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Pharmaceutical residues in treated wastewater are a concern because normal treatment
processes are not designed for their removal. They can harm aquatic life and lead to antibiotic
resistance. Regulatory measures now focus on advanced treatment techniques to eliminate
these pollutants. Advanced oxidation processes (AOPs) show great potential for
pharmaceutical removal. However, many AOP studies only focus on synthetic wastewater
in lab scale which does not reflect the realistic condition. Therefore, studies using real
wastewater effluent and pilot-scale processes are necessary. This thesis focused on
preliminary testing of pilot-scale AOP trials for pharmaceutical removal from Mikkeli
wastewater treatment plant (WWTP) effluent. The photocatalytic pilot unit was first tested
with Rhodamine B (RhB). Dark adsorption (0.5 g/L TiO.), photolysis, and UV/TiO;
photocatalysis at low, medium and high UVA light intensity conditions of around 65, 210
and 350 mW/cm? were tested. Complete RhB removal was achieved at 210 and 350 mW/cm?
light intensities during photocatalysis. Then, WWTP effluent was treated under the same
experimental conditions. Target pharmaceutical analysis was not performed in this thesis.
Instead, dissolved organic carbon (DOC), UVass absorbance, and fluorescence excitation-
emission matrix (EEM) spectroscopy were used as surrogate parameters. These parameters
did not directly measure pharmaceutical removal. They were used to compare treatments,
narrow down the operating range, and choose the best preliminary settings before conducting
expensive and time-consuming pharmaceutical analysis. The strongest changes were
observed during UV/TiO> photocatalysis, especially at 210 and 350 mW/cm? light
intensities. At the end of photocatalytic treatment, UV2ssa decreased more than DOC, with
reductions of 83% and 81% compared with 43% and 37% at 210 and 350 mW/cm? light
intensities, respectively. EEM results also showed 95-97% fluorescence intensity reduction
after 180 min under higher light intensities (210 and 350 mW/cm?). Since medium light
intensity (210 mW/cm?) performed similarly to high light intensity (350 mW/cm?) using 0.5
g/L TiO,, it was selected for future tests and target pharmaceutical sampling.
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SYMBOLS AND ABBREVIATIONS

A absorbance

Co initial concentration mg/L
C concentration at treatment time t mg/L
T transmittance %

t treatment time min
A wavelength nm

Dimensionless quantities

C/Co normalized concentration
Subscripts

0 initial

t value at time t

254 wavelength of 254 nm

Vb valence band

Cb conduction band
Abbreviations

AQOP Advanced oxidation process
CBZ Carbamazepine

CPC Compound parabolic collector
DCF Diclofenac

DOC Dissolved organic carbon
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NF
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MP
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PhACs

PNEC

RhB

RO

ROS

SUVA2s4

TC

TDS

TiO;

TN

TOC

Dissolved organic matter
Excitation-emission matrix
Granular activated carbon
High-density polyethylene
Hydrogen peroxide

Inorganic carbon

Octanol-water partition coefficient
Low pressure

Nanofiltration

Natural organic matter

Medium pressure

Ozone

Powdered activated carbon
Pharmaceutical active compounds
Predicted no-effect concentration
Rhodamine B

Reverse osmosis

Reactive oxygen species

Specific ultraviolet absorbance at 254 nm
Total carbon

Total dissolved solids

Titanium dioxide

Total nitrogen

Total organic carbon



UF

uv

UVTazs4

UVasa

WWTP

*COs

*HO-

*OH

Ultrafiltration

Ultraviolet

Ultraviolet transmittance at 254 nm
Ultraviolet absorbance at 254 nm
Wastewater treatment plant
Carbonate radical

Hydroperoxyl radical

Hydroxyl radical

Superoxide anion radical

Singlet oxygen

Photogenerated electron in the conduction band

Photogenerated hole in the valence band
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1 Introduction

Pharmaceutical residues in wastewater are an increasing concern in environmental
engineering because they are continuously consumed, excreted and discharged into sewer
systems. Therefore, wastewater treatment plants (WWTPs) receive complex mixtures of
antibiotics, analgesics, anti-inflammatory drugs, hormones, antidepressants, beta-blockers,
antiepileptics and other active substances. These compounds are typically detected at trace
levels, ranging from ng/L to several hundred pg/L; however, due to their biological activity,
even such low levels can be environmentally important (OECD, 2019; Roslan et al., 2024).
Although pharmaceutical compounds play a crucial role in modern healthcare, their
continuous discharge into the wastewater systems has been causing their extensive presence
in treated effluents and receiving waters. Traditional wastewater treatment facilities cannot
reliably eliminate trace organic micropollutants. As a result, pharmaceutical residues can be
commonly detected in the surface water, ground water and sometimes drinking water

(Wilkinson et al., 2022; Adeoye et al., 2024).

The growing awareness of environmental impacts of pharmaceutical residues has increased
concerns about water quality and safety. Since pharmaceuticals are formulated to interact
with biological pathways, they may also unintentionally affect non-target aquatic organisms.
Evidence from Finland and other countries shows that even well-functioning treatment
plants can contribute to the contamination of surface waters with micropollutants (OECD,

2019; Dos Santos et al., 2021; Skalska-Tuomi et al., 2025).

Studies show that degradation of pharmaceutical compounds during traditional treatment is
usually incomplete and compound-specific. Some substances are removed through
biological degradation or adsorption onto sludge, while more persistent compounds may
remain largely unchanged during treatment. Negative removal may also be observed when
conjugated metabolites are converted back into the original drug compound. These
shortcomings highlight the need for additional post-treatment processes capable of more
effectively targeting recalcitrant micropollutants (Wang and Wang, 2016; Tiwari et al.,

2017; Skalska-Tuomi et al., 2025).

Regulatory developments have further increased the demand for improved micropollutant

removal. The revised European Urban Wastewater Treatment Directive introduces stronger
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expectations for quaternary treatment and micropollutant control. Advanced treatment
technologies, including activated carbon adsorption, membrane separation and advanced
oxidation processes (AOPs), are therefore increasingly considered as practical options for

future wastewater management (Directive (EU) 2024/3019, 2024; lanes et al., 2025).

Although AOPs have demonstrated excellent performance in laboratory experiments with
simple or synthetic wastewater matrices, their behaviour in real wastewater effluent is less
straightforward. Real wastewater contains dissolved organic matter, suspended particles,
bicarbonate, nitrate and other constituents that may absorb light, consume oxidants or
scavenge reactive species. For this reason, pilot-scale studies with real effluents are needed
to evaluate process performance under realistic conditions (Rizzo ef al., 2019; Kulistakova,

2023; Skalska-Tuomi et al., 2025).

Targeted pharmaceutical analysis typically relies on chromatographic and mass-
spectrometric methods, which are time-consuming and not practical for rapid operational
monitoring. Therefore, optical parameters such as UVjss absorbance and fluorescence
excitation-emission matrix (EEM) spectroscopy have been investigated as surrogate tools
for following micropollutant behaviour during the treatment process. Previous studies have
shown correlations between fluorescence indices and the removal of selected emerging
contaminants during conventional wastewater treatment, ozonation, and UV/H20:-based

AOPs (Yuet al., 2015; Sgroi et al., 2017; Park and Snyder, 2018).

However, fluorescence should not be considered a direct measure of pharmaceutical
concentration. The relationship between fluorescence signals and micropollutant removal
depends on both the wastewater matrix and the specific compound because fluorescence
mainly indicates changes in dissolved organic matter that may occur alongside the removal
or transformation of some pharmaceuticals (Sgroi et al., 2017; Park and Snyder, 2018).
Therefore, this study uses EEM fluorescence as a fast monitoring tool to observe changes in
wastewater organic matter during preliminary trials, allowing to choose final operational

parameters for pharmaceuticals removal.

This thesis focuses on the design and preparation of pilot-scale AOP trials for the removal
of pharmaceuticals from wastewater treatment plant effluent. It consists of two main parts:
a literature review and an experimental investigation. The literature review discusses

pharmaceutical contaminations in water bodies, sources and pathways, environmental
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hazards, regulatory drives, limitations of conventional treatment and advanced treatment
options. Particular attention is given to AOPs, including photolysis, UV/H202, ozonation-
based processes and TiO» photocatalysis. The experimental work was initially planned
around two pilot units: a UV-LED/TiO; photocatalytic system and a combined
ozonation/UV/H20: system. However, because the ozonation-based unit required further
commissioning and could not be transferred and operated at the WWTP within the available
time, the experimental treatment work was narrowed to the UV-LED photocatalytic pilot

system.

The study addresses practical questions related to pilot-scale operation, selection of
treatment conditions and the use of rapid monitoring tools. In particular, it examines how
UV-LED/TiO: treatment affects model-compound removal and the optical characteristics of
real wastewater effluent. UV2s4 absorbance, dissolved organic carbon (DOC), fluorescence
EEM spectroscopy and related water quality parameters are used to design the specific

sampling campaign with pharmaceutical analysis.
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2 Pharmaceutical contamination in wastewater

Even at very low levels, pharmaceutical residues in water can be an issue because these
compounds are made to produce biological effects. They can enter environmental systems
through everyday use in healthcare, animal care and personal care products. Once used, they
can enter wastewater stream and eventually be transported to natural water bodies. The
continuous input of pharmaceuticals into the environment has made them an important class
of emerging aquatic contaminants, with possible risks for ecosystems and human health

(Fent, Weston and Caminada, 2006; Wilkinson et al., 2022).

The global extent of pharmaceutical contamination was demonstrated clearly by the
monitoring study of Wilkinson et al. (2022), in which water samples were collected from
1,052 sampling locations across 258 rivers in 104 countries (Figure 1). Pharmaceutical
pollution is not confined to certain industrialized areas but is a truly global problem, with at
least one pharmaceutical residue being detected in most of the monitored catchments

(Wilkinson et al., 2022).

. Ay
Number of

Sampling Sites:

LI

»

Figure 1. Global river monitoring locations included in the worldwide pharmaceutical

contamination study (Wilkinson et al., 2022).

It was demonstrated in the same study that there was a high geographical difference in
contamination levels. Higher cumulative concentrations of pharmaceuticals were typically

seen in sub-Saharan Africa, South Asia, and South America, and lower concentrations were
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observed in areas with well-developed wastewater treatment facilities or high river dilution
capacity. These findings indicate that socioeconomic situation, the sanitation system, the
discharge of untreated sewage and waste management systems have a significant impact on

the occurrence of pharmaceuticals in the environment (Wilkinson et al., 2022).

Pharmaceuticals may reach aquatic environment via a number of routes, but the major entry
point is through wastewater treatment plants. Once used by humans, most drugs leave human
bodies through urine and faeces as active metabolites, and they are transported to sewer
systems and to treatment plants. Additional inputs originate from hospitals, pharmaceutical
production, unregulated disposal of leftover medications, and farming. Veterinary drugs can
also enter water environments through manure spreading, surface runoff, and agricultural
drainage systems. Key routes by which drugs end up in water bodies are highlighted in

Figure 2 (Adeoye et al., 2024).

‘W@
Pbarmacwtua! Wam /

Water Bodlies

Figure 2. Pathways of pharmaceuticals entering water bodies (Adeoye et al., 2024).

Municipal wastewater treatment facilities are therefore a major pathway by which
pharmaceuticals reach receiving water bodies. Since traditional wastewater treatment
facilities are primarily intended to eliminate suspended solids, biodegradable organic

substances as well as nutrients, they cannot reliably eliminate trace organic micropollutants
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like pharmaceuticals. Consequently, effluents can contain residues that can be released to

rivers, lakes and coastal waters (Luo et al., 2014).

Pharmaceutical elimination in traditional treatment is not uniform and is compound-
dependent. It is based on physicochemical characteristics like hydrophobicity, charge,
molecular structure, and biodegradability, and operational conditions like the sludge age,
hydraulic retention time, redox environment, and temperature. Certain compounds that can
easily be biodegraded can be minimized, though more persistent compounds can bypass
treatment systems with little or no degradation. Previous research has found that a large
amount of variability can exist even with common drugs like ibuprofen, whose elimination
has varied between moderate to almost entirely based on the plant setup and operation

conditions (Joss et al., 2005; Wu et al., 2023).

Several compounds are frequently reported in monitoring studies because of their
widespread use and persistence. Wilkinson et al. (2022) noted that carbamazepine (CBZ),
metformin, and caffeine were among the most commonly identified substances in the world,
with CBZ being found at about 62% of the monitored sites. Carbamazepine is usually
regarded as a marker compound due to its limited biodegradation ability during normal
treatment. Other commonly detected groups are anti-inflammatory medications, antibiotics,

antidepressants and -blockers.

Pharmaceutical contamination has been documented in Finnish wastewater systems. In a
recent study at the Lappeenranta wastewater treatment plant, 27 of 34 analysed
pharmaceutical active compounds (PhACs) were detected in the influent, with a total influent
concentration of 263 ug/L. Conventional treatment decreased the total load of PhAC to 14
pg/L in the effluent, but many compounds were not sufficiently eliminated. Ten compounds
were especially persistent, with a removal rate less than 20%, such as bezafibrate, diclofenac,
carbamazepine, metoprolol, sulfadiazine and trimethoprim. More critically, negative
removal was realized in propranol, citalopram, venlafaxine, and fluconazole implying that
there is a possibility of the metabolites returning to their active parent compound during the
treatment process. Further, clarithromycin and sotalol were also found in effluent whereas
they were not found in influent. Figure 3 shows concentrations of individual pharmaceuticals
found in the treated effluent of the Lappeenranta wastewater treatment plant, sorted by
therapeutic class. Interestingly, diclofenac was detected at concentrations exceeding its

predicted no-effect concentrations (PNEC) by more than fortyfold. Citalopram and sertraline
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also exceeded their respective PNEC values, with even higher exceedance levels than
diclofenac. The effluent of this wastewater treatment plant may make up to 83 percent of the
flow of the river Rakkola; Therefore, releasing effluent to the river can be detrimental to
aquatic organisms. These results indicate that conventional treatments may not be enough to
safeguard vulnerable water ecosystems, and complex post-treatment technologies to manage

micropollutants are needed (Skalska-Tuomi et al., 2025).
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Figure 3. Measured concentrations of 34 pharmaceuticals in LWWTP effluent (Skalska-Tuomi et
al., 2025).

