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Abstract

Today, pharmaceutical residues are widely found in nature as a cause of the
extensive use of human and veterinary medicine. The pharmaceutical residues
have shown to have a damaging impact on flora and fauna. Wastewater Treat-
ment Plants (WWTPs), today, are not designed for pharmaceutical removal,
which calls for new methods and the implementation of these to avoid increased
concentrations of pharmaceutical residues in nature.

This thesis addresses three main areas. Firstly, a pre-study regarding the
prevalence of pharmaceutical residues at di�erent parts of a WWTP and in
the nearby river, secondly, an evaluation of removal of pharmaceutical residues
using ozone and, thirdly, the construction of a pilot plant scale Activated Car-
bon (AC) unit and an evaluation of its capacity for pharmaceutical and ozone
removal. This work was done in order to verify the quality of a future full-scale
unit including the advanced techniques ozone and AC that will be implemented
at a WWTP for pharmaceutical removal.

The pre-study shows that the total concentration of the Active Pharmaceutical
Ingredients (APIs) was largest at the inlet (93.8 µg/L) and decreased through-
out the process steps to be the lowest at the outlet (5.6 µg/L). Paracetamol
was found in the highest concentration (86.5 µg/L) at the inlet but could not
be detected in the outlet. In the recipient none of the APIs could be found.
However, ca�eine was detected in the recipient.

The pilot plant studies were performed in a batch process, one at high ozone
generation and one at low ozone generation. The pilot test at high ozone
generation showed that all of the measured APIs were below their Limit of
Quantification (LOQ) after 2 minutes. The pilot test at low ozone generation
showed a total API-removal of 44% after 7 minutes, 78% after 13 minutes, 97%
after 20 minutes and more than 99% after 60 minutes. All of the APIs were
below their LOQ after 180 min.

The AC-filter construction mirrored the conditions within a full-scale unit as
closely as possible and was scaled by the superficial velocity. The AC-filter
showed an ozone removal of approximately 99% and removed all pharmaceuti-
cal residues apart from Ranitidine which was decreased by 76%.

Keywords
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tion, wastewater treatment



Sammanfattning

Idag återfinns läkemedelsrester i stor utsträckning i naturen, vilket är ett resul-
tat av den omfattande användningen av human- och veterinärmediciner. Lä-
kemedelsresterna har visat sig ha en skadlig e�ekt på flora och fauna. Dagens
avloppsreningsverk är inte byggda för att rena vattnet från läkemedelsrester,
vilket kräver att nya metoder utvecklas och implimenteras för att förebygga
spridning av läkemedel.

Denna avhandling redogör för tre huvudområden, inledningsvis en förstudie om
förekomsten av läkemedelsrester i olika delar av ett vattenreningsverk samt i
en närliggande å. Därefter en studie av ozons förmåga att eliminera läkeme-
delsrester och slutligen konstruktion av ett aktivt kolfilter och en utvärdering
av dess förmåga att ta bort läkemedel. Detta gjordes med syftet att verifiera
kvalitén hos en fullskalig anläggning som kommer att installeras på ett vat-
tenreningsverket där ozon och aktivt kol kommer användas för borttagning av
läkemedelsrester.

Förstudien visar att totalkoncentrationen av de aktiva läkemedelssubstanserna
(API:er) var som störst vid inloppet av reningsverket (93.8 µg/L) och koncent-
rationen minskade genom de olika processtegen och var som lägst i utloppet
(5.6 µg/L). Paracetamol återfanns i den högsta koncentrationen i inloppet (86.5
µg/L), men kunde inte detekteras i utloppet. Ingen av API:erna återfanns i re-
cipienten, men däremot detekterades ko�ein.

Pilotanläggningsstudierna genomfördes i en batch och genomfördes med hög
ozongenerering och med låg ozongenering. Studien med hög ozongenerering vi-
sade att alla läkemedelsrester var under analysmetodens detektionsgräns efter
2 minuter. Pilotstudien med låg ozonegenerering visade att den totala läkeme-
delsborttagningen var 44 % efter 7 minuter, 78 % efter 13 minuter, 97 % efter
20 minuter och mer än 99 % efter 60 minuter. Alla läkemedelsrester var under
analysmetodens detektionsgräns efter 180 min.

Kolfiltret konstruerades för att efterlikna det fullskaliga filtret så mycket som
möjligt och skalades således efter den hypotetiska tomma bäddhastigheten.
Kolfiltret tog bort cirka 99 % av ozonet och alla läkemedelsrester utom Rani-
tidin som reducerades med 76 %.

Nyckelord

Läkemedelsrester, avskiljning av läkemedelsrester, aktiverat kol, ozonering, re-
ningsverk
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Nomenclature

Symbols Description

C Concentration in the e�uent.
C0 Concentration in the influent.
Creq Pollutant Removal Requirement.
RE Removal E�ciency.
Reú Reynolds number for a packed bed.
U Superficial fluid velocity.
‘ Void fraction.
µ Viscosity of the fluid.
flf Density of the fluid.
dp Diameter of the spherical particles.





Abbreviations

Acronyms Description

AC Activated Carbon.
API Active Pharmaceutical Ingredient.

BV Bed Volume.

COD Chemical Oxygen Demand [mg O2/L].

EPA Environmental Protection Agency.

GAC Granular Activated Carbon.

LC-MS/MS Liquid Chromatography Tandem Mass Spec-
trometry.

LOQ Limit of Quantification.

MPA Medical Products Agency.

ORP Oxidation-Reduction Potential.

PAC Powdered Activated Carbon.
PE Population Equivalents.

SPE Solid Phase Extraction.

WWTP Wastewater Treatment Plant.





Chapter 1

Introduction

Chapter 1 introduces the motivation behind this thesis, the aims and objectives of

the work, the project outline and the delimitations.

Pharmaceutical residues are increasingly recognized as a major threat to aquatic
ecosystems in a society where the use of human and veterinary medicine is wide-
spread. Today, a significant part of the Active Pharmaceutical Ingredients (APIs)
entering a Wastewater Treatment Plant (WWTP) end up in the hydrosphere and
have been repeatedly detected in concentrations that are proven to cause an e�ect
on aquatic organisms. Through bioaccumulation, APIs can cause an e�ects on or-
ganisms higher in the food chain including humans and other mammals. Studies
show that pharmaceuticals can cause unwanted e�ects to flora and fauna even in
lower dosages [1]–[5].

APIs, antibiotics and hormones have all been detected in Swedish sewage and in
numerous nearby Swedish lakes, wetlands and rivers. The Swedish government
has during recent years acknowledged the challenge of some pharmaceuticals hav-
ing damaging e�ects on the environment and thus more advanced techniques are
required for separation of pharmaceutical residues and other micropollutants. At
present, Swedish municipal wastewater treatment plants are not designed to re-
move pharmaceutical residues. An advancement of current Swedish WWTPs is a
necessary prerequisite to avoid a continued discharge of pharmaceutical residues in
nature to prevent further e�ects on animal and plant life [4], [6], [7].

This degree project is carried out at Ozone Tech Systems OTS AB and is a part of a
larger project with the objectives to designing and implementing a complementary
full-scale wastewater treatment unit as an additional cleaning step at Tierps Energi
& Miljö AB WWTP, Tierp, Uppsala County, Sweden.

Ozone Tech Systems OTS AB has developed and improved their techniques for
air and water treatment since the company was founded in the early 1990s. The
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CHAPTER 1. INTRODUCTION

company works in a wide range of industries with a broad range of applications.
The raised concerns about pharmaceutical residues in nature have resulted in the
development of advanced water treatments for pharmaceutical removal [8].

1.1 Aim and objectives

The aim of this degree project is to investigate the prevalence of APIs in the wastew-
ater at di�erent parts of the WWTP in Tierp and to investigate the e�ect that
ozonation has on pharmaceutical residues. Furthermore, the addition of an ac-
tivated carbon bed as a polishing step after the ozonation will be investigated.
Additionally, the combination of these two methods will be investigated for phar-
maceutical removal.

• Determine the prevalence and concentrations of 100 pharmaceuticals at the
WWTP and in the recipient in nearby the WWTP in Tierp.

• Produce a concentration profile of pharmaceutical residues along the di�erent
treatment steps at the WWTP in Tierp.

• Determine the rate of degradation of the present APIs in the water from the
e�uent of the WWTP in Tierp at di�erent ozone concentration.

• Design and construct an activated carbon unit for an existing ozonation pilot
plant.

• Investigate the pharmaceutical removal e�ciency of one selected type of acti-
vated carbon and also its capacity of ozone removal.

1.2 Thesis project outline

This project was to be completed in 20 weeks within the framework of a master thesis
project at KTH Royal Institute of Technology from January to June 2019. The
project was divided into four working phases, a preparative phase including stating
a problem scope and planning of the project, a prestudying phase, a constructing
phase and lastly an investigative phase.

1.3 Delimitation

This degree project includes a pre-study of the current situation at the WWTP in
Tierp, this includes measurements inside the plant as well as outside in the recip-
ient. Due to the time restriction of 20 weeks the project does not include a study
after implementation of the full-scale unit. Additionally, the study only includes ex-
perimental analysis of one type of activated carbon as a result of the time constraint.

2



Chapter 2

Background

Chapter 2 intends to lay the foundation of the background necessary in order to

understand the subjects this degree project aims to investigate. This includes back-

ground and theory about pharmaceuticals in the environment, wastewater treatment

plants and advanced removal technologies.

2.1 Pathways of pharmaceuticals in the environment

In Sweden, over 1,000 di�erent APIs are used in approximately 7,600 di�erent hu-
man medicines and the number is even larger if veterinary medicine is included.
The amount of daily human dosages sold in Sweden increased by 95% from the
year 1980 to 2001. When APIs are consumed by humans most of the APIs are
excreted in urine but also in faeces, of which most are collected by the sewer sys-
tems. Some medicines are used externally and are applied on the skin and these
will in large extent end up in the sewer systems when users wash. WWTPs are the
largest contributor to discharge of API, however, the APIs also originate from other
sources, for example from the manufacturing of pharmaceuticals, in the incineration
of garbage from household waste, and from fish or animal farms [1], [9].

