
treatment systems was done. The selected compoacdsylsalicylic acid (aspirin), diclofenac,
ibuprofen, carbamazepine, metoprolol, clofibric dacbezafibrate and fenofibrate represent 4
therapeutic groups. A brief overview of a found débur of selected compounds in physical systems
(STP, batch experiments) was given.

During the second year of the project a numberaddgradation tests was performed under various
process conditions. The applied concentrationdefselected pharmaceuticals were relatively high
(low mg/L range) in order to simulate situationes concentrated wastewater sub-streams solely
containing pharmaceutical (urine, black water) bhi@ogical (pre/post)-treated. Different process
conditions (redo-ox, temperature, sludge originjenggpplied in order to translate the obtained tesul
to various process configurations.
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Summary

The biodegradability of eight selected pharmacalljicactive compounds (PhAC) was assessed
under various environmental conditions (varyinghwiéspect to red-ox conditions, temperature and
the character of the seed biological sludge). Télected PhACs were characterized by different
physical-chemical-biological properties in ordebmable to extend the results of this researtheo
broader group of environmentally relevant microkp@ints. The selected compounds were:
acetylsalicylic acid (ASA), bezafibrate (BZF), carbazepine (CBZ), clofibric acid (CFA),
diclofenac (DCF), fenofibrate (FNF) and metoprd@MITP).

Many PhAC can be biodegraded under aerobic conditibhe extent of biodegradation depends in
many cases on the exposure time of a biomassitea gompound. Aerobic biodegradation is faster
than anoxic degradation. Elevating operational &napires speed up the biodegradation processes,
as expected. Under anaerobic conditions and relgtieng retention times (HRT=30 d) some PhAC
can be degraded (ASA, IBU, FNF) but at much lovae ithan under aerobic or anoxic conditions.
The anaerobic digestion process, is however naagd, to contribute significantly to eliminatioh o
majority of PhACs. Optimisation of process condigdor a (semi)persistent group of PhAC (CBZ,
CLF, DCF) will only result in their partial (if apybiodegradation. For new sanitation concepts for
source separated wastewater, where anaerobic idigéstapplied as an efficient pre-treatment for a
bulk of organic matter, and aerobic as a main itneat, addition of a physical or chemical polishing
unit to eliminate persistent compounds (when demdhdill be unavoidable.
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1 Introduction

Human pharmaceuticals are consumed in high quasititorld wide. The consumption is in the range
of tons per year per one pharmaceutical compourgerdéng on the size of a country. The
expectations are that these amounts will only keepeasing because of a improving health care
system and longer life expectations of people.

The diversity of the human pharmaceuticals is lahgéhe Netherlands, for instance, there are @200
human pharmaceuticals approved (authorised). Theee 850 active compounds in human
pharmaceuticals, important fact from environmeptaht of view (Derksen 2004).

Pharmaceuticals administered (it is a medical termother words consumed) by humans after
required action in the body get excreted with u@nel feaces as a parent (original) compound and
usually as a number of metabolites. The toilet exaater (consisting of urine and faeces flushed with
clean water; often called black water) is mixedhwitther wastewater streams forming finally a
sewage that enter the municipal sewer. In a sewaggtment plant (STP) effluents many
pharmaceuticals compounds do not get removed taffecient degree. This is because of the
configurations of the current STPs that are natiefit enough to remove these micropolllutants.
Consequently they are present in the effluentsTélsS enter the surface water where they may pose
effects onto aquatic life. There are already evigsrthat they do so.

Knowledge on the fate of pharmaceutical in wastewateatment system (biological, physical-
chemical) is still insufficient. Especially systemsaling with concentrated streams, such as urine o
black water, were not subject of many investigatidn this part of the project the behaviour ofeig
selected pharmaceuticals will be investigated widgjical systems for treatment of concentrated
wastewater.

1.1 Presence of human (and veterinary) pharmaceutic  als in environment

The presence of human and veterinary pharmacestioalvarious environmental compartments
(aquatic and terrestrial) were described to sonengin deliverable 4.1.2 (Kujawa-Roeleveld 2007)

1.2 Consumption human pharmaceuticals (in NL)

The consumption and abundance of pharmaceuticalpaonas differ per country. The global
consumption of pharmaceuticals used by humanseiqied as 100,000 tons per year. This number
corresponds to a worldwide average pro capita copsan of 15 g.capa® (Ternes 2006)
(Kummerer 2004).

The consumption of all therapeutic groups of phaenticals in the Netherlands in years 2002 till
2006 expressed in number of users is given in Thlile
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le 1.1: Users per ATC group of pharmaceuticals (* 1000) in the Netherlands (CVZ 2007)

2002 2003 2004 2005 2006

S

ab

ATC group

A Alimentary tract and metabolism 2.910 3.003 2.769 2.969 3.348
B Blood and blood forming organs 1.651 1.663 1.668 1.674 1.853
C Cardiovascular system 2.676 2.759 2.910 2.982 3.470
D Dermatologicals 3.419 3.463 3.190 3.164 3.423
G Genito urinary system and sex hormones 2.767 2.696 1.412 1.406 1.530
H Systematic hormonal preparations 828 854 890 927 1.017
J Antiinfectives for systematic use 3.840 3.826 3.775 3.945 4.233
L Antineoplastic and immunomodulating agents 157 169 179 215
M Musculo-skeletal system 3.403 3.423 3.322 3.136 3.236
N Nervous system 3.590 3.603 3.351 3.313 3.477
P Antiparasitic agents, insecticides, repellent$44 148 160 162 174
R Respiratory system 3.149 3.064 3.033 3.099 3.410
S Sensory organs 1.786 1.802 1.759 1.754 2.104
V Various 34 37 40 43 55

Group A, C, D, J, M, N and R are characterisechigyttighest number of users, above 3,2 min people
per ATC group. A significant increase of usersdththerapeutic groups is to observe especiallynfro
year 2005 to 2006. An increase up to 20% for soroegs was reported by CVZ (CVZ 2007). In
Table 1.2 number of DDDs sold between 2002 and 2&@6listed per ATC main group. The
prevailing groups are then A, B, C, D, N and R. Titerence between number of users for group B
(relatively small) and DDDs sold (high) is that paeates from this group are used chronically
(between 17 to 575 DDD per user per year deperatintpe sub-group used ). In contrary drugs from
group J are used by a large number of people bouanhof DDD sold is relatively small as anti-
infectives are used for a short time per patierdgtvpen 1 (vaccine) to 169 DDD/ply (anti-
mycobaterials).

Table 1.2 : Amount of DDDs (* 1000) used in The Netherlands in years 2001-2006 (CVZ 2006)

ATC group 2002 2003 2004 2005 2006
A Alimentary tract and metabolism 839.970 897.320 828.640 924.480 992.680
B Blood and blood forming organs 546.890 589.220 612.920 652.010 690.970
C Cardiovascular system 1.713.3001.870.9002.047.9002.190.5002.435.000
D Dermatologicals 495.010 522.170 472.040 486.820 504.050
G Genito urinary system and sex hormones 790.320 798.740 277.350 283.660 307.660
H Systematic hormonal preparations 113.920 120.200 125.290 129.510 149.510
J Antiinfectives for systematic use 63.606 64.400 64.951 69.285 73.436
L Antineoplastic and immunomodulating age3#.981  40.856 47.140 52.408 62.288
M Musculo-skeletal system 241.730 256.170 250.080 238.100 237.680
N Nervous system 670.680 699.650 686.690 691.830 666.840
P Antiparasitic agents, insecticides, repellentd.249 4.502 5.207 5.052 5.277
R Respiratory system 592.680 582.240 565.290 568.710 576.030
S Sensory organs 208.450 220.610 220.300 222.780 255.180
V Various 2.979 3.706 4.647 5.752 7.317

Again a significant increase can be observed betwear 2005 and 2006 regarding the consumption
of the medicines from almost all groups (exceptl@nd P). Again increase up to 20% for certain
groups was reported.
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Source separation based sanitation concept
A number of different wastewater streams are predun households as a consequence of various
human activities (Figure 1.1). In the existing cameld sanitation system, all the streams originating
from the households are collected with the saméngigystem and end up to the conventional
WWTPs. Wastewater streams can be separated basddeimncomposition and concentrations
(STOWA 2005). Black water originating from the &# is one of the most concentrated streams and
consists of faeces, urine and flush water (OttdrpAlbold et al. 1999; Kujawa-Roeleveld and
Zeeman 2006). Grey water is the combination of g¢hb-streams originating from shower, bath,
laundry and kitchen and is relatively diluted (Ku@Roeleveld and Zeeman 2006). Black water
contains high organic contents as well as the nfegation of the nutrients in domestic wastewater.
Besides, most of the pathogens and mico pollui@h@rmaceuticals, hormones etc.) are also present
in this stream which has a small volume. Separatirige or black water stream from the others
enables to concentrate the risks in a very smdllme. This gives an opportunity to have a better
control, enabling the recovery of nutrients andrgypend limit the negative environmental effects
(Kujawa-Roeleveld and Zeeman 2006).

concentrated

black water |§tchen waste:J

grey water
«

diluted

rain water

<
Figure 1.1: Wastewater streams produced in households.

1.4 Objectives

The objective of this sub-study was to asses biedkpility of the 8 selected pharmaceutical
compounds under various process conditions. Thétsesf the study will enable to predict the fafe o
pharmaceutical compounds in biological systems titrga wastewater containing increased
concentrations of pharmaceuticals (urine, blaclevwat
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2 Selected pharmaceuticals

2.1 Introduction

In this section the motivation for the selectioregfht pharmaceuticals: acetylsalicylic acid (aapir
diclofenac, ibuprofen, carbamazepine, metoprolofiliric acid, bezafibrate and fenofibrate for this
research is elaborated.

The following selection criteria were used:
- high consumption rates in the Netherlands;
- representation of a variety of therapeutic classes;
- reported occurrence in the environment;
- reported eco-toxicity (acute and chronic);
- physical-chemical properties (hydrophobic / hydibph
- susceptibility to biodegradation;
- availability of validated analytical methods.

The last criteria was fulfilled for all selectedgsmaceuticals.

An attempt was taken to include as much as possibtifferent criteria per selected compound to
obtain a good representation of pharmaceuticaaseld to the environment. A strong variety of
selected compounds may enable to translate toldtansesults of this study to other compounds
having similar properties.

The relevancy of the selected pharmaceuticals dmijdstified by a research of Dutch Institute for
Public Health and Environment (RIVM) in which aliet selected pharmaceuticals were detected in
drinking water source@/ersteegh 2007), Figure 2.1.

% positive samples

o 50 100 150 200 250

salicylic acid [ I ]
clofibric acid —m
chloramphemoolﬁ]
ibuprofen _:n
iopromide 7:D
su!famethoxazol_—,_i_l_l
paracetamol 7::‘51
fenazon |
metoprolol |m—

ifosfamide
bezafibrate | -] odrinking water (n=42)

diclofenac | i o groundwater {n=10)
prozac [T m hankfitration (n=14)

ethiynil estradlol: @ surfacewater (n=17)
iopamidol |mm
iohexol |

sotalol |

lincomycin
bisoprolol
carbamazepine
erythromycin
fenofibrate M

L

Figure 2.1. Percentage of the positive samples in the measurement campaign (2005/2006) for the
presence of human pharmaceuticals in drinking water and drinking water resources in the
Netherlands (Versteegh et al. 2007)
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A short characteristics of the selected compousidéven below.
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2.1.1 Acetylsalicilic acid (ASA)

Aspirine or acetylsalicylic acid (ASA) is a drugerf used as an analgesic (to relieve minor achés an
pains), antipyretic (to reduce fever), and as aitiaflammatory. It also has an antiplatelet ("anti
clotting”) effect and is used in long-term, low dedo prevent heart attacks and blood clot formatio
in people at high risk for developing blood clots.

Aspirin is consumed in high quantities in the NIt can be prescribed but it can also be sold over-
the-counter. This makes the estimation of the reahsumption rate more difficult. When only the
prescribed use of aspirin is taken into accoum,atmount of DDDs sold in 2006 in the Netherlands
was 362.564 as analgesic (DDD = 3000 mg) and 34amlantiplatelet (dose between 30 and 100
mg/p/d (CVZ, 2007), (WHO 2006) resulting in envino@ntal emissions as high as 18.3 tone/year.
The high consumption of aspirin is also revealedn#asurements of the influent concentrations in
Waste Water Treatment Plants (WWTPs). About 3.2 afjacetylsalicylic acid and 57-330 ug/I
salicylic acid (its main metabolite) was measurethe research of (Fent 2006).

Besides the high consumption rate, aspirin was sdtected because of its hydrophilic character and
good biodegradability according to literature.

2.1.2 Diclofenac (DCLF)

Diclofenac is a non-steroidal anti-inflammatory gifdNSAID) taken to reduce inflammation and an
analgesic reducing pain in conditions such astimiéis or acute injury. It can also be used tours
menstrual pain, dysmenorrhea. The name is derirad fts chemical name: 2-(2,6-dichloranilino)
phenylacetic acid.

Diclofenac is also consumed in high quantitieshim WL . Analogously to aspirin It can be prescribed
but it can also be sold over-the-counter. The nunob@rescribed DDDs for diclofenac (including
combination preparates) amounted in 2006 at 683823(CVZ 2007). Assuming that all prescribed
DDDs were consumed the emission to the environmvemild amount to approximately 6.8
tones/year (DDD = 100 mg, WHO, 2006).

Diclofenac is known as persistent to biodegradatiad relatively harmful to aquatic organisms.
Reported removal rates of diclofenac in WWTPs aetwben 0-69% (Table 3.3). Observed
concentration in WWTP effluents are in the rangeOdf7 — 2.5 ug/l (Fent 2006), (Lindqvist,
Tuhkanen et al. 2005).

Further, diclofenac has shown to cause some hareffects even at low concentrations. For
diclofenac a lowest observed effect concentratiddEC) of only 1 ug/l for fish was determined
(Triebskorn, Casper et al. 2004).

In Pakistan, India, Bangladesh and Nepal diclofdmescaused a severe decline of vultures in, after
feeding themselves with domestic livestock andleatthich were given diclofenac. All the dead
vultures in which diclofenac was detected, haveal diecause of problems related to renal failure
(Oaks, Gilbert et al. 2004).

2.1.3 Ibuprofen (IBU)

Ibuprofen belongs also to the NSAID group. It reshipain, inflammation and the fever. lbuprofen
has a high consumption and is often measured irtkionment. In the Netherlands ibuprofen can
be prescribed and sold over-the-counter like aspind diclofenac.

Ibuprofen is consumed in high quantities in the NIhe number of prescribed DDDs for ibuprofen
(including combination preparates) in 2006 amourt8d232 100 (CVZ 2007). Assuming that all
prescribed DDDs were consumed the emission torthiegomment would amount to approximately 28
tones/year (DDD = 1200 mg, WHO, 2006).

10
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According to the results of several researche#theent of ibuprofen to WWTPs ranges from 3 — 39
ug/l (Fent 2006). Ibuprofen can be degraded in W®/TP to more than 90%, however because of
the continuous and significant input of this phaceaical, still the presence of the compound is
measured in surface waters and drinking water. Memtentrations measured in WWTP effluents
and surface waters are in the ranges of up tegllCand about 4 ng/l respectively (Jones 2005).
Ibuprofen has a high hydrophobic character. Adsmnpto sludge of this pharmaceutical will be
relative high compared to other selected pharmasit

2.1.4 Carbamazepine (CB2)

Carbamazepine is an anti-epileptic drug, ‘promilyergresent in the aquatic environment. This
compound was e.g. measured in 44 rivers of the USACanadian surface waters, Korean STPs
effluents, in many surface waters in Europe anthenNorth Sea (Han 2006), (Jones-Lepp 2001),
(Fent 2006) and (Weigel 2003). Highest mean comagah measured in a river is 1ug/l (Weigel
2003). Carbamazepine turned out to be persistardrts biological degradation. Measured median
concentration for STPs effluents range from 0.78.1qug/l (Petrovic et al., 2005).

Carbamazepine has been one of the substances izlietected most often in drinking water sources
in the Netherlands (Versteegh 2007).

2.1.5 Metoprolol (MTP)

In the Netherlands, a high number of prescribedysltoncern pharmaceuticals for heart diseases.
Especially beta-blockers are a lot prescribed aitkinvthis category, by far metoprolol is used the
most (50% of the used beta-blockers concern metp(@€VZ 2007).

Metoprolol is a selective betal receptor blockeedusn treatment of several diseases of the
cardiovascular system, especially hypertension.

In the Netherlands in 2006 there were 826.100 usersetoprolol consuming 144.373.800 DDDs.
The maximum emission of this drug to the environtweas then 21.6 t taking into account that DDD
is 150 mg (WHO 2006).