Because pharmaceuticals are continuously consumed and released, they are often described
as pseudo-persistent pollutants. Even pharmaceuticals that degrade at a fast rate can persist
in the environment due to constant input from wastewater discharge. Therefore, enhancing
their removal during wastewater treatment is now a growing priority in modern water

management (Ebele, Abou-Elwafa Abdallah and Harrad, 2017).

The frequent detection of pharmaceuticals in wastewater effluents and receiving waters has
changed the focus from identification alone to evaluating environmental risks and improving

regulatory control.
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3 Environmental risks and regulatory drivers

The risk associated with pharmaceutical contamination is not only due to their presence in
the aquatic environment, but also to their impact on aquatic life and the overall quality of
the environment. Pharmaceuticals are active substances that are developed to produce
specific physiological responses in humans and animals. These characteristics may
inadvertently influence non-target organisms, even at low concentrations, when they enter

the environment (OECD, 2019).

Reported ecological effects include changes in growth, reproduction, feeding behaviour,
enzyme activity, oxidative stress responses and endocrine disruption. Organisms such as
fish, algae, invertebrates, and microorganisms are all potentially impacted depending on the
pharmaceutical compound exposure time and concentration. Long-term effects are generally
of greater concern than acute toxicity, because many pharmaceuticals are present at low but
continuous levels in wastewater-affected aquatic ecosystems. Well-known examples include
feminisation of male fish and decreased fertility in populations exposed to the synthetic
hormone 17a-ethinylestradiol (EE2), as well as tissue-level effects in fish exposed to non-

steroidal anti-inflammatory drugs such as diclofenac (Dos Santos et al., 2021).

Besides direct toxicity, pharmaceuticals also pose a bioaccumulation and biomagnification
risk. Certain compounds or their metabolites can accumulate in aquatic species and
potentially transfer through the food web. For example, in Finland, pharmaceuticals from
wastewater discharge (diclofenac, naproxen, and ibuprofen) were found in the bile of wild
fish taken downstream of a wastewater treatment plant discharge zone. This demonstrates
that wastewater treatment plant effluents can be a source of pharmaceutical exposure in the

natural environment (Brozinski et al., 2013).

Antibiotics are also of concern because their presence in wastewater and receiving waters
can favour resistant bacterial strains and contribute to the spread of resistance genes. These
genes can then be spread to human pathogens, making life-saving medications less effective.
The OECD report shows that environmental routes are increasingly being recognized as a
key part of the antimicrobial resistance problem. So, drug pollution is not just an

environmental issue, but a human health issue (OECD, 2019).
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Such environmental concerns have been reflected in recent legislation. In Europe,
micropollutant control has gained increasing attention through monitoring programs, watch
lists and wastewater legislation. The updated European Urban Wastewater Treatment
Directive has a greater focus on the removal of micropollutants, such as pharmaceuticals,

from urban wastewater (Directive (EU) 2024/3019, 2024; Ianes et al., 2025).

Directive (EU) 2024/3019 sets new standards for quaternary treatment of effluent from urban
wastewater treatment plants with a capacity of 150,000 population equivalents or more. The
directive requires the removal of at least 80% of selected indicator micropollutants
individually with respect to the influent load, determined from the removal of at least six
reference compounds. These substances are selected from a list of 13 compounds, divided
into two groups: very easily treated (category one) and easily disposed of (category two),
listed in Table 1. The removal must be achieved by December 31, 2045 (Directive (EU)
2024/3019, 2024).

Table 1. Selected indicator micropollutants under Directive (EU) 2024/3019 relevant to quaternary

treatment assessment (Zgajnar Gotvajn and Bosevski, 2025).

Name Function Chemical formula Category
Amisulprid Anti-psychotic Ci7H27N504S Easily treated
Carbamazepine Anti-epileptic drug CisHi2N>O Easily treated
Citalopram Anti-depressant C20H21FN,O Easily treated
Clarithromycin o )
Antibiotic C3sHeoNO 3 Easily treated
Diclofenac Antl—rheumatlc, C14H;CLNO, Easily treated
analgesic
Hydrochlorothiazide Diuretic C7H3CIN304S> Easily treated
Metoprolol Beta blocker (heart) Ci5H25sNOs Easily treated
Venlafaxine Anti-depressant C17H27NO, Easily treated
Benzotriazole Anti-corrosive CsHsN3 Easily disposed of
Candesartan Anti-hypertension C24H20N6O3 Easily disposed of
Irbesartan Anti-hypertension C25H23N6O Easily disposed of
4-Methylbenzotriazole Anti-corrosive C7H7N3 Easily disposed of
5-methyl-benzotriazole Anti-corrosive C;7H7N; Easily disposed of
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4 Removal technologies for pharmaceuticals in wastewater

Eliminating pharmaceutical pollutants from the waste stream is challenging because the
contaminants are a diverse group, with different chemical structures, polarities, solubilities
and degradability. Consequently, there is no one treatment technology that is effective for
all pharmaceutical compounds. Depending on the treatment technology, these contaminants
can be removed by a range of processes, including biodegradation, adsorption, physical
separation or chemical oxidation. The current trend in wastewater treatment is the use of
multiple barriers, which combine conventional methods with advanced post-treatment

technologies (Roslan et al., 2024).

4.1 Conventional wastewater treatment

As mentioned earlier, municipal wastewater treatment facilities are engineered to remove
suspended solids, biodegradable organic compounds, nutrients and pathogens. The process
generally consists of primary settling, secondary biological treatment and, sometimes,
tertiary polishing. These systems are not designed to remove trace organic micropollutants
and have limited potential for pharmaceuticals removal (Luo ef al., 2014). Primary treatment
systems typically provide little pharmaceutical removal. Here, some hydrophobic
compounds may sorb to settled solids (Carballa, Omil and Lema, 2005). Secondary
biological treatment, especially in activated sludge systems, is the main stage of
pharmaceutical removal in conventional wastewater treatment plants. In this step,
pharmaceuticals may be reduced through microbial degradation or sorption to biomass.
However, removal efficiency is very compound dependent. Highly biodegradable
pharmaceuticals like ibuprofen are generally well removed, while less biodegradable
pharmaceuticals (such as carbamazepine) consistently exhibit poor removal (Joss et al.,
2005). Other compounds, such as diclofenac and some B-blockers, show variable removal
efficiencies depending on plant design and operation (Carballa, Omil and Lema, 2005; Wick
et al.,2009).

Several reviews demonstrate the limited and variable removal of pharmaceuticals by

biological treatment. For some compounds, median removals of less than 50% have been
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reported, and negative removals can also occur. Negative values are thought to be due to
deconjugation of metabolites or transformation products back to the parent compounds.
Therefore, the concentrations of some pharmaceuticals may increase during treatment

(Miege et al., 2009; Jelic et al., 2011).

In a comprehensive review, Tiwari et al. (2017) found that sorption to sludge was one of the
removal mechanisms for pharmaceuticals in conventional wastewater treatment.
Physicochemical characteristics of the compound have a major influence on this process.
Among them, hydrophobicity, commonly described by octanol-water partition coefficient
(Kow or logKow), as well as charge and molecular structure are especially important. More
hydrophobic compounds, indicated by higher logKow values, are usually more likely to bind
to sludge or biomass. Biodegradation by microbial communities, either through co-
metabolism or direct substrate degradation, was identified as the main way pharmaceuticals
are broken down. However, how well this process works varies considerably and is hard to

predict (Tiwari et al., 2017).

Similarly, Wang and Wang (2016) reviewed the removal of 87 pharmaceuticals from
municipal wastewater and found considerable variability both between treatment plants and
between pharmaceuticals. One of the main reasons for this variability is differences in the
microbial community structure, which affects consistent degradation. The review also
highlighted that most research focuses only on the original pharmaceutical compounds,
overlooking the fact that some of these drugs may simply be converted into other substances

that are equally harmful to the environment (Wang and Wang, 2016).

A key challenge in assessing pharmaceutical fate is distinguishing true degradation from
transfer to sludge. A compound can only be considered truly degraded or biotransformed
when it is undetectable in both the treated effluent and the sludge (Blunt et al., 2018). When
full mineralization does not occur, compounds that are no longer detectable are likely still
present in the form of metabolites, whose environmental effects remain poorly understood.
Further complicating this, Zuehlke et al. (2007) found many common metabolites of
pharmaceuticals have a lower sorption rate than their parent compound, increasing their
mobility and leading to increased concentrations in effluents. This implies that even if a
parent compound is well removed, metabolites may be present and accumulate in the

environment (Zuehlke, Duennbier and Heberer, 2007).



22

4.2 Membrane technology

Reverse osmosis (RO) and nanofiltration (NF) membranes offer an efficient barrier against
pharmaceutical compounds present in water. Reported RO removals are often above 96-
99.9% for compounds such as diclofenac, ofloxacin, sulfamethoxazole, and carbamazepine
and near-complete removal has been reported for several hormones. As shown in Figure 4,
comparing the removal of a broad range of emerging contaminants by RO and NF, RO is
more efficient than NF for a range of hormonal compounds and antibiotics, reaching near-
complete removal while NF typically plateaus in the 80-85% range (Rodriguez-Serin et al.,
2022; Garcia-Avila et al., 2025).
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Figure 4. Assessment of RO versus NF for the treatment of emerging contaminants (Garcia-Avila

etal.,2025).

Despite their excellent performance, membrane technologies have important technical and
economic limitations. Both RO and NF technologies require significant levels of energy
input and membrane-related costs (for purchasing, maintenance, and replacement), which
can be a significant barrier to large-scale implementation, especially in resource-limited
areas. In addition, the treatment of the concentrate stream, a byproduct of the filtration
process, presents another environmental and economic challenge that needs to be addressed.

Another key operational issue is membrane fouling, the build-up of organic material,
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inorganic particles, and microorganisms on the membrane surface, resulting in decreased

efficiency and increased maintenance costs (Garcia-Avila et al., 2025).

4.3 Adsorption technologies

Adsorption is another physical method that has been widely investigated for the removal of
pharmaceutical contaminants from wastewater. One of the most widely studied adsorbents,
activated carbon, both granular (GAC) and powdered (PAC) forms, has been shown to be
highly effective at removing various pharmaceutical contaminants. GAC demonstrated
removal rates of 88% for acetaminophen, 68% for carbamazepine, 55% for naproxen, 51%
for sulfamethoxazole, 50% for ketoprofen, and 48% for diclofenac from municipal
wastewater at a concentration of 200,000 ng/L of each pharmaceutical (Ponce-Robles et al.,
2020). In another study, PAC was found to be effective in the removal of hormonal
compounds, with removal efficiencies ranging between 99.9% for 17a-ethinylestradiol,
83.3% for 17-B-estradiol and 34.4% for estrone (Sun et al., 2017). These findings indicate
that the efficiency of adsorption is strongly affected by the characteristics of the adsorbent

and the type of pharmaceutical contaminant.

The main limitation of adsorption is that it is a non-destructive process: contaminants are
transferred from water to a solid phase rather than chemically degraded. This results in a
saturated adsorbent that must be recycled for reuse or disposed of correctly. Moreover,
adsorbents such as activated carbon are limited in their capacity to adsorb some of the
emerging contaminants, particularly those with complex molecular structures, and the
regeneration process is costly and technically challenging. Furthermore, the suitability of
adsorption on a large scale is still questionable as most experiments have been performed
under pure laboratory conditions with artificially high contaminant loads, which do not
represent the complex characteristics of real wastewaters. Hence it is difficult to extrapolate

to large-scale systems (Mestre and Carvalho, 2019; Satyam and Patra, 2024).

4.4 Advanced oxidation processes

Unlike membrane separation and adsorption, the objective of AOPs is to decompose

contaminants, ideally converting them into more benign products such as CO2 and H>O, and
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inorganic salts, rather than removing them from water. AOPs are considered
environmentally friendly approaches, and during the process, highly reactive chemical
species such as free radicals are formed. The most commonly produced reactive oxygen
species (ROS) include superoxide anion radicals (*O.7; E = +0.33 V), hydroxyl radicals
(*OH; E =+2.8 V), hydroperoxyl radicals (*HO2; E =+1.7 V), singlet oxygen (O2; E=+1.48
V), ozone (Os; E =+2.07 V), sulfate anion radicals (¢SO4~; E=+2.6 V), and carbonate anion
radicals (*COs7; E = +1.81 V). These species are key to the degradation of pharmaceutical
contaminants either in solution or on the surface of a catalyst (Phaniendra, Jestadi and
Periyasamy, 2015; Hama Aziz, 2023). AOPs can generally be divided into two types, based
on phase composition: homogeneous processes, which take place in a single phase, and
heterogeneous processes, which occur in multiple phases. Moreover, AOPs can be classified
as chemical, electrochemical, sonochemical, and photochemical, based on the mechanism of
generation of hydroxyl radicals. Among the different types of AOPs, UV-H20:, Fenton and
photo-Fenton, ozonation, sonolysis and photocatalysis, either individually or in
combination, have been extensively proven to successfully degrade pharmaceuticals in
water. These processes have different characteristics and modes of action, especially with
regard to interactions with the structures of pollutants targeted for degradation (Rayaroth et

al., 2022).

In their ideal state, AOPs completely mineralize pollutants by converting them into harmless
by-products such as carbon dioxide, water and inorganic ions. In practice, complete
mineralization is not always achieved, and transformation products may form. Some
transformation products may potentially exhibit comparable or greater toxicity than the
original compounds. Nevertheless, AOPs are valuable because they can degrade recalcitrant
pollutants and can be integrated with biological treatment or other post-treatment processes.
Their main limitations include capital and energy requirements, process control complexity
and the need to monitor potentially toxic by-products (Pandis et al., 2022; Date and Jaspal,
2023; Igbal et al., 2024).
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4.5 Summary comparison of methods for removing pharmaceuticals

The previous sections described the main treatment approaches used for pharmaceutical
removal from wastewater. Each technology has its own advantages and disadvantages. Table

2 summarizes the comparison between the selected treatment methods.

Table 2. Comparison of main treatment technologies for pharmaceutical removal from wastewater.

