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Abstract

Pharmaceuticals are emerging pollutants that are currently being released into the marine
environment with little care. Adsorption onto suspended particles is believed to contribute to
the accumulation of pharmaceuticals in the ocean, which can affect their transport, fate and

environmental impact.

Adsorption occurs due to interactions between pharmaceutical molecules and solid suspended
particles. Adsorption is a complicated process that depends on many different factors of the
adsorbent (the solid particles) and the adsorbate (molecules in the liquid phase). Kaolin is a
naturally occurring sediment which has a relatively low adsorption potential, due to its low
surface area and low cation exchange capacity compared to other materials. It is however very
abundant in our oceans, and understanding its sorption potential can be of importance for

assessing the accumulation or transport of organic pollutants.

Adsorption was studied by mixing pharmaceuticals with seawater and kaolin particles for
different time intervals and at different initial concentrations. Seawater samples were filtered,
diluted and analysed by HPLC-MS/MS. Results revealed that two antidepressants, citalopram
and fluoxetine, in addition to the antibiotic ciprofloxacin were among the compounds that
adsorbed to kaolin. Their adsorption kinetics over time and their adsorption isotherms were
established.

pKa and log Kow of the adsorbate are said to be important factors for adsorption. However, no
clear relationship could be established between these properties and the adsorption, as both

acidic and basic, hydrophobic and hydrophilic compounds adsorbed to the kaolin particles.

The optimal isotherm model was chosen on the basis of visual fit, SNE (sum of normalized
error) and sizes of different error functions. The HYBRID fractional error function gave the
lowest overall error and appeared to visually give a good fit between experimental values and
the isotherm model. It was applied to obtain the optimum adsorption model. The Kinetics
experiments revealed that the adsorption followed the Pseudo-second order rate equation best.
The reaction rates increased with increasing amounts of particles in the system. The isotherm
experiments revealed that the experimental data fit best to the Sips isotherm, a 3-parameter
model. The 2-parameter Langmuir model also fit the data well. The Sips isotherm parameters
revealed that the adsorption was favoured at 9 °C more than 4 °C, as the maximum adsorption
capacities were higher. The Sips affinity constant was however highest for all compounds at 4
°C.






Sammendrag

Legemidler er nylig oppdagede forurensende forbindelser som slippes ut i det marine miljget
uten seerlig omtanke. Man tror at adsorpsjon til suspenderte partikler kan bidra til akkumulering
av legemidler i havet, noe som kan pavirke deres transport, skjebne og miljgpavirkning.

Adsorpsjon oppstar pa grunn av interaksjoner mellom legemiddel-molekyler og suspenderte
partikler. Adsorpsjon er en komplisert prosess som avhenger av mange forskjellige faktorer
som omhandler adsorbenten (de solide partiklene) og adsorbatet (de opplgste molekylene).
Kaolin er et naturlig forekommende sediment som har et relativt lavt adsorpsjonspotensiale pa
grunn av sitt lave overflateareal og lave kationbyttekapasitet. P& den andre siden er forekommer
det i stor grad i havene vare, og a forsta dets adsorpsjonspotensiale kan veare viktig for &

adressere akkumuleringen og transporten av organiske forurensinger.

Adsorpsjon ble undersgkt ved a blande legemidler med sjgvann og kaolin-partikler i forskjellige
tidsintervaller og ved forskjellige startkonsentrasjoner. Sjgvannet ble deretter filtrert, fortynnet
og analysert med HPLC-MS/MS. Resultatene avdekket at blant annet to antidepressiva og en
type antibiotika var blant forbindelsene som adsorberte til kaolin. Deres adsorpsjonskinetikk
over tid og deres adsorpsjonsisotermer ble fastslatt. pKa og log Kow-verdier for adsorbatet er
viktige faktorer for adsorpsjon. Men noe klar sammenheng mellom disse egenskapene og
adsorpsjon kunne ikke bli fastslatt, da bade sure og basiske, hydrofobe og hydrofile forbindelser

adsorberte til kaolinpartiklene.

Den optimale isotermmodellen ble valgt pa bakgrunn av visuell match, SNE (Sum of
normalised error) og starrelsen pa feil-funksjonene. HYBRID-feilfunksjonen ga de generelt
laveste avvikene og sa ut til & gi en visuelt god match mellom de eksperimentelle dataene og

isotermmodellen. Den ble brukt til & skaffe den optimale adsorpsjonsmodellen.

Kinetikk-eksperimentene avslarte at adsorpsjonen fulgte en Pseudo farste ordens reaksjon best.
Reaksjonshastighetene gkte med gkende mengde partikler i systemet. Isoterm-eksperimentene
avslarte at de eksperimentelle dataene passet best til Sips-isotermen, en 3-parameter-modell. 2-
parameter-modellen som passet dataene best var Langmuir-modellen. Sips isoterm-
parameterne avslgrte at adsorpsjonen var favorisert ved 9 °C mer enn 4 °C, fordi den maksimale
adsorpsjonskapasiteten var hgyere. Sips-affinitetskonstanten var derimot hgyere for alle
stoffene ved 4 °C.
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1 Introduction

A pharmaceutical is a compound meant to prevent, heal or relieve illness, symptoms, pain or to
affect physiological functions in humans or animals (The Norwegian Medicines Agency, 2020).
Pharmaceuticals are a vital part of sustaining our health and quality of life. The use of plants,
clays, minerals and even animals for medicinal purposes began thousands of years ago and have
made enormous developments since then. The modern pharmaceutical industry began in the
1800s, with the purification, isolation and synthesis of drugs, and the continuous development
of the industry has been essential for the elimination and control of diseases throughout the
years (Gill, 2016). The global use of pharmaceuticals is increasing and expected to continue to
increase in the future (UNESCO, 2017, IQVIA, 2022).

While pharmaceuticals serve an important purpose for our health and well-being, their release
into the environment has caught the attention of scientists and environmental agencies around
the world during the last decades (Halling-Sgrensen et al., 1998, Kimmerer, 2008).
Pharmaceuticals enter the environment via wastewater from urban, domestic and industrial
areas, in addition to sewage, aquaculture and agriculture runoff (Bottoni et al., 2010).
Pharmaceuticals are being reported in aquatic environments around the world in the ng/L to
pg/L range (UNESCO, 2017, Brumovsky et al., 2017, Pereira et al., 2016, Kim et al., 2017).
Pharmaceuticals and personal care products (PPCPs), along with their metabolites and
degradation products, are now considered pollutants of emerging concern, meaning they have
relatively recently been discovered in natural streams, their release is poorly regulated by
standards and they can potentially cause harmful effects to aquatic life (EPA, 2008). Scientists
agree that pharmaceutical emissions need monitoring and more effective removal procedures
during wastewater treatment (WWT) in order to prevent them from being released into the
environment. However, while there exist water quality guidelines for bacterial content and other
polluting compounds such as heavy metals and selected pesticides, there is currently a lack of
guidelines and regulations for surveillance of pharmaceuticals (Beiras and Schénemann, 2021,
WHO, 2012). Many pharmaceuticals are only partly removed in wastewater and drinking water
treatment, meaning small amounts are constantly being excreted into the environment
(Verlicchi et al., 2012, Stackelberg et al., 2007)

Scientists are beginning to understand the unwanted effects of pharmaceuticals on the
environment, and their potential detrimental effects to aquatic ecosystems. Since

pharmaceuticals are designed to have a biological effect in small amounts, even trace amounts



in the environment can cause chronic and unwanted effects in individual organisms, which can
in turn affect ecosystems (Pavlovic et al., 2017, Parolini et al., 2010, Gonzalez-Rey et al., 2014).
As examples, antibiotic residues have been shown to enhance antibiotic resistance and affect
the nutrient recycling in microorganisms, and antidepressants have been shown to affect growth
and reproductive abilities in marine organisms in pg/L levels (Néslund et al., 2008, Brooks et
al., 2003).