Metoprolol can have effects on the heart on inteetes in the environment. IB. Magna for
example metoprolol caused at low concentrationlacation of the heart beat (Fent 2006).

2.1.6 Clofibric acid (CFA)

Clofibric acid (also named: clofibrin or chlorofibic acid) is the active metabolite of clofibrate,
etofibrate and etofyllin clofibrate (Reemtsma 2006pid lowering agent.

It is poorly degraded in WWTPs. The measured rempeacentages range from 0 — 51 % (Fent
2006).

The pollutant was detected in inland surface waiar&uanabara Bay of Brazil (Stumpf, Ternes et
al. 1999), ground water and in tap water (Heber@®g).

2.1.7 Bezafibrate (BZF)

Bezafibrate is a fibrate drug used for the treatnoémyperlipidaemia. It helps to lower (low-denysit
lipoprotein (LDL called also ‘bad cholesterol’) dasterol and triglyceride in the blood, and inceeas
HDL (High-density lipoproteins — good cholesterol).

The observed removal percentages of bezafibrateeaWWTP vary a lot. In different researches
elimination rates between 15-100% were reportecht(F2006). Its biodegradation potential is
therefore unclear.

Bezafibrate was especially chosen because of gts low K., value. Absorption to sludge will be
important removal mechanism compared with the rhgdzophilic pharmaceuticals.
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2.1.8 Fenofibrate (FNF)
Fenofibrate is mainly used to reduce cholestenatlfein patients at risk of cardiovascular disease.
Like other fibrates, it reduces both low-densityolprotein (LDL) and very low density lipoprotein
(VLDL) levels, as well as increasing high-densipolrotein (HDL) levels and reducing tryglycerides

level.
Fenofibrate is a drugs which is not used in thehBidands nowadays but it is still used

internationally (KNMP 2006). Fenofibrate was measurin drinking water samples in the

Netherlands (Versteegh 2007).
Fenofibate was selected for this study, analogotslpezafibrate, for its hydrophobic character

(exceptionally high K, value, Table 2.1).
The consumption figures in the Netherlands andpifoperties of the selected pharmaceuticals are

summarized in tables 2.1 and 2.2.

Table 2.1: Prescribed amounts of the selected pharmaceuticals in the Netherlands in 2006 (source:

(CVvZ,2007)
Thera- Compound Amount of Fraction of DDD Amount of DDDs  Amount sold
peutic users in NL users (%) (mg/p/d) sold in NL (ton/yr)
class (2006) in NL
23.631 (3000) 362564(3000) 9.4
576.920 (30- 166334800 (50)
100) 3000 or 30-
B&N Aspirin 4.1 100
M Ibuprofen 853.980 7.2 1200 23,627,700 27.9
M&S Diclofenac 1755 616 9.3 100 52,189,600 5.2
C Metoprolol 826 100 5.4 150 144 373 800 21.6
N Carbamazepine 57 779 0.4 1000 8 762 300 23
C Bezafibrate 3,222 0.02 600 532,670 0.88
C Clofibrate 275 0.002 2000 31,590 0.17
C Fenofibrate 0 0 200 0 0

B - Blood and blood forming organs, C - Cardiovascular system, M - Musculo-skeletal system, N - Nervous
system and S - Sensory organs; 2 including combination preparates

aspirine

H

T

ibuprofen

OH

L]

HH

diclofenac

carbamazepine
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2.2

Characteristics of selected pharmaceuticals

The physical-chemical properties of the selecteatplaceuticals are given in Table 2.2.

Table 2.1: Physical-chemical properties of the selected pharmaceuticals

Pharmaceutical  Therapeutic Log Kow * Hydrophilic / pKa value at Kpios for CAS
group hydrophobic T =20°C? (L/ gSS/d)*
Aspirin anti- 1.426 hydrophilic 3.5 n.a.
inflammatory
Ibuprofen anti- 3.481 Moderately 4.5-5.2 21-35
inflammatory hydrophobic
anti- 0.7-4.5
Diclofenac inflammatory  depending varying 4.15 <0.1
on pH
Metoprolol 3 — blocker 1.9 hydrophilic 9.7 n.a.
Carbamazepine anti-epileptic 2.69 Moderately <1, 13.9 n.a.
hydrophobic
Clofibric acid lipid 2.57 Moderately 3.0 0.3-0.8
regulating hydrophobic
Bezafibrate lipid 4.25 hydrophobic 3.6 2.1-3.0
regulating
Fenofibrate lipid 5.19° hydrophobic n.a. n.a.
regulating

1Joss et al., 2006Ternes et al., 2006°:van Beelen, 2007 CAS = conventional activatedggud
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3 Fate of selected pharmaceuticals during wastewate r
treatment (literature study)

3.1 Removal mechanisms

Pharmaceuticals can be removed from the aqueolwse phaa water treatment plant due to several
processes. These are biodegradation, sorptiompistg to air and abiotic transformation (e.g.
photolytic degradation).

3.1.1 Biodegradation

Biodegradation is a very important process in thadformation of organic pollutants including such
as pharmaceuticals. It can result in an energy @airbacteria growth but it can also occur co-
metabolically during degradation of other orgarampounds. Biodegradation can happen partially or
completely. The latter, complete biodegradatiowdadoon dioxide (C¢) and water (KD), is called
mineralization. Partial biotransformation includé® conjugation of the pharmaceutical and the
degradation of a compound to a metabolite (alsamicy in human body). A conjugate is a complex
formation of the pharmaceutical with glucuroniddagr sulphate. Conjugation of the pharmaceutical
takes plays usually before excretion in the humadyb The result of this conjugation is that the
compound is becoming more polar and can be excrated easily. A conjugated compound can be
easily transformed back to the free original conmubin the sewage system or in a WWTP.
Metabolites of pharmaceuticals can be producedhtirean metabolism and in WWTPs. Like the
original pharmaceuticals, metabolites can be pergsisand they might demonstrate effects in the
environment, Identification of these metabolitesvastewater is therefore important.

Some studies have identified degradation productk gossible degradation pathways of selected
pharmaceuticals.

Ibuprofen

Three identified degradation products of ibuprodes hydroxyl-ibuprofen (OH-lbuprofen), carboxy-
ibuprofen (CA-Ibuprofen) and carboxy-hydratropiada@CA-AH) (Zwiener 2002) (Figure 3.1).
These metabolites are also known to be formed gdhi@ human metabolism of ibuprofen.
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Figure 3.1: Part of the degradation path of ibuprofen. Source: (Buser, Poiger et al. 1999).

The metabolites of ibuprofen are/were found todreaved efficiently. Only small amounts are/were
detected in WWTPs effluents. In lakes, only ibuprofs detected and none of its metabolites (Buser,
Poiger et al. 1999), (Reemtsma 2006).

Zwiener (2002) identified in an aerobic batch readed with sewage sludge of WWTP, hydroxy-
ibuprofen as the major metabolite of ibuprofen. ldwer, the concentration of this metabolite was
rather low. In this aerobic batch test lastingtfeo days a maximum of 7% of the degraded ibuprofen
could be assigned to the formation of OH-ibuprofen.

In an anoxic batch test almost no OH-ibuprofen detected. On the other hand, carboxy-ibuprofen
was detected in highest concentration of all méiso(up to 1.8% of the degraded ibuprofen
concentration) under anoxic conditions. Conceiatnatof CA-HA were at quantification limits both
under oxic (aerobic) and anoxic conditions (up.@¥®of degraded ibuprofen).

All together, the concentration of metabolites wid exceed 10% of the initial ibuprofen
concentration and not more than 10% of the degrdmgmtofen can be explained by the formation of
these metabolites (Zwiener 2002).

Acetylsalicylic acid

Acetylsalicylic acid can be transformed to salicyhcid (Zwiener 2002). Other metabolites of
acetylsalicylic acid are salicyluric acid and gsiatiacid (Hansen, Jensen et al. 1998). Biodegadati
of salicylic acid takes place easily because jiragluced by nature itself as well. Removal rafgs u
99% of salicylic acid were observed in WWTPs (F200Q6).

Diclofenac

Diclofenac is quite persistent and little is knowbout its degradation pathways. Degradation
products of diclofenac have been identified by Khsgt al. (2007) (Kosjek, Heath et al. 2007) in
effluent of a pilot WWTP (with aerobic and anaemlkbmpartments). The products are given in
Figure 3.2.

15



v R4 -== %
R 5 B
@.A.A ‘ --?meuwnrh
SWITCH e
=3 [ 2002-2006)

CHy

(c)

Figure 3.2: Degradation products of diclofenac. 2,6-dichlorophenyl-1,3-dihydro-2H-indol-2-one (a),
2-((2,6-dichlorophenyl)amino)benzyl alcohol (b) and 2-((2,6-dichlorophenyl)amino)benzyl alcohol
methyl ether. Source: (Kosjek, Heath et al. 2007).

Carbamazepine (CBZ)

Carbamazepine is degraded in human body into maetabulites. A 33 metabolites have been
identified in urine. The main metabolites were istigated by Miao et al (2005) for their behavior i
a conventional WWTP with UV as post treatment. Bhesmpounds are listed in Figure 3.3. The
main metabolic pathway for CBZ degradation is oti@mato a expoxycarbamazepine (CBZ-EP) and
the subsequent formation to CBZ-DiOH (Miao 2005) éikitteringham, Davis et al. 1996).

At every sampled location in the wastewater treatmpdant of Peterborough (Canada) the highest
mean concentrations were for carbamazepine andCR¥-DiOH. Other metabolites have been
detected as well but in lower concentrations. losbiids (sludge) mainly the parent compound
carbamazepine was present. The overall removalBX @Was about 29% (including UV-treatment
step). Comparison of the metabolite concentratiofsinfluent and effluent showed that the
metabolites were not degraded. The effluent conaom was the highest for CBZ-DiOH followed
by carbamazepine and other metabolites.

The toxicity of the metabolite CBZ-DiOH is not knowFor CBZ-EP it was observed that it has (still)
anti-epileptic properties as its parent compounéh(\2005).
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Q\_@ hyvdroxycarbamazepine [20331-92-8]
N

Figure 3.3: Five main metabolites of carbamazepine. Source: (Miao 2005).

Metoprolol

The biodegradation products of metoprolol produced@WTPs are unknown. In the metabolism of
humans and animals however, the transformation etopmolol is studied. A scheme of possible
degradation pathways of metoprolol is given in FégB.4. Metabolites of metoprolol are, according
to the figure: metoprolola-hydroxymetoprolol, O-demethylmetoprolol, metoptolacid and
deaminated metoprolol.
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Figure 3.4: Pathways for metoprolol degradation (Fang, Semple et al. 2004).

Clofibric acid

Clofibric acid is the active metabolite of threbréites: clofibrate, etofibrate and etofyllin clatile
(Reemtsma 2006). Biodegradation products of clmfiacid and their behavior in environment were
not found in literature.

Bezafibrate

The degradation of bezafibrate has not been mustbjct of research. A suggested metabolite is 4-
chlorobenzoic acid. This compound can be minerdlzzempletely. Formation and disappearance of
this compound was detected in a bezafibrate aerblidegradation test with activated sludge
(Quintana 2005).

Fenofibrate

Fenofibrate is in the human body easily hydrolysétth esterases to fenofibric acid. This is the
pharmaceutically active compound. The microbialabetic pathway of fenofibric acid is not known.
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3.1.2 Sorption
Sorption to sludge can be an important removal eism especially when a pharmaceutical is
slowly biodegradable and has a high sorption pikritiphophilic properties and the electrostatic

state is important for the amount of pharmaceutital is sorbed to the sludge. Two different kinds
of sorption mechanisms can take place: absorptidradsorption.

Absorption
Absorption is related to hydrophobic interactiorisatiphatic and aromatic groups of a compound

with the lipid fractions of the sludge (solids) ¢(fes and von Gunten 2005). The hydrophobic
character of a compound can be indicated with theuWilue. The K, is the partition coefficient
between octanol and water for a specific compourfte higher the log ¥, value, the more
hydrophobic a substance is. Based on the Igg Wlues three groups of compounds can be
distinguished regarding their sorption potentiahgks 2005):

Log Kow< 2.5 Low sorption potential
Log Kow > 2.5 but < 4.0 Medium sorption potential
Log Kow > 4.0 High sorption potential

The log K, of the eight selected pharmaceuticals are listedble 2.1. Bezafibrate and fenofibrate
are the most hydrophobic pharmaceuticals, with g K, >4,0. From all the selected
pharmaceuticals, removal due to absorption wilsthe the most important for these two compounds.

Adsorption
Adsorption is related to electrostatic interacsionith the substance and the surface of micro-

organisms. Because sludge is negatively chargedgillitattract positively charged molecules and
reject negatively charged molecules.

The pKa value indicates whether a pharmaceuticatidic or basic. The lower this value, the more
acidic a compound is. Most of the selected pharotazzds are acidic and therefore at neutral pH,
negatively charged. This decreases their adsorpsiffimity to sludge. Only metoprolol and
carbamazepine are not acidic (Table 2.1), whilejrttog K., value is quite low (1.9 and 2.7
respectively.

Solid-liquid partition coefficient

To determine the sorption of a pharmaceutical tmigt or other solids, the solid-liquid partition
coefficient, K, can be used, if available. This coefficient shdtes overall sorption affinity of a
compound. The solid-liquid partition coefficient alculated with the following formula under
equilibrium conditions.

Cq, sorbed) = Ka,i * SS * Cij, soluvle)

where:

Cii, sorbed) the particulate concentration of a compoufmg/L);

Kg; the sorption constant of a compoufidkg SS);

SS suspended solids concentration in wastewateproduction suspended solids in
primary or secondary treatment (k'gjmjestewa@;

S the soluble concentration of a compouédg/L);;

The fraction of the sorbed pharmaceutical relabetthe total pharmaceutical concentration in the
system can be described by the following:
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Sorption in municipal WWTP can be neglected whgw#ue < 500 L/kgSS (<10% sorption if
sludge production between 200 - 400 gS§/fernes, 2005 #106).

For three of the 8 selected pharmaceuticals, thealle was found in literature (Table 3.1). Asahc

be seen from the Table they Kalue depends strongly on the characteristicshefdudge. With
respect to secondary sludge, for none of the 4npheguticals sorption seems to be an important
removal mechanism.

Table 3.1: Partitioning coefficients of 4 pharmaceuticals for primary and secondary sludge (Ternes
and von Gunten 2005).

Compound primary sludge Ky (L/kg SS) Secondary sludge Ky (L/kg SS)
Diclofenac 459+32 16.0£3.1

Ibuprofen -(<20) 7.1+2.0

Clofibric acid -(<30) 1.240.5

Carbamazepine -(<20) 1.2+0.5

Considering above, only a minor part of the phaemnécals will be sorbed to the biological sludge
during wastewater treatment. Taking into accolathtydrophobic characters, sorption is likely tp be
most significant for fenofibrate and bezafibrate.

3.1.3 Vaporisation

The percentage of an organic compound that is vagmbiduring wastewater treatment, depends on
Henry coefficient and the amount of air gettingcontact with the water (liquid). The,Kis the
liquid-gas partitioning coefficient for a certaiompound and defined as:

C. H
KaW: air

Cuww  RT

where:

Kaw= partitioning coefficient (-)

Cair = concentration of pollutant in air (mg/L)
ater = SOluble concentration of pollutant (mg/L)

H = Henry’s law constant (atm%mol)

R = gas constant (atm*mol/K)

T = Temperature (K)

A partitioning coefficient between air and water>& * 10° is required for effects of stripping to air
in a reactor with fine bubble aeration (Ternes 200@ble 3.2 shows that the Henry's law constant
and the K, of pharmaceuticals are very low. As a result,ovegation is not regarded to as a
significant mechanism for removal of the pharmaicais.
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Table 3.2: Henry's law constants and partitioning coefficients for selected pharmaceuticals. (Source:
US National Library of Medicine), T = 25 °C.

Pharmaceutical MTP DCLF IBU CBZ ASA CFA
Henry's Law constant

(atm.mS/moI) 1.40E-13 4. 73E-12 1.50E-07 1.08E-10 1.30E-09 2.19E-08
Kaw (-) 5.73E-12 1.93E-10 6.13E-06 4.42E-09 5.32E-08 8.96E-07

3.1.4 Abiotic transformations

Abiotic transformation may occur via the processkiydrolysis and photolysis. Andreozzi (1998)
has determined half-lives of carbamazepine, clfibcid and diclofenac in photolysis process. In a
test with glas-disk reactors in a thermostatic twitla temperature of 2% direct photolysis was
analyzed in various seasons and at several lasit(®3N — 50°N). During winter and 5W latitude
the half-lives of carbamazepine and clofibric awidre in the order of 100 days. Half-live of
diclofenac was in the range of 5 days. In sumrhert, for DCFL was lowered to approximately
0.5 d (Andreozzi 2003).