Technology Removal mechanism Advantages Limitation
) ) ) o o incomplete removal,
) biodegradation, sorption | existing facilities, low )
Conventional WWTP ) slow, require large land
to sludge cost, sustainable
area
physical separation by ) )
) ] ] fouling, high cost,
Membrane membrane pore size and high effluent quality )
secondary pollution
surface charge
. ) adsorbent regeneration
) ) simple, high removal
Adsorption surface adsorption o and replacement, non-
efficiencies, low cost )
destructive removal
) o degradation of toxic by-product,
chemical oxidation by ) )
AOP ROS persistent compounds, operation control and
complete removal cost

Since the focus of this thesis is on AOP, different AOP methods will be discussed in more

detail in the following sections.
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5 Advanced oxidation process as a promising method for

pharmaceutical removal

5.1 Photolysis in UV-based treatment

The photodegradation of recalcitrant pharmaceutical compounds in water can occur through
direct or indirect photolysis. Direct photolysis involves the interaction of high-energy
radiation, mainly UV and visible light, with the pharmaceutical. Upon irradiation, target
pollutants are excited to higher-energy states and subsequently undergo a sequence of
reactions that result in degradation products. The main factors influencing the efficiency of
direct photolysis are the molar absorptivity and the quantum yield of the pharmaceutical, the
intensity of light and the functional groups of the pharmaceutical. Compounds with high
absorptivity and high quantum yields show short half-lives (minutes) while compounds with

low values can persist for hours to days (Tufail, Price and Hai, 2020; Igbal et al., 2024).

On the other hand, indirect photolysis occurs when the incident light is absorbed by
photoactive species (photosensitizers), which either directly react with the pharmaceutical
or yield reactive intermediates that subsequently act on the pharmaceutical. Prominent
photosensitizers found in natural water systems are nitrate ions (NOs") and dissolved organic
matter (DOM). These compounds, when photochemically excited, generate a range of ROS.
The effect of indirect photolysis depends on both water matrix composition and compound-
specific reaction rate constants (Vione et al., 2015; Igbal et al., 2024). One of the most
investigated pharmaceutical compounds, diclofenac (DCF), is extremely sensitive to direct
photolysis, with reported decomposition quantum yields of 0.031-0.22 mol/Einstein
(laboratory) and 0.094-0.13 mol/Einstein (environmental) (Boreen, Arnold and McNeill,
2003). Buser et al. reported greater than 90% DCF degradation in a lake system due to
photolysis, with a half-life of less than 1 h when exposed to sunlight (Buser, Poiger and
Miiller, 1998). On the other hand, CBZ is one of the most photostable pharmaceuticals.
Andreozzi et al. estimated a pseudo-first-order rate constant of 5.7x107 h™' (half-life of
121.6 h) for CBZ in bi-distilled water, but a much higher 907 h in natural water (Andreozzi,
2002). This is associated with the very low quantum yield of CBZ (4.77%10~° mol/Einstein
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under sunlight), relative to DCF (3.13%x1072 mol/Einstein) (Andreozzi, Raffaele and Nicklas,
2003).

Water matrix composition can either promote or inhibit photodegradation. In the case of
CBZ, low concentrations of natural organic matter (NOM) may increase indirect degradation
by NOM-induced photoactive species, but at higher concentrations NOM can function as an
inner filter and scavenger of radicals, resulting in slower degradation (Doll and Frimmel,
2003). Photosensitizers such as nitrate ions were reported to shorten CBZ half-life from 69
to 11.2 h (depending on concentration), but dissolved humic acid prolonged it to 233.7 h by
competing for UV light (Andreozzi, Raffaele and Nicklas, 2003).

Kim and Tanaka investigated UV photolysis of 30 pharmaceuticals at 254 nm using a light
intensity of 0.384 mW/cm?. The pseudo-first-order degradation rate constants varied widely,
from 0.004 to 1.342 min™', and most compounds showed rate constants below 0.180 min".

This illustrates the strong compound-specific nature of photolytic degradation (Kim and

Tanaka, 2009).

5.2 Photocatalysis as an advanced oxidation process

Photocatalysis has been widely investigated as an AOP method to remove the
pharmaceutical contaminants of wastewater due to its environmental friendliness and the
capacity to produce highly reactive, non-selective hydroxyl radicals (*OH) that are able to
oxidize many organic pollutants within the water matrix (Pandis et al., 2022). This process
is explained by semiconductor band theory; when an electron in the valence band is exposed
to UV or visible radiation, photonic energy is absorbed to create an electron-hole pair
(h*vw/e cb) which initiates a series of surface redox reactions. Schematic mechanism of TiO2
photocatalysis can be seen in Figure 5 (Etacheri ef al., 2015). This process follows five major
steps in the case of TiO2, the most popular photocatalyst in the pharmaceutical removal

process:
TiO2+ hv — TiOz (h*vw + € ¢b) (1)
H.0 + h*yo — H* + HO» )

O2+ep— Oz 3)
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2H20 + 202*~ — H202 + 2HO-* + O2 4)
H>02 + e7¢pb — 2HO" &)

Ti0, is widely used because it is chemically and biologically stable, relatively inexpensive,
photoreactive and non-toxic (Pekakis, Xekoukoulotakis and Mantzavinos, 2006; Pandis et

al., 2022).
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HO" + Pollutant - - -> H,0 + CO,

Figure 5. Schematic representation of the photocatalytic mechanism of TiO» (Etacheri et al., 2015).

A number of interdependent parameters control the efficiency of TiO» photocatalysis:
catalyst loading, radiation intensity and wavelength, solution pH and water matrix
composition. A low dose of catalyst inhibits the formation of hydroxyl radicals and causes
the removal of contaminants to be incomplete; however, a high dosage results in a high
turbidity of the solution and low radiation transmittance, thus decreasing the effectiveness
of the process. Therefore, a higher TiO> concentration does not always result in greater
degradation efficiency and the catalyst dosage needs to be optimized (Khan and Shah, 2023;
Navidpour, Ahmed and Zhou, 2024).

Ti0; activation is closely linked to the irradiation wavelength. The main drawback of
unmodified TiO; is that it has a large band gap energy (3.23 eV), which limits
photoactivation to the UV spectrum and its application to sun radiation (Etacheri et al., 2015;
Khan and Shah, 2023). The activation of TiO> requires the absorption of photons with
sufficient energy to promote electrons from the valence band to the conduction band.

Unmodified TiO; is mainly activated by UV light with wavelengths below 387 nm. As a
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result, UVA irradiation source (360-370 nm) can supply enough photon energy to activate

Ti0; and initiate photocatalytic reactions (Etacheri et al., 2015).

Additionally, UV light intensity affects the photon flux delivered to the catalyst surface and
consequently affects the formation rate of electron-hole pairs. Photocatalytic degradation
can be improved at higher light intensity due to the increased generation of reactive oxygen
species. However, increasing the light intensity does not always lead to a proportional
improvement. This is because recombination of electron-hole pairs, mass transfer limitations
and limited availability of reactive sites can reduce the overall reaction efficiency (Chong et

al.,2010; Nadim et al., 2015; Fattahi et al., 2021).

Several TiO; photocatalysis studies have reported the effect of operating parameters on
pharmaceutical degradation. Bertagna Silva et al. (2022) examined the TiO»/UV-LED
photocatalytic degradation of a mixture of pharmaceutical compounds. The authors observed
that the apparent degradation rate constants depended on the initial pH, which was evaluated
at pH of 5, 7 and 9. In their study, most compounds including trimethoprim, venlafaxine,
ciprofloxacin and desmethylvenlafaxine degraded faster at higher pH values, which was
associated with increased formation of reactive oxygen species. Sulfamethoxazole, on the
other hand, exhibited the opposite behaviour and degraded more readily at lower pH. This
shows that the influence of pH is drug dependent and varies with the ionization state of the

drug (Bertagna Silva et al., 2022).

TiO2 photocatalysis is also dependent on the composition of the water matrix. Real
wastewater contains a mixture of organic and inorganic compounds that can interfere with
photocatalytic degradation. These constituents can compete with pharmaceuticals for
reactive species, absorb part of the incident light or interact with the catalyst surface.
Bertagna Silva et al. (2022) showed that water matrix components such as bicarbonate,
nitrate and humic acid affected the degradation rates of different pharmaceuticals in different
ways. The presence of bicarbonate reduced the degradation of ciprofloxacin and
sulfamethoxazole, = while increasing the degradation of venlafaxine and
desmethylvenlafaxine. Nitrate and humic acid also influenced the degradation of some
compounds, especially ciprofloxacin and sulfamethoxazole. This suggests that the effect of
matrix constituents on photocatalytic degradation can be either inhibitory or beneficial,

depending on the target compound and water chemistry (Bertagna Silva et al., 2022).
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5.2.1 Pilot-scale and real wastewater application of TiO2 photocatalysis

In this section, pilot scale studies using TiO» photocatalysis as an AOP for removing

pharmaceutical from real wastewater are discussed.

An early example was reported by Bernabeu et al. (2011), who investigated TiO> based solar
photocatalysis as a tertiary treatment for real WWTP effluent in Spain. Effluent samples
were collected after secondary treatment stage. It contained several emerging pollutants such
as trimethoprim, ofloxacin, enrofloxacin, clarithromycin, acetaminophen, diclofenac,
caffeine, thiabendazole, and carbamazepine at ng/L to pg/L concentrations. The pilot trials
were conducted in a compound parabolic collector (CPC) solar reactor. The reactor had 3
m? irradiated surface area and an irradiated volume of 24 L. For each test, 50 L of real
effluent was treated. TiO> was applied in suspended form at 0.2-0.5 g/L.. The concentration
of most detected micropollutants were strongly reduced by the treatment (Bernabeu et al.,

2011).

Moles et al. (2020) studied the performance of a pilot-scale photocatalytic treatment using
Ti0; and UV-VIS irradiation in removing selected antibiotics from municipal wastewater
effluent. In the study, wastewater effluent was spiked with 1 mg/L of each antibiotic and
treated with 1 g/L of TiO». The reaction time was 240 min under UV-VIS irradiation (330-
390 nm). The pilot system included a storage tank (1m?*), mixer, four slurry photocatalytic
reactors (17 L each) and a pump (8-16 L/min). A 40 W UVA lamp was used during the
treatment. The results revealed different degradation behaviour for each compound.
Amoxicillin and azithromycin showed fast degradation (complete removal after 120 min).
Sulfadiazine removal proceeded more slowly but complete removal was observed after 240
min. Enrofloxacin and trimethoprim exhibited greater resistance to photocatalytic
degradation (78-80% removal after 240 min). Following treatment, catalyst recovery was

carried out through coagulation, flocculation and decantation process (Moles et al., 2020).

In another study, Rapti et al. (2023) investigated the degradation of pharmaceutical residues
present in hospital WWTP secondary effluent using solar TiO2 photocatalysis. A CPC solar
pilot reactor was used for that purpose. This pilot reactor was equipped with a 300 L reservoir
tank, 85 L total irradiated collector volume and 12 m? irradiated surface area. It was operated
in continuous-flow recirculation mode. The pilot unit was placed after the secondary

treatment step of the hospital WWTP. In addition to pharmaceutical removal, the study also
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monitored toxicity and environmental risk of the pharmaceuticals. Several pharmaceutical
including amisulpride, venlafaxine, O-desmethyl venlafaxine, citalopram, and
carbamazepine was detected. Different TiO> doses were tested. The removal of
pharmaceutical increased with catalyst concentration up to 200 mg/L. Using this catalyst
dose, removal efficiencies higher than 82% were achieved for several pharmaceuticals,
except for carbamazepine, which showed 73% removal. Further increase in TiO:
concentration did not consistently improved degradation. This may be because too much
catalyst can limit light penetration and reduce photocatalytic performance. Toxicity test
showed that the treatment decreased wastewater toxicity at higher TiO> doses (Rapti et al.,

2023).

Alongside suspended TiO2, immobilized TiO; has also been studied to eliminate the need
for recovery of catalyst after treatment process. A recent pilot-scale photocatalytic design
using LED irradiation was developed by Kubiak and Jaruga (2025). The system used catalyst
of TiO, immobilized on a 3D Luffa cylindrica sponge support in order to treat hospital
wastewater containing amoxicillin, tetracycline, and ciprofloxacin. The system was designed
as a multi-stage cascade reactor. LED light sources were positioned in borosilicate glass
tubes inserted into the natural channels of the sponge scaffold. The LEDs provided
irradiation at 365 and 380 nm. The three-stage cascade system performed effectively in
synthetic wastewater, removing about 91% of amoxicillin, nearly all tetracycline, and
approximately 95% of ciprofloxacin after 180 min. In spiked real hospital wastewater, with
each pharmaceutical added at 20 mg/L, removal efficiencies exceeded 70% for tetracycline
and ciprofloxacin but were slightly below 60% for amoxicillin after 240 min. The lower
efficiency in the real wastewater matrix was explained by the presence of NOM, suspended

solids, and other competing compounds (Kubiak and Jaruga, 2025).

Taken together, these studies showed the potential of TiO> photocatalysis as pilot scale

treatment for pharmaceutical removal from real wastewater effluent.
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5.3 Combination of UV and hydrogen peroxide as an advanced oxidation process

The ultraviolet radiation coupled with hydrogen peroxide (UV/H20>) is one of the most
popular AOPs to degrade the organic micropollutants, such as pharmaceutical substances, in
aqueous systems (Bobu et al., 2013; Jamil et al., 2017). Its application to real wastewater has
also been reported as a post-treatment process for micropollutants removal (Miklos, Hartl,
et al., 2018). Most commonly irradiation sources used are low-pressure (LP) and medium-
pressure (MP) mercury vapour lamps with wavelengths as short as 280 nm, with an
absorption peak of H20O: at around 220 nm. It is however notable that close to half of the
energy supplied by these lamps is lost to heat and to 185 nm radiation taken up by the quartz
jacket, which is a major source of energy loss in real world applications (Kulistakova, 2023).
The basic mechanism of this process is that the O-O bond of hydrogen peroxide is broken
apart under UV-light to produce two highly-reactive hydroxyl radicals per mole of H>O»,

which is illustrated by the following primary reaction:
H20: + hv — 2.OH (6)

The resultant *OH radical is an extremely potent non-selective oxidant, stronger than most
traditional oxidizing agents, is able to attack a wide range of organic contaminants, including
recalcitrant pharmaceutical residues. The rate of oxidation is very rapid with rate constants
of the order of 103-10!'! M"!s! usually, but the extremely short lifetime of the radical (around
tens of nanoseconds) dictates that the overall rate of degradation is often dominated by the
diffusion of the radical and the target compound, and not by its innate reactivity (Barroso-

Martinez et al., 2022; Kulist'akova, 2023).