Today, municipal wastewater plants are not designed to remove pharmaceutical
residues and a study showed the presence of APIs at 41 out of 43 locations in the
Baltic Sea. The most advanced WWTPs are constructed to remove a maximum of
50-60% of the residues and the rest is discharged in receiving waters and recipients.
Due to the large consumption of medicines and the absence of more advanced treat-
ment steps APIs residues are widely found in the environment. There are in today’s
Sweden no regulations regarding pharmaceutical emissions from wastewater treat-
ment plants, but numerous downstream processes have been and are investigated
[1], [2], [10].

3



CHAPTER 2. BACKGROUND

2.2 Reported e�ects of pharmaceuticals in the

environment

Pharmaceutical residues in the environment may trigger unwanted ecological e�ects.
However, we currently have scant knowledge of the exact impacts on the complex
ecosystem. The e�ect of pharmaceutical residues in nature depends on the local en-
vironment including factors such as ecological resilience. Numerous pharmaceutical
residues are persistent and can readily undergo bioaccumulation in the food chain.
However, there is a great ignorance regarding the e�ects on the aquatic environment
[1], [4].

Several studies show that pharmaceuticals can be harmful to the aquatic environ-
ment even in low dosages, e.g. endocrine disrupting e�ects and spread of antibiotic
resistance. Sex change and sterility are examples of endocrine disrupting e�ects
that have been seen in fish. E�ects have also been found on the behaviour of sea
bass when exposed to anti-anxiety medications [11].

The e�ects on nature have been seen even though the pharmaceutical residues are
typically detected in low concentrations, in the range ng/L - µg/L. The detection
of pharmaceutical restudies in recipients reinforces that the conventional WWTPs
are not capable to eliminate these compounds. Studies regarding the distribution
of APIs in the environment have increased in recent years, the published papers of
the subject have increased from less than 100 per year during 1992-1995 to 900 in
2012 [4], [10], [12].

2.3 Wastewater treatment plants

Approximately 85% of the Swedish population, approximately 10 million, are con-
nected to 431 municipal wastewater treatment plants. 135 of these WWTPs are
located close to the coastline [4].

The Swedish WWTPs have been upgraded and developed since the first centralized
wastewater treatment was actualized in form of a septic tank in 1904 for a lim-
ited population. This was followed by the implementation of mechanical treatment
during the 1930s, biological treatment during the 1950s, removal of phosphorous
during the 1970s, removal of nitrogen during the 1990s and removal of pharmaceu-
tical residues and micro-pollutants during the 2010s [1].

Today most of the WWTPs are operated continuously and are designed to handle
di�erent water loads while maintaining the removal e�ciency. However, the first im-
plemented biological wastewater treatments were operated in batch. Conventional
Swedish WWTPs consists of three main treatment steps, mechanical, biological and
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2.4. REMOVAL OF PHARMACEUTICALS

chemical treatment, see fig. 2.1 [1], [4].

Figure 2.1. Treatment steps in a conventional WWTP in Sweden [4].

The mechanical step separates solid particles such as toilet paper, cotton buds,
sand, sticks and is the first step in the water treatment to avoid solids to enter
the rest of the treatment steps. This step is followed by the biological treatment
step which includes micro-organisms that remove phosphorus, nitrogen and organic
compounds from the water. After the biological step follows the chemical treatment
step where a precipitation chemical is added (e.g. aluminium or iron) to precipitate
phosphorus. The precipitate lumps together and settles at the bottom of the unit
and is separated via the sludge. The chemical treatment step also removes some of
the heavy metals [4].

2.4 Removal of pharmaceuticals

There is a need for supplementary water treatment at municipal WWTPs to improve
the quality of the e�uents. Di�erent technologies are considered and suggested in
various studies, alone or in combination. Due to the low concentrations and the
di�erent properties of the pharmaceutical residues, it demands high standards of
the removal techniques. The suggested technologies can be divided into three main
process categories, namely separation, biological treatment and chemical oxidation.
The di�erent technologies and their categories are presented in table 2.1 [1], [10],
[13]. In this work, two of the technologies will be investigated in more detail, ozona-
tion and adsorption.

Läkemedelsverket, Swedish Medical Products Agency (MPA), has suggested 22
pharmaceuticals to be monitored, presented in table 2.2. The list includes, all
of the pharmaceuticals that are monitored by Naturvårdsverket, Swedish Environ-
mental Protection Agency (EPA), monitored pharmaceuticals and on the European
Union surface water Watch List [14], [15].

Three APIs have been proposed to represent the micropollutants in wastewater
and can all be measured using the same method. These are the antibiotic drug

5



CHAPTER 2. BACKGROUND

Table 2.1. Treatment technologies for pharmaceutical residues removal [1].

Unit operation

Separation processes Sorption:
Activated Carbon (AC)
Adsorption on Sludge
Membrane filtration:
Nano Filtration (NF)
Reverse Osmosis (RO)

Biological treatment Conventional Activated Sludge (CAS)
Aerated Granular Sludge (AGS)
Membrane Bio Reactor (MBR)
Carrier Biofilm Systems (MBBR)
Enzyme Transformation (ENZ)
Transformations bymicroorganisms (Algae or Fungi)

Chemical oxidation Ozonation (O3)
Ultra Violet Light + Hydrogen Peroxide (UV/H2O2) or TiO2
Ozonation + Hydrogen Peroxide (O3/H2O2)
Chlorine dioxide (ClO2)
Peracetic Acid (PAA)

sulfamethoxazole, the anti-inflammatory drug diclofenac and the anticonvulsant
medicine carbamazepine, see fig. 2.2 [16].

Figure 2.2. Structure formula of the three APIs proposed to represent micropollutants diclofenac,
sulfamethoxazole and carbamazepine [16].

2.4.1 Adsorption

Adsorption is a separation method widely used in industry. Adsorption is a tech-
nique where molecules are distributed between two phases, a solid phase and one
other phase that can be either a gas or liquid phase. The molecules di�use from

6



2.4. REMOVAL OF PHARMACEUTICALS

Table 2.2. Pharmaceuticals to be monitored suggested by MPA and/or on the watch list according
to EU Water Framework Directive [14], [15].

Pharmaceutical Description

Amoxicillinú Antibiotic. EU Watch List.
Azithromycinú Antibiotic. EU Watch List.

Carbamazepine Anticonvulsant. Has been found in drinking water
and surface water.

Ciprofloxacin Antibiotic. Persistent. EU Watch List.

Citalopram Antidepressant. Found in fish, drinkingwater,
relatively large use.

Clarithromycin Antibiotic. EU Watch List.
Diklofenac Anti-inflammatory. EU Watch List.
Erythromycin Antibiotic. EU Watch List.
Estradiol Estrogen steroid hormone. EU Watch List.
Etinylestradiol Estrogen steroid hormone. EU Watch List.

Flukonazole Antifungal. Has been found in sludge, surface water
and in drinking water.

Ibuprofen Anti-inflammatory. Great use, large proportion of
non-prescription, has been found in surface water.

Ketoconazole Antifungal. Found in sludge problematic
formulations (eg shampoo).

Levonorgestrel Hormonal. Strongly bioaccumulative.
Losartan High blood pressure. Great use.

Metoprolol High blood pressure. Great use, has been found in
drinking water, surface water and sludge.

Metotrexate Chemotherapy agent. Unknown environmental impact.

Naproxen Anti-inflammatory. Has been found in drinking
water and surface water.

Oxazepam Anxiety and insomnia. Has been found in drinking
water, surface water and fish. Toxicity at relevant levels.

Sertralin Antidepressant . Average high risk, has been found in
surface water, fish and sludge.

Sulfametoxazole Antibiotic. Has been found in surface water, fish
and sludge.

Tramadol Opioid pain. Has been found in drinking water
and surface water.

Trimethroprim Antibiotic. Great use, has been found in drinking
water, surface water and sludge.

Zolpidem Sleeping problems. Has been found in drinking
water, surface water and sludge.

úAdded to the EU Watch List.

the gas or liquid phase to the surface of the solid phase where an adsorbed phase is
formed. For adsorption to occur the di�using molecules must be held for a su�cient
amount of time by forces from an adjacent surface. The forces are common to all
materials, however the reason why some materials are classified as adsorbents is
that they can be manufactured in highly porous form resulting in a large internal

7



CHAPTER 2. BACKGROUND

surface area. Adsorption is divided into two categories, chemisorption (exchange or
sharing of electrons, forming of atoms or radicals) and physical adsorption (such as
van der Waals forces). The forces of physical adsorption are comparably weak and
it is easily reversed. However, the forces of chemisorption can be hard to reverse.
Desired properties of an adsorbent are listed below [17].

• The adsorbent should have a large internal surface area.

• The area should be accessible through big enough pores.

• The pores should be small enough to exclude larger molecules desired not to
adsorb.

• The adsorbent should be easily regenerated.

• The adsorbent should not lose the adsorptive capacity over time and through
recycling.

• The adsorbent should be mechanically strong.

There are several di�erent adsorption media available on the market, among which
Activated Carbon (AC) is the most common [18].

Activated carbon

AC is extensively used to remove organic compounds from water and gas. In water
applications, AC mostly adsorbs compounds with low water solubility, high molec-
ular weight and low polarity. Due to its suitable properties, AC is widely suggested
when discussing the options for removal of micropollutants such as pharmaceutical
restudies from wastewater. The general principle treatment with AC is adsorption
of the pollutant on the active surface [18], [19].