Another research showed the rapid degradationabdfdnac in the lake Greifensee (in Switserland).
The removal of diclofenac in this lake was over 9@8tlow and outflow concentration of max. 370
ng/L and max. 12 ng/L resp.), most likely due tofoldegradation (Buser, Muller et al. 1998). A first
order kinetic was determined in a laboratory experit with a half-live of less than 1 hr in autunin a
a latitude of 4. Metabolites were not studied in that case, thisselimination of diclofenac could
also result from the production of OH-diclofenadtarould be more advanced.

3.1.5 Fate of selected pharmaceuticals in biological systems treating wastewater

Conventional Treatment

Removal in conventional municipal WWTPs was asskd$se different treatment plants. Removal
rates for the selected pharmaceuticals are listethble 3.4. Removal includes transformation,
mineralization and sorption to sludge. The différdate processes are not much researched
separately.
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Table 3.3: Removal of pharmaceuticals in municipal WWTP. (na = not available)

Pharmaceutical Classification by Joss|eRemoval in municipal | References
al.(2006) WWTP or pilot WWTP
(%)

Acetylsalicylic acid | Partial -

Ibuprofen Removal of >90% 10->90, 91 (Kosjek, Hiegttal. 2007),
(Strenn 2004),
(Carballa and Carmen Garcla-Jare$
2004)
(Tauxe-Wuersch 2005), (Ternes
1998)

Diclofenac No removal 0- 69 (Kosjek, Heath et28l07)
(Tauxe-Wuersch 2005), (Strenn
2004)

Metoprolol n.a. <10, 83 (Paxeus 2004),
(Ternes 1998)

Carbamazepine No removal 0-29 (Strenn 2004),
(Miao 2005)
(Ternes 1998),

Clofibric acid Partial 0-51 (Ternes 1998),
(Tauxe-Wuersch 2005), (Zwiener
2002)

Bezafibrate Partial 0-97, 83 (Strenn 2004),
(Ternes 1998),

Fenofibric acid Partial 64 (Ternes 1998)

In Table 2.1, biodegradation rate constants atedlifor the eight pharmaceuticals for conventional
activated sludge treatment of the wastewater. Baead these degradation constants the
pharmaceuticals can be placed in different groapsording to the classification scheme set up by
Josset al. (2006).

The observed removal rates differ a lot for a dert@aharmaceutical and also between
pharmaceuticals. This can be due to different ptaseof the different WWTPs (like SRT and HRT)
and of variation in climate.

Ibuprofen is some researches removed to a largmex@ome removal rates are however very low.
The low removal rate of ibuprofen of 10% in thel¢alrefers to winter conditions. In the same
research (Tauxet al., 2005) a high removal rate of 79% was obtaineslimmer for a WWTP with a
HRT of 16 hr. Kosjek (2007) observed a removal B¥Xor a pilot WWTP with a HRT of 48 hr.
Acetylsalicylic acid expected to biodegrade webichuse its metabolite salicylic acid is a naturally
occurring compound. Few data is available for #tishe moment. The European Chemical Agency
has performed a biodegradation test for acetyldaiacid. In this test, 98% was removed aerobycall
within a timeframe of 28 days and in 2 month >75%swegraded anaerobically.

Diclofenac is a compound for which a high variatiomemoval rates has been identified. Sludge age
is likely to play an part in this (Reemtsma 200But no clear correlation between removal and
operational factors could be concluded.

Removal of carbamazepine is low in all researchis. highest removal efficiencies were found by
(Miao 2005) — 29% over different treatment unitsttod wastewater treatment plant in Canada. No
significant removal for its metabolites was detdctén Italy, removal efficiencies of different
pharmaceuticals in six different STPs were inveséid. No significant removal of carbamazepine
was detected in all STPs.

22



SRRl =

@.A.‘ ’.‘ ‘ '%ﬁmewurh

SWITCH &7
{2002-2008)

For carbamazepine, ibuprofen and diclofenac, tfieence of temperature and sludge age on the

removal efficiencies in different treatment systemas investigated (figure 3.5).
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Figure 3.5. Removal of pharmaceutical compounds in full scale conventional activated sludge,
membrane bioreactor and fixed bed reactor systems (Joss 2005); CBZ; carbamazepine, DCF;
diclofenac, IBP; ibuprofen.

Clofibric acid is a metabolite of 3 pharmaceuticalkfibrate, etofibrate and etofyllin clofibrate

(Reemtsma 2006). It is poorly to moderately degiladeWWTPs. Removal percentages range from
0-51%.
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Bezafibrate is partially removed in STPs. Terne398) found a removal of 83%. In Strenn (2004)
the removal varied between 0 and 97%.
Removal rates of fenofibrate are not available. E\av, fenofibrate can be transformed to fenofibric

acid. Removal of fenofibric acid is partially (Jassl. 2005).

The observed removal of pharmaceuticals is thdtrekaeveral processes, mineralization is only one

process.

Besides kinetics of the degradation of the pharotiéez itself, also knowledge about the degradation

of the metabolites of the pharmaceutical is impurtzecause they can be persistent and/or toxic as
well. Quintana (2005) researched the mineralizatibthe pharmaceuticals: bezafibrate, diclofenac

and ibuprofen in batch tests. The batch test ctatsisf synthetic wastewater and pharmaceuticals,
operating with activated sludge. Within a timefraofi@8 days, bezafibrate is 100% transformed and
30% mineralized. Ibuprofen is for 96% mineralized aiclofenac is not mineralized at all.

Anaerobic digestion

Few information is available on the fate of phareditals in anaerobic systems. Two anaerobic pilot
scale reactors, operated at mesophilic®¢37and thermophilic (55 oC) conditions were used to
determine and assess the removal efficiencies afhpdiceuticals at different SRT (Carballa, Omil et
al. 2007). The suspended solids concentrationdyetygeen 30-95 g/L. In this study of Carballa et al,
(2007), some of the representative compounds vesneved to some extent. For ibuprofen a medium
removal (+/- 40%) for both reactors is measurea fgmoval efficiency of diclofenac was varying a
lot between the different conditions. Removal wasyvow to quite high. SRT of 10 d gave the
highest removal efficiency for ibuprofen and dieloéc. For all the other compounds, the SRT had no
significant influence. For carbamazepine, no toyveaw removal was observed. (table 3.4)
Temperature had in general no effect on the rembetiveen mesophilic and thermophilic pilot
reactors (Carballa, Omil et al. 2007).

Table 3.4: Removal of pharmaceuticals in anaerobic digestion of sludge. SA: after sludge adaptation
(Carballa et al, 2007).

Compound Mesophilic Thermophilic
Carbamazepine No removal No removal
Diclofenac 0-75% ; 69+10 SA 25-75%; 69+10 SA
Ibuprofen 41+15% 41+15%

Removal in water and sediment

Fate of ibuprofen, carbamazepine and clofibric acidwater and sediment systems has been
investigated by Ternes (2004). Table 3.5 includes DT50 values of three pharmaceuticals. The
DT50 is the time that is required to eliminate 56£the pharmaceutical from the aqueous phase.

Table 3.5: Dissipation values for pharmaceuticals in water and in water + sediment. DT50 = the time
required for 50% dissipation of the pharmaceutical concentration in aquous phase. (Ternes 2004).

Pharmaceutical DT50 Water DT50 Water/Sediment ~ Sorption
Ibuprofen 10d <20d Low
Carbamazepine 52d 333d Unclear
Clofibric acid 82d 119d Low
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In aquatic systems ibuprofen is expected to beimditad from the aqueous phase relatively fast
because of the low DT50-value. Because sorpti@xjected to be low for ibuprofen, it is expected
that at least part of the eliminated compoundasiégraded (Ternes 2004).

Carbamazepine and clofibric acid will be quite sent in as well aerobic and anaerobic
compartments of the water and sediment. Theirlhadfvaries from 50 up to 333 days.

In aquatic systems, ibuprofen is expected to beietited relative fast. Carbamazepine and clofibric
acid will be quite persistent.

In Table 3.6 most of the reported removal rateSidgtogical systems under various conditions of the
selected pharmaceuticals are listed.

Table 3.6: Removal rates of pharmaceuticals alphabetical order.

Article Compound Removal rate* Conditions and reimar
European Acetylsalicylic acid 98% aerobic Aerobic: over 28 days;
Chemicals Bureau >75 % anaerobic| Anaerobic: over 2 months

readily biodegradable test (DOC measurement)

Joss et al., 2006 Acetylsalicylic acid Between PO&9| Batch test, sludge from municipal WWTP CAS

(partial) (including nitrification/denitrification) SRT: 11 d
Ternes et al., 1998  Acetylsalicylic acid 81% Eliation in a municipal WWTP (also influence of
rainfall is measured here, but not presented & thi
table)
Quintana et al., Bezafibrate 30% Batch test with sludge of municipal WWTP;
2005 mineralization Concentration pharmaceutical 5 mg/l and added milk
100% Time frame: 28 d

transformation Concentration pharmaceutical 20 mg/l & no additlona
C- source: no degradation

Ternes et al., 1998 Bezafibrate 83% Eliminatioa municipal WWTP flow rate:
60000m3/d
Joss et al., 2006 Bezafibrate Between 20-90®atch test, sludge from municipal WWTP CAS
(partial) (including nitrification/denitrification) SRT: 11 d
Strenn et al., 2004| Bezafibrate >90% lab Lab scale experiments: activated sludge from WWTP,
0%-97% synthetic wastewater SRT: 4, 17 and 29d (conveatign
activated sludge system. HRT 2d
Full scale: several WWTP. SRT: 2 d - >40d
Result: clear dependency on SRT
Ternes et al., 1998 Carbamazepine 7% Eliminatianrmunicipal WWTP flow rate:
60000m3/d
Joss et al., 2005 Carbamazepine <10% Municipal WWCAS1: SRT 10-12 d and CAS2: 22
d
Pilot MBR: SRT: 16,33,60 d
HRT: 7.3 16.8, 13 respectively
Strenn et al., 2004| Carbamazepine 0% lab Lab scale experiments: activated sludge from WWTP,
0% synthetic wastewater SRT: 4, 17 and 29d (conveatign

activated sludge system. HRT 2 d
Full scale: several WWTP. SRT: 2 d - >40d
Result: no dependency on SRT

Miao et al., 2005 Carbamazepine 29% Removal in oipai WWTP
HRT: 12-18 hr

Aerobic treatment
Metabolites not removed

Joss et al., 2006 Carbamazepine <20% (no Batch test, sludge from municipal WWTP CAS
removal) (including nitrification/denitrification) SRT: 11 d

Joss et al., 2006 Clofibric acid Between 20-909%Batch test, sludge from municipal WWTP CAS
(partial) (including nitrification/denitrification) SRT: 11 d

Ternes et al., 1998  Clofibric acid 51% Eliminatiora municipal WWTP flow rate:

60000m3/d
Zwiener et al., Clofibric acid 5% pilot WWTP | Pilot WWTP (denitrification, activated sludge,
2002 and oxic BFR sedimentation unit) 55hr

30% anoxic BFR| Biofilm reactor oxic 48 hr
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Biofilm reactor anoxic 48hr

Tauxe et al., 2005| Clofibric acid 0% 3 MunicipaWVPs with activated sludge
HRT biological treatment:
9.3-15.9 hr and 7-9.7 hr and winter/summer samples
Strenn et al., 2004| Diclofenac 0% lab Lab scale experiments: activated sludge from WWTP,
0%, 39% 61% synthetic wastewater SRT: 4, 17 and 29d (conveatign
activated sludge system. HRT 2 d
Full scale: several WWTP. SRT: 2 d - >40d
Result: no dependency on SRT
Quintana et al., Diclofenac 0% Batch test with sludge of municipal WWTP;
2005 mineralization Concentration pharmaceutical 5 mg/l and added milk
Time frame: 28 d
Concentration pharmaceutical 20 mg/l & no additlona
C- source: no degradation
Joss et al., 2006 Diclofenac <20% (no Batch test, sludge from municipal WWTP CAS
removal) (including nitrification/denitrification) SRT: 11 d
Tauxe et al., 2005| Diclofenac 0% 3 Municipal WWTWRth activated sludge
HRT biological treatment:
9.3-15.9 hr and 7-9.7 hr and winter/summer samples
Joss et al., 2005 Diclofenac 20-40% Municipal WWTRS1: SRT 10-12 d and CAS2: 22
d
Pilot MBR: SRT: 16,33,60 d
HRT: 7.3 16.8, 13 respectively
Kosjek et al., 2007, Diclofenac 49-59% Pilot WWTP
HRT: 48 hr; SRT: 15-25d
Aerobic treatment
Operating time: 2 years
Zwiener et al., Diclofenac <5% pilot and Pilot WWTP (denitritrification, activated sludge,
2002 oxic BFR sedimentation unit) 55hr
35% anoxic Biofilm reactor oxic 48 hr
Biofilm reactor anoxic 48hr
Ternes et al., 1998 Diclofenac 69% Elimination imanicipal WWTP flow rate:
60000m3/d
Ternes et al., 1998  Ibuprofen 90% Elimination imanicipal WWTP flow rate:
60000m3/d
Quintana et al., Ibuprofen 96% Batch test with sludge of municipal WWTP;
2005 mineralization Concentration pharmaceutical 5 mg/l and added milk
Time frame: 28 d
Concentration pharmaceutical 20 mg/l & no additiona
C- source: no degradation
Kosjek et al., 2007| Ibuprofen 91% Pilot WWTP
HRT: 48 hr; SRT: 15-25d
Aerobic treatment
Operating time: 2 years
Tauxe et al., 2005| Ibuprofen 10-79% 3 Municipal WR¢Twith activated sludge
HRT biological treatment and sedimentation tank:
9.3-15.9 hr and 7-9.7 hr and winter/summer sampleg
79%: summer, HRT 9.3-15.9 hr.
Strenn et al., 2004| Ibuprofen >90% lab Lab scale experiments: activated sludge from WWTP,
12-86% synthetic wastewater SRT: 4, 17 and 29d (conveatign
activated sludge system. HRT 2 d
Full scale: several WWTP. SRT: 2 d - >40d
Joss et al., 2005 Ibuprofen >90% Municipal WWTP:SIASRT 10-12 d and CAS2: 22
d
Pilot MBR: SRT: 16,33,60 d
HRT: 7.3 16.8, 13 respectively
Joss et al., 2006 Ibuprofen >90% Batch test, slfidge municipal WWTP CAS
(including nitrification/denitrification) SRT: 11 d
Zwiener et al., Ibuprofen 60% pilot Pilot WWTP (denitritrification, activated sludge,
2002 65% oxic BFR sedimentation unit): 55hr

26



=kl D
= = = Framework
= F programme
L —— 4
= {2002-2006)

20% anoxic BFR| Biofilm reactor oxic 48 hr
Biofilm reactor anoxic 48hr
Carballa et al., Ibuprofen 60-70% Conventional activated sludge WWTP
2004 HRT: 24 hr
Joss et al., 2006 Fenofibric acid Between 20-90®atch test, sludge from municipal WWTP CAS
(partial) (including nitrification/denitrification) SRT: 11 d
Ternes et al., 1998  Fenofibric acid 64% Eliminatiom municipal WWTP flow rate:
60000m3/d
Ternes et al.,, 1998  Metroprolol 83% Eliminatioraimunicipal WWTP flow rate:
60000m3/d
Paxues, 2004 Metoprolol <10% Municipal WWTP

*only the parent compound, unless otherwise mention

3.1.5 Removal of pharmaceuticals in source separated sanitation systems

In source separated sanitation, the pharmaceuticedentration is generally higher because the black
water and urine streams in which the pharmacestiad present, are much more concentrated than
conventional wastewater.

Urine

Removal of pharmaceuticals in urine using biologisgstems is an option although available
literature is more focusing on the chemical remaltdrnatives (like ozonation and nanofiltration)
(Maurer 2006). Biological removal was tested Ha study of (Escher 2006) but not elaborately. A
removal efficiency of 0% for ibuprofen and propanes observed in experiments with biomass
(Escher 2006) .

Black water

Fate of pharmaceuticals during biological treatefniblack water has not been researched much .
Black water is usually (pre-)treated under anaerobnditions. Therefore the fate of pharmaceuticals
might be comparable with the ones observed in ab&edigesters of municipal sludge. On the other
hand the pharmaceutical concentration in black wetemuch higher than in sludge which can
influence the removal rate. Further, the charasties of the sludge in anaerobic digesters treating
black water can differ much from the digested sdaopand primary sludge.