The efficiency of UV/H20: depends on H20: concentration, UV light wavelength and

intensity, pH, target compound reactivity and water matrix composition (Pandis et al., 2022).

The most notable benefit of the UV/H20; process is that UV radiation not only facilitates
the H2O» photolysis but also serves as a disinfectant, destroying microorganisms that cause
pathogenicity in the effluent. Moreover, the process can be effectively applied to turbid
wastewater flows, since it is less sensitive to light scattering compared to some other AOP
configurations, enabling more efficient penetration of radiation into the treated matrix

(Pandis et al., 2022).
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UV/H20: has been shown to remove pharmaceuticals effectively in real wastewater
effluents. For example, De la Cruz et al. (2012) reported more than 99% removal of CBZ
(Co=26 ng/L) from municipal WWTP effluent in a laboratory-scale photoreactor using H-0:
and low-pressure UV irradiation (De La Cruz et al., 2012). This result was later confirmed
at pilot scale, with the same team running a continuous-flow photoreactor directly at the
outlet of a municipal WWTP, and recording 88% total removal of 22 micropollutants and
again, over 99% removal of CBZ (Co= 285 ng/L) with low-pressure UV irradiation (De La
Cruz et al., 2013).

5.4 Ozonation-based advanced oxidation process

Ozone (03) is a strong oxidant that exhibits a high redox potential and has found wide use
in degrading pharmaceutical micropollutants in wastewater. Its oxidative mechanism
follows two different pathways, direct reaction of molecular ozone to target compounds, and
indirect reactions with hydroxyl radicals (¢*OH) that are formed in situ (Gerrity et al., 2012;
Miklos, Remy, ef al., 2018). Direct ozonation selectively targets electron-rich structural
moieties which are frequently found in pharmaceuticals like aromatic rings, carbon-carbon
double bonds, amine groups deprotonated. Therefore, compounds such as diclofenac,
sulfamethoxazole, ciprofloxacin, and clarithromycin can be relatively ozone reactive.
Conversely, those with an electron-deficient or highly halogenated structure are significantly
less reactive to direct ozone attack and must be subjected to greater doses of ozone or allowed
longer contact times to produce significant removal (Hong, Wang and Lu, 2020). Pilot-scale
ozonation systems have documented removal efficiencies of up to 95% of acetaminophen
and ciprofloxacin, and about 85% of ibuprofen, but the abilities of the system vary
significantly with the reactivity of the compound of interest and with the water matrix

composition (Angeles et al., 2020; Huangfu et al., 2024).

A drawback of standalone ozonation is that the typical doses used in wastewater treatment
(0.4-0.6 g O3/g DOC) are not always sufficient to optimally mineralize contaminants. Partial
oxidation of parent pharmaceutical compounds results in formation of transformation
products, and some may have higher toxicity than the original compounds (Kharel et al.,
2020). An example of a well-studied compound is CBZ, which may show increased toxicity

after ozonation. Although ozonation can effectively remove CBZ from water, the formation
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of transformation by-products has been reported to cause toxic effects in zebrafish, including

behavioural changes (Pohl et al., 2019).

Moreover, natural organic matter (NOM), carbonate species, or bromide ions that are present
in the water matrix enhance the ozone demand, compete with target pharmaceuticals in the
reactive species and facilitate the formation of potentially carcinogenic bromate ions (BrO3"
). Therefore, ozonation is often considered as part of an integrated treatment train rather than

a standalone solution for pharmaceutical-contaminated wastewater (Tapera et al., 2026).

5.5 UV/Os advanced oxidation process

The presence of UV irradiation with ozone (UV/O3) significantly increases the production
of hydroxyl radicals compared to the use of ozonation alone, in a two-step process of
photolysis. When UV-C is used to break up ozone, the ozone can photolytically break up to
form an excited singlet oxygen atom that then reacts with water to form two *OH radicals.
Ozone absorbs strongly at 254 nm, with a molar absorption coefficient of 3300 M cm™’,
which is much higher than that of hydrogen peroxide at the same wavelength, around 19.6
M cm™. Therefore, the low pressure UV lamps at 254 nm are especially well-suited in

ozone photolysis (Kuli§t'dkova, 2023).

A number of pilot- and lab-scale studies have indicated the ability of the UV/O3 process to
treat pharmaceutical compounds in actual wastewater matrices. Yao et al. (2018) designed a
pilot system that consisted of three parallel continuous-flow column reactors (each 9.4 L)
and compared UV/Os to conventional ozonation and electro-peroxone to treat groundwater,
surface water, and WWTP effluent spiked with eight pharmaceuticals at about 150 ug/L
each. In WWTP effluent, more than 90% removal of the target micropollutants was obtained
under optimized ozone dose of 1.5 mg Os/mg DOC. UV/O; performed superiorly to
conventional ozonation, and was equal to electro-peroxone, though using significantly more
energy compared to the other options (Yao et al., 2018). The need for higher energy input is
an important concern. This can make operation more expensive and reduce the overall

sustainability of UV/Os treatment at full scale.

The variable performance of UV/Os treatment was clearly reported by Paucar et al. They

tested 38 pharmaceuticals and personal care products (all at ng/L concentrations that were
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representative of actual WWTP effluent) in a continuous-flow pilot reactor using two 65 W
low pressure UV lamps at an ozone dosage of 6 mg/L and a contact time of 10 minutes. After
treatment, 31 out of 38 micropollutants were reduced to below or near their detection limits.
Eight of them, including diclofenac, were removed more rapidly, requiring only 1 mg/L
ozone and 5 min of contact time. Nevertheless, seven compounds such as clarithromycin and

azithromycin were still detected even under the highest applied dose (Paucar et al., 2019).

5.6 UV/Os/H202 combined advanced oxidation process

The integration of hydrogen peroxide into the UV/Os system (UV/Os/H20:) creates a
synergistic triple-oxidant configuration capable of generating *OH through multiple
simultaneous pathways. This configuration may improve removal compared with individual
processes, but it also increases operational complexity, chemical demand and process-
control requirements (Kulistakova, 2023). CeSen et al. exploited this synergy to treat
biologically untreated hospital wastewater spiked with the cytostatic drugs
cyclophosphamide and ifosfamide at 10 pg/L each, achieving 99% and 94% degradation,
respectively, using an H2O2 concentration of 5 g/L, an ozone dose of 36 mg Os/g DOC, and
a single low pressure UV lamp (254 nm, 12 W) at a flow rate of 60 L/h over 120 minutes,

with simultaneous high-degree mineralization of organic matter (Cesen et al., 2015).

At a larger scale, Schoenell et al. (2022) operated a semi-continuous pilot UVA-LED
photoreactor (40.2 L) using the UV/Os/H20: configuration to treat 10 pharmaceuticals
detected in WWTP effluent at real concentrations of 0.08—15.09 pg/L. After 120 minutes of
treatment with 20 mg/L H202, 3 mg/L ozone, and 18 UVA-LED strips (7 W total), removal
efficiencies ranged from 24% for metoprolol to 93.3% for candesartan, confirming the
synergistic contribution of H20: to the photo-ozonation system. The wide range of removal
efficiencies observed across compounds underscores the continued importance of
compound-specific reactivity and matrix effects, even in this more powerful combined AOP

configuration (Schoenell et al., 2022).
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6 Material and methods

6.1 Experimental design

The experimental work in this thesis was designed to assess and prepare pilot-scale advanced
oxidation process trials for treating wastewater treatment plant effluent. The selected pilot-
scale system for further testing was ultimately a UV-LED photocatalytic system. At the
initial stage, both the photocatalytic pilot unit and a combined ozonation/UV/H:0: pilot unit
were considered. The ozonation-based unit, however, needed to be re-commissioned,
checked for ozone safety, and calibrated before the unit could be used for treatment. In
addition, because the unit is designed for continuous-flow operation, its transfer and
installation at the wastewater treatment plant required practical coordination that could not
be completed within the available experimental period. Therefore, the ozonation/UV/H202
unit was only considered as part of the preliminary design and preparation work, and

treatment experiments were conducted using UV-LED/Ti0; photocatalytic pilot unit.

The photocatalytic study was divided into two experimental stages. In the first stage,
Rhodamine B (RhB) was chosen as a model compound to evaluate the operation of the
photocatalytic reactor and to identify suitable initial operating conditions. In the second
phase, the selected operating conditions were tested using real wastewater treatment plant
effluent to investigate the changes in the wastewater matrix during the photocatalytic
treatment process. A practical monitoring strategy was developed for real wastewater
experiments to evaluate how the treatment affected bulk organic matter. Treatment
performance was evaluated by UVjs4 absorbance, dissolved organic carbon (DOC), and
excitation emission matrix (EEM) fluorescence. These parameters were not used as direct
measurements of pharmaceutical removal. Instead, they were used to narrow down the
treatment conditions and identify optimal operating conditions before performing expensive

pharmaceutical analysis.
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6.2 Photocatalytic pilot-scale setup

6.2.1 General configuration of the pilot unit

The photocatalytic and photolysis experiments were performed with an photocatalytic pilot
plant UV-LED (APRIA system, Spain), shown in Figure 6. The unit is composed of a stirred
feed tank, an annular UV-LED photoreactor, a circulation pump, a hydraulic recirculation
loop, an electrical control cabinet, online monitoring probes and a refrigerated circulating

bath.

Figure 6. UV-LED photocatalytic pilot unit 1) feed tank, 2) permeate tank, 3) magnetic stirrer, 4)

circulation pump, 5) annular UV-LED reactor, 6) pH and O, sensors, 7) pressure gauges, 8) UF

module, 9) electrical cabinet.

The system was originally designed to combine photocatalytic treatment with photocatalyst
recovery. When the suspension is treated, it can be sent to an ultrafiltration membrane
module for photocatalyst separation. In this thesis work, however, only the photocatalytic
reactor, and recirculation line were used. In the following section, each component of the

photocatalytic pilot unit has been described in detail.
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6.2.2 Feed tank, mixing and hydraulic recirculation

The system consists of two high-density polyethylene (HDPE) tanks, each with a capacity
of 5 L. The reaction suspension was prepared in the black tank, which was also used for the
dark adsorption phase. The feed tank was positioned on top of a magnetic stirrer to ensure a

constant stirring of the water matrix and the TiO particles.

The pilot unit was operated in batch recirculation mode. The reaction suspension was
circulated through the 1 L photoreactor using a circulation pump. This means that, at any
moment, about 20% of the suspension was inside the illuminated reactor. Therefore, the
actual exposure time to UVA light was shorter than the total experimental time (one-fifth of

the total time).

6.2.3 Annular UV-LED photoreactor

The reaction is performed in an annular type UV reactor of 1 L volume. The reactor is a two
concentrical tubes reactor as can be seen in Figure 7. The water is circulated through the
outer annular space and the UV-LED strips are located inside the inner tube. The reactor is
made of borosilicate glass and has a cooling jacket. The cooling jacket is fed with chilled
water from a refrigerated circulating bath. This is useful to keep reaction temperature in an
appropriate range and avoid overheating when UV-LED is in operation. During operation,

the photoreactor temperature should be kept below 35 °C.
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Figure 7. Annular UV-LED photoreactor with cooling jacket.

6.2.4 UV-LED irradiation system

The UV irradiation system is composed of 40 UV LED lamps, which are installed in two
strips, 20 LEDs in each strip. The wavelength of the light emitted by LEDs is around 365-
370 nm in the UVA range (Figure 8). The relationship between applied current intensity and

estimated radiant flux at the inner wall of the photoreactor is provided in Appendix 1.
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Figure 8. Typical relative spectral power distribution of the UV-LED system.
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6.2.5 Monitoring and control system

The unit could be controlled via an electrical control cabinet, enabling the circulation pump
and LED system to be turned on/off. The cabinet also allows adjustment of different UV
irradiation. An online Mettler Toledo multimeter with probes was used for the monitoring
of pH, temperature and dissolved oxygen. The pH was determined by using an easySense

pH 31 probe and the dissolved oxygen was measured with an easySense O: 21 probe.

Three pressure gauges are installed in the system to provide a visual reading of pressure at
the inlet of both the photoreactor and the ultrafiltration membrane module and at the outlet
of the ultrafiltration module. The measure range is within 0 and 2.5 bars for the pressure
gauge of the reactor, and 0 to 4 bars for those of the UF unit. For this study, only the pressure

monitoring on the reactor side was considered.

6.2.6 Start-up and operational procedure

The start-up procedure used for photocatalytic experiments was as follows:

e Check the reactor and feed tank before each experiment, to make sure that there are
no residues from the previous experiment remaining in the system.

e (alibrate pH and oxygen probs when required.
e Switch on the refrigerated circulating bath and adjust the temperature set point. The

temperature was maintained at approximately 23 °C during all experiments.

o Fill the feed tank with the solution to be treated and turn on the magnetic stirrer (1600
rpm).

e Add TiO; (if required) to the tank and allow dark adsorption equilibria to reach.

e Open PUMP INLET valve (V-2).

e Open REACTOR OUT (V-9) valve to allow flow from the outlet of the photoreactor.

e (radually, open REACTOR INLET (V-7) valve to allow flow through the
photoreactor.

e Check the pressure indicated by REACTOR INLET (PI-103) pressure gauge
(allowed maximum pressure: 0.15 bar).

e [t is preferable that LOOP valve (V-3) is almost closed, with the flow and pressure
controlled by REACTOR INLET (V-7) valve.
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e Turn on the pump by setting the PUMP switch to the I position.

e Turn on the LED system (LED strips and cooling fan) by setting the LEDs switch to
the I position.

e Initially, the system is started with a default irradiated power value of 20%. The
irradiated power can be adjusted using the + and - buttons on the LED system
console.

e The percentage irradiated power is associated with the current intensity (mA), both
appear in the display of the LED system console. The latter is related to the radiant
flux (mW/cm?) as indicated in Appendix 1.

e Record pH value, oxygen concentration, temperature, and pressure.

e Take samples at different intervals via a clean tube from the feed tank.

6.2.7 Shut down and cleaning procedure

At the end of each treatment experiment, the shutdown and cleaning procedure was as

follows:

e Turn off the LED system by setting the LED switch to the O position.

e Turn off the pump by setting the PUMP switch to the O position

e Turn off the refrigerated circulating bath.

e C(Close every valve of the hydraulic circuit.

e Open REACTOR CLEANING (V-8) valve to drain the reactor.

e Drain the feed tank if needed using (V-1) valve and dispose of the drained properly.

e Wash the photoreactor as soon as possible after use.

e [fusing an acidic solution for washing, then remove the pH and dissolved oxygen
probes from their nozzles and place the pH probe in a 3M KCl solution and the
oxygen probe in pure water.

e Fill the FEED TANK with mains water (or acid if required)

e Repeat the cleaning procedure as many times as required, using mains water as

cleaning solution.