AC is manufactured from various materials such as hardwoods, coconut shell, fruit
stones and coals. Nature can provide us with porous carbon on carbonization in an
inert environment, however, nature cannot provide us with the carbon performing
with the e�ciency required in industrial applications. Consequently, the commer-
cially available AC is a result of intensive research and development to fulfil the
requirements. AC has an internal surface of approximately 106 m2/kg and the
pores are typically 2 nm in diameter. For AC to work e�ciently and to avoid
clogging, the concentration of the pollutant should not exceed 1%. The amount
of adsorbate is by and large 100-200 g/kg carbon. Two forms of AC are widely
suggested as promising options for removal of pharmaceutical residues, Granular
Activated Carbon (GAC) and Powdered Activated Carbon (PAC) [17]–[20].

8



2.4. REMOVAL OF PHARMACEUTICALS

AC has a high capacity to bind micropollutants. However, a disadvantage of using
AC is that pollutants are discharged from the unit long before the carbon is satu-
rated [18].

Many factors are contributing to the amount of liquid(or gas) that can be treated
by the AC some of which are stated below [18].

• The type of pollutant(s) and the amount of substituents

• The concentration of the pollutant(s)

• The concentration of other compounds that are adsorbed

• The particle size of the adsorbent

• The bed height

• The flow rate through the bed

• The operating temperature and pressure

• The purity requirement of the e�uent

An AC column is normally dimensioned for a retention time of 0.5-2 hours and a
surface load of 0.5-2.5 m3/( m2 h) [18].

Pollutant characteristics for good adsorption

Generally holds that a compound is adsorbed easier if it is highly substituted with
side groups, branched molecules are adsorbed easier than straight molecules, an
unsaturated molecule is adsorbed easier than a saturated molecule, larger molecules
adsorb easier than small.

Activated carbon characteristics for good adsorption

When purchasing AC a few common parameters are often provided to indicate the
removal e�ciency. The most common parameters are listed below.

• Specific surface area. Normally 500-1,500 m2/g, the larger the better.
Recommended for pharmaceutical removal Ø 900 m2/g [1].

• Iodine number. A measurement on the capacity of an amount of AC to
adsorb iodine under defined conditions. Normally, approximately 1,000 mg/g,
the larger the better.

• Phenol loading. A measurement on the capacity of an amount of AC to
adsorb phenol under defined conditions. Normally, approximately 5%, the
larger the better.

9



CHAPTER 2. BACKGROUND

• Methylene blue number. A measurement of the maximum amount of dye
adsorbed on 1.0 g of adsorbent[21], usually around 200-300 mg/g. Recom-
mended for pharmaceutical removal Ø 230 mg/g [1].

Breakthrough curve

To determine the pollutant removal capacity of an AC a breakthrough curve can be
produced, where the ratio of the outlet concentration and the inlet concentration
(C/C0) is plotted versus the number of passed Bed Volumes (BVs), see fig. 2.3.
In the figure the pollutant removal requirement, Creq is marked. The patterns of
breakthrough curves variate for di�erent APIs, but also di�er for di�erent AC-
products [1], [18].

0

Treated
water

C0

C

Activated 
carbon

1

Breakthrough curve

Creq

C/ C0

Bed volumes, BV

Figure 2.3. Breakthrough curve for AC. The ratio of the outlet concentration and the inlet
concentration (C/C0) is plotted versus the number of passed BVs and Creq is the pollutant removal
requirement [1][18].

Removal e�ciency

Another way to evaluate AC is to determine the Removal E�ciency, RE, for an
API i, defined as:

REi(%) = 100(C0 ≠ C)
C0

(2.1)

Where C0 and C are the concentrations in the influent and e�uent measured after
one BV, respectively [1].

Reynolds number packed bed

The Reynolds number for a packed bed is given by eq. (2.2).

Reú = (dpUflf)
µ(1 ≠ ‘) (2.2)

10



2.4. REMOVAL OF PHARMACEUTICALS

Where dp is the diameter of the spherical particles, U the superficial fluid velocity, flf
the density of the fluid, µ the viscosity of the fluid and ‘ the void fraction. Laminar
flow occurs for Reú less than approximately 10 and fully turbulent flow is achieved
for Reú larger than approximately 2000 [22].

Granulated activated carbon (GAC)

When using GAC in wastewater treatment, the granulated carbon is placed in fil-
ters and used in a separated treatment step. Once the carbon is saturated, all the
activated surface area occupied with pollutants, the carbon is replaced to maintain
the removal e�ciency. The used carbon can be regenerated and thus reused. The
technique is widely used within various wastewater treatments and has shown a
high degree of removal of pharmaceutical restudies. GAC-filters can be scaled de-
pending on the size of the WWTP. There are no residues a�ecting the sludge and
recipients and the method has relatively low energy consumption, however, resource
consumption is large. In addition, the filters require backwashing to avoid hydraulic
limitations and other materials compete for the available spots for adsorption [4].

Powdered activated carbon (PAC)

PAC is another type of AC broadly used for water treatment applications. In
contrast to GAC, PAC is mixed with the treated liquid and then separated using
filtration. In wastewater treatment, PAC is separated from the sludge, if applied
in the main treatment step and cannot be regenerated. Another option is to add
PAC in the biological treatment step, allowing a longer contact time with the dis-
advantage of more compounds competing of the available adsorption spots, thus a
decrease in pharmaceutical removal e�ciency. The technique requires an e�ective
separation step to avoid discharge of PAC in the recipient. PAC can also contam-
inate the sludge and the agriculture applications of the sludge cannot be utilized.
Additionally, PAC creates a corrosive and abrasive environment which needs to be
considered when determining the materials used in the design. There is no dimen-
sion limitation of the WWTP and the cost is lower compared to GAC [4].

2.4.2 Ozonation

Ozone is widely used for water treatment as an oxidant where contaminants are
oxidized and have been used in water applications since the end of the 1800s. The
extensive use of ozone in water treatment can be explained by its capability of oxi-
dizing a large number of pollutants in an environment-friendly way with very few,
if any, harmful by-products and no secondary waste is formed during ozonation.
Ozone can be present as a gas or be dissolved in liquid. In air, the concentration of
ozone is < 240 µgm≠3. However, ozone can be generated from air or pure oxygen
a process that is very energy consuming, reaching an ozone concentration of > 240
gm≠3 [23].
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Since ozone is a three-oxygen-atom of oxygen this makes it a highly unstable
molecule that needs to be generated on-site. Ozone has a decomposing half-life
ranging from several hours to several days. The most common methods to generate
ozone is from air/pure oxygen through electrical discharge or to be applied to the
oxygen molecule to dived it into two oxygen atoms. The oxygen atoms react with
the non-reacted oxygen molecules and form ozone [23].

Ozone is well known for its capability of removal of odour, colour, organic pollutants
and also its disinfection properties. Using ozone in water treatment requires ozone
to be transferred into the water through a gas-liquid contactor to allow the ozone
to come in contact with the target substances. The solubility of ozone is increased
with a decrease in temperature. When using ozone as a treatment for decompos-
ing organic microcompounds it is usually as a finishing step after the main process
or integrated with the main process. The degradation process is dependent on the
contact time, the ozone dosage but also on the concentration of contaminants in the
water. The benefit of using ozonation as a treatment method is that the technique
is highly flexible [4], [10].

Ozonation reaction mechanism

Ozonation by ozone can occur directly or indirectly via e.g. hydroxyl radicals oxi-
dize compounds. The direct oxidation is selective and normally occurs through an
electrophilic attack on an aromatic hydrocarbon or via a cyclo-addition of an alkene
bond. Molecules that generally are suitable for direct oxidation are molecules in-
cluding aromatic rings, alkene bonds and phenolic groups [23], [24].

The indirect reaction includes the formation of radicals, of which most are highly
unstable and undergo a reaction immediately to stabilize. The ozone radical re-
action chain is very complex and is a�ected by many factors, such as the aquatic
conditions and constituents. Two mechanisms are widely suggested in the liter-
ature, the HSB-model proposed by Hoigné, Staehelin and Bader [25], [26] and a
model proposed by Tomiyasu et al. [27]. There are several similarities between the
models, e.g. they both start with ozone reacting with a hydroxide anion (OH≠).
However, the exact radicals and intermediates vary in the two models [23], [24].
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2.4. REMOVAL OF PHARMACEUTICALS

The HSB-model consists of the following reactions:

O3 + OH≠ ≠≠æ HO·
2 + O·≠

2 (2.3a)
HO2

· Ω≠æ O2
·≠ + H+ pKa = 4.8 (2.3b)

O3 + O2
·≠ ≠≠æ O3

≠ + O2 (2.3c)
O3

≠ + H+ Ω≠æ HO3
· (2.3d)

HO3
· ≠≠æ OH· + O2 (2.3e)

OH· + O3 ≠≠æ HO4
· (2.3f)

HO4 ≠≠æ HO2 + O2 (2.3g)
HO4 + HO4 ≠≠æ H2O2 + 2 O3 (2.3h)

HO3
· + HO4

· ≠≠æ H2O2 + O3 + O2 (2.3i)

The Tomiyasu et al. model reads as:

O3 + OH≠ ≠≠æ O≠
3 + OH· (2.4a)

O3 + OH≠ Ω≠æ HO≠
2 + O2 (2.4b)

O3 + HO2
≠ ≠≠æ HO2

· + O3
≠ (2.4c)

HO2
· Ω≠æ O2

·≠ + H+ (2.4d)
O3 + O2

·≠ ≠≠æ O3
≠ + O2 (2.4e)

O3
≠ + H2O ≠≠æ OH· + OH≠ + O2 (2.4f)
O3

≠ + OH· ≠≠æ O2
·≠ + HO2

· (2.4g)
O3

≠ + OH· ≠≠æ O3 + OH≠ (2.4h)
OH· + O3 ≠≠æ HO2

· + O2 (2.4i)

Pharmaceutical removal using ozone

When treating wastewater containing micropollutants using ozone most of the con-
taminants can be eliminated. However, only a small amount is mineralized and
most of the compounds are transformed into substances of similar or lower molecu-
lar weights. The transformation products are usually more hydrophilic. Ozonation
is considered being a suitable treatment process for pharmaceutical removal, al-
though there is currently limited information on the formation and behaviour of
the transformation products. Some of the transformation products produced are
stable, others degradable and the ecotoxicological e�ects are hard to quantify and
the e�ect has not yet been determined. It has been shown that the transforma-
tion products formed during the ozonation process often contain oxygen atoms,
e.g. ketones, aldehydes and carboxylic acids. In addition, studies have shown
that transformation products could be removed by adding an additional biological
treatment step such as sand filters and/or AC. A study showed that ozonation of
the analgesic drug tramadol formed tramadol-N-oxide which e�ciently could be re-
moved from the wastewater using activated carbon filters. The study also showed
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that ozonation of carboxy-acyclovir resulted in complete elimination. However,
N-(4-carbamoyl-2-imino-5-oxo imidazolidin)-formaido-N-methoxyacetetic acid was
formed, which could not be removed by neither AC nor biological filters. Only
a few studies have been carried out investigating the transformation products in
advanced wastewater treatment plants. In addition, the energy consumption of
ozonation is relatively high [4], [10], [23].