The only information on the fate of organic micrtpants during anaerobic digestion of black water
refer to estrogens (Mes 2007). Fate of the hormestegen (E1), k¢ ethynyloestradiol (EE2) was
investigated during anaerobic treatment of blackwathe fraction adsorbed to sludge was around
50% in batch test for both compounds present tracncentration of 5 mg/l, but no degradation of
EE2 was observed and for E1 a half-live was deteethiat 42 d. Studied hormones are semi-
hydrophobic. Based on above, low degradation @ftesarmaceuticals could be expected.

3.2 Biodegradability of selected pharmaceuticals under various
process conditions during laboratory batch tests

3.2.1 Aerobic conditions

The degradation of pharmaceuticals in batch teats studied under aerobic conditions for many of
the selected pharmaceuticals. Quintana (2005) (@uan2005) researched the mineralization of the
pharmaceuticals: bezafibrate, diclofenac and itfepran batch tests. The batch contained fresh
activated sludge, a carbon source and pharmackutitéthin a timeframe of 28 days, bezafibrate
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was transformed for 100% and 30% was mineralizbdprofen was for 96% mineralized and
diclofenac was not mineralized at all.

Joss (2005) (Joss 2005)determined under aerobdtitmms in batch tests the biodegradation reaction
constants. Batch tests with sewage sludge frommaectional activated sludge treatment plant (CAS)
and with sludge from a membrane bioreactor (MBRYenmperformed. The CAS consisted of a
nitrification, partial denitrification and chemicgdhosphorus removal step and the MBR of a
nitrification, denitrification and biological phosprus removal step. Pharmaceutical concentration
were comparable with those measured in influergoofventional WWTPs (3 pug pharmaceutical /L).
The calculated first order degradation constaratsetl on the outcomes of the batch tests are given i
Table 3.7.

Table 3.7: Biological degradation constants from batch experiments using sludge from CAS and
MBR. T = 17 + 1°C (Joss 2005), n.a. not analysed

Pharmaceutical K pbior (L/gSS/d) for CAS Kpior (L/gSS/d) for MBR
Diclofenac <0.1 <0.1

Ibuprofen 21-35 9-22

Bezafibrate 2.1-3.0 3.4-45

Clofibric acid 0.3-0.8 0.1-0.23

Acetylsalicylic acid n.a. n.a.

Metoprolol n.a. n.a.

Carbamazepine n.a. n.a.

Fenofibrate n.a. n.a.

3.2.2 Anoxic conditions

Little is known on the fate of organic micro-polints under anoxic conditions. In general
biodegradation of organic compounds under anoxiditions proceed slower than under aerobic
conditions

Anoxic degradation has been described by Zwier@@Zpfor ibuprofen. Under aerobic and anoxic
conditions batch tests with sludge from municipAMM were performed to determine the
degradation of ibuprofen. The test show a degradatf ibuprofen with 22% under anoxic conditions
after 51 hr compared to 75% under aerobic condit{@wiener 2002).
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4 Material and methods

In this part of the project the biodegradabilitgtefor eight selected pharmaceutical compounds wer
performed under various process conditions. Theahg parameters were differentiated to get an
insight into various processes during (concent)ateastewater treatment. Three redox conditions
were tested (aerobic, anoxic, anaerobic), thre@eeatures (10, 20 and %) and different biological
media (activated sludge from moderately loadedioqa WWTP, anaerobic sludge from digester
treating concentrated black water).

A summary of five different experimental set-upspéging three red-ox potentials and
temperatures is given imable 4.1. The analysis of pharmaceuticals in westier and sludge
samples is complex and it requires expertise. Bingptes have been analysed by the Dutch research
institute RIVM Laboratory for Food and Residue Arsis.

Table 4.1: Summary of the different batch tests that were performed. The anaerobic and the aerobic
test at 20°C tests were repeated.

Temperature Aerobic Anoxic Anaerobic
10°C X X
20°C X X
30°C X
4.1 Predicted concentrations of pharmaceuticals in

concentrated wastewaster streams

41.1 Urine

The calculated concentrations of pharmaceuticaleuman urine (UC) were calculated from the
Daily Defined Doses (DDD) and excretion rates af tiriginal (parent) compound (eq. 4.1). The
DDD is the assumed average maintenance dose peiodaydrug used for its main indication in

adults (WHO 2006). It was primarily assumed thag¢rgene of the target group (e.g. residential
district were the treatment is to be applied) ubesselected pharmaceuticals, that the undilutied ur

is collected and its daily volume is 1.5 L/person.

DDD* E;
uC=——— eq. 4.1
urine
Where:
V urine = daily volume of urine produced (=1.5 L)
E; = excretion fraction of the parent compound fréwa human body
The results of the calculations are shown in T4le
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Table 4.2: Defined daily dosis (DDD), excretion fraction and predicted concentrations in undiluted
urine for eight selected pharmaceuticals.

Pharmaceutical DDD Excretion Calculated UC  Calculated UC Conc. used in
(mg) fraction of (mg/L) including user biodegradation
original fraction (mg/L) tests (motivatein
compound the text)
(mg/L)
Aspirin 3000 0.01 20.00 0.82 2
Diclofenac 100 0.05 3.33 0.30 0.3
Ibuprofen 1200 0.01 8.00 0.57 0.8
Carbamazepine 1000 0.02 13.33 0.05 0.9
Metoprolol 150 0.05 5.00 0.28 0.5
Clofibric acid 2000 0.06 80.00 0.001 0.8
Bezafibrate 600 0.5 200.00 0.04 2
Fenofibrate 200 0.14 18.67 0.00 2

Finally the used concentrations in the batch tesese 1/18 of the calculated UC. This was due to
the fact that in real-life situation urine is dédt and not all medicines are used chronically (e.qg.
diclofenac, ibuprofen) and not by all people of theget group. In the"5column of table 4.2, the
calculated urine concentration is multiplied wittetusers fraction for the Netherland (CVZ, 2006).
The selected concentrations for the tests are ahege values. On the other hand in situationsevher
the urine from point sources is to be treated (alsmursing house, etc) where a group of peaple i
concentrated using a lot and often the same meaalicathe fraction of users of the same
pharmaceutical compound will be higher.

Ternes (2006) proposed another formula to caleutatpredicted urine concentration (PUC) for
pharmaceuticals . This concerns undiluted urineeds

A*E,

A = Amount of pharmaceutical sold per year (unigr(country, district, unit?) .
P = number of inhabitants (country, city, residaindiistrict, number of resident, etc.)
U = produced urine per capita per day (=1 or 1.5L)

The equation takes already into account a fraaifarser for a given medicine. Escher et al. (2006)
computed this PUC for ibuprofen, carbamazepinedicidfenac for German situation and obtained
respectively 2.7, 0.23 and 0.58 mg/L. These vaduesn the same range as used in the described here
tests.

The fraction of excreted metabolism products (matts, conjugates) were not taken in this stage

into account.

4.1.2 Black water

For black water the concentration will be a lowsrt in the urine because more flush water is used t
transported combined waste. The dilution factoretiels on the collection used (toilet). Vacuum
toilets require 4.8-12 L of flush water a day. Thi®ans a dilution factor of 3-8 in relation to
undiluted urine. Low flush toilets (used in e.g.bioats) equipped with a wastewater tank, use about
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3-6 L water per day, which a means a dilution facfd2-4. Considering these dilution factors anel th
uncertainty in UC, it seems plausible that degiadatinetics in the batch tests will also be vdtd

pharmaceuticals during black water treatment.

4.2 Chemicals

The following pharmaceuticals were obtained fromgn&-Aldrich (Steinheim, Germany):
acetylsalicylic acid >99.0% (CAS-nr: 50-78-2), bezafibrate98% (CAS-nr: 41859-67-0),
carbamazepine (CAS-nr: 298-46-4), clofibric acid/®{CAS-nr: 882-09-7), diclofenac sodium salt
(CAS-nr: 15307-79-6), fenofibrate99% (CAS-nr 49562-28-9), ibuprofer»98% (GC) (CAS-nr:
15687-27-1) and (x)-Metoprolol (+)-tartrate sa®8% (titration) (CAS-nr: 56392-17-7).

Sodium nitrate (for anoxic tests) and chloroformor (§ample preservation) (pro analysi) were
obtained from Merck (Darmstadt, Germany).

Methanol (for pharmaceutical stock solution) (HPg2de) was obtained from LAB SCAN (Dublin,
Ireland).

4.3 Sludge origin and characteristics

Activated sludge was obtained from municipal wastew treatment plant in Bennekom (the

Netherlands). The WWTP consists of a primary tremtmstep, a biological moderately loaded

activated sludge treatment (nitrification, denitation and biological phosphorus removal) and a
secondary sedimentation tank (aeration circuittivated sludge samples for the aerobic and anoxic
biodegradation batch tests were collected at tdeoéthe circuit.

The sludge for the first anaerobic biodegradatast originated from a pilot UASB reactor treating

concentrated black water in Wetsus (Leeuwarden,Nbtherlands). The sludge for the second
anaerobic test was obtained from an UASB septik (taiASB ST) treating concentrated black water

in Sneek (the Netherlands). Operational detailshef treatments plants from which the sludge
samples were taken are given in Table 4.3.

Table 4.3: Characteristics of the biological treatment systems, from which the sludge samples were
taken. The black water used in the pilot reactor at Wetsus is the same as the one treated in Sneek.

Treatment plant Bennekom?® Sneek Wetsus

Moderately loaded

Reactor configuration aeration circuit UASB septic tank UASB tank

Tvpe of waste water treated Combined Concentrated black Concentrated black water
yp domestic sewage water (vacuum toilets) (vacuum toilets)

Average flow rate (ritd) 3300 0.2 0.0059

HRT (d) 2 35 8-9

SRT (d) 40 220

ORL (kg COD/ni/d) 0.396 0.4 0.07

Vo3|ume (of biological treatment tank) 5700 7 0.05

(m) '

Temperature®C) ambient 35 25

information is based on a publication about theattaristics of the WWTP in 2005 (Waterschap Valdiem 2006)
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4.4 Aerobic biodegradation experiment

4.4.1 Introduction

In the aerobic biodegradation experiment a mixofr@harmaceuticals was spiked to a volume of
activated sludge mixture. The sludge was incubatetaerated at a constant temperature. During the
experiment mixed liquor samples were taken; licarid solid fraction were separated from each other
to determine the concentration of the pharmacdsticaboth phases. From the declined amount of
considered compounds the biodegraded fraction etesrdined as well as process kinetics.

4.4.2 Set-up of the experiment

Experiments were performed at two temperature9W 2twice) and at 1TT.
Each test consisted of:
- 2 batch tests in where a mixture of 8 pharmacdstieare spiked to activated sludge at time
=0 (in duplicate).
- 2 batch tests in where a mixture of 8 pharmacdstieas spiked to Millipore water (in
duplicate). This control was included to trace gussinteractions between pharmaceuticals
or (other) abiotic transformation.

Table 4.4 gives an overview of the volumes of mediided to the different batches. The experiment
of 20°C has been performed twice under the same consliti@tause the sampling method was
improved after the first aerobic tests (improveesarvation of the samples and improved sampling of
the solid phase). The2aerobic test at 2G and the aerobic test at’@were prolonged to 30 d to
observe any biodegradation of apparently persigteatmaceuticals.

Table 4.4: Overview of the volumes of added media and solutions in the aerobic biodegradation

experiment

Batch Methanol solution with a Millipore Water (L) Sludge (L)
mixture of pharmaceuticals (ml)

Biodegradation test 0.5 0 1

Control 0.5 1 0

The activated sludge from WWTP Bennekom was aewafedv hours prior to start of the experiment
to deplete the remaining carbon sources in thevateti sludge and to bring the mixture to the
required temperature. The total solids and volatilkds (TS, VS) of the sludge were determined at
the beginning, after 2 days and after 30 days. Retfoe addition of pharmaceuticals, a sample was
taken from the activated sludge to determine trekdraund concentration of pharmaceuticals in the
activated sludge mixture.

The batches were aerated to keep a sufficient tigigen level and in this way also mixing of the
sludge and added substances was ensured. Durirgxpeement pH, T and neasurements were
regularly performed. Especially at #Dwater evaporates quickly. Water losses due tpaation
were compensated by addition of (Millipore) wat€his addition was determined by the loss of
weight of the batches. Bottles were covered withr&thum foil to prevent photolytic degradation (if

any).
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4.4.3 Stock solution of PhAC

A stock solution of selected pharmaceuticals wapgned in 50 ml of methanol. A 0.5 ml of this
concentrated stock solution was spiked to the leatébr obtaining the desired concentration of each
of 8 PhAC. The required and expected concentrafjoased on calculated and exact weights of the
substances respectively) of the eight pharmacésiiitghe batch experiments are given in Table 4.5.

Table 4.5: Required and expected concentrations of pharmaceuticals in all 3 aerobic batch tests.
Expected concentrations are based on the added amount of pharmaceuticals to the solution.

Expected Expected

Required T T Expected
. concentration concentration in the  concentration in the concentration in the
Pharmaceutical ; batches 2fC (I'test)  batches 28T (2
in the batches batches 1¥C (mg/L)
(mg/L) (mg/L) test) (mg/L) AER-10
AER-20-1 AER-20-2
acetyl salicylic acid 2 2.058 2.005 2.004
diclofenac 0.3 0.298 0.321 0.327
ibuprofen 0.8 0.808 0.819 0.818
carbamazepine 0.9 0.913 0.912 0.898
metoprolol 0.5 0.507 0.51 0.523
clofibric acid 0.8 0.814 0.794 0.805
bezafibrate 2 1.933 1.989 2.024
fenofibrate 2 2.040 1.960 2.005

4.4.4  Sampling intervals

The duration of the experiments for determininghitealegradation kinetics in AER-20-1 was set to 2
days. This duration refers to the maximum HRT oaventional waste water treatment plant. Time
intervals at which samples from that test werertakere: §=0hr; t=0.5hr,f=1hr, § =3 hr, §
=20hr, £=48hr.

To assess a possible sludge adaptation or a titlizaf (especially persistent) pharmaceutical
compounds under stress conditions (no co-subssapplied, long retention), the latter two
experiments (AER-20-2 and AER-10) were prolonge®Qadays. During this period samples were
taken in week 1, 2 and 4. The controls were samale@l hr and t = 48 hr in all tests. Additionally
controls from AER-20-1 and AER-10 were sampled-80tdays.

45 Anoxic tests

45.1 Introduction

In the anoxic biodegradation experiment a mixturglmarmaceuticals was spiked to the activated
sludge subjected to anoxic conditions. The sludgs imcubated at a constant temperature under
oxygen free and nitrate rich conditions. During tperiment samples of liquid and solid fraction
were taken to analyze the concentration of theespffharmaceuticals in both phases over the course

of the experiment.

45.2  Set-up of the experiment
The anoxic experiments were performed afC@nd 16C (ANOX-20 and ANOX-10). Each

experiment consisted of:
- 2 batch experiments in where a mixture of 8 phasuticals was spiked to activated sludge
at time = 0 (in duplicate).
- 2 batch experiments in where a mixture of 8 phasuticals was spiked in water (duplicate).
The control was included to trace possible intéoast between pharmaceuticals and other
abiotic transformation (such as hydrolysis).
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Table 4.3 gives an overview of the volumes of thbstances and media added to the different

bottles.

Table 4.6: Overview of the volumes of added media and solutions in the anoxic biodegradation

experiment

Batch Methanol solution with a NaNG; solution (ml) Millipore Water (L) Sludge (L)
mixture of pharmaceuticals
(ml)

Biodegradation 0.5 0.5 (final [N-NQ]: 20 0 0.5

test mg/L)

Control 0.5 0.5 final [N-NGJ: 20 0.5 0

mg/L)

The activated sludge was taken municipal WWTP inri&om a day prior starting an experiment.
The oxygen in a liquid and gas phase was depldted fhhe start of the experiment by storing the
sludge without aeration over night.

The TS/VS (total solids, volatile solids) of theddje were determined at the beginning and the £nd o
the experiment (t=0 and t=2 d for ANOX-10 and t26,and 30 d for ANOX-20). Before the addition
of pharmaceuticals, a sample was taken from thiwaget sludge, to determine the background
concentration of pharmaceuticals in the activatedge mixture.

To obtain and keep oxygen free conditions, thegiesse in the batches was flushed with nitrogen
before the start of the experiment and after sargplA nitrate solution was prepared to be able to
obtain an initial concentration of nitrate in th&tches of 20-40 mg/l N-NONitrate concentration in
the liquid was followed in time. When all nitrateagvalmost denitrified, an appropriate volume of
NaNO;solution was added again to obtain a required I8¢l in the remained volume.

To assure a good mixing in the batches a shakemsed (85 rpm). The bottles were covered with
aluminum folio to prevent photolytic degradatioh dny). During the experiment re-dox potential,
temperature and pH measurements were regularlgrpestl.