Note: Use dilute acid as cleaning solution, e.g., nitric acid (1%), if the glass parts of the

photoreactor become visibly cloudy, or after every 100 hours of operation, or if the target
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pollutant and/or photocatalyst used in the study are changed. Once the acid chemical

cleaning is completed, rinse with water several times.

Piping and Instrumentation Diagram (P&ID) can be found in Appendix 2.

6.3 Chemicals and materials

Titanium (IV) oxide (TiO2, Aeroxide® P25, purity >99.5%) was used as the photocatalyst.
Rhodamine B (RhB, >99.5%, Sigma-Aldrich) was used as the model compound for
preliminary validation experiments. Milli-Q ultrapure water with a conductivity of 0.055
uS/cm was used to prepare the solutions. Nitric acid (HNOs, 65%, EMSURE®, Merck) was
used for cleaning when required. Potassium chloride (KCl, 99-100%, Sigma-Aldrich) was
used to prepare a 3 M KCl solution for pH probe storage.

6.4 Wastewater effluent sample

A grab sample of wastewater effluent was collected from a WWTP in Mikkeli on 12 May
2026. The WWTP is based on membrane bioreactor technology. The treatment process
includes screening, primary clarification, biological activated sludge treatment and
membrane filtration. Following sample collection, the samples were stored in fridge at 4 °C
without any pretreatment. After AOP treatment, the treated samples were kept in plastic

containers and frozen for analysis.

Before and after doing experiments, the WWTP effluent was characterized with optical and
water quality parameters, such as pH, total dissolved solids (TDS), conductivity, salinity,
UV2s4 absorbance, total carbon (TC), inorganic carbon (IC), total nitrogen (TN), DOC, and

EEM fluorescence.

6.5 Preliminary validation photocatalytic pilot with Rhodamine B

The photocatalytic pilot system was tested with Rhodamine B as a model compound prior
to real wastewater effluent experiments. This phase was important because it provided the

opportunity for testing the photoreactor performance in a controlled environment and to
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define a basic operating protocol and identify the limitations of the pilot unit before applying
it to a more complex wastewater matrix. In particular, the RhB trials revealed that sample
concentration could change during the circulation procedure, which needed to be considered
in subsequent removal calculations. The preliminary studies comprised of RhB standard
calibration curve, dark adsorption, circulation control, photolysis of RhB using UVA, and

photocatalytic degradation of RhB using UV/TiOx.

6.5.1 Rhodamine B calibration curve

The UV-Vis spectrophotometric method was used to prepare a calibration curve for
Rhodamine B. RhB solutions of various concentrations were scanned in order to find the
maximum absorption wavelength. A maximum absorbance was seen at 554 nm. Then,
calibration standards were prepared in the concentration range of 0.05-3 mg/L, and each
concentration was measured at least twice. The calibration curve showed a strong linear

relationship between absorbance and concentration (R>=0.9995) as can be seen in Figure 9.
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Figure 9. Calibration curve of RhB at Amax=554 nm.
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6.5.2 Dark adsorption

A dark adsorption experiment was carried out to examine the adsorption of RhB onto TiO>
in the absence of UV irradiation (Figure 10). The experiment was carried out with a
concentration of 10 mg/L. RhB and a concentration of 0.5 g/L. TiO». The suspension was
prepared and kept under dark condition for 4 hours and samples were taken at different
specific intervals (30, 60, 90, 120, 180 and 240 minutes). This experiment aimed to test
whether the removal of RhB was possible only by adsorption to the TiO; surface. After
sampling, samples were filtered through a 0.2 um filter, and the RhB concentration was

measured using a UV-Vis spectrophotometer and a calibration curve.

Figure 10. Dark adsorption experiment.

6.5.3 Circulation control

A circulation control experiment was carried out to evaluate whether concentration losses
occurred within the photocatalytic pilot system. In this experiment, the RhB solution was
circulated through the pilot unit, without TiO> and UV irradiation for 4 hours. The aim was
to assess possible RhB losses caused by hydraulic circulation, contact with reactor surfaces,

tubing or other physical effects. The initial RhB concentration was 10 mg/L.
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6.5.4 Photolysis experiments

Photolysis experiments were performed to assess the impact of UV irradiation (365 nm)
without catalyst. The experiments were carried out without TiO> with an initial RhB
concentration of 10 mg/L. Three UV light intensity settings were tested: low intensity at
25.88% of irradiated power (17 W, 124 mA, around 65 mW/cm?), medium intensity at
50.19% of irradiated power (44 W, 319 mA, almost 210 mW/cm?) and high intensity at
75.29% of irradiated power (71 W, 495 mA, around 350 mW/cm?). Samples were collected
during 4 hour of photolysis experiment in different time intervals (30, 60, 90, 120, 180 and
240 minutes). Samples were collected and RhB concentrations were determined as described
previously. Pressure, temperature, dissolved oxygen and pH values were monitored and

recorded during experiments.

6.5.5 Photocatalytic experiment

Photocatalytic degradation experiments were conducted using RhB (10 mg/L), TiO2 (0.5
g/L) and UVA irradiation at 365 nm. The same three intensity (65, 210 and 350 mW/cm?)
settings used in the photolysis experiments were tested. For each experiment, RhB and TiO2
suspension was initially kept in the feed tank under dark condition for 30 min. It was then
circulated through the photoreactor for another 30 min without UV irradiation. Once this
dark experiment (totally 1 h) is completed, the UV-LEDs were switched on and the
photocatalytic treatment was initiated. Samples were taken during irradiation at specific time
intervals (30, 60, 90, 120, 180 and 240 minutes). The collected samples were filtered before
measuring RhB concentration. It is also worth noting that treatment time for high dose of
UVA irradiation (350 mW/cm?) was reduced to 2 h. Pressure, temperature, dissolved oxygen

and pH values were continuously monitored and recorded.

6.6 Real wastewater effluent experiments

Real wastewater experiments were conducted to evaluate the pilot photocatalytic system
under realistic treatment conditions. This phase is different from the RhB experiments. The

main focus in the preliminary trials with RhB was observing the removal of single model
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compound. However, this section focuses on monitoring changes in organic matter and the

optical fingerprints of wastewater during treatment. TiO> was applied at a fixed dose of 0.5

g/L. The tested experimental conditions are summarized in Table 3.

Table 3 Real wastewater experimental conditions

Experiment

Condition

Purpose

Circulation control

only wastewater circulation for

4 h, no UV, no TiO;

to evaluate changes caused by
hydraulic circulation and

contact with the system

Dark adsorption

wastewater + 0.5 g/L TiO», no
UV,4h

to evaluate adsorption of

micropollutants on TiO, surface

Photolysis treatment

wastewater + UVA irradiation
(only under the high UVA light
intensity of 350 mW/cm?), no
TiO2,4 h

to evaluate the effect of direct

UV (365nm) irradiation

intensity conditions)

Photocatalytic treatment

(UV/TiO; with three different

wastewater + 0.5 g/L TiO»,
UVA irradiation (selected low,
medium and high UVA light
intensities of 65, 210 and 350
mW/cm?, respectively), up to 4
h

to evaluate the photocatalytic

treatment performance

Samples were taken at the following time points: after 30 min of dark mixing in the tank,

after another 30 min of dark circulation through the pilot unit, and during irradiation at 30,

60, 90, 120, 180 and 240 min. Similar to the RhB experiments, the dark mixing and dark

circulation steps were included to evaluate any changes in the sample before the start of

photocatalytic treatment. Therefore, the values measured after circulation were used as the

starting values for calculating removal and normalization during irradiation. Following

sampling, TiO2 particles were removed by centrifuging the sample at 4000 rpm for 30
minutes before analysis. DOC, TC, IC, TN, UV2s4 absorbance, EEM fluorescence, pH,

conductivity, and TDS were analyzed before and after treatment.
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6.7 Analytical methods

A UV-Vis Spectrophotometer (Agilent Cary 5000) was used for measuring the RhB
concentration before and after AOPs treatment. In addition, this instrument was used to

measure UV2s4 absorbance. Samples were filtered using 0.2 um filter before analysis.

A TOC/TN analyser (multi N/C 2100S, Analytik Jena, Germany) was used to measure
dissolved organic carbon, total carbon, inorganic carbon, and total nitrogen. Samples were

filtered through 0.45 um membrane filters before analysis.

TDS, salinity and conductivity were analysed using CO310, VWR. The pH values were also
measured using a pH110, VWR.

The fluorescence excitation-emission matrix spectroscopy was employed to monitor the
changes in dissolved organic matter during photocatalytic treatment. The excitation-
emission matrices were obtained by using a Cary Eclipse Fluorescence Spectrometer
(Agilent) scanning between 200 and 450 nm for the excitation range and 250 and 580 nm
for the emission range. The selected wavelength range covers the spectral regions of the
most common DOM fractions as presented in Figure 11. Before EEM fluorescence
measurements, samples were filtered (0.45um) and diluted. The dilution factor was selected
from the UV-Vis full scan (200-450 nm) to keep absorbance below 0.1 and reduce inner
filter effects. The raw intensity data were displayed in MATLAB as contour plots (Park and
Snyder, 2018).
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Region I: Ex/Em: 200-250/ 280-330 (Aromatic protein)
Region I1: Ex/Em: 200-250/ 330-380 (Aromatic protein)
Region ITI: Ex/Em: 200-250/ 380-550 (Fulvic and humic acid)
Region IV: Ex/Em: 250-400/ 280-380 (Microbial byproduct)

Region V: Ex/Em: 250-400/ 380-550 (Humic acid)
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Figure 11. Characteristic excitation-emission peaks of fluorescent DOM (Park and Snyder, 2018).

6.8 Removal calculation and data analysis

RhB removal efficiency was calculated from the concentration decrease determined using

the UV-Vis calibration curve at 554 nm. The removal percentage was calculated as Equation
7:

Co—C
Removal (%) = ——

X 100 (7)
0

where Co (mg/L) is the initial RhB concentration and C; (mg/L) is the RhB concentration at
time t. The same reduction equation can also be applied to other measured parameters, such

as UV2s4 absorbance, when the aim is to show relative change during treatment.
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Transmittance was calculated from absorbance according to the Beer-Lambert relationship

(Beck et al., 2021):
A = —log,,(T) (8)
T(%) = 1074 x 100 9
where A is the measured absorbance and T is the percentage transmittance.

Specific UV absorbance at 254 nm (SUV A»s4) was calculated from UV2s4 absorbance and
DOC concentration as follows (Weishaar et al., 2003):

UVas4
DocC

SUVAys, = x 100 (10)

where UVas4 is the absorbance at 254 nm normalized to a 1 cm path length (cm™), DOC is

dissolved organic carbon (mg/L) and SUV A»s4 is expressed as (L/mg.m).

6.9 Preliminary assessment of the combined ozonation/UV/H>O: pilot unit

Figure 12 shows the combined ozonation/UV/H20; pilot unit with the main components

labelled. The main components of this unit are also listed in Table 4.
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Figure 12. Ozonation/UV/H,O; pilot unit.

Table 4 Main components of ozonation/UV/H20Oz pilot unit

Number Component Function
1 AirSep oxygen generator (01.0.05) Supplies oxygen feed gas for Modular HC ozone
generator
2 WEDECO Modular HC ozone Produces ozone from oxygen
generator (02.0.05)
3 Degassing tank (04.0.130) Separates gas from treated water before outlet
4 Water trap (06.0.10) prevent water flushing into the COD
5 UV reactor LBX 20 (04.0.95) UV treatment reactor
ATI A11/A14 ambient ozone .
6 Measures ambient ozone

monitor (34.0.05)-receiver
ATI A11/A14 ambient ozone

7 monitor (34.0.05)-o0zone sensor Measures ambient ozone

8 Booster pump (04.0.30) Generates hydraulic flow

9 H,0, dosing pump (12.0.05) Peristaltic dosing pump

10 K100 H,O> monitor Potentiostatic controller for H>O, sensor
11 UV control unit controlling the UV reactor

12 BMT ozone monitor (03.0.15) Measures gas-phase ozone concentration
13 COD ozone destructor (06.0.20) Destroys residual ozone in off-gas

In the early phase of this thesis, a combined ozonation/UV/H:20: (Xylem, Germany) pilot
unit was also considered as part of the broader design and preparation of AOP trials. The

unit consists of an oxygen generator, a WEDECO Modular HC ozone generator, ozone
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injection and gas-handling lines, a degassing tank, an H>O: dosing pump, an ozone gas-phase
monitor, an ambient ozone monitor and hydraulic and control equipment. The system is
designed for continuous-flow operation and can be set up for different treatment modes,
including ozonation, ozone/UV, ozone/H202 and UV/H20:. However, the unit was not used
for wastewater treatment performance experiments conducted in this thesis. It was an older
pilot unit and required additional re-commissioning before safe operation with ozone. Safe
operation of the ozone-based unit required several checks before it could be used. These
included confirming stable water flow, proper injector performance, effective destruction of
off-gas ozone, ambient ozone monitoring, leak-free operation and appropriate emergency
procedures. In addition, the unit is designed for continuous operation. Therefore, using real
wastewater would have required moving the system to the wastewater treatment plant,
installing it there, connecting it hydraulically, completing safety checks and coordinating the
experiments with the plant operation. These arrangements could not be completed within the
available experimental time. Consequently, no wastewater samples were treated using this

pilot unit, and no removal efficiencies were reported for that.

However, as part of the AOP experimental design, several commissioning-related activities
were completed before any treatment experiments were planned. The valve arrangements
required for different operating modes were determined, including bypass circulation, main-
line hydraulic operation, Os-only operation, UV-only operation and combined AOP
operation. Water-only hydraulic trials were performed in both the bypass route and the main
process line to check flow stability, pump operation, pressure response and possible leaks.
The gas circuit was purged with oxygen without ozone production, and leakage checks were
performed as part of safety verification. In addition, the UV reactor was filled and vented,
its hydraulic operation was checked, and UV light intensity values were recorded under the
selected flow conditions. Detailed valve arrangements, start-up sequence, and shutdown
procedure are provided in Appendix 3. These initial activities helped evaluate the readiness
of the unit for operation, while the treatment experiments in this thesis were carried out using

the UV-LED/Ti0: photocatalytic pilot system.
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7 Results and discussion

7.1 Preliminary validation of pilot unit with Rhodamine B

To test the performance of the pilot UV-LED/TiO> system before applying it to real
wastewater, a model compound RhB was chosen. The objective of this stage was to verify

the reliability of the procedure.