2.4.3 Ozonation and activated carbon summary

Ozonation has been suggested widely to be used in combination with another
wastewater treatment method to avoid discharge of any transformation products
into nature. AC is suggested to be a suitable complementary treatment method to
ozonation to remove any possibly formed transformation products and remaining
pharmaceutical residues [10], [13]. A summary of ozonation and AC as a treatment
method for pharmaceutical removal is presented in table 2.3.

Table 2.3. Comparison of ozonation and activated carbon for pharmaceutical residues removal
[1].

Hydraulic
retention
time

Cleaning/
regeneration By-products Removal

e�ciency Cost

Activated
Granular
Carbon

Short Backwash of
GAC filters

Spent GAC
must be
regenerated

High and
broad Moderate

Activated
Powdered
Carbon

Short Backwash of
filter units

Spent PAC
must be
regenerated

High and
broad Moderate

Ozonation Short Backwash of
required sand filters

Partly
degraded
substances

High and
broad

Low to
moderate

2.5 Tierps Energi & Miljö AB

Tierps Energi & Miljö AB (TEMAB) is a municipal-owned company located in
Tierp, Uppsala County, Sweden. It is responsible for the streets, parks, waste man-
agement, as well as the water and water treatment in Tierp. The WWTP was
built in 1973 and has the capacity to treat 600 m3 wastewater each hour. How-
ever, the average daily flow rate is approximately 3,500 m3/day (145 m3/h) which
corresponds to 13,000-14,000 Population Equivalents (PE)1 and the WWTP treats
roughly 1,500,000 m3 water each year [29].

Today, the WWTP consists of a mechanical, biological and chemical treatment, as
shown in fig. 2.4. The figure also presents the retention time for each process step.

1The amount of degradable organic material with a biochemical oxygen consumption of 70
grams of dissolved oxygen per day over seven days, (BOD7) [28].
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After the treatment steps the treated water is released to ponds and later to the
Tämnarån river which opens into the Baltic Sea.

Figure 2.4. Residence time for the di�erent treatment steps in Tierp at an average daily flow
rate (3,500 m3/day).
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Chapter 3

Methods and materials

Chapter 3 presents the methods and the materials used in the di�erent studies. Sec-

tion 3.1 presents the sample locations the for pre-study and the methods for the

analysis. Section 3.2 presents the methods and materials used in the pilot plants

studies as well as the construction of the activated carbon units.

This thesis work was performed in three di�erent steps. Firstly, a pre-study was
performed at a full-scale WWTP, TEMAB in Tierp, this was followed by a pilot
study of degradation of APIs using ozone, and thirdly a pilot study for removal of
APIs and ozone using activated carbon was performed. The final step also included
the construction of an AC-filter as an addition to the existing pilot plant.

3.1 Pre-study

The pre-study was conducted at a WWTP in Tierp. Here, five 250 ml samples were
collected from four locations inside the WWTP and one sample was taken from
the recipient. 35 ml of each sample was placed in a 50 ml falcon tube that was
placed in the freezer before sent for analysis at Umeå University where mapping
of the prevalence of 100 APIs and ca�eine was performed using a multi-residue
method based on online Solid Phase Extraction (SPE) in combination with Liq-
uid Chromatography Tandem Mass Spectrometry (LC-MS/MS) [30]. The screened
APIs are listed with the Limit of Quantifications (LOQs) in table A.1 in appendix A.

The sample locations in the WWTP were selected at the inlet and then after each
treatment step, marked 1-4 in fig. 3.1. The samples were collected in order 1-4 and
the time interval between the sampling was taken as the average residence time for
each treatment step, as shown in fig. 2.4. The flow was approximately 200 m3/h
during the days of the sampling, higher than normal because of the melting snow.
The sample location for the recipient was through a hole in the ice on Tämnarån,
the river which the water from the WWTP opens into, for photos see fig. C.2 and
fig. C.3 in appendix C. This was the only available place for sampling as the river
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and ponds were frozen. Photos of the sampling locations inside the WWTP can be
found in fig. C.1 in the same section.

Figure 3.1. Schematic diagram of the WWTP in Tierp. The sampling location 1-4 are indicated
with dots in the figure.

3.2 Pilot plant

The pilot plant studies were performed using an existing ozonation water treatment
pilot plant at Ozone Tech Systems OTS AB. An AC-unit was designed, constructed
and installed as an addition to the pilot plant system. The Chemical Oxygen De-
mand [mg O2/L] (COD)-concentration, ozone concentration, temperature, pH and
Oxidation-Reduction Potential (ORP) was measured during the pilot study.

Numerous possibilities of pilot plant studies were considered before the final plan
for the pilot studies was constructed. The options were evaluated based on the time
limit, aims and objectives of the project as well as the feasibility of the studies. The
di�erent ideas are presented in fig. 3.2. The chosen paths to investigate were 1) the
degradation of pharmaceuticals at di�erent ozone concentrations, 2) the removal of
pharmaceuticals using an AC-unit and 3) the removal of ozone using an AC-unit.
The selected paths are described further in section 3.2.1, and section 3.2.3.

3.2.1 Pilot plant - Ozonation

The first set of pilot plant studies was performed using ozone at the existing pilot
plant without any modifications to the existing pilot plant. Water was collected
at the WWTP in Tierp at the outlet from sampling point 4, see fig. 3.1. Two ex-
periments were performed using the same conditions with the exception of ozone
generation and residence times. At each sampling time, a sample of 150 ml water
was collected. 35 ml of each sample was placed in falcon tubes and sent for the
same analysis of the prevalence APIs as previously mentioned in the pre-study.
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= Absence of APIs

= Presence of APIs
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- Removal efficiency of 
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- Effect of contact time 
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Ozonation properties
- Removal efficiency of listed APIs
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Figure 3.2. The di�erent possibilities for pilot plant studies. Crossed options and paths were
not investigated in the study. Studies including water containing pharmaceuticals are marked with
dark gray and studies using tap water are marked with light gray.

3.2.2 Construction of activated carbon filter

Initially, several di�erent types of GACs were considered for the AC-filter. Proper-
ties controlling removal capability of di�erent carbons were compared theoretically.
Two types of GAC were chosen as the most promising options with capacity for
ozone removal and dissolved organic pollutants, including pharmaceuticals. The
only di�erence between these GACs is the size of the granules which gives them
slightly di�erent properties.

The specified properties of the GAC with the smaller granulates are theoretically
better for pharmaceutical removal than the GAC with larger granulates. However,
the pressure drop is larger in a column with smaller particles. The pressure drop
was considered to be within the acceptable range, hence the smaller particle size
was chosen as the material for the AC columns.

The AC-unit for the pilot plant was constructed to correspond as much as possi-
ble to the two full-scale units to be implemented at the WWTP in Tierp. As the
full-scale units are identical and will be run in parallel only one of the units was
considered in the design of the pilot plant unit(s), for this reason, half of the average
hourly flow rate was used in the calculations.

The most important factor to scale the unit from was taken as the superficial fluid
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velocity to achieve the same Reynolds number in the pilot plant unit and the full-
scale unit, see eq. (2.2). The retention time was also considered an important factor
and was the parameter that decided the height of the column(s). Another aspect
taken into consideration was the volume of the column(s) as the total system vol-
ume of the pilot plant is limited. In order to obtain the same superficial velocity
and retention time in the two systems, the height of the bed(s) were chosen to be
the same as the full-size bed. The required length of the column led to the decision
to have two columns in series, for practical reasons.

The AC-units were placed in series and the first unit was connected to the existing
pilot plant using a 3-way valve allowing the system to be run with or without the
AC-units. The AC-columns were chosen to be fed from the top to avoid bed expan-
sion.

San
d

San
d

Sand

San
d

Activated 
carbon

Water Water

Activated 
carbon

Sand

SandSand

Activated 
carbon

Activated 
carbon

(a) Activated carbon filter. (b) Valve for air relief.

Figure 3.3. Schematic diagram of the construction of the activated carbon units and their
connection to the existing pilot plant.

To keep the activated carbon in place a stainless steel mesh was placed at the
bottom of the columns followed by a sand layer in three di�erent particle sizes and
additional stainless steel meshes before the GAC was placed in the column. At the
top of the GAC, stainless steel meshes were placed before an additional sand layer
in two di�erent particle sizes, to hold the granulates in place. To distribute the
water evenly and to see the interphase between the materials, space was left in the
column for water. A schematic of the construction of the AC-unit can be found in
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fig. 3.3. To allow the air to leave the system during filling valves with two channels
were constructed, see fig. 3.3b. A CAD drawing of the AC-filters is presented in
fig. 3.4.