4.5.3 Stock solution of pharmaceuticals

A mixture of pharmaceuticals was prepared in 5@fwhethanol like in the aerobic test. A 0.5 ml of

this concentrated stock solution was spiked tobidiehes for obtaining the desired concentration of
each compound. The required and expected (basezhlonlated and exact weights respectively)
concentrations of the eight pharmaceuticals irbtéiteh experiments are given in Table 4.7.
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Table 4.7: Required and expected concentrations of pharmaceuticals in all 4 batch tests. Expected
concentrations are based on the added amount of pharmaceuticals to the stock solution.

Required concentration Expected concentration in the Expected concentration in the

Pharmaceutical in the batches batches 28C (mg/L) batches 1%C (mg/L)
(mg/L) ANOX-20 ANOX-10
acetyl salicylic acid 2 2.004 2.012
diclofenac 0.3 0.324 0.384
ibuprofen 0.8 0.826 0.838

carbamazepine 0.9 0.900 0.926

metoprolol 0.5 0,504 0.524
clofibric acid 0.8 0.796 0.808
bezafibrate 2 2.008 2.016
fenofibrate 2 1.984 1.992

45.4 Sampling intervals

The duration of the experiments for determiningahexic biodegradation kinetics was primarily set
at 2 days (ANOX-10). The time intervals at whicimgées were takengt= 0 h;§=1h,t=3 h, §=

20 h, t =48 h. To assess a possible sludge adaptati@n uiilization of (especially persistent)
pharmaceutical compounds under stress conditiamgdrsubstrate supplied, long test duration), the
20°C experiment was prolonged to 30 days. During pieisod samples the samples were taken in
week 1, 2 and 4. The controls were sampled at t=6-48 hr for ANOX-1- and additionally at t=30
days for ANOX-20.

4.6 Anaerobic tests

4.6.1 Introduction

In the anaerobic biodegradation experiment a mextipharmaceuticals was spiked to the anaerobic
(mesophilic) sludge of two different origin see.2)3 The batches were incubated under anaerobic
conditions at constant temperature of 30 and shaken continuously. Biodegradation of

pharmaceuticals under anaerobic conditions is eé&fdelo be lower compared to aerobic and anoxic
conditions. A relative high temperature of 3D was chosen for this test to observe the maximum
biodegradation potential under these beneficiatitmms. From the batches, liquid and solid samples
were taken to analyze the concentration of therpheeuticals in both phases over time.

4.6.2 Set-up of the experiment
The anaerobic experiment, performed af @) consisted of:

- A batch test with a mixture of pharmaceuticals sgiko anaerobic sludge (in duplicate)

- A batch test with a mixture of pharmaceuticals sdiko water (in duplicate). These
controls were included to trace abiotic transfoioratand interactions between the
pharmaceuticals themselves.

This experiment has been repeated with this sébughe same reasons as in the aerobic test :20
improved sampling of solid phase and sample praser: In Table 4.8 an overview of the volumes
of the substances and media used for the bothiexgets is given.
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Table 4.8: Overview of the volumes of added media and solutions in the anaerobic experiments. For
the dilution of biomass tap water was used, for the controls Millipore water.

Methanol solution with a mixture of

Test pharmaceuticals (ml) W;:g??::l)_) S(lrl:]ﬂ?e Total volume (mL)
Biodegradation 05 100 300 400

(1*'test) ANAER-1
Control (F'test) 05 400 0 400

Biodegradation
(2*'test) ANAER-2

Control (' test) 0.5 500 0 500

0.5 0 500 500

In the first anaerobic test (ANAER-1), the sludgaswaken from the anaerobic pilot reactor treating
concentrated black water (WETSUS, Leeuwarden, tbihétlands); the second test was performed
with sludge from the anaerobic digester treatihg @ame) black water in Sneek (the Netherlands) —
ANAER-2. The total solids and volatile solids (T8daVS) of the sludge were determined at the
beginning and at the end of the experiment.

To ensure strictly anaerobic conditions, the angerbottles were flushed with nitrogen (10 s) prior
to the start of the experiment. The bottles wergped with covers which were equipped with
ventilate to reduce the pressure caused by biogakigtion. During the experiment pH, T and redox
measurements were regularly performed. Bottles veeneered with aluminum foil to prevent
photolytic degradation (if any). After sampling,ettgas phase of the bottles was flushed with
nitrogen.

4.6.3 Stock solution of pharmaceuticals

A fresh concentrated solution of pharmaceuticals p@pared in 50 ml of methanol as in the other
batch tests. A 0.5 ml of this stock solution waskeg to the batches to obtain the desired
concentration of each pharmaceutical compound. réljaired and expected concentrations of the
eight pharmaceuticals in the batch experimentgjiaen in Table 4.9.

Table 4.9: Required and expected concentrations of pharmaceuticals in all batches. Expected
concentrations are based on the added amount of pharmaceuticals to the stock solution of
pharmaceuticals.

Required concentration Expected concentration in  Expected concentration in the

Pharmaceutical in the batches the batches (mg/L) batches (mg/L)

(mg/L) (ANAER-1) (ANAER-2)
Acetyl salicylic acid 2 2.000 2.040
diclofenac 0.3 0.300 0.448
ibuprofen 0.8 0.765 0.818

carbamazepine 0.9 1.000 0.976
metoprolol 0.5 0.523 0.500
clofibric acid 0.8 0.788 0.802
bezafibrate 2 2.008 1.968
fenofibrate 2 2.013 2.064

4.6.4 Sampling intervals

In both anaerobic tests a sampling period of aBB6utlays was applied to determine biodegradation
kinetics, representing the HRT in anaerobic digesteating black water (e.g. Sneek) or WWTP’s
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sludge. The time intervals at which samples wetertan that testwergE O h; § =3 h;t=1d;t=
4d;4=7d;t=15d; t = 30 d. From the controls only at the beginning &re end of experiment
(t=0 and t = 30d) liquid samples were taken.

In addition to assess a possible sludge adaptatiora utilization of (especially persistent)
pharmaceutical compounds under stress conditiomsiibstrate supplied), the first experiment was
prolonged to 77 days. During that period samplesevtaken in week 1, 2, 4, 6 and 8. Samples of
controls were taken at t=0, t=30 and t=77 d.

4.7 Analytical method

4.7.1  Sampling

A 30 mL mixed liquor samples were taken with a fitasyringe. For the anoxic tests also a long
sampling needle was used. By flushing with nitrqd#h ml of liquid was taken out of the bottle in
the anoxic test. To the 30 ml of sludge mixture gl@-5 drops of chloroform were added with a
Pasteur pipette. This step was not taken in ts &ierobic test at 20 (AER-20-1) and the first
anaerobic test (ANAER-1).

Subsequently, the samples were centrifuged for 0amn4000 rpm / 2800 rpf using the centrifuge
FirlabO SW12R (with rotor type FACENSW12001) andCIEhermo CL31R (with rotor type AC
100.10A).

After centrifuging, the solid (4 ml) and liquid & (20ml) were separated. For the aerobic te$& 20
and the first anaerobic test, non-disposable dagtitubes were used. The solid phase had to be
replaced therefore after centrifuging. Transfermudjd was enabled using a little amount of demi-
water. In AER-20-1 and ANAER-1 and 2, not all ligdiom the solid sample could be removed. The
sampling of the solid phase was later improved bynaving all the remained liquid after
centrifuging. In the anoxic tests and in the ANAEReentrifuging has been done with disposable
centrifuge tubes (PP-Test tubes 50ml, CELLSTAR)soAfor the aerobic experiments these tubes
were used during the extended time period of tipeément (sampling period of t=15 and t=30). The
use of disposable centrifuge tubes made the sagnpfithe solid phase more precise (no replacement
of solid phase). From the controls, samples of Rliquid were taken and stored directly.

4.7.2 Samples preservation

Chloroform was added to stop any microbial activitfier sampling. In the samples without
chloroform (the first aerobic and anaerobic tess}ivity of bacteria was observed. By addition of
chloroform this is attempted to be prevented. Aditamhal test was performed by RIVM on the effect
on chloroform in the samples (see appendix), shgwir positive effect of using chloroform.

All samples were immediately stored in the freez@b °C). The series of samples were sent for
analysis to RIVM (ARO-CRL) during and after finisigi the experiment.

4.7.3  Analysis of other parameters

VS and TS concentration are measured accordindarudard method. Nitrate concentration was
analyzed with Dr. de Lange method using kits foaswging range of N-Ngconcentration of 5 to 35
mg/l. The pH, @and ORP are measured with appropriate electrodes.

4.7.4 Materials

All chemicals and reagents applied in analyticail pgere of high purity quality. Besides
standard laboratory equipment the system deschbkxv were used.
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475 Apparatus

Liquid chromatography (LC): Waters Chromatograptggiity UPLC separation module. Column:
Acquity UPLC BEH Gg 1.7 um (100 * 2.1 mm ID). Column temperature wa%® The LC mobile
phase consisted of a mixture of 0.1 percent aesfid (solution A ) and acetonitrile (100%). The
gradient used was linear, started at 10% B andressgd to 30% B in 3 minutes after which it was
increased to 100% B in 6 minutes . After 9 minrnhabile phase was kept for 2 min at 100% B, then
the percentage B was decreased to 10 percentimtiriute . The mobile phase flow was set at 0.4
ml min®. The injection volume was 20 pl.

Mass-spectrometer (MS) analysis was carried outaoWaters-Micromass Ultima Platinum.
Depending on a compound the measurement was camuiteth a positive or negative electrospray
ionisation (ESI) mode. In case of co-eluting comsithe ionisation alternates between positive and
negative.

The following settings were used in positive ESldmocapillary voltage was 3.5 kV. Cone voltage
was 35 V. RF lens 1: 15, aperture: 0.1 and RF 2n8.3. Source temperature was 120°C and
desolvation temperature: 325°C. The cone gas flaw #16 L htt and the desolvation gas flow was
701 L hi'. LM1/HM1 resolution was 14, with ion energy: OL8VI2/HM2 resolution was 14.5, with
ion energy: 1.0. For the collision cell the entem@s 7, with a CE gain of 2 and exit 0. Collisoat
pressure 3.06e-03. See table 1 for the measured Matiditions.

In negative mode the following settings were useghillary voltage was 1.2 kV. Cone voltage
was 35 V. RF lens 1: 5, aperture: 0.5 and RF lend.@ Source temperature was 120°C and
desolvation temperature: 325°C. The cone gas flaw %16 L ht and the desolvation gas flow was
701 L h'. LM1/HM1 resolution was 14, with ion energy: 0. PNHM2 resolution was 14.5, with ion
energy: 1.0. Collision cell pressure 3.06e-03. ther collision cell the entrance was 10, with a CE
gain of 1 and exit 0. In Table 4.2. MRM transitcare given for the measured pharmaceuticals.

Table 4.10: Pharmaceuticals measured and their corresponding MRM'’s, retention time, ionisation
mode and corresponding collision energy (V).

Compound Retentiontime  lonisation mode MRM Dwell time Collision
(min) (msec) energy (V)

Metoprolol 2.52 Positive 268.2>116.2 20 15

Acetylsalicylicacid 2.28 Negative 137.0>93.2 20 10

Carbamazepine 431 Positive 237.1>194.1 20 10

Clofibric acid 5.03 Negative 213.0>127.0 20 8

Bezafibrate 5.27 Positive 362.1>316.1 20 12

Diclofenac 6.03 Negative 294.0>250.0 20

Ibuprofen 6.23 Negative 205.0>161.1 20

Fenofibrate 7.66 Positive 361.1>233.0 20 10

4.7.6  Sample Clean-up

Sample clean-up of the liquids was straightforwaitte samples were 10 times diluted in LC-eluents
A after which they were vortexed for 10 seconds. $amples with lower concentrations the samples
were acidified with 21l 50% acetic acid. The saraplere direct injected.

Sample clean-up of the sludge was performed byuadiliquid extraction. A portion of the sample
(circa 0.5 gram) was weighted and five millilitre$ acetonitrile was added. The samples were
sonified by an ultrasonic finger for 20 seconddofwked by rotating head over head for 10 minutes.
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After which the sample was centrifuged. The supamtawas transferred to a clean tube and
evaporated under nitrogen at 55°C. The dried sampfereconstituted in one millilitre of eluens A

followed by 10 minutes ultrasonification.

4.7.7 Calibration curves

To correct for losses due to sample storage ancotrect for signal suppression due to matrix
compounds the calibration curves were prepared eprehensive blank materials for each
corresponding experiment. In figure 4.1 a chromatogis shown of a spiked sample containing a
mixture of all the pharmaceuticals. Each trace esgnts the measured transition for the given
compounds.

metoprolol acetylsalicylic acid carbamazepine
20080305_55  F1:MRM of 2 channels ES+  20080305_55 F2:MRM of 1 channel ES-  20080305_55  F3:MRM of 2 channels ES+
_ metoprolal 268.2>116.2 _ acetylsalicylic acid 137-93.2 _ carbamazepine 237.1-194.1
2.089e+008 | 8.719e+004 7.248e+005
%_| %o %
] 4.Q0 448
12.07 230 ] N 417 148462
E S . . . T .
5 T T = =1 min 0 = T =~ — min 25 T T T — min
200 225 250 275 300 200 226 250 275 400 425 450 475
clofibric acid bezafibrate diclofenac
20080305 55 F4:MRM of 2 channels ES- 20080305 55  F5:MRM of 2 channels,ES+ 20080305 55 F&:MRM of 3 channels,ES-
_ clofibric acid 2132127 _ bezafibrate 362.1>316.1 _ diclofenac 294>250
1 1.164e+005 | 8.220e+005 1 2.468e+005
%o % | %
0 H—r—r— 17T rrrr—r min 10 ——"Tr"r7 1 — min 0 P rr———r ™ min
450 475 500 525 550 5.00 525 580 &75 550 575 600 625 6.50
ibuprofen fenofibrate
20080305_55 FG6:MRM of 3 channels ES-  20080305_55  F7:MRM of 2 channels ES+
_ ibuprofen 205=161.1 _ fenofibrate 361.1=233
7.367e+008 1 1.189e+005
% %
0 =rrrr—r—r"r"rrr7rrr7 min 0 H—r—r—rr1Trr—"7rrrTTr— min
600 625 650 675 7.25 7.50 775 800

Figure 4.1: Reversed phase microbore LC-ESI MSMS profiles of an anaerobe sample spiked (5
ng/ml) with a mixture pharmaceuticals
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4.7.8 Calculations used for biodegradation tests

The equations used to assess the biodegradatioroaption of selected pharmaceuticals are given
below. To calculate the degradation of a pharmicauthe distinction was made between
compounds present in the liquid- and solid phase.

The total concentration of pharmaceutical compourid the batch tests at given tintewas
calculated using the formule:

G, =C; +C;; =C; + X{TS

where:

C.,i = the total concentration of pharmaceutical i (th@t time =t
Ci; = pharmaceutical concentration in the liquid phase/L)

Cs,; = pharmaceutical concentration in the sludge pfasgl)

Xi = pharmaceutical concentration in the sludge (mM@Yy

TS = sludge concentration (g TS/L)

Solid - water partition coefficient of a pharmadeaiti, Ky; was calculated with the formula:
X.
Kd ;=
I CI J

where:
Kd,i =the sorption constant of a compourft/kg TS);

The biological degradation of pharmaceuticial modeled as (pseudo) first order reaction.

E=kbio|i *TS*C, =k * C
dt ’

Where:

C; = total concentration of pharmaceutical i (mg/L)

t =time (hr or d)

kniori = Specific biological degradation rate constanpledirmaceutical i (L/gTS/hr or L/gTS/d)
k; = biological degradation constant of pharmaceuti¢®h or 1/d).

TS = total solids concentrations (g/L)

The concentration of a pharmaceutical is propoafioto the degradation rate as well as the
concentration of biological sludge TS. This concatitin is assumed constant during the batch test.
Therefore, the reaction is called a pseudo firdepreaction. The reaction constag§ K is expressed
per g TS. It enables the comparison of the biodkgian kinetics in the batch tests with different
suspended solids concentrations.

Integration of the first order reaction gives:

~kpiol j* TS*t

CH=CO) e and C(t)=C(0) [ Kbiol i *t
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For difference in reaction rate at different tengpere, the Arrhenius equation is used:

kz = kj_* ex* (Tz-T]_)

where:

ki = specific reaction rate constant (L/gSS/d) atgerature T (°C)
k, = the specific rate constant at a temperatur@d)

k = the temperature coefficient (-).
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5 Results of biodegradation batch experiments

5.1

Operational conditions batch tests

The operational parameters being controlled anditoredl in all batch tests were temperature (T,
°C), dissolved oxygen (DO, mg/L) and oxidation retéhre potential (ORP, mV), volatile solids (VS,
g/L)) and total solids (TS, g/L). The measuremewtedures and equipment applied were described
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in chapter 4. The list of the controlled paramegard their values in all tests is given in Tabte %all

parameters were controlled in the beginning anctitkof experiment, some also during the test).