7.1.1 Dark adsorption and circulation control

The dark adsorption test (Figure 13) showed negligible RhB adsorption onto the surface of
TiO2. The concentration of RhB did not change significantly after mixing in the dark for 4
hours at 0.5 g/L of TiO2. This confirms that adsorption onto the TiO> surface does not

significantly contribute to RhB removal in the photocatalytic experiments.

However, the circulation control experiment showed an apparent reduction (less than 20%)
in RhB concentration in the absence of TiO2 and UV irradiation. This behaviour indicated
that part of the observed loss was related to dilution by residual wash water in the system
rather than photocatalytic removal. Additionally, possible adsorption of RhB on the internal
surfaces may also have contributed. Accordingly, the post-circulation RhB concentration
was selected as the adjusted starting concentration for the following photocatalytic

degradation rate calculations.
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Figure 13. RhB concentration change during dark adsorption and circulation control. Dark
adsorption condition: initial RhB concentration of 10 mg/L, TiO;load of 0.5 g/L, no UVA
irradiation, 4 h. Circulation control condition: initial RhB concentration of 10 mg/L, no TiO», no

UVA irradiation and circulation through the pilot unit for 4 h.

7.1.2 Direct photolysis of Rhodamine B

Photolysis experiments were conducted without TiO2 to determine whether UV A light alone
could degrade RhB. A longer exposure to UVA radiation resulted in lower RhB
concentrations, especially under higher light intensity conditions. The results indicated that
RhB degradation under direct UVA exposure was relatively low. As shown in Figure 14,
240 minutes of treatment resulted in RhB removals of 23.7%, 33.9%, and 52.3% at low (65

mW/cm?), medium (210 mW/cm?), and high (350 mW/cm?) light intensities, respectively.
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Figure 14. RhB removal during UV A photolysis experiment without TiO,. Condition: initial RhB
concentration of 10 mg/L, no TiO,, 4 h UVA irradiation under low, medium and high UVA light
intensities of 65, 210 and 350 mW/cm?, respectively, a temperature of around 23 °C and pH of
7+0.5.

7.1.3 Photocatalytic degradation of Rhodamine B

When TiO2 was combined with UVA irradiation, RhB degradation was significantly faster
than that observed with adsorption or photolysis (Figure 15). At low light intensity of 65
mW/cm?, RhB removal increased gradually, reaching 93.6% after 240 min. Under medium-
intensity irradiation (210 mW/cm?), RhB removal reached 84.8% at 60 min, 94.4% at 90
min, and 100% after 180 min. At high light intensity of 350 mW/cm?, RhB removal was
rapid, reaching 93.5% after 60 min and 100% after 120 min. As described earlier, before
irradiation was started, the suspension was mixed in the dark for 30 min and circulated
through the pilot unit in the dark for another 30 min. The RhB removal percentage was
calculated based on the post-circulation concentration, which was used as the adjusted initial
concentration. This was because circulation in the pilot unit usually resulted in less than a

20% reduction in RhB concentration.
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Figure 15. RhB removal during UV/TiO; photocatalysis at different UVA intensities. Condition:
initial RhB concentration of 10 mg/L, TiO, loading of 0.5 g/L. up to 4 h UVA irradiation under
low, medium and high UVA light intensities of 65, 210 and 350 mW/cm?, respectively, and a
temperature of around 23 °C and pH of 7£0.5.

7.1.4 Comparison of dark adsorption, photolysis and photocatalysis

Figures 16-18 present the normalized concentration profiles (C/Co) under the different
experimental conditions. The results show that in dark adsorption, RhB removal was
negligible, whereas direct photolysis resulted in measurable RhB degradation. The highest
RhB removal efficiencies were observed during UVA/TiO> photocatalytic treatments. The
sharp decline in RhB concentration during the first 60-90 min at 210 mW/cm? and 350
mW/cm? light intensities suggests efficient photoreactor performance at these irradiation
levels. The low-intensity setting (65 mW/cm?) also achieved a high removal level, but a

much longer treatment time was required to reach a similar result.
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Figure 16. RhB degradation comparison of dark adsorption, photolysis and UV/TiO; photocatalysis
at low UVA light intensity of 65 mW/cm?. Condition: initial RhB concentration of 10 mg/L, TiO,
loading of 0.5 g/L for dark and photocatalysis experiments, no TiO, for photolysis, treatment time

of 4 h, a temperature of around 23 °C and pH of 7+ 0.5.
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Figure 17. RhB degradation comparison of dark adsorption, photolysis and UV/TiO; photocatalysis
at medium UVA light intensity of 210 mW/cm?. Condition: initial RhB concentration of 10 mg/L,
TiOs loading of 0.5 g/L for dark and photocatalysis experiments, no TiO; for photolysis, treatment

time of 4 h, a temperature of around 23 °C and pH of 7+0.5.
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Figure 18. RhB degradation comparison of dark adsorption, photolysis and UV/TiO; photocatalysis
at high UVA light intensity of 350 mW/cm?. Condition: initial RhB concentration of 10 mg/L, TiO»
loading of 0.5 g/L for dark and photocatalysis experiments no TiO, for photolysis, treatment time

of up to 4 h, a temperature of around 23 °C and pH of 7+0.5.

Therefore, the RhB validation tests confirmed that the UV-LED/TiO> pilot system was
functioning properly and could effectively remove a model organic compound. This was
supported by the RhB absorbance spectra, where the main absorbance peak at 554 nm
decreased during treatment. In the absence of TiO2, UVA irradiation alone also removed
RhB to some extent, but with lower efficiency (23.7%, 33.9%, and 52.3% removal after 240
min at 65, 210, and 350 mW/cm? UVA light intensities, respectively). In comparison,
UV/TiO, photocatalysis resulted in much higher RhB removal than UV photolysis. The
medium (210 mW/cm?) and high (350 mW/cm?) UV A light intensity conditions showed the
highest photocatalytic performance, whereas the low light intensity (65 mW/cm?) required
extended treatment. Based on these findings, better performance was expected at 210

mW/cm? and 350 mW/cm? light intensity conditions during the real wastewater experiments.
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7.2 Real wastewater effluent result

In the next step, photocatalytic pilot unit was used for treatment of Mikkeli WWTP effluent.
Different experiments including circulation control, dark adsorption, UV photolysis under
high UVA light intensity condition (350 mW/cm?), and UV/TiO, photocatalysis at low (65
mW/cm?), medium (210 mW/cm?), and high (350 mW/cm?) UVA light intensity conditions
using 0.5 g/L TiO> were carried out. It should be noted that, for all analyzed parameters,
removal percentages were calculated using the post-circulation values as the initial reference

values.

7.2.1 Initial characteristics of Mikkeli WWTP effluent used as pilot influent

The wastewater treatment plant effluent from Mikkeli was used as the influent in the pilot
experiments, and its initial characteristics are given in the Table 5. The sample had a DOC
concentration of 11.82 mg/L, while inorganic carbon represented a substantial fraction of
the total carbon content. The calculated SUV As4 value was 1.8 L/mg.m which suggests that
the dissolved organic matter had a relatively low aromatic character (Song et al., 2017). This
SUVA2s4 value was within the typical range reported for secondary wastewater effluents

(1.2-2.6 L/mg.m) (Maizel and Remucal, 2017).

Table 5 Mikkeli WWTP effluent parameters

Parameters Values
TN (mg/L) 10.57 £ 0.04
DOC (mg/L) 11.82
TC (mg/L) 39.08 £ 0.01
IC (mg/L) 27.25
UVas4 0.21
UVTas4 (%) 61
SUVAss4 (L/mg.m) 1.8
pH 8.14
Conductivity (uS/cm) 331
Salinity (ppt) 0.2
TDS (mg/L) 215
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7.2.2 Effect of treatment on carbon and nitrogen content

Figure 19 compares different treatment conditions in terms of carbon- and nitrogen-related
parameters. Only slight changes in DOC were observed during circulation and the dark
adsorption experiments, indicating that organic carbon removal was limited in the absence
of irradiation. DOC removal was more evident during UV photolysis and UV/TiO2
photocatalysis experiments. The decrease observed with UV photolysis was lower than that

achieved with UV/Ti0; photocatalysis especially at 210 and 350 mW/cm? light intensities.

Trends in the TC and IC results showed a generally decreasing trend after treatment. The
decrease of DOC along with the increase of IC would be more consistent with mineralization
of organic carbon. Here, however, IC did not increase after photocatalytic treatment. Thus,
there is no positive evidence for complete carbon mineralization. The observed reduction in
DOC should actually be considered as a partial oxidation, transformation, or removal of the

dissolved organic matter (Dempsey et al., 2020).

TN also decreased slightly following photolysis and photocatalysis experiments. However,
this reduction was small compared with the decrease in organic carbon. To better understand
the effect of photocatalytic treatment, more analysis using UV2s4, SUV A2s4 and fluorescence

EEM is needed.
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Figure 19. Effect of different treatment conditions on DOC, TC, IC and TN. Initial WWTP effluent
characteristics: DOC = 11.82 mg/L, TC = 39.08 mg/L, IC =27.25 mg/L and TN = 10.57 mg/L.
Experiments included circulation control without TiO, and UVA, dark adsorption with 0.5 g/L

TiO,, photolysis at high UVA light intensity of 350 mW/cm?, and UVA/TiO; photocatalysis with
0.5 g/L TiO> at low, medium and high UVA light intensities of 65, 210 and 350 mW/cm?,

respectively. Experiments were done for up to 4 h at around 23 °C.
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7.2.3 Effect of treatment on UV-absorbing organic matters

To assess the response of UV-absorbing organic matter to different treatment conditions, the
normalized UV3s4 absorbance and calculated UV transmittance at 254 nm (UVT2s4) were
used as optical surrogates as shown in Figures 20 and 21, respectively. UV2s4 was selected
because it is sensitive to chromophoric dissolved organic matter, especially the aromatic and
conjugated structures that absorb light at 254 nm. Thus, changes in UV2s4 are a measure of

the conversion of the UV-absorbing organic fractions.

Almost no changes in normalized UV2s4 were observed during circulation control and only
minor changes were detected during the dark adsorption and UV photolysis experiments.
These limited changes during photolysis were expected because the reactor operated in UVA
range at 365-370 nm, not in the UVC range at 254 nm. Therefore, UVA photolysis had a
limited effect on the UVass-absorbing organic components. However, UV/TiO;
photocatalysis experiments resulted in UV2s4 reduction noticeably. Under the low UV A light
intensity conditions of 65 mW/cm?, normalized UV2s4 absorbance gradually reached 0.42
after 240 min, corresponding to 58% reduction from the initial UV2s4 absorbance value of
around 0.2. But the medium (210 mW/cm?) and high (350 mW/cm?) light intensity treatment
conditions showed a faster response of normalized UVass absorbance loss, reaching
approximately 0.17 after 240 min and 0.19 after 180 min, respectively. A sharper reduction
for both 350 mW/cm? and 210 mW/cm? light intensity conditions was observed within the

first two hours of treatment.
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Figure 20. Changes in normalized UV,s4 absorbance of Mikkeli WWTP effluent under different
treatment conditions. Experiments included circulation control without TiO, and UVA, dark
adsorption with 0.5 g/L TiO», photolysis at high UVA light intensity of 350 mW/cm?, and
UVA/TiO; photocatalysis with 0.5 g/L TiO; at low, medium and high UV A light intensities of 65,
210 and 350 mW/cm?, respectively. Experiments were done for up to 4 h at around 23 °C.

The UVT2s4 results showed a similar trend. As UV2s4 decreased, transmittance increased,
indicating an inverse relationship between the two parameters. UVT2s4 in the circulation
control, dark adsorption and UV photolysis experiment varied very slightly between 64-
69%. Higher UVT2s4 was achieved during UV/TiOz photocatalysis experiments. The final
value was around 85% at 65 mW/cm? light intensity, and over 90% at 210 mW/cm? and 350
mW/cm? light intensities. This indicated a decrease in the ability of wastewater to absorb
light at 254 nm. This reduction may be related to the degradation or transformation of

chromophoric organic structures.
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Figure 21. Changes in calculated UVT,s4 of Mikkeli WWTP effluent under different treatment
conditions. Experiments included circulation control without TiO, and UVA, dark adsorption with
0.5 g/L TiO,, photolysis at high UVA light intensity of 350 mW/cm?, and UVA/TiO,
photocatalysis with 0.5 g/L TiO; at low, medium and high UVA light intensities of 65, 210 and 350
mW/cm?, respectively. Experiments were done for up to 4 h at around 23 °C.

As can be seen from Figure 21, at the start of the irradiation, the calculated initial UVT2ss
values were around 63-66%, compared with 61% for Mikkeli WWTP effluent. This small
change indicates that the wastewater characteristics were slightly affected during initial
circulation before irradiation. A similar behaviour was observed in the RhB circulation
control experiments. For this reason, the post-circulation values were used as the initial

reference points for all removal percentage calculations.

The UV2s4 and UVTas4 parameters showed a higher response than the DOC. This can be
attributed to the transformation of light-absorbing organic structures rather than the complete

mineralization of dissolved organic carbon.