While some pharmaceuticals are easily degradable in environmental conditions, others are more
persistent, meaning they are less easily degraded and can stay in the environment for long
periods of time. Pharmaceutical degradation is dependent on parameters such as physical and
chemical properties of the individual compounds, the environmental matrix they exist in,
microbial presence, temperature and sun exposure (Patel et al., 2019). Another factor that
affects their fate in the aquatic environment is their sorption to suspended particles, which can
alter their bioavailability and degradation potential (Khan et al., 2020). Many pharmaceuticals
are already known to be able to adsorb to soil and sediment particles and these mechanisms can
act as a sink for accumulation of these compounds (Patel et al., 2019, Ledieu et al., 2021). If
pharmaceuticals adsorb and migrate into marine sediments, their persistence can increase in
comparison to their persistence in the water column (Hektoen et al., 1995). This can affect their
bioavailability and transport pathways. While sorption onto sediments may be an advantage for
organisms living in the water column, it can possibly have negative effects on organisms that
live in and feed of sediments and other particles. Sub-lethal effects in marine organisms exposed
to sediments spiked with pharmaceuticals have been proven (Maranho et al., 2014). Research
on the environmental impact of pharmaceuticals has become an important and popular area of
study in the last decades, and more research is needed in order to properly understand the full

life cycle of pharmaceutical contaminants in the marine environment.

The goal of the Pharmarine project, which this thesis is a part of, is to model and quantify the
transport of pharmaceuticals from continental Europe via ocean currents to the Arctic, to assess
the pharmaceutical contamination status in the European marine environment and to study the
effects of pharmaceutical exposures on Arctic organisms (EEA, 2022). This thesis will look
into the adsorption properties of selected pharmaceuticals onto sediment particles, with the aim
of generating partitioning coefficients which can help data models better predict the transport
of pharmaceuticals from Europe to the European Arctic. By exploring the adsorptive properties
of pharmaceuticals onto particles relevant for marine conditions, we can better understand their

environmental behaviour and transport potential.
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In the fall of 2021, a specialization project was conducted to validate an analytical method using
liquid chromatography tandem mass spectrometry (LC-MS/MS) (Hovsbakken, 2021). The
method was used to quantify a range of pharmaceuticals and personal care products (PPCPs),
select a sample preparation procedure for PPCOs in seawater, investigate their stability in
seawater and perform preliminary investigation of their potential to adsorb to inorganic
sediment (kaolin) and biological (zooplankton species Skeletonema Costatum) particles. For
this thesis, the focus has been to investigate the adsorption mechanisms between selected

pharmaceuticals and kaolin, through exploring their adsorption kinetics and isotherms.



2 Theoretical background

2.1 Pharmaceuticals

The term “pharmaceuticals” is used to represent a wide variety of compounds, and include

many different therapeutic classes, including NSAID's (Non-Steroidal Anti-Inflammatory

Drugs), antibiotics, antidepressants, lipid-regulating drugs, anti-epileptic drugs and stimulants.

While they are all mostly metabolized in the human liver, their mechanisms in the body vary,

from Killing unwanted microorganisms to influencing receptors in the brain (Almazroo et al.,

2017). Thus, compounds classified as pharmaceuticals can have very different molecular

structure, and therefore also have great variety of physical and chemical properties, such as

mass, ionizability and polarity. The pharmaceuticals used in this thesis along with some of their

properties, are listed in Table 1.

Table 1: Overview of pharmaceuticals in this study, their molecular structures and relevant

J I

p _ N
0~ N

properties
Log Kow
Structure (National Library of Chemical (Williams
Compound Type o CAS # Mass pKa
Medicine, 2021) formula et al.,
2017)
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Beta blocker _/ 29122-68-7 266,34  CiH2N20; 9,62 0,16
o] f/
\\ P __,N{
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/\|
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2.2 Adsorption

Adsorption is a naturally occurring phenomenon which appears in biology, chemistry, physics
and environmental science (Dabrowski, 2001). Adsorption processes are also important in
many industrial fields such as catalysis, carbon capture, separation processes and gas and water
purification, in addition to being deployed in wastewater treatment plants (WWTPs) to remove

contaminants from water (Singh et al., 2018).

Adsorption can be defined as the process where a vapor, gas, liquid or suspended/dissolved
substances (the adsorbate) within these phases comes in contact with a solid material (the
adsorbent) and is captured either on its surface or within its pores (Chen, 2017a, Wang and Guo,
2020a). The reversed process is called desorption. These two processes take place
simultaneously, and thermodynamic properties such as pressure and temperature, in addition to
properties of the adsorbate and adsorbent, favour either of the processes over the other
(Dabrowski, 2001). Favourable adsorbents are characterised by high stability and robustness
and are often porous materials with large surface areas, which yield them high adsorption
capacities. For example, activated carbon has a very large surface area per mass, which
contributes to it being a very effective adsorbent (Chen, 2017b).

Adsorption can take place by different adsorption mechanisms. Three of these are shown in
Figure 1. The figure describes chemical, physical and ion exchange adsorption mechanisms,
and the process occurring in a given system depends on the strength and the mechanism of the
bond formation between the adsorbate and the adsorbent (Sims et al., 2019). Chemical
adsorption, or chemisorption, implies that the adsorbate binds to the adsorbent through covalent
bonds or through sharing or donation of electrons between the adsorbate and the adsorbent.
This results in a monolayer of adsorbate on the adsorbent, which in time will reach a maximum
amount of the adsorbed species, because there is a limited number of sites for the adsorbate to
adsorb to (Wang and Guo, 2020a). Physical adsorption, also called physisorption, occurs when
London, dipole-dipole and van Der Waal interactions are formed between the adsorbent and
the absorbate. These types of interactions can result in multilayer adsorption, where several
layers of adsorbate molecules can be stacked on the adsorbent. Often, the binding between the
adsorbate and the adsorbent becomes weaker as more layers build, but it theoretically never
reaches a maximum limit. Physisorption also includes weak electrostatic interactions, such as
ion exchange, where the binding is driven by the opposite charges of the adsorbate molecules
and the adsorbent surface. Since physisorption is a product of weak forces, it is reversible and

bonds can easily be broken (Al-Ghouti and Da'ana, 2020). The mechanism of adsorption in a
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specific system depends on the affinity between the adsorbent and the adsorbate, which is
dependent on both chemical properties of the adsorbate and adsorbent, in addition to factors in
their environment. In porous materials, diffusion of molecules into the pores of the adsorbent

can also contribute significantly to the adsorption reaction (Chen, 2017b)
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Figure 1: Adsorption mechanisms (Wang and Guo, 2020a)

wdsorbcnt

The amount of a compound adsorbed to an adsorbent suspended in a liquid solution can be
calculated from equation 1 (Couto Jr et al., 2015). The gt is a necessary parameter to obtain in

order to study the kinetics of the adsorption reaction and explore the adsorption mechanisms.