Table 5.1: Operational conditions during all performed biodegradation tests; DO= dissolved oxygen,
VS= volatile solids, TS= total solids, ORP= oxidation reduction potential. Duplicates are marked with

I and Il.
Tests Process conditions
H ¢}

P T (o) DO (mglL) pH VS (L) TS(glL)

(-1 | 18.0 8.49 83 2.967 3.992
I 18.0 8.75 85 2.967 3.992

g i 1838 911 82 3.015 2,068
I 163 9.72 83 2.986 4.017

Aerobic 20°C

(AER-20-2)

t=0d i 7.0 8.08 77 3.830 2.955
I 18.0 9.00 8.0 3.830 4.955

t=2d i 19.0 8.41 74 2.712 6.682
I 175 9.09 77 3.807 5.043

t=30d i 18.0 8.91 53 1.772 2.838
I 19.8 8.56 6.4 1.960 3.051

Aerobic 10°C

(AER-10)

t=0d | 102 10,61 73 3.801 2782
| 10.0 10.96 74 3.801 4782

t=2d i 101 10.87 76 3306 2238
I 10.0 11.19 76 3.069 3.895

=30 i 128 8.85 58 2722 3.733
1 11.9 9.45 56 2533 3.432

Anoxic 20°C ORP (mV)

(ANOX-20)

t=0d i 215 146 2769
I 215 -140 na. 37183718 | 4769

t=2d | 22.0 03 o 3.586 5193
1 22.0 43 : 3.305 4742

t=15d i 23.0 1180 o
I 23.0 1102 :

=30 i 23.0 60 77 2631
I 23.0 95 731 26742434 | 4176

Anoxic 10°C ORP (mV)

(ANOX-10)

t=0d |I| g:g :gg 6.136 7.876

t=2d i 138 1180 8.04 5.821 7.979
I 13.9 183 7.01 5.823 7.944

t=15d i 132 68
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I

12.0 79
t=30d I 125 147 6.9 4.245 6.606
| 118 154 7.11 4312 6.487
Anaerobic 30°C ORP (mV)
(ANAER-30-1)
t=0d | 15548 20.954
I 15.548 20.954
t=77 | as 358 84 13215 18520
I : 318 8.6 13532 18.767
Anaerobic 30°C ORP (mV)
(ANAER-30-2)
t=od e o na. 72757275 | 12.26412.264
| 295
t=15d I | 290
| 29.0 5 761
t=30d A v 00 aos 6.3846.433 | 11.34311.328

The aerobic tests targeted a@0were finally performed at 18-&. The lower temperature of a
duplicate in the first aerobic test after 2 dayssvii&ely due to the addition of cold water (to
compensate evaporation) just before sampling arabsunag at t = 2 d.

The temperature of aerobic test @P were over the first 2 days around’@p after this the
temperature in the cooling system increased € 1Rloreover, the cooling system has been broken
for 1 week during this period so temperature wanthot controlled, which means the bottles’
contents were at ambient temperature.

The DO was quite high for all aerobic tests, classaturated conditions. The pH was close to neutra
or higher (max 8.3). After 30 days, the pH wafeatow (no buffer was added to the medium) for
the aerobic test at 20 and 4D both. Biological activity of the sludge is liketgtarded at such pH
values After 30 days the VS and TS concentratiareadesed significantly as no substrate was added
(endogenous respiration).

The anoxic tests were performed at slightly higieenperatures as originally planned: 12 (instead of
10) and 22-23 (instead of 283. For the anoxic TC test, the same cooling system was used as for
the aerobic 1T test. In these tests the temperature was notatieat for about 1 week between the
2-30 days period of the experiment.

The pH during the experiment was close to neutr&ligher. It did not decrease as significantlyras i
aerobic tests during the course of time. A VS/T8cemtrations decreased over the course of the
anoxic experiments but not as significant as inabic tests (anoxic substrate conversions aates
slower than aerobic)..

The ORP indicated the presence of anoxic conditionise first 2 days of both anoxic tests. After 15
days, probably some oxygen diffused into the sydiecause the redox potential became higher. Still
denitrification can take place at these higher @Réhg, 1998).

The nitrate concentration at the start of the west approximately 40 mg/L N-NOA concentrated
NaNQ; solution was added to supply nitrate to the sluai@dure, when their concentration became
exhausted (denitrified). In the first 2 days the Néblution was added once to the batches in both
anoxic tests after 24 hours.

The anaerobic experiments were finally performe@®iC instead of planned 30.The initial pH
was about 8 which is as expected from black wadrstudge (STOWA, 2005). The VS and TS in
the anaerobic tests remained relatively constant.

The first experiment showed low redox potentialseggected under anaerobic conditions. Tfe 2
experiment also started with low redox potentifiera30 days the ORP had increased, perhaps due to
diffusion of some oxygen to the test bottles.
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5.2 Background concentrations of pharmaceuticals in sludge
mixtures

To assess the contribution of the background cdretén of the sewage sludge mixture to the total
measured concentration in the batches, as wall asuaint information on the occurrence of
selected compounds in the (effluent of) wastewtagatment systems, these sludge samples have
been analysed for the presence of the selectedaromdp. The concentration of pharmaceuticals in
the effluent of the activated sludge treatment @inkiunicipal WWTP Bennekom are shown in
Figure 5.1.

concentration (ug/l)
[6;]

B R s

ASA BZF CBz CFA DCF FNF BU MTP

Figure 5.1: Background concentration of selected pharmaceuticals in activated sludge mixture of
municipal WWTP Bennekom. Liquid and solid fraction are distinguished; the darker color indicates
pharmaceutical compounds in solid fraction. Presented data is obtained from three activated sludge
samples taken in January and February 2008.

All selected pharmaceuticals were detected in ttiwaded sludge, except for ibuprofen. Diclofenac
was present in relatively high concentration. Pmeseof fenofibrate was unexpected as this
compound is officially not on the market in the Nerfands anymore. The detected pharmaceuticals
were present in the low pg/l range, confirmingréitare findings.

The graphs shows the presence of pharmaceuticthe ieffluent of biological treatment system and
therefore indicate the persistence or partial reahof/the selected pharmaceuticals in WWTPs.

In the anaerobic sludge obtained from pilot-scakeSB and from the demonstration scale UASB

septic tank treating concentrated black water,pih@maceutical concentrations were much higher
(up to 150 pg/L). Ibuprofen, metoprolol, diclofenand acetylsalicylic acid were present in the
highest concentration. Figure 5.2 and 5.3 predenbackground concentrations for the pilot UASB
and demonstration UASB septic tank respectively.eseh higher concentrations confirmed

expectations as the mentioned reactors treat oahcentrated (vacuum toilets) black water.

Moreover, the expected (based on literature fingingemoval efficiency of pharmaceuticals

compounds in the anaerobic systems is also loweo{;ASA and IBU).
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concentration (pg/l)
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Figure 5.2. Background concentration of pharmaceuticals in anaerobic sludge sampled from pilot-
scale UASB reactor fed with concentrated black water investigated in Leeuwarden, the Netherlands
(de Graaff et al., 2008). Liquid and solid fraction are distinguished; the darker color indicates
pharmaceutical compounds in solid fraction.
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Figure 5.3: Background concentration of pharmaceuticals in anaerobic sludge obtained from
demonstration-scale UASB septic tank treating concentrated black water (the same as the pilot-scale
UASB, Leeuwarden) in Sneek, the Netherlands. Liquid and solid fraction are distinguished; the darker
color indicates pharmaceutical compounds in solid fraction.

In graphs 5.1-5.3, the pharmaceutical concentraisult from both, liquid and solid phase. All
graphs show the prevailed pharmaceutical concéntrat the liquid phase.

5.3 (Bio)degradation in aerobic batch tests

The aerobic batch tests were performed twice % 2Md once at 18C. The mentioned temperatures
were target temperatures; in real they varied betw#6.3 to 19% and 10.0 up to 128
respectively. For simplicity however they will beferred in the text as 10 and’@0

The difference between both tests atQ@vas the improved sampling method in the secostd te
Therefore, the focus is on the results of this {a&R-20-2). The experiments were run for 30 days.
In the first 2 days the concentration of pharmdcalg was frequently analyzed to determine the
elimination rate during a maximum hydraulic retentitime (HRT) in a conventional municipal
WWTP (HRT of 2 d). The sampling was continued u@B@odays (but less frequent) to determine
whether some persistent pharmaceuticals would ibeéngited when bacteria are subjected to stress
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conditions (no other external carbon source added) longer exposed to a given compound
(adaptation).

The results of the aerobic tests are given in igarés 5.4-5.12. The graphs show the total
pharmaceutical concentration consisting of the sfithe pharmaceutical concentration in water and
solid phase in the batch tests with sludge (sotigorjis taken into account). Also the concentradion
of pharmaceuticals in the controls (without sludge®e plotted. The detection limit of the
pharmaceutical concentration in the liquid phase 805 pg/l and 0.005 ng/gTS in the solid phase.
The time scale of the graphs is 2 days for the pheaeuticals which showed a relative fast decrease
in concentration and 30 days for the other pharoi#s, if available. The fate of selected
pharmaceuticals is discussed in order of the oksldniodegradability.
In the first and the second aerobic test alC2QAER-20-1, AER-20-2) a fast decrease of
acetylsalicylic acid (ASA) was detected. Within a&uhn, the concentration in the water phase was
under the detection limit (0.005 upg/l) in the AER-2. In the test at G (AER-10-) the
concentration was lower than the detection limieadly after 3 h (fig. 5.4). In the samples takearaf
30 days of the AER-10 not only ASA was eliminatedthe biodegradation test, but also in the
controls. This could be the result of decomposition
Surprisingly the initial concentration of ASA exped to be 2.0 mg/L (at t=0) was never obtained in
controls and the test bottles. As significantly éswconcentration of ASA in test bottles could be
attributed to fast sorption to sludge and its sttt degradation, this can not explain in thetadn
bottles.
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Figure 5.4: Total concentration of acetylsalicylic acid (ASA) in time in AER-20-2 (left) and AER-10
(right). (e with sludge, o without sludge)
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A fast/immediate decrease in concentration of fémafe (FNF) was observed (Figure 5.5). Both
tests at 2fC gave comparable results. Within 2 days the taiatentration decreased to values under
the detection limit. However, this was also obsdrie the controls. At a temperature of°COa
disappearance of FNF in the biodegradation testimride control was measured as well. For this
reason it is uncertain which part of the FNF reiuctvas due to biological activity and which part
was caused by abiotic reactions. The initial cotre¢ion of FNF in controls and test bottles was
expected to be 2 mg/L; this concentration couldb®imeasured in any of these tests. Surprisingly
initial concentrations in test bottles (with slujigeere higher than in controls.

The cause of the disappearance of FNF in the dentmuld be conversion to fenofibric acid.
Moreover, because FNF is very hydrophobic, absadan glassware and other used materials can
also not be excluded.
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Figure 5.5: Total concentration of fenofibrate (FNF) in time in the aerobic batch test at 200 (AER-20-
1, left) and at 10°C (AER-10, right). (¢ with sludge, O without sludge)

Within 2 days ibuprofen (IBU) was effectively elingited to concentrations under or close to the
detection limit (Figure 5-6). The decrease in comicgion followed an exponential trend. In AER-20-
1, the IBU was transformed at the higher rate caoptbdo AER-20-2 (the sludge could be more
active at that time as taken in the warmer morithg disappearance rate of IBU was slower 4€10
compared to both tests performed &20

The biodegradation of IBU confirm literature findm Removal of IBU higher than 90% are reported
by e.g. (Kosjek, Heath et al. 2007) for a pilot W/With a HRT of 2 days.

The expected initial concentrations of IBU (0.9 lghkas not completely confirmed in controls, but
the values were close, especially in AER-10; in AER2 there was a significant lost of IBU in test
bottles, probably due to sorption and poor extoscin the analytical method.
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Figure 5.6: Total concentration of ibuprofen (IBU) in the aerobic test at 20°C (AER-20-2, left) and 10°
(AER-10, right). (¢ with sludge, o without sludge)

Metoprolol (MTP) was eliminated also exponential{ffigure 5.7). Compared to IBU the

concentration decreased at a slower rate. In lestis fit 28C, the pharmaceutical was eliminated to
concentrations under the detection limit withing/sl In the AER-10 a 50 pg/L was still presentrafte
2 days. After 30 days, the concentration MTP wdsvbealetection limits also in AER-10 test. The
expected initial concentration of 0.5 mg/L was @onéd in controls; in the tests with sludge
approximately 50% could not be found indicating eatively strong sorption and insufficient

recovery; a very rapid biodegradation is not expeat case of MTP.
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Figure 5.7 : Concentration of metoprolol (MTP) in the aerobic test at 200C (AER-20-2, left) and 100
(AER-10, right). (¢ with sludge, o without sludge)
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Figure 5.8: Concentration bezafibrate (BZF) in time in the aerobic test at 20 °C (AER-20-2, left) and
at 10°C (AER-10, right). (¢ with sludge, O without sludge)

Bezafibrate (BZF) was removed less efficiently thmaviously described compounds (Figure 5.8).
The AER-20-1 and AER-20-2 tests showed an incargistiecrease in BZF concentration after 2
days, of 15% and 40% respectively. In the AER-HD tiee decrease of BZF concentration was less
significant. After 30 days the BZF in all aerobésts was under the detection limit. This showet tha
BZF can be eventually also biodegraded at lowemptratures. The concentration in the controls
stayed more or less constant although the stardiasgtion of the concentration in the controls of
AER-10 test was quite high. After 30 days concdiutnaof BZF decreased in AER-20-2 and
increased in AER-10, which is not really consistent
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Figure 5.9: Concentration diclofenac (DCF) in time in the aerobic test at 20 °C (AER-20-2, left) and at
10°C (AER-10, right). (¢ with sludge, O without sludge)
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Diclofenac (DCF) was not eliminated in the firstddys as it is shown in figure 5-9. In tests at
different temperatures, no significant decreasB@F was measured within 48 hours. Remarkably
after 30 days, DCF was transformed significantly,ta about 90% in both tests. The decrease in
concentration after 30 days could be the result sliow degradation rate, or the need for adaptation
of the biomass before degradation of the specimmound could take place. At this moment it
seems that DCF can be potentially eliminated ifogical systems.
The fate of DCF in controls was not consistentABR-20-2 decrease of DCF and in AER-10 it
remained stable) indicating that other processas thiodegradation could have also played a role.
The causes of the decrease in AER-20-2 are, besidepossibility of measuring errors, unknown.
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Figure 5.10. Concentration carbamazepine (CBZ) in time in the aerobic test at 20 °C (AER-20-2, left)
and at 10°C (AER-10, right). (¢ with sludge, 0 without sludge)

The fate of carbamazepine (CBZ) at aerobic conuitis shown in Figure 5-10. No decrease
in concentration was observed after 2 days norr a&@ days. Moreover, the CBZ
concentration during the period of 2-30 days waspaling to the measurements, increasing
(stronger at higher temperature). This increasebeaexplained by a fast sorption of CBZ in
the beginning of the experiment (the differenceMeein a control and a test bottle was
significant) and than its desorption due to agidgc@y, changing of structure of activated
sludge enabling a better extraction of a consideosapound in the analytical method) of the
activated sludge.
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Figure 5.11. Concentration clofibric acid (CFA) in time in the Aerobic test at 20°C (AER-20-2, left)
and at 10°C (AER-10, right). (¢ with sludge, 0 without sludge)

The course of concentration of clofibric acid (CFRJring the 30 days lasting test is similar to CBZ
(Figure 5-11). No decrease in concentration of @&& observed over the entire duration of the test.
On the other hand the concentration in the AER-20cBeased significantly, which could be caused
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by a strong sorption of a compound in the beginrang than its desorption due to a long test

duration and changes in activated sludge struenabling a better extraction of the compound in the
analytical method.

Altogether, the aerobic tests showed an exponetfgi@ease in concentration of ASA, FNF, IBU and
MTP. This observed biotransformation is conforrariture findings. The pharmaceuticals BZF and
DCF are not or only to a limited extent eliminateidhin 2 days of the test. After 30 days, their
concentration was reduced to a large extent, shpttia slow but possible biodegradation of these
two compounds. Besides a slow degradation rate,aasadaptation phase could have been required
before degradation of a specific compound coul& tallace or stress conditions caused an ultimate
reduction of certain compounds.