Earlier studies have reported a relationship between UV2s4 changes and the removal of
certain pharmaceuticals in UV-based AOPs. For example, decreases in UV3s4 have been
employed as surrogate markers for pharmaceutical oxidation during UV/H20: treatment;
However, this relationship varies depending on the target compound and oxidation reaction
mechanisms (Rosario-Ortiz, Wert and Snyder, 2010; Yu et al., 2015; Sgroi et al., 2021). In

more detail, Rosario-Ortiz, Wert, and Snyder (2010) found that pharmaceutical removal
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during UV/H;O> treatment was linearly related to UVass reduction, although the required
UVa2ss decrease varied by compound. For carbamazepine, atenolol, and meprobamate, the
oxidation process only became clearly measurable after UV2ss had decreased by about 5-
10%. In contrast, dilantin was more sensitive to oxidation, showing 20-30% removal even
when UVass decreased by only about 5% (Rosario-Ortiz, Wert and Snyder, 2010). Yu et al.
(2015) found that the UV2s4 reduction needed to predict 90% removal during LP-UV/H20,
treatment varied by pharmaceutical compound type, from about 24% for photo-susceptible
compounds (diclofenac and sulfamethoxazole) to 40% for photo-resistant compounds
(carbamazepine and atenolol). Similarly, for 70% removal, they determined that the required
UVass reduction was 17% for light-sensitive compounds and 31% for photo-resistant
compounds (Yu et al., 2015). In this study, UV-LED/TiO; treatment caused a much larger
decrease in UV2s4 than these reported values, especially under the medium (210 mW/cm?)
and high (350 mW/cm?) UV A light intensity conditions. This strong UV2s4 suggested that the

tested photocatalytic conditions are promising for removal of selected pharmaceuticals.

7.2.4 Changes in SUV Ass4 and aromatic character of DOM

SUVA2s4 is often used as an optical indicator of aromatic and unsaturated structures in
dissolved organic matter since these structures show strong absorption at 254 nm. SUV A»s4
1s defined as the absorbance of UV at 254 nm divided by the concentration of DOC and thus
is the absorbance of the organic matter per unit of DOC. High SUVA values (more than 4
L/mg.m) are generally associated with higher amounts of hydrophobic, aromatic, and high-
molecular-weight components. When SUVA»s4 values are low (less than 2 L/mg.m), the
organic matter is usually considered to be dominated by hydrophilic or low molecular NOM

components (Song et al., 2017).

Figure 22 shows the changes in SUVA»s4 following the different treatment conditions.
Circulation control, dark adsorption and UV photolysis resulted in small decreases in
SUV A»s4 values (removal remains less than almost 10%). In contrast, SUV As4 was reduced
more strongly during UV/TiO> photocatalysis, decreasing by about 52% after 240 min at 65
mW/cm? light intensity. Under 210 mW/cm? light intensity conditions, it showed a stronger
decrease of 50% after 90 min and 70% after 240 min. The fastest SUV Axs4 removal was

observed under 350 mW/cm? light intensity condition, reaching about 58% after 90 min and
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70% after 180 min. This is likely related to the combined effect of TiO2 and UV irradiation,
which altered the composition of the remaining dissolved organic matter, reducing its UV

absorbance per unit of organic carbon.
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Figure 22. Changes in SUV Aus4 of Mikkeli WWTP effluent under different treatment conditions.
Experiments included circulation control without TiO, and UV A, dark adsorption with 0.5 g/L
TiO,, photolysis at high UVA light intensity of 350 mW/cm?, and UVA/TiO, photocatalysis with
0.5 g/L TiO; at low, medium and high UVA light intensities of 65, 210 and 350 mW/cm?,

respectively. Experiments were done for up to 4 h at around 23 °C.

7.2.5 Effect of different treatments on fluorescent organic matter

Figures 23 and 24 show fluorescence EEM spectroscopy analysis results for reference
samples (WWTP effluent and blank Milli-Q water) and different treatment conditions using
the photocatalytic pilot unit, respectively. The EEM contour plots were compared for the
Mikkeli WWTP effluent, blank Milli-Q water, dark adsorption, UV photolysis and UV/TiO»
photocatalytic experiments at different treatment times. Untreated Mikkeli WWTP effluent
exhibited two major fluorescence peaks in the region of Ex/Em = 240/435 nm, and Ex/Em

= 330/414 nm. Based on the fluorescence regions reported for wastewater matrices, both
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peaks can be assigned to humic-like fluorescence regions. In contrast, the blank Milli-Q

water exhibited very small fluorescence signals.
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Figure 23. Fluorescence EEM spectroscopy results for Mikkeli WWTP effluent and blank Milli-Q

water.

The visual comparison of the EEM plots (Figure 24) indicated that dark adsorption
experiment had no noticeable effect on fluorescence intensity. This was confirmed by the
calculated peak reductions after 180 min, which were only 5 % for both fluorescence signals
(Table 6). UV photolysis alone produced a moderate decrease in fluorescence, with
reductions of 42% and 45% at the two peak regions. The strongest changes were observed
during UV/Ti0: photocatalytic experiments. At 65 mW/cm? light intensity, the fluorescence
intensity decreased by about 75% after 180 min. The reduction became more significant
under medium light intensity (210 mW/cm?), with removal levels of 95% and 97% at the two
peak regions, respectively. High light intensity (350 mW/cm?) resulted in similarly high

reductions of 97%.

These findings are in agreement with the EEM contour plots, where fluorescence peaks were
visibly decreased after 30 min of treatment at 210 mW/cm? and 350 mW/cm? light intensities.
After 180 min, the spectra were close to the blank sample. Therefore, the main fluorescent
DOM fractions in the wastewater were significantly impacted by UV/TiO, photocatalysis.
Comparable reductions at 210 mW/cm? and 350 mW/cm? light intensities support the idea that
medium light intensity (210 mW/cm?) was sufficient to remove or transform most of the
detectable fluorescent material within 180 min. As a result, increasing the intensity beyond

the medium level did not produce a notable further decrease in fluorescence.
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Table 6 Fluorescence intensity reduction at the identified peak regions after 180 min of treatment

under different conditions compared with the control sample.

UV/TiO:- UV/TiO:-
UV/TiOz-low
Sample Dark ads | UV photolysis medium high
intensity
intensity intensity
Ex240/Em435 5% 42 % 74 % 95 % 97 %
Ex330/Em414 5% 45 % 75 % 97 % 97 %

The EEM results were supported by the findings from UVasa and SUVA2ss analytical
methods, showing that UV/TiO2 photocatalysis was mainly responsible for the
transformation of both chromophoric and fluorescent DOM components in the wastewater.
Sgroi et al. reported that, during pilot-scale AOP treatment of wastewater effluent,
fluorescence components and UV3s4 did not respond equally to oxidation. This is because
different DOM fractions may react differently with the oxidants formed in the process. They
also reported that fluorescence-based indices often provided a more sensitive response than
UV2ss when monitoring pharmaceutical oxidation. Nevertheless, the connection between
pharmaceutical removal and spectroscopic indicators varied according to the compound,
surrogate parameter, and treatment process. The large decrease in fluorescence intensity in
this study indicates major changes in fluorescent DOM. It can also be useful as supporting

evidence in future pharmaceutical monitoring.

The fluorescence results of the present study can be discussed in relation to the findings of
Sgroi et al. (2021), although the two studies used different treatment processes. In their pilot-
scale UV/H20: treatment of tertiary wastewater effluent, reductions in fluorescence
components were observed together with considerable removal of several pharmaceuticals.
Ata UV fluence of 465 mJ/cm?, the tryptophan-like component C4 decreased by about 40%
and the humic-like component C1 by about 31%. Under the same condition, trimethoprim,
sulfamethoxazole, carbamazepine, fluoxetine and gemfibrozil were removed by
approximately 76%, 75%, 64%, 76% and 50%, respectively. When the UV fluence was
increased to 981 mJ/cm?, the removal of C4 and C1 increased to around 66% and 54%, while
the removal of the same pharmaceuticals increased to approximately 95%, 95%, 88%, 95%

and 77% (Sgroi et al., 2021).
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In the present UVA/TiO; experiments, the decrease in the two main fluorescence peaks was
strong (95-97% at 210 mW/cm? and 350 mW/cm? UV A light intensities and around 75% at
65 mW/cm? UVA light intensity). This indicates that the photocatalytic pilot unit caused
strong transformation of fluorescent organic matter. Based on the relationship reported by
Sgroi et al., this strong fluorescence reduction may also suggest a potential for the removal
of selected PhACs. However, this interpretation should be made with caution because Sgroi
et al. investigated UV/H.O: treatment, whereas the present study used UV/TiO:
photocatalysis. In addition, PhAC removal depends on the properties of each compound, its
reaction pathway and the WWTP effluent matrix. From a practical perspective, monitoring
the decrease in these fluorescence peaks could be useful for evaluating treatment
performance. This approach helps identify suitable operating conditions before performing

costly target PhACs analysis for all samples.

7.2.6 Monitoring of background water quality parameters

To describe the general conditions of the wastewater matrix, the background water quality
parameters, including pH, conductivity, salinity and total TDS, were monitored during
different treatment experiments (Figure 25). Overall, these parameters showed only minor
variations. The pH remained close to neutral. So, different treatment conditions did not cause
a shift in the pH of wastewater. Conductivity and TDS also remained relatively stable. As a
result, the inorganic composition of the effluent was largely unchanged. A small decrease in
salinity from 0.2 to 0.1 ppt was observed after most of the treatment experiments. However,
this decrease was not observed during the dark adsorption experiment. This is likely because
the dark adsorption experiment did not include circulation through the pilot unit. Thus, the
slight effect caused by circulation in the other experiments was not observed here. This
supports the finding that dark adsorption caused only minor changes in water quality

parameters.
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Figure 25. Changes in background water quality parameters at the end of different treatment
processes. Experiments included circulation control without TiO, and UVA, dark adsorption with
0.5 g/L TiO,, photolysis at high UV A light intensity of 350 mW/cm?, and UVA/TiO»
photocatalysis with 0.5 g/L TiO; at low, medium and high UVA light intensities of 65, 210 and 350

mW/cm?, respectively. Experiments were done for up to 4 h at around 23 °C.
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8 Conclusion

This thesis aimed to prepare pilot-scale AOP trials and evaluate their early treatment
performance for wastewater treatment plant effluent. The original plan for the work included
two pilot AOP units: a UV-LED/Ti0, photocatalytic system and an ozonation/UV/H20:
system. However, because the ozonation-based system still needed further re-
commissioning and practical installation at the wastewater treatment plant, the experimental
work was finally limited to the UV-LED/TiO; photocatalytic pilot unit. Therefore, the
ozonation unit was evaluated only during the startup and preparation stage. This includes
identifying main units, planning the valve configuration for different AOP experiments,
testing hydraulic, checking for leakage, purging with oxygen and preliminary operation of

UV reactor.

The photocatalytic pilot unit was first tested using Rhodamine B as a model compound. This
validation stage was important because it confirmed the operation of the pilot unit and helped
define the experimental procedure before treating real wastewater effluent. The dark
adsorption test showed negligible RhB removal, meaning TiO; adsorption alone had little
effect. The circulation control test showed that RhB concentration could change during
circulation through the pilot unit, most likely due to dilution by remaining washing water or
possible adsorption on internal surfaces. For this reason, the post-circulation concentration
was used as the adjusted starting point for removal calculations. This was an important
methodological decision because it allowed the actual treatment effect to be separated from
the effect of circulation. Direct UVA photolysis resulted in limited RhB degradation,
although removal improved at higher light intensities (210 and 350 mW/cm?). On the other
hand, UVA/TiO; photocatalytic treatment degraded RhB much faster. At low UVA light
intensity (65 mW/cm?), the photocatalytic treatment removed about 94% of RhB after 240
min. Medium (210 mW/cm?) and high (350 mW/cm?) light intensities achieved complete
RhB removal after 180 and 120 min, respectively. These results confirmed that the pilot unit
was able to produce effective photocatalytic degradation when UVA irradiation was

combined with TiOs.

The real wastewater tests were performed with effluent from the Mikkeli wastewater

treatment plant using photocatalytic pilot unit. The real wastewater experiments were not
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designed to directly measure pharmaceutical removal, because target pharmaceutical
analysis was not performed in this thesis. Instead, DOC, UVass, UVTasa, SUVAzsa,
fluorescence EEM, and basic water quality parameters were used as surrogate parameters.
These parameters were used to compare treatment conditions, evaluate changes in the
wastewater matrix, and define preliminary settings for the future pharmaceutical sampling

campaign before carrying out time-consuming and expensive target pharmaceutical analysis.

The real wastewater results showed that circulation control, dark adsorption, and UVA
photolysis alone caused only limited changes in the wastewater matrix compared with
UV/TiOz photocatalysis. DOC decreased during UV/Ti0; treatment, but this decrease was
not accompanied by a clear increase in inorganic carbon. This indicates that the treatment
mainly caused partial oxidation, transformation, or removal of dissolved organic matter.

Therefore, DOC alone was not sensitive enough to describe the treatment performance.

The optical parameters responded more clearly to UV/TiO; treatment. UV2s4 absorbance
was strongly reduced during photocatalysis, particularly under stronger UVA irradiation
(84% removal after 240 min at 210 mW/cm? and 81% removal after 180 min at 350 mW/cm?
light intensity conditions). Meanwhile, UVT2s4 increased, showing improved transparency
of the treated effluent at 254 nm. The decrease in SUV Azs4 also showed that the remaining
DOM absorbed less UV light per unit of DOC after treatment. These findings show that
photocatalysis mainly affected aromatic and UV-absorbing DOM, not complete

mineralization of total organic carbon.

Fluorescence EEM spectroscopy gave further evidence of changes in the wastewater organic
matter. The untreated Mikkeli WWTP effluent showed two main fluorescence peaks, both
related to humic-like organic matter. Dark adsorption experiment resulted in limited
fluorescence loss, while UVA photolysis led to moderate reduction. The strongest
fluorescence reduction was observed during UV/TiO» photocatalysis. Photocatalytic
treatment at medium (210 mW/cm?) and high (350 mW/cm?) light intensities caused about
95-97% fluorescence reduction at the identified peaks after 180 min, with EEM plots nearly
matching the blank sample. This indicates that the fluorescent fraction of dissolved organic
matter was strongly affected by UV/Ti10; photocatalysis. Previous studies have linked 31-
66% fluorescence component removal with 50-95% removal of selected PhACs, including

carbamazepine. However, in this study, fluorescence was used as a screen parameter to
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compare treatment conditions and define preliminary setting for next sampling campaign,

not as direct evidence of pharmaceutical removal.

Based on the combined UV2ss, SUVAzs4, DOC, and EEM results, 0.5 g/L. TiO; at medium
UVA light intensity (210 mW/cm?) was selected as the main preliminary condition for the
future target pharmaceutical sampling campaign. This condition gave a strong response in
the real wastewater experiments and performed almost similarly to the high UVA light
intensity condition (350 mW/cm?) regarding the final optical changes. Therefore, increasing
the UVA light intensity from 210 mW/cm? to 350 mW/cm? did not provide a clear additional
improvement in the final wastewater matrix response. The medium UVA light intensity
condition (210 mW/cm?) was therefore considered sufficient as the preliminary setting for

further pharmaceutical analysis.