3.2.3 Pilot plant - Activated carbon

Three di�erent experiments were performed using the AC-units. The first experi-
ment was performed in the presence of pharmaceutical residues but in the absence
of ozone and the second was performed in presence of ozone but in the absence of
pharmaceutical residues with the purpose of studying the removal of pharmaceu-
tical residues and ozone, respectively. The third experiment was performed in the
absence of both ozone and APIs to investigate the e�ect the AC-filters have on tap
water.

Figure 3.4. CAD
drawing of the con-
struction of the acti-
vated carbon filter.

For the first experiment, water was collected at WWTP
in Tierp from sample point 4, see fig. 3.1. The whole
pilot plant was filled with the water containing pharma-
ceutical residues. The water was then pumped out of
the system through the AC-units. Three 35 ml samples
were collected in falcon tube from the contact tank (be-
fore the AC-units), and after each AC-filter. The fal-
con tubes were put in the freezer and sent for the same
analysis as previously mentioned in context of the pre-
study.

In the second experiment, the whole pilot plant was
filled with tap water, both the previous existing part
and the AC filters. The AC-units were then discon-
nected and the water in the previous existing part was
ozonated at the maximal ozone generation until the ORP-
value was stabilized. After this, the ozone generator
was turned o� and the AC-units were reconnected. The
ozonated water was pumped out of the system through
the AC-units. After 4 minutes three 100 ml samples
were collected from a point before the AC-units and af-
ter each AC-filter. The samples were analyzed measur-
ing pH, the ozone concentration and by measuring the
ORP.

In the third experiment, the whole pilot plant was filled with
tap water, both the previous existing part and the AC filters.
Water was pumped through the system including the AC-units.
After 4 minutes three 100 ml samples were collected from the contact tank (before
the AC-units) and after each AC-filter. The ORP was measured in all the samples.
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Results

Chapter 4 provides the results from the di�erent studies. Section 4.1 presents the

results from the pre-study at the Wastewater treatment plant in Tierp. Section 4.2

and 4.3 present the results from the pilot plant studies, ozonation and activated

carbon, respectively.

4.1 Pre-study

This section presents the result from the pre-study at the WWTP in Tierp. At
the inlet of the WWTP (sampling point 1) the analysis detected 36 out of 100 the
screened APIs as well as ca�eine. The concentrations of the detected APIs varied
from 5.9 ng/L to 86.4 µg/L and the total concentration of the APIs was 93.8 µg/L,
7.4 µg/L if excluding paracetamol that was present at high concentration.

At the outlet (sampling point 4) could 33 of the APIs be detected as well as caf-
feine. The outlet the concentration of the detected pharmaceuticals varied from 5.6
ng/L to 1.3 µg/L and the total concentration was 5.6 µg/L and no paracetamol was
detected.

Approximately 94% of the API-concentration was removed/degraded in the process
at the existing WWTP if including paracetamol. The same number is just below
24% if paracetamol is excluded from the calculation.

Figure 4.1 shows the concentration profiles for the detected APIs at the 4 sampling
locations, inlet, after mechanical treatment, after biological treatment and at the
outlet, see fig. 3.1. Note that the APIs are arranged by the inlet concentration and
that the concentrations of APIs below their LOQ are assumed to be zero.
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Figure 4.1. Concentration profiles for the detected pharmaceuticals and Ca�eine at the
four sampling locations at the WWTP in Tierp.
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Figure 4.1 shows that the concentration of clindamycin, among others, decrease
throughout the WWTP while the concentration of e.g. fluconazole increase. Mean-
while some of the concentrations are more or less constant, e.g. orphenadrine.

None of the pharmaceuticals were detected at the sampling point in the recipient,
i.e. in the Tämnarån river. However, ca�eine was detected in the recipient at a
concentration of 544 ng/L.

Three of the pharmaceuticals that were detected at the inlet could not be detected
at the outlet, these were dipyridamole, promethazine and Paracetamol. However,
dipyridamole could be detected at the outlet at other sampling times. The concen-
tration profile for the total concentration at the di�erent sampling locations can be
seen in fig. 4.2. The figure shows the concentration profiles including and excluding
paracetamol. The list of all the detected APIs and the concentrations can be found
in table D.1 in appendix D.
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Figure 4.2. Total concentration at the di�erent sampling points at the WWTP in Tierp. To the
left (in black) is the total concentration excluding paracetamol and to the right (in grey) is the
total concentration including paracetamol.

4.1.1 Pharmaceutical residues in the outlet

In order to conduct the studies (pre-study, ozonation and activated carbon) wastew-
ater was collected from the outlet of the WWTP, sampling point 4. A comparison of
all the concentrations detected at the outlet of the WWTP is presented in table G.1
in appendix G. Some of the pharmaceuticals, such as diclofenac and diltiazem, are
present in all of the samples at about the same concentration. However, some of
the pharmaceuticals, e.g. naloxone and mianserin, are only detected in one out of
the four samples.

The average total API-concentration was 4,740 ng/L and the average ca�eine con-
centration was 2,767 ng/L. This corresponds to an average yearly API and ca�eine
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discharge of approximately 7.1 kg and 4.2 kg, respectively.

4.2 Pilot plant - Ozonation

This section presents the results from the two pilot test with ozone. Initially, before
ozone exposure, 30 respectively 31 out of the 100 pharmaceuticals detected in the
water from the WWTP.

During the pilot tests, several parameters were monitored, this included pH, ORP
and COD concentration. The ORP and pH over time in the first pilot study are
presented in fig. 4.3.
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Figure 4.3. Process parameters ORP (in black) and pH (in grey) for high ozone concentration.

Table 4.1 presents the measured ORP-value, the COD-concentration and the total
API concentration over time in the first pilot plant test, high ozone generation.

Table 4.1. ORP, COD and total API concentration at high ozone generation.

0 [min] 2 [min] 5 [min] 20 [min] 60 [min]

ORP [mV] 370 870 934 955 Ø 945
COD-concentration [mg/L] 7 0 0 0 0
Total API concentration [ng/L] 4,716 0 0 0 0

The results from the first pilot plant test, high ozone generation, showed that all of
the pharmaceutical residues and the COD were below the LOQ at the first sampling
point, after 2 minutes. All detected APIs and their concentrations over time are
listed in table E.1 in appendix E.

The ORP and pH over time in the second pilot study, low ozone generation are pre-
sented in fig. 4.4. Table 4.2 presents the measured ORP-value, COD-concentration
and the total API concentration over time in the second pilot plant test, low ozone
generation.
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Figure 4.4. Process parameters ORP (in black) and pH (in grey) for low ozone concentration.

Table 4.2. ORP, COD and total API concentration at low ozone generation.

0 [min] 7 [min] 13 [min] 20 [min] 60 [min] 180 [min]

ORP [mVl] 370 511 495 523 815 840
COD concentration [mg/L] 7 0 0 0 0 0
Total API concentration [ng/L] 3,650 2,049 818 94 19 0

The second pilot plant test, performed at a lower ozone generation, showed that all
of the pharmaceutical residues were below the LOQ at the fifth sampling, time after
180 minutes and the COD-concentration was below the LOQ at the first sampling
point. The total concentration of the APIs over time is presented in fig. 4.5. For the
all detected APIs and their concentrations over time see table E.2 in appendix E.
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Figure 4.5. The total concentration of the APIs for the low ozone generation plotted against
time.

After 7 minutes, at the first sampling point, was nearly 44% of the total API content
degraded and after 13 minutes the number was nearly 78%. After 20 minutes more
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than 97% was degraded and only four of the APIs could be detected, fluconazole
at 62% of the start concentration, bupropion at 36% of the start concentration,
irbesartan at 35% of the start concentration and oxazepam at 44% of the start con-
centration. Ca�eine could also be detected at this sampling point. After 60 minutes
trimethoprim was detected at 6% of the start concentration and fluconazole at 31%
of the start concentration. The total API-removal was more than 99% after 60
minutes.

The degradation curve fitted to the first-order kinetics equation and the measured
data for the indicator pharmaceuticals, carbamazepine and diclofenac, are presented
in fig. 4.6 and fig. 4.7, respectively. Note that API-concentrations below LOQ are
assumed to be zero. The third indicator API, sulfamethoxazole, was not detected
in the water at the outlet of the WWTP. The degradation curves for the rest of the
detected APIs are presented in fig. E.1 - fig. E.28 in appendix E.
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Figure 4.6. Degredation of Carbamazepine.

28



4.3. PILOT PLANT - ACTIVATED CARBON

0 7 13 20 60 180
Time [min]

0

50

100

150

200

250

C
o

n
c

e
n

tr
a

ti
o

n
 o

f 
D

ic
lo

fe
n

a
c

 [
n

g
/L

]

k = 0.42 [min-1]

Measured data

C
i
=C

i0
e-k

i
t

Figure 4.7. Degredation of Diclofenac.

4.3 Pilot plant - Activated carbon

Initially, the ozone removal of the AC-units was determined. The concentration of
ozone was measured before and after the two AC-units. The ozone concentration was
measured using several methods, the result from the study is presented in table 4.3.
The results vary slightly depending on what method was used for measuring the
ozone concentration. However, all of the methods show a total ozone removal of at
least 94% by the AC-units.

Table 4.3. Ozone and AC-filter process parameters.

Before
ozonation

After
ozonation

After
AC-unit
nr 1

After
AC-unit
nr 2

pH 8.03 8.38 8.35 8.38
ORP [mV] 330 1000 698 550
Ozone concentration
[mg/L] - measuring method 1 0 5 0.031 0.015

Ozone concentration
[mg/L] - measuring method 2 0 > 2.3 0 0

Ozone concentration
[mg/L] - measuring method 3 (tablet) 0 > 4 0.42 0.24

Ozone concentration
[mg/L] - measuring method 4 0 > 2.7 0.05 0.02

The second run aimed towards determining the COD and API removal of the acti-
vated carbon units. Table 4.4 presents the result from the study. All of the COD
and all of the APIs apart from ranitidine were removed after the first AC-unit and
the total API-removal was > 99.5%. The concentration of ranitidine was reduced
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by approximately 94% after the first AC-unit and by another 8% after the second.
The concentrations of all APIs detected in this study are presented in table F.1 in
appendix F.