g = S (1)
gt (mg/g) is the amount of adsorbate adsorbed at a time t, Co is the initial concentration of
adsorbate in solution (mg/L), C; is the adsorbate concentration remaining in solution (mg/L)
after atime t, V is the volume of the adsorbate solution (L) and M is the mass of adsorbent (g).
qt is often given the unit mg/g, mmol/g or mmol/kg, depending on the suitable units of the
parameters in the equation. An adsorbent is said to have a maximum adsorption capacity, but
this depends on the mechanism of the adsorption process and the adsorbent being studied. The
maximum adsorption capacity is referred to as the gmax. In kinetics modelling, the adsorbed

amount of adsorbate at equilibrium is often referred to as the Qe.

Another way of approximating the amount of removed compound from a solution it the sorption
percentage, also referred to as % removed (Pavlovic et al., 2017). It is calculated based on the

initial and the remaining concentration of the compound in the solution after a given time. It



can be used to estimate the adsorption of compounds from solution onto solid particles. The

equation for the sorption percentage is given in equation 2.
Sorption percentage = % x 100% (2)
0

The sorption percentage must though be used with caution, as studies have shown that it can
have some limitations to its use, and the resulting plot must not be confused with an adsorption
isotherm (Tran et al., 2017). The sorption percentage does not take into consideration the
amount of adsorbent in the system and cannot be used to calculate adsorption kinetic
parameters, but it can be useful for approximating the total percentage of adsorbate removed

over time.

A partitioning coefficient, or distribution coefficient, describes the ratio of a compound that is
distributed between different phases in a system. Partitioning coefficients are specific to the
system under investigation, and are dependent on temperature, pressure and other physical and
chemical factors of the elements in the system. In the case of this thesis, the coefficient can be
used to describe the distribution of an adsorbate in a solid-aqueous system. The equation for

the distribution coefficient (K) in a solid-liquid system is given in equation 3:

_ %
K =2 ©

Here, ge is the amount of adsorbate on the solid adsorbent surface at equilibrium (mg/g) and Ce
is the equilibrium concentration in the liquid phase (mg/L). This gives K the unit of L/g, unless

other units are used for ge and Ce.

The partitioning of an adsorbate between the liquid and solid phase in a system is dependent on
many factors, such as the initial concentration of adsorbate and adsorbent,
hydrophobicity/hydrophilicity, contact time, pH, ionic strength, particle size and temperature
(Li and Zhang, 2017, Pavlovic et al., 2017).

2.2.1 Chemical properties influencing adsorption

Properties of the adsorbate

Chemical properties of the adsorbate and the adsorbent will heavily affect the adsorption
mechanism. The pKa of a substance determines at which pH the compound is ionized, which in
turn will affect its sorption to particles. Acidic drugs, such as diclofenac (pKa = 4,1), are



expected to be deprotonated and anionic at neutral pH and be primarily in the water phase of
the adsorption system, and their adsorption is expected to increase with lower pH. For example,
the low pKa of diclofenac is one of the reasons it is not removed efficiently in WWTPs

(Wastewater treatment plants), as it does not adsorb effectively to sludge (Fent et al., 2006).

The Kow (or more commonly used, Log Kow) is the octanol-water distribution coefficient and
describes the hydrophilicity or hydrophobicity of a compound by determining its distribution
between polar (water) and non-polar (octanol) phases. A hydrophobic compound will tend to
partition more in a non-polar phase more than a hydrophilic compound. Hydrophilic
compounds with low or negative log Kow will tend to stay in the water phase and not be
adsorbed onto particles, in comparison to hydrophobic compounds which might tend to
“escape” the water phase (Wang et al., 2021). Studies have found that pKa and Log Kow are
among the most important parameters determining the partitioning of compounds between

liquid and solid phases (Al-Khazrajy and Boxall, 2016).

Properties of the adsorbent

The PZC (point of zero charge) is the pH where the net surface charge on the surface of an
adsorbent is zero. This means that the amount of positive and negative charges in its surface are
equal, giving it a neutral net surface charge (Appel et al., 2003). If the pH of the system is higher
than the PZC, the net surface charge will become negative, and the particles will have an

increased ability to exchange cations with its surrounding environment.

The CEC (cation exchange capacity) is a measure of a soil or clay particle’s ability to retain
cations on its surface(Ma and Eggleton, 1999). It is often used to describe soils in order to
predict their ability to retain nutrients in the form of minerals and ions. The CEC is, like the

PZC, dependent on the pH of the system.

The size and surface area of the adsorbent particles is important for the adsorption mechanisms.
The CEC is also dependent on the particle size of the adsorbent. Studies have found that a
decrease in particle size of clay minerals can increase the CEC due to an increase of broken
bonds on the particle edges (Ma and Eggleton, 1999), which means that the adsorbent can have
more interactions with adsorbate molecules. The same is true for pores on the adsorbent; more

pores provide a larger surface area and can increase the adsorption capacity (Chen, 2017a). The
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sizes and types of pores can contribute to different adsorption mechanisms taking place, but

this is outside the scope of this thesis.

2.2.2 Environmental physiochemical parameters influencing adsorption

Temperature

Temperature can greatly affect adsorption, and the optimum temperature for adsorption is likely
dependent on both the nature of the adsorbent and the adsorbate. An increase in temperature
has been shown to increase the adsorption of dye onto both clay minerals and natural adsorbent
fibres (Umpuch and Sakaew, 2013, Marques et al., 2018). The increased adsorption to clay was
attributed to the adsorbent particles experiencing a swelling effect from the increase in
temperature, which made it possible to retain even more adsorbate in the clay structure. In
addition, in systems with porous adsorbent particles where diffusion into pores play an
important role in adsorption, the diffusion of adsorbate into the pores increase with temperature.
The increased adsorption to the natural adsorbent fibres was attributed to an increased activity
of the dye when temperature increased, leading to more collisions between dye molecules and
the adsorbent. Studies on the adsorption of pharmaceuticals onto activated carbon has also come
to the same conclusions, which was thought to be due to increased diffusion in and out of the
pores of the adsorbent (Nam et al., 2014). A study of the sorption of ciprofloxacin on sediments
(Pavlovic et al., 2017) showed that the distribution coefficient (Kp) decreased with higher
temperatures, indicating that the adsorption is favoured in lower temperatures. This was
attributed to the increase of solubility of the adsorbate with higher temperatures, because of the
slightly hydrophilic nature of ciprofloxacin. The same effect was found by Hu et al, when
studying the adsorption of atenolol onto kaolin (Hu et al., 2015). This has also been the case
with the adsorption of lead and cadmium ions (Horsfall and Spiff, 2005). A study on the
adsorption of microcystins (toxins from bacteria) onto different sediments found that one
sediment had a positive correlation between temperature and adsorption, while another
sediment had a negative correlation (Wu et al., 2011). This was dependent on the organic matter
content of the sediments. The sediment with the lowest organic matter content had a negative
correlation between temperature and adsorption. It is therefore evident that the effect of
temperature on adsorption is dependent on many factors of the system, and there is no equal

effect for all adsorbents and adsorbates.
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Salinity and presence ions