Pharmaceutical degradation is compound-specific, and different compounds can require
different exposure times under the same treatment condition. Some pharmaceuticals may
show high removal within a short treatment time, while other pharmaceuticals may remain
in the effluent and require longer treatment. Therefore, the sampling plan should include
short time intervals at the beginning of the experiment to evaluate removal kinetics, followed
by longer treatment time to assess more persistent compounds. A suitable sampling strategy
would include the post-circulation sample as the adjusted starting point, early samples such
as 5, 10, 15, 30, and 60 min, and longer treatment times such as 120, 180, and 240 min. This
sampling strategy would make it possible to evaluate both the initial degradation rate and
the treatment time required for different pharmaceuticals to approach the 80% removal target
set for selected indicator micropollutants under the revised EU Urban Wastewater Treatment
Directive. This is important because the final treatment condition should not be selected only
based on the fast removal of one compound. It should also be evaluated based on whether
more persistent indicator compounds can reach sufficient removal within a practical

treatment time.

Future work should focus on measuring target pharmaceuticals in the collected samples
using chromatographic and mass-spectrometric techniques. This would make it possible to
compare the actual removal of selected pharmaceuticals with the optical surrogate changes
observed in this thesis. This would clarify whether optical parameters can predict
pharmaceutical removal. Further research should also repeat the experiments to check

reproducibility. As suspended TiO> was applied, catalyst removal and reuse should be
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investigated before larger-scale application. Future work could also test the
ozonation/UV/H:0: unit with real wastewater after safety approval and compare it with UV-

LED/TiO> treatment process.
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Appendix 1. UV-LED radiant flux estimation

The figure below provides an estimation, as a function of the applied current intensity (mA),
of the radiant flux (mW/cm?) achieved with the whole LED system at the wall of the inner
tube of the annular photoreactor, based on the measurements conducted.
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Appendix 2. Piping and instrumentation diagram of the UV-
LED/TiO; photocatalytic pilot unit

Piping and Instrumentation Diagram (P&ID) of UV-LED photocatalytic pilot unit

Lappeenranta University
™ APRIA Systers S.L
Annular photo-reactor + UF Max
Nomenclature
o217 Dissolved Oxygen Transmitter TT Temperature Transmitter
P Pump UF Ultrafiltration
pHT pH Transmitter % Manual valve

Pl Pressure Indicator



Appendix 3. Operational guide for the combined

ozonation/UV/H20: pilot unit

1. Valve Configuration Guide:

84

OPEN = valve open; CLOSED = valve closed; CONTROL = used for adjustment; CHECK
= automatic/non-return valve, confirm condition but do not manually set; Sampling valves

should normally remain closed unless a sample is intentionally taken.

Valve

Function

Bypass water

Main water only

UV only

O3 only

Combined AOP

Notes

only
Manual . Keep closed whenever
04005 | gaslozone CLOSED CLOSED CLOSED OPEN during 02 OPEN 10 0Z0NG OF OXYZEN
> purge/O; run .
line valve purge is intended.
Solenoid It protects ozone
04.0.10 valve / gas AUTO AUTO AUTO AUTO AUTO generator from water
safety line ingress.
04.020 | Non-retum CHECK CHECK CHECK CHECK CHECK Check for possible
valve sticking
04.0.22 Mf;f:et OPEN OPEN OPEN OPEN OPEN
04.0.40 | Sample/drain CLOSED CLOSED CLOSED CLOSED CLOSED Open only for
near pump sampling/drain.
H0, keep open to avoid
04.0.45 | measurement OPEN OPEN OPEN OPEN OPEN P op vor
unnecessary restriction.
bypass flow
Main line lne/njecton/OV paths
04.0.60 diaphragm CLOSED CONTROL/OPEN | CONTROL/OPEN | CONTROL/OPEN | CONTROL/OPEN 1 % p I ’
valve close for bypass-only
test.
Main line CLOSED or Required for main
04.0.70 | shut-offto oras OPEN OPEN OPEN OPEN equired tor ma
.. needed line/injector path.
injector
Sample after Open only for
04.0.80 injector CLOSED CLOSED CLOSED CLOSED CLOSED I;am 1131
connection plng.
04.0.85 | UV reactor CLOSED CLOSED OPEN CLOSEDunless | ey ipo uy | Openonly when UV
inlet UV used reactor is included
Sample Open only for
04.0.90 | before/at UV CLOSED CLOSED CLOSED CLOSED CLOSED ‘;Zm‘l’)“nyg °
inlet i
. Open only during
OPEN during . Lo
04097 | UVairvent | CLOSEDafter CLOSED filling, then CLOSED CLOSED filling/depressurization;
venting close before UV
CLOSED .
operation.
04.0.100 | Sample after CLOSED CLOSED CLOSED CLOSED CLOSED Open only for
uv sampling.
Close outlet before
04.0.105 | UV outlet CLOSED CLOSED OPEN CLOSEDunless | ppnipquy | nlet when isolating
UV used UV to avoid vacuum in
chamber.
Bypass CLOSED if
04.0.110 | diaphragm | CONTROL/OPEN CLOSED CLOSED CLOSED unless | {5y i nath Use for bypass-only
bypass needed flow control.
valve used
04.0.125 | Bypass line OPEN CLOSED CLOSED OPEN only if | CLOSED if UV is
bypassing UV in line
Outlet / Used to control
04.0.135 . OPEN OPEN OPEN OPEN OPEN level/close line to
degassing

customer piping.
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outlet water
level control
Final sample Onen only for
04.0.140 valve after CLOSED CLOSED CLOSED CLOSED CLOSED P -y
. sampling.
degassing
03.0.05 BMT ozone CLOSED until OPEN only f Set sample flow around
/ sample CLOSED CLOSED CLOSED BMT BMT ;‘I‘lylhfr 0.5 L/min; do not
03.0.10 valves measurement samping exceed BMT limits.
06.0.10 Water trap CLOSED; drain if | CLOSED; drain if | CLOSED; drain if | CLOSED; drain if | CLOSED; drain if | Check regularly; drain
o drain needed needed needed needed needed water to protect COD.
120.10 | 02non- CHECK CHECK CHECK CHECK CHECK Confirm not stuck
return valve before dosing.
. Open only after
12.0.15 | HeO:line CLOSED CLOSED CLOSED CLOSED unless OPEN for H,0, | tubing/pump/sensor are
ball valve H,0, dosing ready

2. Start-up procedure
2.1 Hydraulic Start-Up

Prime the pump first. Do not dry-run the booster pump: Open the priming screw
on top of the pump carefully to release trapped air, then close it before starting
the pump.

Switch on the main switch of the unit.

If the control lamp shows a malfunction of the system, shut it down by pressing
the “release” button.

Open selected water path according to the valve table. Keep 04.0.45 open. Use
either 04.0.110 for bypass flow control or 04.0.60 for main line flow control, not
both simultaneously unless intentionally balancing flows.

Start booster pump (switch on the system stop/start switch) and increase flow
gradually. Record pressure (04.0.15, 04.0.25, 04.0.35, 04.0.75), and rotameter
reading.

2.2 UV reactor start-up

Start with water circulating.

Keep UV OFF until the reactor chamber is completely full of water and vented.
Close reactor drain valve (located at the bottom of the reactor).

Open UV air vent (04.0.97).

Open UV inlet 04.0.85 and UV outlet 04.0.105; close UV bypass 04.0.125 if UV
is to be in line.

Start water flow. Allow air to escape from the vent until continuous water without
large bubbles exits.

Close the air vent.

Check leaks at flanges, drain, vent, sensor port...

Run with water only for a few minutes before switching UV ON.

Set the selector switch to the NORMAL position or TEST as required.
Set the main isolator (at the UV control unit) to the ON state.
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Switch on the LBX 20 off/on switch. The SEC receives the start signal.

The UV lamps will start working, and there will be a delay of some minutes to
reach full UV light intensity.

For functional check, keep initial UV test short and observe intensity, alarms, and
wiper behavior.

Minimum flow must be maintained during UV operation (0.6 m*/h); if flow is
not available, switch the UV reactor off.

If UV light intensity is below warning/alarm threshold (warning setting:91.54
W/m?; alarm setting: 85 W/m?), perform wiping and compare intensity
before/after. If still low, do acid cleaning; if still low after cleaning, consider lamp
replacement.

2.3 Ozone production start-up

Start with water circulation through the main/injector path.

Open 04.0.05 only when ready for oxygen purge or ozone operation. Keep it
closed during water-only/UV-only work.

Switch on the ozone off/on switch.

Set up and check operating parameters: oxygen supply available; operating
pressure at 0.5 bar; vacuumed air injector system available (check the pressure
gauge 04.0.15, this pressure should be more than -0.1 bar); adjust gas flow and
potentiometer, and water flow for desired ozone production (check performance
graph for more information about adjusting gas flow and potentiometer)

Open 03.0.05/03.0.10 valve for measuring ozone concentration in the inlet gas
and outlet gas using BMT ozone analyzer (03.0.15); recommended flow rate is
about 0.5 L/min (not higher than 0.8 L/min and 2.5 bar).

Check the ambient ozone monitoring ATI receiver.

If ozone smell or alarm occurs, stop ozone production immediately, evacuate if
required, and investigate leak.

2.4 H20: start-up

Start with water circulation inside pipelines.

Check tubing, check valve to make sure they are not blocked.

Check that the H>O; sensor is installed well in the flow cell and the M12 cable is
connected to the K100.

Open 12.0.15 only for dosing. Confirm 12.0.10 check valve is not blocked.
Before chemical dosing, calibrate the dosing pump and set the flow rate value.
Start the process by switching on the “dosing pump off/on” switch.

Adjust the flow rate value of the dosing pump.

Calibrate K100 using an appropriate reference method before relying on
readings.
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e Monitor the H>O, concentration in the pipeline using the K100 controller
(12.0.05).

3. Shut down procedures

3.1 Ozone shutdown

First, terminate ozone production using the ozone off/on switch.

Wait until the purge cycle has been completed.

Continue water flow for a few minutes to flush ozonated water and stabilize
degassing.

Close 04.0.05 if the ozone system is temporarily not required or for long-term
deactivation to prevent humidity ingress.

Switch off the system stop/start switch (the booster pump will stop working).
Switch off the main switch to switch off the system.

Record the data in the logbook.

3.2 UV shutdown

Switch off the LBX 20 off/on switch.

Continue water flow for 2-5 minutes after UV OFF to cool the reactor.

Set the selector switch to the O position if required.

The UV reactor is switched off with 3 minutes delay, but the EB rack fans are still
running for an additional 5 minutes.

Wait for the stop of fans (audible check) before setting the main isolator to OFF.

If isolating/draining the UV reactor, close outlet 04.0.105 before inlet 04.0.85 to
avoid vacuum in the reactor chamber; Then open the air vent 04.0.97 to depressurize
the reactor chamber and drain the reactor if required.

Switch off the system stop/start switch (the booster pump will stop working).
Switch off the main switch to switch off the system.

Record the data in the logbook.

3.3 H20:2 shutdown

Stop dosing the pump by switching off the “dosing pump off/on” switch.
Close 12.0.15 valve.
clean external surfaces if needed.

Switch off the system stop/start switch (the booster pump will stop working).

Switch off the main switch to switch off the system.
Record the data in the logbook.



	1 Introduction
	2 Pharmaceutical contamination in wastewater
	3 Environmental risks and regulatory drivers
	4 Removal technologies for pharmaceuticals in wastewater
	4.1 Conventional wastewater treatment
	4.2 Membrane technology
	4.3 Adsorption technologies
	4.4 Advanced oxidation processes
	4.5  Summary comparison of methods for removing pharmaceuticals

	5 Advanced oxidation process as a promising method for pharmaceutical removal
	5.1  Photolysis in UV-based treatment
	5.2  Photocatalysis as an advanced oxidation process
	5.2.1 Pilot-scale and real wastewater application of TiO2 photocatalysis

	5.3 Combination of UV and hydrogen peroxide as an advanced oxidation process
	5.4 Ozonation-based advanced oxidation process
	5.5 UV/O₃ advanced oxidation process
	5.6 UV/O₃/H₂O₂ combined advanced oxidation process

	6 Material and methods
	6.1 Experimental design
	6.2  Photocatalytic pilot-scale setup
	6.2.1 General configuration of the pilot unit
	6.2.2  Feed tank, mixing and hydraulic recirculation
	6.2.3 Annular UV-LED photoreactor
	6.2.4  UV-LED irradiation system
	6.2.5   Monitoring and control system
	6.2.6  Start-up and operational procedure
	6.2.7  Shut down and cleaning procedure

	6.3 Chemicals and materials
	6.4 Wastewater effluent sample
	6.5 Preliminary validation photocatalytic pilot with Rhodamine B
	6.5.1  Rhodamine B calibration curve
	6.5.2  Dark adsorption
	6.5.3  Circulation control
	6.5.4  Photolysis experiments
	6.5.5  Photocatalytic experiment

	6.6 Real wastewater effluent experiments
	6.7 Analytical methods
	6.8 Removal calculation and data analysis
	6.9 Preliminary assessment of the combined ozonation/UV/H2O2 pilot unit

	7 Results and discussion
	7.1 Preliminary validation of pilot unit with Rhodamine B
	7.1.1  Dark adsorption and circulation control
	7.1.2  Direct photolysis of Rhodamine B
	7.1.3  Photocatalytic degradation of Rhodamine B
	7.1.4  Comparison of dark adsorption, photolysis and photocatalysis

	7.2  Real wastewater effluent result
	7.2.1  Initial characteristics of Mikkeli WWTP effluent used as pilot influent
	7.2.2  Effect of treatment on carbon and nitrogen content
	7.2.3  Effect of treatment on UV-absorbing organic matters
	7.2.4  Changes in SUVA254 and aromatic character of DOM
	7.2.5  Effect of different treatments on fluorescent organic matter
	7.2.6  Monitoring of background water quality parameters


	8 Conclusion
	References
	Appendix 1. UV-LED radiant flux estimation
	Appendix 2. Piping and instrumentation diagram of the UV-LED/TiO2 photocatalytic pilot unit
	Appendix 3. Operational guide for the combined ozonation/UV/H₂O₂ pilot unit