Literature also indicates the persistency of DCbitmlegradation. For BZF the elimination after 2
days was expected to be higher since amongst dffemses 1998) observed 83% removal of BZF in
a municipal WWTP. The CBZ and CFA are the pharmtcals which did not show any
biodegradability in all three tests. Apparently\ttage persistent to biodegradation. This obsermatio
is according to literature, which reported no reaicfor both compounds in aerobic wastewater
treatment. For CFA however, also higher removatieffiicies, up to 51%, were found in literature.

5.4 (Bio)degradation in anoxic batch tests

In figures 5.12 to 5-19, the results of the andiaegradation tests performed at target tempersitur
of 10 and 20C are plotted. The mentioned temperatures werettéegperatures; in real they varied
between 21.5 to even 230 and 11.8 up to 138 respectively. For simplicity however they will be
still referred in the text as 10 and°@0

The batch test at 10 °C (ANOX-10) was performed @avtme period of 2 days while the test at 20°C
(ANOX-20) over 30 days.

ASA disappeared completely in both tests; withinhdir it was under the detection limits. The
decrease in concentration of ASA was faster &€2han at 18C. The degradation rate in ANOX-20
and ANOX-10 was, however, slower than in the aerotdsts. Noteworthy was the initial
concentration of ASA in the duplicates in the ANQR; which differed significantly from each
other. One test started at 3.4 mg/L, the othetbaun0.1 mg/L, while the expected concentration
(amount presumably added) was 2 mg/L. The firstidate subsequently showed an elimination of
ASA to 0.044 mg/L (99% decrease in concentratidhe second duplicate gave a lowest measured
concentration of 0.039 mg/l (61% decrease in camaton) after 48 hours of the test. None of the
controls resulted in the expected initial conceiraof ASA of 2.0 mg/L. The initial concentration
of ASA in test ANOX-20 was much lower, while in ANGLO close to expected.
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Figure 5.12: Total concentration of aspirin (ASA) in time in the anoxic test at 20 °C (ANOX-20, left)
and 10°C (ANOX-10, right) batch tests (¢ with sludge, o without sludge).
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Figure 5.13. Total concentration of fenofibrate (FNF) in time in the anoxic test at 20 °C (ANOX-20,
left) and 10°C (ANOX-10, right) batch tests (¢ with sludge, o without sludge).
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At anoxic conditions FNF was eliminated relativéfst like in the aerobic tests. Differences in
transformation rate between different temperatumese not significant. Other tests showed a
decrease in FNF concentration in controls, but tia anoxic ones, although the measured
concentration was a way far from expected one (0.2-mg/L against 2 mg/L respectively). A

relative stability of the FNF concentration in ttantrols, show that a biological activity playedoée

in the disappearance/degradation of FNF.
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Figure 5.14. Total concentration of ibuprofen (IBU) in time in the anoxic test at 10 °C (ANOX-10, left)

and 20°C (ANOX-20, right) batch tests (¢ with sludge, O without sludge)

Ibuprofen (IBU) was removed in the anoxic tests blower than at higher oxidation-reduction
potentials. Furthermore, a large variation betwdle® duplicates was observed (52% vs. 97%
respectively). Both removal efficiencies were highlean reported in literature. (Zwiener 2002)
reported 22% removal in anoxic batch test afteragsdfor IBU. Differences between the anoxic
degradation rate in relation to temperature weseoked between the ANOX-20 and ANOX-10 tests.
A significant higher rate at a temperature of 20/ measured, as expected.

The IBU concentration in the controls of the ANOR-&ayed constant during the first 48 hours, but
decreased significantly after 30 days. This couwddtlie result of an error in the measurements or
perhaps an unstable character of IBU af@@n water while shaken. In such a case disappearah
IBU at 20C could not have been attributed to biodegradatiuy.

The overall removal rate of IBU under anoxic coiodis might increase when taking a longer
adaptation time for biomass. This was shown in tagearch of (Suarez Martinez 2008). In a
completely mixed denitrifying reactor fed with axternal carbon source and operating at a HRT of 1
day, the removal of IBU increased from 16% in tingt 200 days and up to 75% at day 340. This can
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be related to the development of specific denitrify biomass population in the denitrifying reastor

(Suarez Martinez 2008).
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Figure 5.15. Total concentration of metoprolol (MTP) in time in the anoxic test at 10 °C (ANOX-10,
left) and 20°C (ANOX-20, right) batch tests (¢ with sludge, o without sludge)

In contrary to aerobic tests, metoprolol (MTP) weady eliminated to a small extent within 48 hours
(Figure 5.15). At 20°C, MTP tended to decreaseoimcentration after 48 hours. In the ANOX-10 no
significant removal of MTP was observed. After 2/sl MTP concentration was under the detection

limit in ANOX-20.
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Figure 5.16. Total concentration of bezafibrate (BZF) in time in the anoxic batch test at 10 °C (ANOX-
10, left) and 20°C (ANOX-20, right) batch tests (¢ with sludge, o without sludge)

In the ANOX-20 a significant elimination of BZF wabserved (about 70% reduction). On the other
hand, BZF was not decreased in concentration ilAt@®X-10 test; a clear difference thus between
both anoxic tests (Figure 5.16). After 30 days, B#F concentration was close and under the
detection limit in the ANOX-20 (duplicates).

Compared to the aerobic tests, the degradationimatbe ANOX-20 test was higher than in the
aerobic tests. There is no clear explanation fist this unknown whether this concerns an anaytic
error or that BZF can be biodegraded faster undexia conditions. The latter could be possible
since under anoxic conditions other, perhaps ebg&degradation pathways are used. The ANOX-10
showed similar results compared to AER-10: no §iganit removal of BZF within the first 2 days.

The initial BZF concentrations in the controls wetese to the expected (added) values — 2 mg/L. In
the bottles with sludge this initial concentratioras however significantly lower, indicating a
probable fast sorption of BZF onto the sludge Hsb ats insufficient recovery from sludge in
analytical method.
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Figure 5.17: Total concentration of diclofenac (DCF) in time in the anoxic test at 10 °C (ANOX-10,

left) and 20°C (ANOX-20, right) batch tests (¢ with sludge, o without sludge)

At a temperature of 10°C, diclofenac (DCF) concaign remained constant in time. The graph of
ANOX-20 shows that DCF concentration appeared teetaced to a certain extent after 48 hours but
the samples taken after 27 days showed that theentmation of DCF was still in the same range as
before. This constant concentration over 27 days macontrast to the aerobic tests. The controls
confirmed the initial demanded concentration of @@/L, while in the tests this concentration was
much lower. The latter would indicate again a ggreorption of DCF and its insufficient recovery
from the sludge in the analytical method.
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Figure 5.18. Total concentration of carbamazepine (CBZ) in time in the anoxic test at 10 °C (ANOX-
10, left) and 20°C (ANOX-20, right) batch tests (¢ with sludge, o without sludge)

Both anoxic tests showed no decrease in concemiratiCBZ, like in the aerobic tests. At the end of
ANOX-20 test, the CBZ concentration measured waneaucreased (Figure 5.18). The difference
between the initial concentrations and the testgwagain significant, indicating (the most probably

a strong sorption of a compound in the beginningttef contact time. Long duration of the

experiment resulted in the desorption of the comdpbut certainly not its degradation.
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Figure 5.19. Total concentration of clofibric acid (CFA) in time in the anoxic test at 10 °C (ANOX-10,
left) and 20°C (ANOX-20, right) batch tests (¢ with sludge, o without sludge)
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For clofibric acid (CFA) the same was observedoa<CBZ: no removal of this pharmaceutical under
anoxic conditions and a increase in measured ctratiem after 1 month (Figure 5.19). On the other
hand the initial concentrations of CFA in contralsre almost as expected, while in the beginning of
the tests with sludge these concentrations weregfisigntly lower. This would indicate again a stgon
sorption of CFA onto the sludge in the beginninghaf biodegradation test and then its desorption at
the end of the test due to change in the structiuskudge and stress conditions.

Summarizing, the pharmaceuticals, which showedet¢plrtly) degradable under aerobic conditions
showed a lower degradation rate under anoxic dondit with the exception of BZF in anoxic test at
20°C. The lower biotransformation rate is as exg@&ince organic compounds are faster degraded
under aerobic conditions than under anoxic ones. réason for the higher rate for BZF at anoxic
conditions is unclear. Next to this, ASA, IBU, MTdd BZF showed a different degradation rate
between the tests at 2@nd 16C. For MTP and BZF this temperature difference ltegin a small
removal at 28C and no significant removal at°@within 48 hours.

After 27 days MTP, BZF, IBU, ASA and FNF decreaseatoncentration to under or close to the
detection limit. It should however be kept in mithét redox conditions increased up to about 80 mV
(micro-aerophilic conditions); this increase of O&RId have influenced this degradation positively.
The ORP is not likely to have affected the differemin both temperature tests; the ORP of the 10
and 20C tests were similar. In addition sorption seemsa@nderestimated indicating that extraction
of the considered compound from the sludge is heys optimal.

In general, in the anoxic tests the control conediains stayed constant in the time interval inclihi
pharmaceutical concentrations decreased. Elimimatfgoharmaceuticals in anoxic tests is therefore
most likely a result of biotransformation/sorptiomcesses.

5.5 (Bio)degradation in anaerobic batch tests

The anaerobic experiments were performed twice aeraperature of 30°C. The mentioned
temperature was a target temperature; in real iedabetween 28.5 to 29.%. For simplicity
however it will be still referred in the text as"G0

These tests are abbreviated with ANAER-1 and ANAERespectively. The time period of the
ANAER-2 was 30 days. The ANAER-1 was continued ap/7 days to observe any effect at a
prolonged retention time of pharmaceuticals undexss conditions (no external organic substrate
supplied). The results are in figure 5.20 to 5.27.

In the ANAER-1 the pharmaceutical concentrationthie solid phase could not be determined.
Therefore the concentration in the liquid phaggasted in the graphs of ANAER-1.
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Determining biodegradation rate of pharmaceutiégalthe ANAER-1 was difficult. The liquid
concentrations were even re-analyzed to obtaiabiglidata due to a difference in analytical method
applied between samples of ANAER-1. Those new whre plotted in the graphs. These results
showed that ASA and FNF were eliminated from thguiti phase. On the other hand initial
concentrations in the controls and tests were nimekr than expected, and they reached zero after
duration of the experiment indication any other gessed than biological degradation. Again,

measured and expected initial concentrations of ASW FNF in controls and tests differed

significantly from each other.
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Figure 5.20: Aspirin (ASA) concentration in time of the anaerobic experiments ANAER-1 (left) and
ANAER-2 (right) (¢ with sludge, O without sludge).
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Figure 5.21: Fenofibrate (FNF) concentration in time of the anaerobic experiments ANAER-1 (left)
and ANAER-2 (right) (¢ with sludge, o without sludge).
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Figure 5.22: Ibuprofen (IBU) concentration in time of the anaerobic experiments ANAER-1 (left) and
ANAER-2 (right) (¢ with sludge, O without sludge).
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In the ANAER-2, ASA and FNF were eliminated. Insthest also the concentration IBU decreased
exponentially over time. The cause of the diffeeemcthe trend of IBU between both anaerobic tests
is unclear, it can not be explained by the diffeeein anaerobic sludge characteristics. Removal
efficiency of IBU in anaerobic digesters reportediterature was 26-56% (Carballa, 2007) with a
SRT of 10-30 days. The anaerobic elimination of IBWhus confirmed by literature. However, IBU
concentration in ANAER-2 test decreases in bothtrats and tests, making the distinction between
sorption and biodegradation impossible.
The biodegradation rates in both ANAER-1 and ANAERere, compared to the aerobic and anoxic
degradation rates, much lower. Nevertheless, &fedays, which could be a common HRT for
wastewater/sludge treated in anaerobic digestegs;dncentration of all three pharmaceuticals, ASA,
FNF, IBU decreased by more than 90%.
Unfortunately for the eliminated pharmaceuticalspahe control concentration decreased in both
tests. In ANAER-2 this was for ASA, IBU and FNF3%8, 95% and 90% respectively. The decrease
in concentration in the biodegradation tests, darefore not be only assigned to biodegradation
processes. For ASA and FNF the decrease in comatientrin the controls was also present in the
aerobic tests and slightly in the ANOX-20 testli® after continuation of the tests to 30 days.

Apparently, abiotic processes play also an importate in fate of ASA and FNF in biological
systems. Hydrolysis can be an important processausec both compounds can be very easily
hydrolyzed in the human body to salicylic acid &ewbfibric acid, respectively. For the hydrophobic
FNF also absorption to materials in the batch tésts glass walls, cups) and during sampling
(syringe, centrifuge cups) and preservation (fregzimight play a role.

A more careful look to the results of ASA and FNdveals that for these compounds the expected
initial concentration was very different in all bht tests in contrary to the other selected
pharmaceuticals. The much lower measured concemtraan be due to a fast transformation or
sorption of the substances. Perhaps a higher apeahttemperature (3Q) played here also an
important role. It could also be a matter of im@omixing at the start, but than the same phenomena
could have been observed for all other pharmacadsatiovhat was not the case.
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Figure 5.23: Metoprolol (MTP) concentration in time of the anaerobic experiments ANAER-1 (left)
and ANAER-2 (right) (¢ with sludge, o without sludge).
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Figure 5.24: Bezafibrate (BZF) concentration in time of the anaerobic experiments ANAER-1 (left)
and ANAER-2 (right) (¢ with sludge, o without sludge).
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Figure 5.25: Diclofenac (DCF) concentration in time of the anaerobic experiments ANAER-1 (left)
and ANAER-2 (right) (¢ with sludge, o without sludge).
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Figure 5.26. Carbamazepine (CBZ) concentration in time of the anaerobic experiments ANAER-1
(left) and ANAER-2 (right) (¢ with sludge, O without sludge).
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Figure 5.27: Clofbric acid (CFA) concentration in time of the anaerobic experiments ANAER-1 (left)
and ANAER-2 (right) (¢ with sludge, o without sludge).

For MTP, BZF, DCF, CBZ and CFA, no decrease in enofr@tions was measured in the ANAER-2
and ANAER-1. This is shown in figures 5-23 to 5-8Y ANAER-2, for DCF and BZF a significant
decrease in controls was measured and a constacerdgoation or even increase in the batches with
sludge.

For CBZ and CFA a high increase in concentratiorthia batches was measured in ANAER-2.
Difference between concentrations and controls @vindicate that a strong sorption took place and
in the course of the test desorption. The end cdretions in some of the tests with CBZ and CFA
are similar to the initial (demanded) concentratidm controls. Another possibility would be the
presence of conjugated pharmaceuticals in the ab@ersludge. Then deconjugation of the
conjugates of the mentioned compounds, alreadyeptea the used sludge, during the treatment
could have also taken place. However, since the@se is very high, this seems not be likely to
explain the whole difference.

(Carballa, Omil et al. 2007) reported a removaaimaerobic digesters with a SRT of 10-30 days of
DCF of 59-79% in contrary to the results of thistté€®erhaps this difference is partly due to rerhova
by absorption to the suspended solids, which wgls ini concentration (30-95 g/l). The concentration
sorbed to sludge was not analyzed in the study afb&la (2007). Another factor could be a
difference in sludge characteristics or the diffieein DCF concentration. In case of CBZ, Carballa
(2007) found, like in this research, no removal.

In general, the anaerobic samples seem to be miffieultl to analyze than aerobic and anoxic
samples. For example, because of the specific abigessludge characteristics and high TS
concentration the sludge, the solid phase in tlaem@ibic samples was less efficient separated from
the water phase after centrifuging compared te#mples with activated sludge. An extraction of the
compounds from the solid phase can be incompldide Wquid phase can contain colloidal material,
which makes it more difficult to analyze. This abulave caused the increase in concentration of
pharmaceuticals measured in ANAER-1 and ANAER-2her difference in expected and measured
concentration at the start of some pharmaceuticsgdNAER-2.

Overall, the batch tests showed that at anaeraliditions, the pharmaceuticals are not as efficient
biodegraded/removed than under aerobic and anoriditions.