The cation content of the system affects adsorption, as cations can act as bridges for the binding
of pharmaceuticals onto clays (Parolo et al., 2012). Several studies have found that high salt
content can decrease the adsorption of pharmaceuticals. Li et al studied the adsorption of
trimethoprim on natural marine sediments and found that high salinity decreased the adsorption
of trimethoprim (Li and Zhang, 2017). This was due to the sediment having PZC above the
experimental pH, meaning that an increase in anions from salt would occupy adsorption sites
on the net positively charged sediment surface. Increased hardness of water has also been shown
to decrease the adsorption of caffeine onto activated carbon, which was attributed to an increase
in solubility, which caused caffeine to prefer the liquid phase more over the adsorbed state
(Couto Jr et al., 2015).

pH

The pH of the adsorption system can affect whether the compounds are ionized or not, affecting
their binding potential. pH can also affect the surface properties of the adsorbent. For example,
tetracycline has four ionizable groups. This means that at different pH's, a different number of
these groups will be deprotonated, affecting the binding potential of the molecule. Under neutral
conditions, tetracycline will act as a zwitterion (Parolo et al., 2012). Depending on the pKa
values of the different molecules under study, different molecules will be ionized at the
experimental pH, and their binding potential will vary. The solubility of the compounds under
study will also change due to their ionization. A neutral drug will be more lipid soluble than an

ionized drug, which will be more water soluble.

pH can also affect the binding sites on the surface of the adsorbent (Li and Zhang, 2017). This
study concluded that when trimethoprim was more in its zwitterionic form (at pH 6,9), the
adsorption to the sediment was higher than when it was mostly anionic (at pH 8,1) due to the
sediment having the highest amount of positively charged binding sites at the lowest pH, and

fewer at the highest pH.
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Presence of additional substances in the system

Studies have shown that when the liquid in a liquid-solid adsorption system contain more than
one organic adsorbate, competitive sorption can occur (Wang and Wang, 2018). This means
that adsorbates compete for adsorption sites on the adsorbent. While hydrophobicity (high log
Kow) cannot solely explain which compounds will "win" the competition, it could sometimes
be a fairly good indicator (Bakir et al., 2012). Studies have also shown that the adsorption of
some pharmaceuticals can increase with the addition of others, due to dimer-formation and co-
binding between compounds, making sorption of an otherwise non-adsorbing pharmaceutical
possible (Luo et al., 2022). A study on the adsorption of the antibiotics ciprofloxacin and
tetracycline showed that the number of adsorption sites was limited. When the compounds were
in a singular system, their individual adsorption capacities were about the same as the combined
adsorption capacity when they were in a binary system. Each of the compounds adsorption
capacity in the binary system were equal, meaning no competition occurred. In that study, the
hydrophobicity was not a good indicator of the adsorption, as ciprofloxacin is more
hydrophobic than tetracycline, but they had close to equal adsorption when they were in a
mixture (Wu et al., 2019)

Adsorption is also dependent on the presence of other components, such as organic matter or
humic substances. The content of organic matter is also known to affect the sorption of
pharmaceuticals onto sediments by either interacting with the sediments or contribute to
mobilization of organic compounds from the sediments to the solution (Le Guet et al., 2018,
Wu et al., 2011). The presence of organic substances did not have a uniform effect on all
pharmaceuticals, as some pharmaceuticals adsorbed more and some less with the presence of
organic humic compounds, according to Le Guet et al. Wu et al found that organic matter could
both increase and decrease the adsorption of organic adsorbates, as organic matter could take
up adsorption places on the adsorbent, but also enhance the adsorption when exceeding a certain

concentration level of organic matter.

Initial concentration of adsorbate and adsorbent

The concentration range of adsorbate and adsorbent in the system of the adsorption experiments
can highly affect the outcome of the study (Angel et al., 2022, Fallou et al., 2016). A study on
adsorption of diclofenac on biochar showed that an increase in adsorbent dosage increased the
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percentage of diclofenac removed, but had a negative effect the adsorption capacities, g (Maged
et al., 2021). The same has been shown for dye removal studies (Marques et al., 2018). This is
due to the increase of available adsorption area, but relatively low concentration of adsorbate,
leaving many available adsorption sites or surface area free, and therefore not being able to

increase the amount removed relative to the amount of adsorbent.

2.3 Adsorption Kinetics

Adsorption kinetics are the measuring of the rate of an adsorption reaction over time, at a
constant pressure and a given initial concentration (Chen, 2017b). Adsorption kinetic models
can be used to predict behaviour and to quantify rate constants and other parameters for the
system under investigation. Many different models exist, but in the last decades the most used
ones have been the pseudo-first and second order rate laws (PFO and PSO) (Revellame et al.,
2020, Ho and McKay, 1999). The rate at which a reaction takes place, and the time it takes for
it to reach equilibrium, can be described by rate equations, according to the most suitable rate

law, which are described in Table 2.

Table 2: Adsorption kinetic models

Model Equations
PFO qr = qe(1—e™f) 4)
k,q2t
PSO g, = —226" )
1+ kyq.t

The constants ki (h') and ko (g*mg/h) are the rate constants of the first and second order
equations, respectively. The higher the value of k, the faster the adsorption reaction takes place
and reaches equilibrium. k is dependent on the initial concentration of the absorbate (Putro et
al., 2021). Wang and Gou found that the PFO was preferred for describing external and internal
diffusion at high initial concentrations, while PSO was best at modelling adsorption on

adsorbents with many active sites at low initial concentrations (Wang and Guo, 2020b).
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2.4 Adsorption isotherms

Adsorption can be described using adsorption isotherm models which show the relationship
between the amount of adsorbate in the bulk aqueous phase and the amount adsorbed onto a
given amount of adsorbent (Stumm and Morgan, 1996). Adsorption is visualized by plotting ge,
the concentration of adsorbate on the adsorbent at equilibrium, versus Ce, the equilibrium
concentration of adsorbate in solution. In order to estimate adsorption parameters such as the
distribution coefficients, binding energy and adsorption capacity, the experimental data can be
fitted to mathematical adsorption models. Several different models have been developed
throughout the years, and many have successfully been used to describe pharmaceutical
adsorption onto solid particles. The Langmuir model is the most used model, followed by the
Freundlich model, when it comes to pharmaceutical adsorption (Wang and Guo, 2020a). In
addition, the Sips and Temkin models have been used for modelling the adsorption of
pharmaceuticals. The different models have different assumptions about the adsorption system,
and the best fit between a model and experimental data can provide information on the
adsorption mechanism. An overview of the adsorption models used in this thesis is given in

Table 3, and a more thorough explanation of the models is given below.