Table 4.4. COD removal AC-unit.

Before

AC-unit

After AC-unit

nr 1

After AC-unit

nr 2

COD [mg/L] 4 0 0
Total API concentration [ng/L] 5,168 25 23

In the last experiment were tap water containing no APIs and no ozone showed that
the AC-units decreased the ORP-value after passing the AC-units, see table 4.5.

Table 4.5. The e�ect on ORP-value for tap water in AC-unit.

Before

AC-unit

After AC-unit

nr 1

After AC-unit

nr 2

ORP [mV] 337 310 310
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Chapter 5

Discussion

Chapter 5 includes a discussion of the results obtained throughout the degree project.

The chapter is divided into the di�erent studies. Section 5.1 discusses the results

from the pre-study. Section 5.2 comments on the results from the pilot plant using

ozone for pharmaceutical removal. Section 5.3 discuss the results from the the pilot

plant using activated carbon for pharmaceutical and ozone removal.

In summary, this work has been aiming to study the prevalence of pharmaceutical
residues in municipal wastewter before and after as well as during treatment at one
WWTP. This has been done in parallel with the design, construction, operation
and evaluation of an activated carbon filter as well as the operation and evaluation
of ozonation.

5.1 Pre-study

The pre-study showed that a large percentage of the APIs were removed from the
water in the existing treatment steps at the WWTP. Figure 4.1 shows that the
concentration of some of the pharmaceuticals decreased while the concentration of
other pharmaceuticals increased through the di�erent process steps. However, the
total API concentration is decreased throughout the process.

The decrease in concentration of some of the APIs can be explained by degradation
of the compounds or that they were separated from the water in the sludge. The in-
crease in concentration of some of the APIs could be caused by uneven distribution
of the APIs in the di�erent treatment step, as only a small volume was collected. In
addition, the sampling times were based on the average residence time and this can
also have caused the variations in the concentration as the concentration of di�erent
APIs might vary throughout the day.

Additionally, the sampling was only repeated once which can also have cause irreg-
ularity in the data. However, some of the pharmaceuticals showed a nearly constant
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concentration at the di�erent sampling points. This might be explained by the fact
that they are not degraded or do not end up in the sludge through the treatment
process. The use of these APIs might also be constant through the day therefore
not show any variations.

The pre-study also showed that the only compound in the recipient was ca�eine.
The reason for not detecting any of the APIs might be that they are diluted in
the large amount of snow and ice covering the river Tämnarån at the time for the
sampling. The concentration of all the APIs at the e�uent was smaller than the
concentration of ca�eine.

5.1.1 Pharmaceutical residues in the outlet

Samples taken at the outlet of the WWTP at di�erent occasions showed di�erent
concentrations in the outlet of the WWTP for some of the APIs. However, some
of the concentrations were more or less the same. This could be explained by the
varied use of some pharmaceuticals throughout the day and during di�erent sea-
sons, whereas some of the pharmaceuticals are used at a constant rate. The total
concentration of the APIs also varied in the di�erent samples this can be explained
by the di�erent flow rates at the WWTP, as the flow is correlated to the amount
of rain and melt water. A high flow caused by water from nature will dissolve the
APIs and lower concentrations will be detected.

By adding an extra treatment step to the existing WWTP, 7.1 kg API and 4.2
kg Ca�eine will be prevented to be discharged in the recipient. The number is
probably larger as not all pharmaceuticals are on the screening list. There might
also be other compounds harmful to nature that are degraded or removed by the
advanced treatment processes.

5.2 Pilot plant - Ozonation

The first pilot study (high ozone concentration) showed that all of the APIs on the
list were below the LOQ after only 2 minutes. This shows that ozone is highly suit-
able as a treatment method for pharmaceutical removal. However, in this study no
degradation products were studied and the results only show that the exact molecule
was not present in the wastewater anymore. It is possible that other molecules,
harmful to nature, are formed during the oxidation, but it is also possible that
the ozonation completely neutralizes the e�ects of the APIs without forming any
harmful compounds. Nonetheless, it was not within the scope of this thesis work to
investigate the possible transformation products.

The second pilot study (low ozone concentration) showed that all of the APIs were
below the LOQ after 180 minutes and the degradation of the APIs was noteworthy
slower than in the first study. After 60 minutes four APIs had not been degraded.
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One of them was fluconazole, which could be explained by the resistance of tertiary
alcohols to oxidation. Bupropion, irbesartan and oxazepam are the three other
molecules that reacted slower with the ozone and the reason for this is hard to tell
as the structure of the molecules is complex and the degradation mechanism was not
studied in this thesis work. However, the study shows that ozonation is a suitable
method for removal of pharmaceutical residues also at lower concentration.

Most (97%) of the APIs were degraded during the first 20 minutes of the study. This
is also reflected in the ORP-value, shown in fig. 4.4. The ORP-value is increased
the first 7 minutes and is then decreased until the 13th minute. The decrease in
ORP, and thus decrease in ozone concentration, could be explained by higher ozone
consumption than the supply of ozone. The consumption of ozone is also reflected
in the API-concentration that is decreased from 2,049 ng/L the 7th minute to 818
ng/L the 13th minute. The concentration of ca�eine decreased from 738 ng/L to
509 ng/L during the same interval.

5.3 Pilot plant - Activated carbon

The AC-study showed that the filters are highly capable for ozone removal. The
values for the ozone concentration varied depending on the method for ozone anal-
ysis. The method that showed the lowest removal of ozone was performed using
a tablet and the result might be inaccurate as the tablet did not dissolve fully in
the vial before the measurements. However, all the results show a satisfying ozone
removal and the GAC is suitable for ozone removal. The study also showed that
most of the removal occurs in the first AC-unit, which is expected in an adsorption
column.

The second study including the AC-filters but no ozone showed that the filters re-
moved all the COD and all APIs apart from Ranitidine. Ranitidine is the only
molecule of the detected APIs that has localized a plus and a negative charge. Ran-
itidine is amphiphilic which means it is hydrophobic and hydrophilic, but the largest
part of the molecule is hydrophobic. The hydrophilic part might cause higher sol-
ubility in the water than for the other molecules and thus a higher resistance to
adsorb on the surface. In addition, the molecule is relatively straight which is a dis-
advantage when it comes to adsorption. However, most of the API were adsorbed
on the surface. The opposite holds for burpropion, ca�eine, irbesartan, oxazepam
and trimethoprim that oxidized slowly but were completely removed by the first
AC-unit. Thus, ozonation and AC-units are complements and are suitable methods
to use in combination.

The study of the AC-filters also showed that the ORP-value for tap water was
decreased when passing the filters. The decrease is possibly caused by adsorption
of minerals, metals and chlorine. The adsorption of other compounds than APIs
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will also a�ect the life time of the activated carbon filter as the limiting factor is
the active surface of the activated carbon.
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Chapter 6

Conclusion

Chapter 6 summarizes the findings of this thesis. It also contains the conclusions

drawn from the results and presents suggestions for future work.

The pre-study showed that some of the APIs are removed or degraded at the WWTP
today. However, a vast majority of the APIs are present at the outlet in a concen-
tration within the same range to the inlet concentration. To avoid that 7.1 kg of
API and 4.2 kg of ca�eine are discharged into the enviornment additional treatment
steps are required.

Both the ozonation studies and the study with the activated carbon units showed
great ability to remove pharmaceutical residues from water from the outlet of the
WWTP. A contact time that is long enough showed full removal of all the APIs on
the screening list. The activated carbon filter showed that it was capable of remov-
ing all APIs apart from ranitidine using the same conditions as in the full-scale unit.
However, rantidine was degraded in the ozonation. Hence, the work in this thesis
shows that a combination of the advanced methods ozone and activated carbon are
suitable for pharmaceutical removal.

It would be recommended to use both of the methods in combination to ensure
complete removal of all the APIs. To use ozone as a first step followed by an acti-
vated carbon filter would also help avoiding discharge of any possible transformation
products and ozone to nature.

6.1 Future work

Continued work at the existing WWTP would include to determine what causes the
decrease in the API-concentration. In addition, an investigation of the API content
in the sludge would be of interest because if some of the APIs are in the sludge,
additional treatment might be required. The further studies of the WWTP could
also include a mapping of the prevalence of the API at di�erent seasons both in the
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WWTP and in the recipient to see if there are any seasonal di�erences.

Regarding the ozone treatment, it would be of interest to study the degradation
of the compounds to discover any possibly harmful transformation products. The
study might also answer the question why some of the compounds oxidize slower
than others.

Continued work regarding the activated carbon filters would include evaluating the
performance of in the long term as the removal e�ciency decreased with time. It
would also include studies of the pharmaceutical removal (mg/g) to determine the
life time and cost of the activated carbon. In addition, it would be of interest to
produce breakthrough curves for the di�erent APIs in order to study the perfor-
mance and removal of specific compounds over time.

In addition, possible future work would also be to include the study of di�erent
types of GAC to be able to compare the performance both in the short term but
also in the long term. Further, the impact ozone has on the GAC is also of interest
to investigate.
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Appendix A

Screened pharmaceuticals and their

limit of quantification

Table A.1. Screened Active Pharmaceutical Ingredients (APIs) and Ca�eine and their Limit of
Quantification (LOQ).