Apparently, abiotic processes play also an importate in fate of ASA and FNF in biological
systems. Hydrolysis can be an important procesausec both compounds can be very easily
hydrolyzed in the human body to salicylic acid &ewbfibric acid, respectively. For the hydrophobic
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FNF also absorption to materials in the batch tésts glass walls, cups) and during sampling
(syringe, centrifuge cups) and preservation (fregzmight play a role.
A more careful look to the results of ASA and FNtow that for these compounds the expected
initial concentration was very different in all bht tests in contrary to the other selected
pharmaceuticals. The much lower measured concemtratin be due to a fast transformation
sorption of the substances. For FNF absorbanctass g@nd other material used can be an important
factor to contribute to this effect because ohitghly hydrophobic character. It could also be dtera
of improper mixing at the start, but than the sgghenomena could have been observed for all other
pharmaceuticals, what was not the case.
Another explanation would be that in the stock Botuboth pharmaceuticals were already present in
lower amounts than expected (e.g. weighting egorption to glassware, hydrolysis). Some stock
solutions have been analysed for there pharmaetetimcentration. From the stock solution used in
the AER-20-2 test, it turns out that the concerdreASA is indeed lower than expected (0.033 mg/L
instead of 2 mg/L) but that FNF concentration isnparable with the expected concentration (1.8
mg/L instead of 2 m/L).
The batch tests showed a clear potential for some pharmaceuticals to be biotransformed (in
some cases significantly). The degradation rate for the pharmaceuticals differed per
compound. Under various environmental conditions different rates were obtained. The
exponential elimination rates (degradation kinetics) is discussed in the following section.
The continuation of the most of the batch tests3@rdays provided more information. The, at the
first sight, persistent DCF was eliminated for 906 the aerobic tests after 1 month. The
pharmaceuticals partially eliminated during 2 ddike MTP and BZF, were completely removed to
levels under or close to the detection limit of @hOug/l when the aerobic and anoxic test was
prolonged to 30 days.
It should be kept in mind that only the removathef original pharmaceutical was analyzed. Whether
a pharmaceutical degraded/mineralised and if theesjuent produced metabolites are degraded is at
this moment unclear. Regarding IBU and ASA the posdl metabolites are not likely to be persistent
to biodegradation. According to results of (QuirtaB005) the metabolites of BZF are also
degradable. The possible produced metabolite fieriofacid of FNF can be transformed most likely
too although not much is known about other metédmliproduced. The biodegradability of
metabolites of MTP and DCF are unknown.

5.6 Assessment of biodegradation kinetics

The results, in which exponential decrease of phaemticals in the course of a given test was
obtained, were used to calculate, with a pseudbt-dirder reaction rate, the degradation rate cohsta
(k) and the specific biological degradation ratggjkaccording to equations in chapter 2. The
constants are given in Table 5.2 together with@5& confidence interval of k and thé Bf the
regression model.

With the 95% confidence interval the error in thadcalated values is attempted to be expressed.
However in this interval deviation total solids centration is not included. The influence of the TS
concentration on theyl is estimated by using an average TS concentrafidioth duplicates in a
given batch tests. The specific degradation cohdtarcalculated based on the 95% confidence
interval of the kg calculated for both TS concentrations.

The degradation rate of FNF and ASA was also débem but as in all the tests it was demonstrated
that their removal is due to biological procesgls, assessed values may therefore represent the
disappearance rate as indicated in the table. Meredecause of the fast decrease of ASA in the
tests, obtained reduction curves could not bedfitte this case, where possible, k-values for ASA
have been calculated based on assumption thatathegncentration of ASA was 2 mg/l and that the
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first sample was taken 0.2 hour after the additibpharmaceuticals. The obtained exponential trend
is indicated with ‘best case scenario’.

Obviously, the kinetics in the aerobic, anoxic anderobic tests differed. Comparing the aerobic and
the anaerobic tests, the degradation rates wete 200 higher for ASA, FNF and IBU for aerobic
conditions. A difference between aerobic and antests was of a factor 2 to 4 for IBU and BZF
respectively. For other compounds, no exponentialeccould be fitted, so no comparison could be

made between the different rates.

For aerobic conditions, the literature values aqorted for some of the selected pharmaceutical. In
this research the specific degradation rate weserdhan these found in literature. The differences
between these experiments and the experimentsteepir literature is the high concentration of
pharmaceuticals. Also in (Mes and 2007) in where tiodegradation kinetics of estrogens in
concentrated waste streams was investigated, kiwetic constants were reported compared to those
observed when using lower pharmaceutical concémiréas in sewage). The high concentration and
the mixture of pharmaceuticals perhaps inhibit #duotivity of bacteria to a certain extent. The
activated sludge used in this research was alsoadapted to such high concentrations of
pharmaceutical compounds. It is indicated in liema (Joss, Zabczynski et al. 2006) that co-
metabolism may enhance the degradation of persistieno-pollutants. As in the biodegradation test
no external (easily biodegradable) substrate wasddhe biodegradation proceeded slower or did
not proceed.

The often observed differences between controlgestdtconcentrations, indicating strong sorption of
the certain compounds to the sludge (if only), eauthat the assessed kinetic parameters are

indicative.

Table 5.2: The degradation rate constant k, its 95% confidence interval, the range of specific
degradation rate constant kbiol based on the TS concentration and related the 95% confidence
interval and the R2 of the regression model for tested pharmaceuticals under various environmental
conditions (assessed where possible)

Pharmaceutical Test k-value 95% confidence R? Kpiol (L/QTS/d)
(1/d) interval of k range
Acetylsalicylic acid AER-20-1 104 103 106 0.986 P26.4
Acetylsalicylic acid AER-20-2 218 217 219 0.999  37.3-439
(best scenario)
Acetylsalicylic acid AER-10 74 72 76 0830  159-17.5
(best scenario)
Acetylsalicylic acid ANAER-2 1.9 1.3 1.4 0.932 01:D.127
Bezafibrate AER-20-1 0.24 0.22 0.24 0.960 0.05060
Bezafibrate AER-20-2 0.19 0.19 0.22 0.871 0.03®48
Bezafibrate ANOX-20 0.58 0.55 0.58 0.922 0.111120.
Fenofibrate AER-20-2 22.0 21.8 223 0.960 3.74164.
Fenofibrate ANAER-2  0.38 0.36 0.40 0.930 0.03136:0
Ibuprofen AER-20-1 5.6 54 5.9 0.980 1.47-1.35
Ibuprofen AER-20-2 5.2 51 54 0.937 0.874-1.07
Ibuprofen AER-10 4.4 4.3 4.6 0.900 0.952-1.06
Ibuprofen ANOX-10 0.9 0.8 0.9 0.903 0.103-0.119
Ibuprofen ANAER-2  0.29 0.28 0.30 0.942 0.024 - 8.02
Metoprolol AER-20-1 3.46 34 3.6 0.963 0.840 - 0.88
Metoprolol AER-20-2 3.38 33 35 0.954 0.569 - @69
Metoprolol AER-10 0.86 0.86 0.89 0.980 0.192 - 6.20

* the specificdisappearance/degradation rate constant, since it is not elucidated thatlhmination is due to
biological processes.
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Next to variation between aerobic, anoxic and afiz@er‘response’, the differences in kinetics in
relation to the operational temperature were alsserved. The temperature coefficientof the
Arrhenius equation was calculated for MTP, IBU &®A (Table 5.3). Thea is expected to be in the
range of 0.03-0.09 for these compounds (Ternes)2006

Table 5.3: The influence of temperature on biodegradation rate. A k (coefficient, see eq. 3.5) was
calculated based on kbiol range of AER-20-1, AER-20-2 and the AER-10 results.

Pharmaceutical Test results K (-)
Metoprolol AER-20-1/ AER-10 0.17-0.16
AER-20-2 / AER-10 0.14-0.11
— . AER-20-1/ AER-10 0.06-0.04
Acetylsalicylic acid AER-20-2 / AER-10 0.11-0.08
Ibuprofen AER-20-1/ AER-10 0.03-0.05
AER-20-2 / AER-10 No sig. difference

Ibuprofen showed not a significant decrease indgoadation rate when temperature decreased from
20 to 10C. Comparing two tests: AER-20-1 and AER-10 givesalues (two k-values) ranging from
0.03-0.05 which is similar to the expected range.

Kinetics of MTP resulted in the highest temperatoefficient. Still, it was similar to the expected
range. For ASA the value was in the range as reported in literature.

5.7 Sorption onto the sludge

This section elaborates the sorption behavior efdblected pharmaceuticals in the biodegradation
tests. In all samples, the concentration of phaeuwidcal compounds present in water and solid phase
was separately analyzed. The contribution of thiel ptase to the total concentration is presented i
figure 5.28. In this figure a sorption of selecigihrmaceutical compounds to activated sludge is
shown for ANOX-10 as there it was the most sigaific The results of ANOX-10 are used because
not only disposable centrifuge tubes were usedtieranoxic tests (enabling optimal separation
between liquid and solids), but also in the anoxfileast biotransformation of pharmaceuticals was
observed. For the anaerobic sludge the sorptiarntsestf ANAER-2 were used, since sampling of the
solid phase in this experiment was improved inti@iato ANAER-1. Sorption equilibrium was
assumed only in the sampling times at which a pheeutical concentration did not decrease; these
values were used to calculate average sorptionesalAlso concentrations at the start of the
experiment (t=0) were left out of the calculation this purpose.

Figure 5-28 shows clearly that the pharmaceutreattion in the liquid phase prevailed. Only a dmal
part of the total amount of the selected pharmacaatwas present in the solid phase. Differences
between the pharmaceuticals and between the tereliff types of sludge were observed. Sorption
seems to be most relevant for CBZ, MTP and FNF.aR#gg ASA, IBU, DCF, BZF and CFA, less
than 10% of the total concentration was absorbélediological sludge.
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Figure 5.28: Average concentration of pharmaceuticals in both liquid (blue) and solid (red) phase
during the time period in which the pharmaceutical were constant in concentration. Results from the
ANOX-10 test (left) and ANAER-2 test (right).

The concentration of pharmaceuticals present irattaerobic sludge seemed to be in general higher
than the concentration of pharmaceutical sorbeattivated sludge. However, also the concentration
TS in the anaerobic test was much higher. To coenpar differences in sorption affinity of a given
compound in relation to the sludge, the conceminatif absorbed pharmaceutical per g TS is
presented in figure 5.29. Fenofibrate, bezafibaae clofibric acid concentrations in activated gleid
were distinctly higher than in anaerobic sludgetdyeolol and carbamazepine fractions located in
sludge were slightly higher for anaerobic sludgEor other compound similar fractions were
measured in both types of sludge.
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Figure 5.29: Pharmaceutical concentration in solid phase per g of TS (total solids) in ANOX-10 test
(red) and in ANAER-2 (blue) test.

To compare the results with literature, the cotregion in the solid is divided by the concentratio
in the liquid, since it influences the sorption iigrium too. The sorption partition coefficient Kis
obtained in this way. In Table 5.4 the calculatgdvlues from this research are compared with K
values from literature. The &values of activated sludge were obtained fromarerage sorption
results of ANOX-20 and ANOX-10 test.
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Table 5.4: A comparison of the assessed observed solid distribution coefficients (Kg4) with literature
values for activated sludge and anaerobic sludge. The observed Ky for activated sludge were
determined based on the concentrations of pharmaceuticals in the ANOX-10 and ANOX-20 tests.

Literature values are from (Ternes 2004); n.a. = not available;

ASA BZF CFA CBZ DCF FNF IBU MTP
Kq (L/kg TS) Activated
sludge 10 7.1 3.1 29 5.9 6.5E+02 1.7 24
(this test)
Kq (L/kg TS) Anaerobic ; o 19 10 18 4.7 28E+02 1.3 110
sludge (this test)
Kg (L/kg TS)
Activated sludge n.a. n.a. 4.8 1.2 16 n.a. 7.1 n.a.

(literature)

A high Ky value for fenofibrate (FNF) is remarkable, bustbtompound is also the most hydrophobic.
Sorption of FNF is one or two magnitudes of ordghér than for the other pharmaceuticals.

The Ky values of metoprolol (MTP) differ a lot betweer thnaerobic and activated sludge, this is in
contrast to figure 5.29. However, the largg i the anaerobic test can be caused by very low
concentrations in the liquid phase. Since soméhefcdoncentration values of the anaerobic test are
uncertain, the concentration of MTP in the wateagghmight be higher, causing overestimation of Kd
value.

For all other pharmaceuticals the difference betatbe anaerobic and activated sludge is not so high
(factor 2-6).

For activated sludge in municipal WWTP4 Yalues are reported in literature for some ofsdlected
pharmaceuticals. Values for clofibric acid (CFA)aibed in this research are very similar to those
reported by Ternes (1998). The Kalue of ibuprofen (IBU) and diclofenac (DCF) aemewhat
lower; CBZ value was on contrary higher in thisaarch.

Differences between thegKalues can be explained by different sludge chariatics as this play an
important role in sorption behaviour.

The results point out that the electrostatic irtBoas between pharmaceuticals and sludge are
relevant processes. Both, metoprolol (MTP) and amadrepine (CBZ), which are not acidic
compounds, showed compared to clofibric acid, ezt and ibuprofen (CFA, BZF and IBU) a
higher sorption although the log Kow value are Enor lower.

Moreover, the calculated distribution coefficieny #r activated sludge makes clear that for all
selected pharmaceuticals, except for FNF, sorpisomot a relevant removal mechanism in a
conventional municipal WWTP as their value is lowean 500 L/kg TS.

FNF has a calculatedskigher than 500 L/kg TS and therefore for thisrpieceutical sorption could
be an important removal process in a WWTP. Howevetisappears very fast; its concentration in
the sludge drops from 85 to less than 5 pug/L afehours. For this pharmaceutical sorption is
therefore also only a minor elimination process. ¢tber pharmaceuticals, which are as hydrophobic
as FNF and persistent, sorption can be importameimoving the pharmaceutical from the waste
water.
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6 Conclusions

The fate of pharmaceuticals was researched in dig#b treatment systems under various
environmental conditions. A summary of biotransfation behaviour for all selected
pharmaceuticals together with the influence ofeddht environmental conditions is given in Table
6.1.

Of all the selected pharmaceuticals ASA and FNFewadiminated at the highest rate. Biological
processes played an important role, but not sglelge abiotic processes were observed as well. The
acetyl salicylic acid and fenofibrate can be elia@d well at aerobic, anoxic and anaerobic
conditions.

Ibuprofen could be biotransformed under the allliegpredox conditions. Metoprolol can be
biotransformed under aerobic and anoxic conditiomsat a slower rate than acetyl salicylic acid,
fenofibrate and ibuprofen (ASA, FNF, IBU). Underaanobic conditions no biodegradation of
metoprolol (MTP) was observed.

Bezafibrate can be slowly eliminated under aeralid anoxic conditions. Diclofenac (DCF) can be
potentially biotransformed under aerobic conditjobst relatively much time is required for this;
more days than a typical HRT of a municipal WWTR$. anoxic and anaerobic conditions,
diclofenac (DCF) is not eliminated at all. Clofibracid and carbamazepine are not eliminated
biologically at all. They show under aerobic, amoand anaerobic a persistency to biodegradation.
Different behaviour of selected pharmaceuticalsichogical systems suggests to classify them into 3
groups: group 1 (easily biodegradable), group ratdable under optimal conditions) and group 3
(persistent).

The biotransformation of pharmaceuticals followpseudo) first order kinetics.

Aerobic conditions result, in general, in the highkiotransformation rates, followed by the anoxic
and anaerobic conditions. A temperature decrease ZFC to 10C influences the biotransformation
rate in aerobic and anoxic conditions. It variefmo significant to a distinct difference.

Compared to pharmaceuticals present in conventisamaitation systems, biotransformation rate of
pharmaceuticals in concentrated waste streams loasrs The activated sludge used however, was
not used to these high concentrations of pharmimedsit

The fraction absorbed to sludge is for the seleptermaceuticals of a minor importance. For most
pharmaceuticals concentration in the solid phasel@. For the non-acidic pharmaceuticals MTP
and CBZ sorption is somewhat higher. The very hgdobic but fast eliminated FNF is highly
absorbed (up to 80% in anaerobic systems). Sorptioms out to be the highest for non-acidic
pharmaceuticals and pharmaceuticals with a very Higdrophobic character. Of all selected
pharmaceuticals sorption to sludge might be thetmekevant process for CBZ, since this
pharmaceutical is not biotransformed and it is dimsd to activated sludge and anaerobic for about
20%.
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Table 6.1: Comparison of biotransformation rate of the selected pharmaceuticals at different
environmental conditions. Biotransformability: +++ = very well, ++ = well, + = moderately,

+/- = only at retention time > 2 days, - = not biodegradable

Aerobic 20°C Aerobic 10°C Anoxic 20°C Anoxic 10°C Anaerobic

30°C

Group 1 (easily biodegradable)
Acetyl salicylic acid =~ +++ +++ ++ ++ +
(ASA)
Fenofibrate +++ ++ ++ ++ +
(FNF)
Ibuprofen ++ ++ + +* +
(1BU)
Group 2 (biodegradable under optimal conditions)
Metoprolol ++ + + - -
(MTP)
Bezafibrate +/- +/- + - -
(BZF)
Diclofenac +l- +/- - - -
(DCF)

Group 3 (persistent)

Carbamazepine - - - - -
(CB2)
Clofibric acid - - - - -
(CFA)
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