Table 3: Overview of adsorption models used in this thesis

Model name Equation (Wang and Guo, 2020a) Parameters
Linear
q. = Kp X C, (6) Kp = partitioning coefficient (L/g)
(Henry's law)
Langmuir = X K, XC, @ Kv = Langmuir constant (L/mg)
1+K, XC,
Kr = Freundlich constant (LY"*mg!*"/g)
Freundlich q. = Ky X Ce% (8) n = measure of non-linearity (Freundlich
exponent)
s = affinity constant (L"*mg™), related to
Sips go = q"iaj_ Zj(; ZQCS (9) adsorption energy
n = heterogeneity descriptor
K = binding constant (L/mg)
Temkin Ge = il X In (K7 X Cp) (10) b= Temkin constant (J/mol)

R = ideal gas constant
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To obtain the model, the adsorption parameters in the model needs to be optimized to achieve
a model that fits the experimental data in the best way possible. The linearized forms of the
models are frequently used, because of their easy application and estimation of model
parameters by linear regression, but non-linear fitting is said to have the least amount of error
(Wang and Guo, 2020b).

The linear adsorption model

The linear adsorption model (or Henry's law) is a model that has been successfully used to
describe adsorption of adsorbate, given that the initial concentration is relatively low. It is the
simplest of the adsorption models and describes adsorption that is unlimited and has no
maximum capacity. The larger the value of K, the stronger the adsorption (Wu et al., 2019).

The Langmuir model

The Langmuir model is the most used isotherm model (Wang and Guo, 2020a). The Langmuir
model assumes that the adsorbate adsorbs as a monolayer, and that the adsorbent has a limited
number of adsorption sites, meaning that when all available spaces on the adsorbent have been
occupied, there is no more adsorption taking place, and the maximum adsorption capacity, gmax,
has been reached. The Langmuir model is based on the mechanism of chemisorption between
the adsorbate and the adsorbent (Wang and Guo, 2020a). A flaw of the Langmuir isotherm is
that it assumes a homogenous adsorbent surface and that all adsorption sites have the same
adsorption energy, which might not always be the case (Al-Ghouti and Da'ana, 2020, Jin et al.,
2017).

The Freundlich model

The Freundlich model is common for describing physisorption (Wang and Guo, 2020a). It
assumes that a multilayer adsorption mechanism takes place, with no maximum adsorption
capacity, but takes into consideration that the adsorption energy declines as the strongest
adsorption sites are occupied. This means that in theory, a Freundlich system can adsorb an
infinite amount of adsorbate, but at a declining rate at higher adsorbate concentrations. The

Freundlich model often fits better for heterogenous solid surfaces than the Langmuir isotherm
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(Stumm and Morgan, 1996). The factor n in the Freundlich model estimates if the adsorption is
favourable or not. If n is greater than 0, the adsorption is favourable, but when it is below 0, it
is unfavourable. An n-value of 1 means that it is irreversible, and the model equals Henry's Law
(Al-Ghouti and Da'ana, 2020)

The Temkin isotherm model

The Temkin adsorption model has been used to estimate the adsorption of pharmaceuticals onto
iron-modified clay, in addition to dyes and PAHs from aqueous solutions (Wu et al., 2019,
Shikuku et al., 2018). Equal to the Freundlich model, it presumes a multi-layer adsorption
process (Wang and Guo, 2020a). It ignores very high and low concentrations of adsorbate, and
assumes a linear decrease in adsorption strength as more layers of adsorbate bind to the
adsorbent (Shikuku et al., 2018).

The Sips isotherm model

The Sips isotherm model is a 3-parameter hybrid model that combines the Langmuir and the
Freundlich models. It can be used to describe both homogenous and heterogenous systems. The
Sips model has been used to assess the adsorption of fluoxetine onto various bio-adsorbents
like cork and bark (Silva et al., 2020). The Sips model is a 3-parameter model, unlike Langmuir
and Freundlich which are 2-parameter models. It is therefore expected to better predict the
adsorption parameters for the equilibrium data, and it is proven to be a good model for
estimating monolayer adsorption (Saadi et al., 2015) (Wang and Guo, 2020a). When the
adsorbate concentration is low, the model reduces to the Freundlich model, and when the
concentration is high or the n value is equal to 1, it reduces to the Langmuir model.

2.5 Error functions

In order to estimate the best fitting isotherm model, and from that, the best adsorption
parameters, error functions can be implemented in the isotherm modelling in order to quantify
the variations between the experimental and the modelled ge values (Kumar et al., 2008). The
isotherm model can be fitted to the experimental data by minimizing the error function of

choice. The lower the value of the error function, the better the isotherm model is expected to
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fit the data. The choice of error function can massively impact the fitting and choice of the
optimal isotherm model and the adsorption parameters (Gimbert et al., 2008, Ho, 2004). The
most used error function used for adsorption of organic compounds from liquid phases onto
solid particles is the coefficient of determination (R?) which can be calculated using the total
sum of squares (SST) and the sum of squared residuals (SSR) (Wang and Guo, 2020a). Other
functions that are extensively used in adsorption studies are the hybrid fractional error function
(HYBRID), Marquardt's percent standard deviation (MPSD), Sum of absolute errors (EABS)
and Average relative error (ARE) (Gimbert et al., 2008, Ng et al., 2002). The equations for

these error functions are presented in Table 4.

To establish which adsorption isotherm is the best fit for the experimental data, the error of the
data set needs to be considered. The size of the error-function, the visual fit and the physical
description of the isotherm model must all be considered when choosing the optimal isotherm
model for the system. In the following error functions in Table 4, Qe exp refers to the experimental
ge value calculated using equation 1, while gemodel refers to the value calculated by the model
(Gimbert et al., 2008). The factor n represents the number of data points used in the calculation
while p represents the number of parameters in the isotherm model. For Langmuir, Freundlich
and Temkin models, p is equal to 2, while Henrys Law has p = 1 and Sips had p = 3. Subtracting
p from n gives the degrees of freedom for the system (Kumar et al., 2008)

Table 4: Error functions used in this thesis

Error function Equation (Gimbert et al., 2008)
SST (total sum of = 2
SST = Z(Qe,exp - Qe,exp) (11)
squares) P
SSR (Sum of - )
. SSR = Z(Qe,exp - CIe,model) (12)
squared residuals) e
R? (Coefficient of SSR
. R?=1- — (13)
determination) SST
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MPSD (Marquardt's n 5
1 —
percent standard 100 x <qe,exp qe'"wdel> (14)
=1

.- n—p¢< Ge,exp
deviation) ‘

HYBRID (Hybrid

100 <= [( )
fractional error — Z Gecxp — demodel (15)
. n—p & de,exp
function) =1

EABS (Sum of -

Z|Qe,model - qe,expl (16)
absolute errors) p—
ARE (Average 100 - Qe model — Ye,exp (17)
relative error) n & Qeexp

The R? is a way of expressing the fraction of explained variance in the data set and is one of the
most used ways of estimating the fit of experimental adsorption data to both kinetics and
isotherm models (Helbaek, 2011, Wang and Guo, 2020b). R? is however not statistically valid
for non-linear models, as the SST and SSR are not the same for a linear and a non-linear model
(Spiess and Neumeyer, 2010). Despite this, it is still one of the most used ways of assessing fit
of adsorption models to experimental data (Wang and Guo, 2020a) MPSD has been proved to
be a good indicator for isotherm fitting when it comes to two-parameter models (Kumar et al.,
2008, Fallou et al., 2016). The HYBRID function is said to improve the error at low adsorbate
concentrations (Gimbert et al., 2008). ARE attempts to normalize the error across the entire
concentration range, but has shown to have weaknesses when applied to low-concentration
adsorption isotherms (Fallou et al., 2016). EABS is known to bias the fit toward the highest
concentration range of the data (Ng et al., 2002). All in all, the different error functions have

pros and cons when applied for different purposes and concentrations ranges.