Pharmaceutical LOQ [ng/L] Pharmaceutical LOQ [ng/L] Pharmaceutical LOQ [ng/L]

Alfuzosin 4 Dicycloverine 10 Mianserin 3
Alprazolam 20 Dihydroergotamine 15 Miconazole 10
Amiodarone 30 Diltiazem 1.5 Mirtazapine 15
Amytriptyline 10 Diphenhydramine 4 Naloxone 2
Atenolol 15 Dipyridamole 3 Nefazodone 2
Atorvastatin 10 Donepezil 7.5 Norfloxacin 20
Atracurium 4 Duloxetine 2 Ofloxacin 3
Azelastine 2 Eprosartan 15 Orphenadrine 3
Azithromycine 40 Erythromycine 20 Oxazepam 10
Beclomethazone 80 Ezetimibe 20 Oxytetracycline 10
Biperiden 3 Felodipine 20 Paracetamol 30
Bisoprolol 3 Fenofibrate 20 Paroxetine 10
Bromocriptine 15 Fexofenadine 10 Perphenazine 20
Budesonide 20 Finasteride 20 Pizotifen 2
Buprenorphine 20 Flecainide 1.5 Promethazine 15
Bupropion 3 Fluconazole 7.5 Propranolol 20
Ca�eine 20 Flunitrazepam 10 Ranitidine 20
Carbamazepine 7.5 Fluoxetine 7.5 Repaglinide 2
Cetirizineú 15 Flupentixol 10 Risperidone 4
Chlorpromazine 10 Fluphenazine 10 Rosuvastatin 20
Chlorprothixene 10 Flutamide 10 Roxithromycine 15
Cilazapril 2 Furosemide 40 Sertraline 10
Ciprofloxacin 10 Glibenclamide 20 Sotalol 15
Citalopram 15 Glimepiride 20 Sulfamethoxazole 15
Clarithromycin 3 Haloperidol 3 Tamoxifen 5
Clemastine 2 Hydroxyzine 3 Telmisartan 10
Clindamycin 3 Irbesartan 3 Terbutaline 3
Clomipramine 2 Ketoconazole 45 Tetracycline 20
Clonazepam 10 Levomepromazine 20 Tramadol 15
Clotrimazol 10 Loperamide 2 Trihexyphenidyl 3
Codeine 15 Maprotiline 15 Trimethoprim 3
Cyproheptadine 7.5 Meclozine 10 Venlafaxine 20
Desloratidin 15 Memantine 3 Verapamil 10
Diclofenac 10 Metoprolol 15 Zolpidem 3
úOnly screened for in the activated carbon study.
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Appendix B

Structure formula of detected

pharmaceuticals and ca�eine

Figure B.1. Structural for-
mula of Alfuzosin.

Figure B.2. Structural for-
mula of Amytriptyline.

Figure B.3. Structural for-
mula of Atenolol.

Figure B.4. Structural for-
mula of Atorvastatin.
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APPENDIX B. STRUCTURE FORMULA OF DETECTED PHARMACEUTICALS
AND CAFFEINE

Figure B.5. Structural for-
mula of Bisoprolol.

Figure B.6. Structural for-
mula of Bupropion.

Figure B.7. Structural for-
mula of Cetirizine.

Figure B.8. Structural for-
mula of Ciprofloxacin.

Figure B.9. Structural for-
mula of Citalopram.

Figure B.10. Structural
formula of Clarithromycin.
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Figure B.11. Structural
formula of Clindamycin.

Figure B.12. Structural
formula of Codeine.

Figure B.13. Structural
formula of Diltiazem.

Figure B.14. Structural
formula of Dipyridamole.

Figure B.15. Structural
formula of Fexofenadine.

Figure B.16. Structural
formula of Flecainide.
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AND CAFFEINE

Figure B.17. Structural
formula of Fluconazole.

Figure B.18. Structural
formula of Fluoxetine.

Figure B.19. Structural
formula of Irbesartan.

Figure B.20. Structural
formula of Meclozine.

Figure B.21. Structural
formula of Memantine.

Figure B.22. Structural
formula of Metoprolol.
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Figure B.23. Structural
formula of Mianserin.

Figure B.24. Structural
formula of Mirtazapine.

Figure B.25. Structural
formula of Naloxone.

Figure B.26. Structural
formula of Orphenadrine.

Figure B.27. Structural
formula of Oxazepam.

Figure B.28. Structural
formula of Oxytetracycline.
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Figure B.29. Structural
formula of Paracetamol.

Figure B.30. Structural
formula of Promethazine.

Figure B.31. Structural
formula of Propranolol.

Figure B.32. Structural
formula of Ranitidine.

Figure B.33. Structural
formula of Rosuvastatin.

Figure B.34. Structural
formula of Sotalol.

Figure B.35. Structural
formula of Sulfamethoxa-
zole.

Figure B.36. Structural
formula of Tetracycline.
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Figure B.37. Structural
formula of Tramadol.

Figure B.38. Structural
formula of Trimethoprim.

Figure B.39. Structural
formula of Venlafaxine.

Figure B.40. Structural
formula of Ca�eine.
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Appendix C

Sampling locations

C.1 Wastewater treatment plant in Tierp

(a) Sampling point 1. (b) Sampling point 2.

(c) Sampling point 3. (d) Sampling point 4.

Figure C.1. Sampling points in the WWTP in Tierp, TEMAB.
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C.2 Recipient

(a) The river covered by snow.

(b) The sample was taken to the right of the
jetty.

Figure C.2. Tämnarån, the river where the treated water is released after the ponds.
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C.2. RECIPIENT

Figure C.3. Sampling in recipient, Tämranån location marked with a circle in the figure.
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Appendix D

Concentration of pharmaceuticals

detected in the pre-study

Table D.1. Detected Active Pharmaceutical Ingredient (API) and Ca�eine at the sampling points
at the Wastewater Treatment Plant and in the recipient.

Sampling

point 1

[ng/L]

Sampling

point 2

[ng/L]

Sampling

point 3

[ng/L]

Sampling

point 4

[ng/L]

Recipient

[ng/L]

Alfuzosin 49 36 24 30 <LOQ
Amytriptyline 31 46 31 28 <LOQ
Atenolol 1,069 1,000 845 1,042 <LOQ
Atorvastatin 329 269 65 90 <LOQ
Bisoprolol 134 77 73 94 <LOQ
Bupropion 21 12 10 15 <LOQ
Ca�eine 92,645 63,866 5,018 6,998 544
Carbamazepine 273 164 192 202 <LOQ
Ciprofloxacin 199 218 160 34 <LOQ
Citalopram 443 365 301 363 <LOQ
Clarithromycin 27 26 19 26 <LOQ
Clindamycin 121 37 24 20 <LOQ
Codeine 282 254 316 340 <LOQ
Diclofenac 621 418 324 328 <LOQ
Diltiazem 7 5 7 6 <LOQ
Dipyridamole 44 26 <LOQ <LOQ <LOQ
Fexofenadine 124 178 107 97 <LOQ
Flecainide 155 97 72 91 <LOQ
Fluconazole 10 27 33 51 <LOQ
Fluoxetine 22 22 13 17 <LOQ
Irbesartan 132 53 44 48 <LOQ
Meclozine 93 83 72 122 <LOQ
Memantine 26 13 11 9 <LOQ
Metoprolol 1,611 1,295 1,132 1,281 <LOQ
Mianserin 6 17 8 6 <LOQ
Mirtazapine 318 174 105 141 <LOQ
Orphenadrine 12 11 11 12 <LOQ
Oxazepam 176 147 134 175 <LOQ
Paracetamol 86,471 70,198 624 <LOQ <LOQ
Promethazine 46 <LOQ <LOQ <LOQ <LOQ
Propranolol 53 41 57 55 <LOQ
Ranitidine 23 <LOQ <LOQ 24 <LOQ
Rosuvastatin 155 103 79 107 <LOQ
Tetracycline 133 116 66 37 <LOQ
Tramadol 102 122 109 128 <LOQ
Trimethoprim 20 42 47 49 <LOQ
Venlafaxine 496 510 502 540 <LOQ
Total API-concentration 93,834 76,201 5,617 5,605 <LOQ

55





Appendix E

Pilot plant study - Ozonation

Table E.1. Concentration of the detected Active Pharmaceutical Ingredient (API) at di�erent
sampling times at high ozone generation.

0 minutes

[ng/L]

2 minutes

[ng/L]

5 minutes

[ng/L]

20 minutes

[ng/L]

60 minutes

[ng/L]

Alfuzosin 24 <LOQ <LOQ <LOQ <LOQ
Amytriptyline 30 <LOQ <LOQ <LOQ <LOQ
Atenolol 844 <LOQ <LOQ <LOQ <LOQ
Atorvastatin 62 <LOQ <LOQ <LOQ <LOQ
Bisoprolol 74 <LOQ <LOQ <LOQ <LOQ
Bupropion 15 <LOQ <LOQ <LOQ <LOQ
Ca�eine 1004 <LOQ <LOQ <LOQ <LOQ
Carbamazepine 158 <LOQ <LOQ <LOQ <LOQ
Ciprofloxacin 67 <LOQ <LOQ <LOQ <LOQ
Citalopram 279 <LOQ <LOQ <LOQ <LOQ
Clarithromycin 31 <LOQ <LOQ <LOQ <LOQ
Clindamycin 8 <LOQ <LOQ <LOQ <LOQ
Codeine 310 <LOQ <LOQ <LOQ <LOQ
Diclofenac 304 <LOQ <LOQ <LOQ <LOQ
Diltiazem 5 <LOQ <LOQ <LOQ <LOQ
Fexofenadine 56 <LOQ <LOQ <LOQ <LOQ
Flecainide 61 <LOQ <LOQ <LOQ <LOQ
Fluconazole 55 <LOQ <LOQ <LOQ <LOQ
Irbesartan 45 <LOQ <LOQ <LOQ <LOQ
Meclozine 65 <LOQ <LOQ <LOQ <LOQ
Memantine 10 <LOQ <LOQ <LOQ <LOQ
Metoprolol 1055 <LOQ <LOQ <LOQ <LOQ
Mirtazapine 113 <LOQ <LOQ <LOQ <LOQ
Orphenadrine 8 <LOQ <LOQ <LOQ <LOQ
Oxazepam 130 <LOQ <LOQ <LOQ <LOQ
Propranolol 31 <LOQ <LOQ <LOQ <LOQ
Ranitidine 24 <LOQ <LOQ <LOQ <LOQ
Rosuvastatin 58 <LOQ <LOQ <LOQ <LOQ
Tetracycline 30 <LOQ <LOQ <LOQ <LOQ
Tramadol 133 <LOQ <LOQ <LOQ <LOQ
Trimethoprim 78 <LOQ <LOQ <LOQ <LOQ
Venlafaxine 552 <LOQ <LOQ <LOQ <LOQ
Total API-concentration 4,716 <LOQ <LOQ <LOQ <LOQ
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APPENDIX E. PILOT PLANT STUDY - OZONATION

Table E.2. Concentration of the detected Active Pharmaceutical Ingredient (API) at di�erent
sampling times at low ozone generation.