2.5.1 SNE

Gimbert et al. implements an SNE value (Sum of Normalized Errors) to decide which error
function produces the smallest overall variations between the experimental and the modelled
isotherm data (Gimbert et al., 2008). The SNE is calculated by optimizing each individual error
function, while recording the error values for the other functions. When this is performed for

all error functions, all the values are normalized towards the highest value obtained for each
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error function and the normalized values are added together. The error function yielding the
smallest sum can be assumed to give the overall best fit of the isotherm to the experimental
data.

2.6 Choice of the optimal isotherm model

The use of error functions is, as mentioned, very convenient for minimizing the deviations
between the experimental data and the calculated isotherm. The use of each error function can
however yield different isotherm parameters, and it is challenging to know which error function
and parameters describe the system the best. The choice of isotherm should not only be based
on the size of the error function(s), but also on the visual fit of the isotherm and the nature of

the isotherm and the assumptions it carries (Kumar et al., 2008).

2.7 Adsorption in the environment

In the aquatic environment, pharmaceutical concentrations are dependent on photodegradation,
bioaccumulation, biodegradation and hydrolysis processes, in addition to adsorption.
Pharmaceuticals are known to adsorb to sediments, in addition to soil, colloids and other
suspended particles in the aquatic environment (Bavumiragira et al., 2022). The fate of
pharmaceuticals in the aquatic environment is highly dependent on the adsorption processes

taking place.

2.7.1 Kaolin

Kaolin (or kaolinite) is a clay mineral with the chemical formula [Al2Si2Os(OH)4]. It consists
of alternating layers of tetrahedral silica (SiO4) and octahedral alumina (AlOg) as shown in
Figure 2 (Hounfodji et al., 2021). The two sheets share oxygen atoms, and every pair of sheets
are tightly bound by hydrogen bonds between oxygen atoms in the silica layer and hydroxyl
groups in the alumina layer (Hounfodiji et al., 2021) (Nesse, 2000). Unlike other clay minerals,
kaolin does not contain cations between the layers, which gives it relatively low cation-
exchange capacity (CEC) compared to other clay minerals (Nesse, 2000) (Cheng and Heidari,
2018). This also contributes to kaolin not being categorized as a swelling clay, as it also has a
low ability to retain water molecules between the layers. The cation exchange capacity of kaolin

is however dependent on pH, as a higher pH will contribute deprotonating hydroxyl groups on
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the surface and allowing more cations to bind to the kaolin surface, increasing its CEC (Ma and
Eggleton, 1999). pH can therefore greatly affect kaolin's adsorption characteristics. Studies
have shown that kaolin has a Point of Zero Charge (PZC) of between 2,7 and 4,1, depending
on the analytical method, which means it has a net negative surface charge at neutral pH (Appel
et al., 2003). Kaolin often has a lath, or layered, structure, shown in Figure 3 (Schoonheydt et
al., 2018). Compared to other clay minerals, kaolin has a low surface area of around 4 — 20
m?/g, while materials like active carbon can have surface area of over 2000 m?/g (Hu et al.,
2015, Song et al., 2019, Chen, 2017a).

Figure 3: Electron microscope images of kaolin particles (Ivanic¢ et al., 2015)

Kaolin is among the most abundant clay minerals in marine sediments in the northern
hemisphere, where it typically accounts for between 10-20 % of the sediment composition
(Zuther et al., 2000, Veerasingam et al., 2014). In lake areas, the amount has been found to be
even higher than in marine areas (Zhou et al., 2014). However, local variations are common

due to the locations of weathering sources and river outlets, in addition to temperatures, sea
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conditions and the different particle sizes being considered in the scientific measurements
(Rateev et al., 2011). Kaolin also has a tendency to accumulate in the equatorial zone, and in
some arctic seas, it is not present at all (Kalinenko, 2001).

Research into the adsorptive properties of kaolin has been performed using both batch studies
and computational methods. The latter has proven to be fairly accurate and to give a good
representation of the mechanisms that occur (Hounfodji et al., 2021). It is, however, important
to remember that environmental research include many more factors that will influence
adsorption, such as pH, ionic strength, presence of organic substances will affect the adsorption

greatly (Parolo et al., 2012).

Kaolin has been shown to be effective in removing dyes from aqueous solutions (reference
needed) It has also shown to be effective for adsorbing some pharmaceuticals. Some studies on
the adsorption of pharmaceuticals onto kaolin and other minerals and materials are listed in
chapter 2.8. One study found that pharmaceuticals containing amine groups had especially high
sorption to kaolin, suggesting that electrochemical affinity plays an important role in the

sorption of pharmaceuticals onto kaolin (Yamamoto et al., 2016).

2.8 Pharmaceutical sorption to particles

An overview of literature regarding the adsorption of pharmaceuticals from aqueous phases
onto solid particles is given in Table 5. Attempts were made to include studies researching the
adsorption to kaolin, but this was not always possible to find, and thus other adsorbents were
included. This includes other sediments, soil, activated carbon and other bio-adsorbents like

carbon from plants.

The adsorption of pharmaceuticals is expected to be low compared to swelling clays with higher
CEC's, but since kaolin is a constituent of many sediments, it is still useful to know of its
adsorption capacities and mechanisms (Li et al., 2011). Notice that the units of gmax can vary
between studies, as some use the unit mol instead of g when describing the amount of adsorbate.
Notice also that some of the matrixes only say water; some studies did not specify which type

of water the solutions were made in, only states that it is an aqueous solution.
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Table 5: Overview of available literature on adsorption studies on pharmaceuticals

Compound Adsorbent Liquid Analytical Results/main findings Reference
phase method
Atenolol Kaolin Water Fluorescence ge=2,5* 10° mol/g (Raki¢ et al.,
spectro- 2013)
photometry
Kaolin Milli-Q UV-Vis PSO kinetics (Hu etal.,
water k2 = 0,1 kg/mmol*h 2015)

ge = 25 mmol/kg

Langmuir model fit

Omax = 40 mmol/kg (= 6,7 mg/g)
KL= 1,25 L/mmol (= 4,69 L/g)

Natural river Milli-Q UHPLC- Freundlich best fit (Le Guet et
sediment water MS/MS Kr=99 LY"™*mg* " /kg al., 2018)
(France) ne=1,11
Caffeine Bentonite Water uv Freundlich and Langmuir fit (Lenzi et al.,
Qmax = 41,667 mg/g 2020)

K. =0,7186 L/mg
Kr = 18,5097 mg/g

ne = 2,805
Activated Water UV-Vis High pH dependency (low pH -> high  (Couto Jr et
carbon adsorption) al., 2015)

Freundlich and Langmuir fit
Hardness of water decrease adsorption

Natural river 0,01 M HPLC-PAD  PFO kinetics (R?=0,99) (Costa Junior
sediment CaCl, ki =0,4ht etal., 2022)
(Brazil) ge = 18,4 ugl/g

Freundlich fit

Kr=1,8 mL/g

n=0,7

Ciprofloxacin Kaolin Water UV-Vis Langmuir fit (pH 3-4,5) (Lietal.,
gmax = 19 mmol/kg (6,3 mg/qg) 2011)
KL =262 L/mmol (790,8 L/g)

Montmorillonite Water HPLC-UV PSO kinetics (Wuetal.,
k. = 28,91 g/mmol*h (=0,0873 2019)
g/mg*h)
ge = 0,92 mmol/g (=304,8 mg/g)

Langmuir fit

Omax (single) = 1,04 mmol/g (344,6
mg/g), close to CEC of adsorbent
(0,953), indicating that ion exchange is
most important mechanism

Carbon from Water HPLC-PAD  Eq.time 48 hours (El-Said
plants Langmuir best fit Ibrahim,
Qmax = 104,2 — 133,3 mg/g 2012)

Max adsorption @pH 6
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Citalopram Soils UHPLC- Freundlich fit (Klement et
MS/MS Kr = 1838 cm®/g (1,838 L/g) al., 2018)
n=1
Natural river 0,01 M HPLC-PAD  PFO and PSO fit (R?=0,99) (Costa Junior
sediment CaCl ki =0,3h? etal., 2022)
(Brazil) Qe1= 47,2 Holg
k2= 0,007 g/pug*h
Qe2 = 54,4 pglg
(R?=0,99)
Freundlich fit
Kr=4,2 mL/g
n=2.3
R2=0,91
Diclofenac Natural river Milli-Q UHPLC- Freundlich best fit (Le Guet et
sediment water MS/MS Kr = 17 LY™*mg*" /kg al., 2018)
(France) n=0,68
R?=0,987
Organo- Water UV-Vis Langmuir fit (Sunetal.,
modified kaolin KL =8 L/mmol (27,0 L/g) at lowest 2017)
modification level
Omax = 13 mmol/kg (3,85 mg/g)
Kaolin Water DFT Exothermic (Hounfodji et
(Density Diclofenac poorly adsorbed al., 2021)
functional
theory)
Fluoxetine Natural river 0,01 M HPLC-PAD  PFO and PSO fit (R?=0,99) (Costa Junior
sediment CaCl, ki =0,4ht etal., 2022)
(Brazil) Qe1= 43,6 pHg/g
k,=0,01 g/ug*h
Qe2 = 51,4 pg/g
Freundlich isotherm fit
Kr=7,5mL/g
n=14
R?=0,96
Pine bark Distilled  UHPLC- Sips isotherm best fit (Silva et al.,
water DAD R2=10,991 2020)
Qmax = 6,53 mg/g
Ks=15,8L/g
n==6,74
Nicotine Bentonite 0,01 M UV-Vis D-R isotherm best fit (R?=0,98) (Akcay and
CaCl; Omax = 53,36 mmol/g (8657 mg/qg) Yurdakoc,
2008)
Activated Distilled  UV-Vis Langmuir best fit (R? = 0,989) (Pietal,
carbon water Omax = 552 mg/g (30°C) 2015)
KL =0,0053 L/mg (=5,3 L/g)
Paracetamol Kaolin Water DFT Exothermic (Hounfodji et

al., 2021)
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Paracetamol strongly adsorbed, H-
bonding main mechanism

Alumina and Nanopure UV-Vis No significant sorption at neutral pH (Lorphensri et
silica water al., 2006)
Oxolinic acid Sand (France) Seawater HPLC Freundlich fit (R?=0,98) (Pouliquen
Kr=0,3 L/kg and Le Bris,
1/n=0,74 1996)
Oxytetracycline  Sand (France) Seawater HPLC Freundlich fit (R>=0,99) (Pouliquen
Kr=0,3 L/kg and Le Bris,
1/n=0,97 1996)
Kaolin 0,01 M HPLC-UV PSO best fit (Song et al.,
CaCl, k> = 0,044 - 0,149 g/mg*h 2019)
ge=0,2088 — 7,692 mg/g
Langmuir best fit (R? = 0,965 @298 K)
Omax= 8,749 mg/g
K.=0,137 L/mg
g increases with temperature
Tetracycline Kaolin Water UV-Vis Cation exchange important mechanism  (Lietal.,
Langmuir fit (R?=0,993) 2010)
Omax= 9 mmol/kg (4,0 mg/g)
KL =89 L/mmol (0,20 L/mg)
Montmorillonite Water HPLC-UV PSO best fit (Wuetal.,
k> = 28,29 g/mmol*h 2019)
ge = 0,94 mmol/g
Langmuir fit (R?=0,99)
Omax = 1,06 mmol/g, close to CEC of
adsorbent (0,953), indicating that ion
exchange is most important mechanism
Trimethoprim Natural river Milli-Q UHPLC- High adsorption, K4=282 L/kg (Le Guet et
sediment water MS/MS Langmuir best fit al., 2018)
(France) KL=2L/mg
Qmax = 222 mg/g
R%=0,995
Natural sea HPLC-UV PSO best fit (Li and
sediment k2 = 0,860 /mg*min (10 mg/L Co) Zhang, 2017)
(China) g. = 18,0 mg/g

Both Langmuir and Freundlich fit
For 30% salinity, pH 6,9 and most
adsorbing sediment:

Langmuir:

Omax= 1,12 mg/g

R2=1,0

KL =13,3 L/kg

Freundlich:

Kr=13,7 L/kg

R?=0,999
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According to the literature review above, the most used models for visualising the adsorption
of pharmaceuticals onto sediment particles is the Langmuir and Freundlich models. This is
confirmed by Al-Ghouti and Da'ana and Wang and Gou, with the latter also mentioning the
linear model (Henry's law), Sips, Toth, BET (Brunauer-Emmett-Teller), Temkin and D-R
(Dubinin-Radushkevich) models for pharmaceuticals and organic pollutants (Wang and Guo,
2020a, Al-Ghouti and Da'ana, 2020).

The literature overview reveals that the analytical methods used is a mix of chromatographic
and spectrophotometric methods. Some studies also include FT-IR (Fourier-transform infrared
spectroscopy) to look for changes in the types of bonds present to characterize the type of
binding between pharmaceuticals and particles, but the isotherm measurements themselves are
collected using chromatographic and spectrophotometric methods. Most studies include some
pre-treatment of sediments, like drying, crushing and sieving in order to sort out specific particle

sizes.