0 minutes

[ng/L]

7 minutes

[ng/L]

13 minutes

[ng/L]

20 minutes

[ng/L]

60 minutes

[ng/L]

180 minutes

[ng/L]

Alfuzosin 27 <LOQ <LOQ <LOQ <LOQ <LOQ
Amytriptyline 32 10 <LOQ <LOQ <LOQ <LOQ
Atenolol 253 495 221 <LOQ <LOQ <LOQ
Atorvastatin 52 <LOQ <LOQ <LOQ <LOQ <LOQ
Bisoprolol 61 41 19 <LOQ <LOQ <LOQ
Bupropion 16 13 11 6 <LOQ <LOQ
Ca�eine 860 738 509 166 <LOQ <LOQ
Carbamazepine 158 24 <LOQ <LOQ <LOQ <LOQ
Ciprofloxacin 57 11 <LOQ <LOQ <LOQ <LOQ
Citalopram 295 93 <LOQ <LOQ <LOQ <LOQ
Clarithromycin 23 <LOQ <LOQ <LOQ <LOQ <LOQ
Clindamycin 8 <LOQ <LOQ <LOQ <LOQ <LOQ
Codeine 282 <LOQ <LOQ <LOQ <LOQ <LOQ
Diclofenac 242 38 <LOQ <LOQ <LOQ <LOQ
Diltiazem 6 <LOQ <LOQ <LOQ <LOQ <LOQ
Fexofenadine 59 35 <LOQ <LOQ <LOQ <LOQ
Flecainide 57 35 14 <LOQ <LOQ <LOQ
Fluconazole 50 43 43 31 15 <LOQ
Fluoxetine 15 <LOQ <LOQ <LOQ <LOQ <LOQ
Irbesartan 29 22 19 10 <LOQ <LOQ
Meclozine 77 30 <LOQ <LOQ <LOQ <LOQ
Memantine 9 8 6 <LOQ <LOQ <LOQ
Metoprolol 952 713 310 <LOQ <LOQ <LOQ
Mirtazapine 106 <LOQ <LOQ <LOQ <LOQ <LOQ
Orphenadrine 10 <LOQ <LOQ <LOQ <LOQ <LOQ
Oxazepam 108 104 74 47 <LOQ <LOQ
Propranolol 27 <LOQ <LOQ <LOQ <LOQ <LOQ
Rosuvastatin 72 44 36 <LOQ <LOQ <LOQ
Tramadol 113 80 16 <LOQ <LOQ <LOQ
Trimethoprim 66 8 <LOQ <LOQ 4 <LOQ
Venlafaxine 392 203 49 <LOQ <LOQ <LOQ
Total API-concentration 3,650 2,049 818 94 19 <LOQ
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Figure E.1. Degredation of Alfuzosin.
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Figure E.2. Degredation of Amytruptyline.
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Figure E.3. Degredation of Atenolol.
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Figure E.4. Degredation of Atorvastatin.
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Figure E.5. Degredation of Bisoprolol.
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Figure E.6. Degredation of Bupropion
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Figure E.7. Degredation of Ciprofloxacin.
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Figure E.8. Degredation of Citalopram
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Figure E.9. Degredation of Clarithromycin.
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Figure E.10. Degredation of Clindamycin
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Figure E.11. Degredation of Codeine.
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Figure E.12. Degredation of Diltiazem
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Figure E.13. Degredation of Fexofenadine.
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Figure E.14. Degredation of Flecainide

60



0 7 13 20 60 180
Time [min]

0

10

20

30

40

50

60

C
o

n
c
e
n

tr
a
ti

o
n

 o
f 

F
lu

c
o

n
a
zo

le
 [

n
g

/L
]

k = 0.02 [min-1]

Measured data

C
i
=C

i0
e-k

i
t

Figure E.15. Degredation of Fluconazole.
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Figure E.16. Degredation of Fluoxetine
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Figure E.17. Degredation of Irbesartan.
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Figure E.18. Degredation of Meclozine
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Figure E.19. Degredation of Memantine.
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Figure E.20. Degredation of Metoprolol
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Figure E.21. Degredation of Mirtazapine.
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Figure E.22. Degredation of Orphenadrine
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Figure E.23. Degredation of Oxazepam.
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Figure E.24. Degredation of Propranolol
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Figure E.25. Degredation of Rosuvastatin.
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Figure E.26. Degredation of Tramadol
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Figure E.27. Degredation of Trimethoprim.
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Figure E.28. Degredation of Venlafaxine
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Appendix F

Pilot plant study - Activated Carbon

Table F.1. Concentration of the detected Active Pharmaceutical Ingredients (APIs) before and
after activated carbon units.

Before

AC-unit

[ng/L]

After

AC-unit 1

[ng/L]

After

AC-unit 2

[ng/L]

Alfuzosin 83 <LOQ <LOQ
Amytriptyline 25 <LOQ <LOQ
Atenolol 522 <LOQ <LOQ
Atorvastatin 205 <LOQ <LOQ
Bisoprolol 35 <LOQ <LOQ
Bupropion 7 <LOQ <LOQ
Ca�eine 2208 <LOQ <LOQ
Carbamazepin 174 <LOQ <LOQ
Cetirizine 178 <LOQ <LOQ
Ciprofloxacin 87 <LOQ <LOQ
Citalopram 119 <LOQ <LOQ
Clarithromycine 24 <LOQ <LOQ
Clindamycine 24 <LOQ <LOQ
Codeine 205 <LOQ <LOQ
Diclofenac 214 <LOQ <LOQ
Diltiazem 3 <LOQ <LOQ
Dipyridamol 321 <LOQ <LOQ
Fexofenadine 494 <LOQ <LOQ
Flecainide 77 <LOQ <LOQ
Irbesartan 38 <LOQ <LOQ
Meclozine 84 <LOQ <LOQ
Metoprolol 734 <LOQ <LOQ
Mirtazapine 115 <LOQ <LOQ
Naloxone 16 <LOQ <LOQ
Orphenadrine 18 <LOQ <LOQ
Oxazepam 148 <LOQ <LOQ
Oxytetracycline 12 <LOQ <LOQ
Ranitidine 95 25 23
Rosuvastatin 73 <LOQ <LOQ
Sotalol 60 <LOQ <LOQ
Sulfamethoxazole 286 <LOQ <LOQ
Tetracycline 92 <LOQ <LOQ
Tramadol 351 <LOQ <LOQ
Trimethoprim 64 <LOQ <LOQ
Venlafaxine 184 <LOQ <LOQ
Total API-concentration 5,168 25 23
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Appendix G

Pharmaceutical residues in the outlet

Table G.1. Comparison of the concentration of detected Active Pharmaceutical Ingredients (APIs) and Ca�eine
at the outlet of the Wastewater Treatment Plant (WWTP), before any treatments.

Outlet Concentration (Sampling Point 4)

[ng/L]

In Pre-study
High Ozone
Concentration,
before treatment

Low Ozone
Concentration,
before treatment

AC-units,
before treatment Average

Alfuzosin 30 24 27 83 41
Amytriptyline 28 30 32 25 29
Atenolol 1042 844 253 522 665
Atorvastatin 90 62 52 205 102
Bisoprolol 94 74 61 35 66
Bupropion 15 15 16 7 13
Ca�eine 6998 1004 860 2208 2767
Carbamazepine 202 158 158 174 173
Cetirizine n/a n/a n/a 178 n/a
Ciprofloxacin 34 67 57 87 61
Citalopram 363 279 295 119 264
Clarithromycine 26 31 23 24 26
Clindamycine 20 8 8 24 15
Codeine 340 310 282 205 284
Diclofenac 328 304 242 214 272
Diltiazem 6 5 6 3 5
Dipyridamol <LOQ <LOQ <LOQ 321 80
Fexofenadine 97 56 59 494 177
Flecainide 91 61 57 77 72
Fluconazole 51 55 50 0 39
Fluoxetine 17 <LOQ 15 0 8
Irbesartan 48 45 29 38 40
Meclozine 122 65 77 84 87
Memantine 9 10 9 <LOQ 7
Metoprolol 1281 1055 952 734 1006
Mianserin 6 <LOQ <LOQ <LOQ 1
Mirtazapine 141 113 106 115 119
Naloxone <LOQ <LOQ <LOQ 16 4
Orphenadrine 12 8 10 18 12
Oxazepam 175 130 108 148 140
Oxytetracycline <LOQ <LOQ <LOQ 12 3
Propranolol 55 31 27 <LOQ 28
Ranitidine 24 24 <LOQ 95 36
Rosuvastatin 107 58 72 73 77
Sotalol <LOQ <LOQ <LOQ 60 15
Sulfamethoxazole <LOQ <LOQ <LOQ 286 71
Tetracycline 37 30 <LOQ 92 40
Tramadol 128 133 113 351 181
Trimethoprim 49 78 66 64 64
Venlafaxine 540 552 392 184 417
Total API-concentration 5,605 4,716 3,650 5,168 4,740
* The average are calculated assuming <LOQ = 0.
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