It is important to note that many articles only fit the results to one model, without comparing
between different ones. Some also found several models to be good fits, indicating that several
adsorption mechanisms can be present in the systems, and emphasizes that adsorption is a
complicated phenomenon that is affected by many different factors. It could also be due to the

use of naturally derived adsorbents, like real river sediments with a variety of components.

2.9 Instrumentation and methods

2.9.1 Liquid chromatography

Liquid (column) chromatography is a well-known and widely used separation technique that is
based on a compound's relative affinity to the liquid mobile phase and the stationary phase
inside the chromatographic column. In the late 1960s, smaller packing materials were
introduced, which made separations better, but required higher pressures in the system to
achieve reasonable flow rates (West et al., 2014). High pressure (today: performance) liquid

chromatography (HPLC) became the new norm.

HPLC is now being used in a variety of scientific fields and has become one of the most
important tools for analysis of organic compounds in aquatic matrices (Lundanes et al., 2014,
Meierjohann et al., 2017, West et al., 2014). Reversed phase HPLC is the most popular
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technique for aquatic matrices, in which the mobile phase often is a mix of polar solvents, and
the stationary phase is non-polar. That allows for aqueous samples to be analysed, and performs
well for polar analytes. Stationary phase materials are typically silica based materials, often
derivatised to alter their polarity and stability (Poole, 2003). For relatively small molecules,
alkyl bonded silica particles (C8 or C18) are often preferred (Ciborowski and Silberring, 2016).
LC-MS is versatile and often has a less complicated sample preparation approach, than gas
chromatography (GC), as it might require derivatization of pharmaceutical compounds (Fatta
et al., 2007). Organic contaminants are also often not volatile, which is problematic for GC

analyses.

The mobile phase of HPLC separation is important, and it can be altered in several ways to give
the best possible separation (Liang et al., 2013). The use of gradient elution is popular, a method
where the composition of the mobile phase changes throughout the analysis to achieve optimal
separation between compound peaks. It is normal for a gradient in reversed phase analysis to
begin with a weak solvent (often water), and finish with a stronger, organic solvent to enhance
elution of strongly retained (often hydrophobic) analytes that might be highly retained by the
stationary phase (Poole, 2003). The mobile phase can also have additional compounds added,
like salts, bases or acids, to help with ionisation of sample compounds or to make sure the target
compounds exist in a chemical form in which they are well analysed and detected (Liang et al.,
2013).

2.9.2 Mass spectrometry

Mass spectrometric techniques represent versatile and powerful tools within analytical
chemistry, as they allow for identification and quantification of complex analyte mixtures (West
et al., 2014). Mass spectrometry is based on the principle that sample molecules are ionized by
applying energy. The ions are then separated based on their mass/charge ratios, and the number

of different ions are added together and result in a mass spectrum.

For mass analysis to work, analytes need to be ionized by applying energy to the analyte
molecules and giving them a net charge. Many different ionization methods have been
developed for the various chromatographic techniques out there, but ESI (electrospray
ionisation) is a popular choice for RP-HPLC analyses (Wang et al., 2016). ESI is a soft

ionization technique that can create both positively and negatively charged adducts, and it
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works well for relatively polar molecules of a large variety of molecular masses (Lundanes et

al., 2014). It is widely used with HPLC due to its suitability for liquid samples.

A widely used detector in mass spectrometry and environmental/analytical chemistry is the
triple quadrupole (Ferrer et al., 2010, West et al., 2014). This is due to its high sensitivity,
making it able to detect environmental pollutants at ultra-low concentrations. A quadrupole
works by applying an electric current to four opposing rods, and passing analyte ions through.
By varying the current applied to the rods, ions with selected mass/charge ratios and certain
stable trajectories are able to pass through. When a triple quadrupole is being used, three
consecutive quadrupoles are combined. The first quadrupole is usually used as a mass analyser
or a mass filter, meaning it only lets certain ions pass through. The second quadrupole is the
collision cell which induces fragmentation, before entering the last quadrupole, or the second
mass filter, that can be set to only let certain product ions pass through. This way, the triple

quadrupole brings an additional level of certainty to the analysis.

Hyphenated methods

When combining chromatography and mass spectrometry, they make a powerful analytical
tool. HPLC-ESI-MS/MS, especially reversed phase, is among the go-to methods for analysis
of environmental samples, especially polar organic pollutants in aqueous matrices
(Meierjohann et al., 2017, Lundanes et al., 2014, Fatta et al., 2007). A drawback of the method,
however, is that it often requires clean-up of heavily contaminated environmental samples. The
ESI source is sensitive with regard to contaminants and sensitivity of the analysis can quickly
become affected by dirt, contaminants and salt. However, since ESI can operate with liquid

samples, it is a very useful tool for HPLC.

2.10 Quantitation and quality assurance

Retention time

When compounds move through the chromatographic column, they will eluate at different
times due to their interactions with the mobile and the stationary phase. The time at which a
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compound eluate through the column and its peak appears in the chromatogram is called the
retention time (RT) and is related to the relative affinity of the compound with the two phases.
The retention time of a compound is specific to the method and instrumental parameters used.

Matrix effects

Matrix effects occur when interfering compounds in the sample matrix contribute to the
enhancement or suppression of the analyte response. They occur in both GC- and LC-MS, in
both single and 2-dimentional MS (Hao et al., 2007). Matrix effects can originate from co-
eluted compounds with similar masses being detected by the MS, or by compounds in the matrix
that interfere with the ionization of compounds in the ionization chamber. The latter is often
observed in ESI-instrumentation and is a big problem in environmental sample analyses, as they
often contain sodium or other ions which can enhance of suppress the analyte signal (Kloepfer
et al., 2005, Hao et al., 2007). To account for matrix effects, pure solvent can be spiked with
the same amount of analyte as the sample matrix to compare analyte responses and quantify the
contribution from the matrix. The use of internal standards will also contribute to reducing
matrix effects, as a change in instrument response is expected to be equal for the analyte and
the IS.

Calibration and internal standards

Calibration is a necessary step in analytical chemistry in order to determine the relationship
between analyte concentration and signal intensity (West et al., 2014). A known and predictable
relationship between analyte signal and the concentration is necessary in order to quantify the
unknown analyte level in samples. Calibration curves will often lose some linearity at high
concentrations. This could be due to the column or detector being saturated with the analyte, or
simply because there is a maximum signal intensity possible to produce by the instrument (Yuan
et al., 2012). The linear range describes the range where the calibration curve has satisfactory

linearity.

The internal standard (1S) method is the preferred method for calibration, compared to external
calibration, because it can account for matrix effects and provide better precision (Lundanes et
al., 2014). Internal standards can account for loss of analytes during sample preparation,

depending on the time of addition of the IS. The IS can also account for variations in
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instrumental analysis, such as variations in ionization efficiency, as loss in signal is expected to
be equal for the internal standard as the analyte (Gros et al., 2012). An IS is thus very important
for quantitation purposes. Popular IS are deuterated forms of the analyte compounds, meaning
they will be chemically and physically similar to the analyte, but will be separable when using
MS detection (Lundanes et al., 2014).

Limit of detection and quantification

The limit of detection (LOD) is an important aspect of analytical chemistry and environmental
science. It describes the lowest concentration where an analyte can be confidently detected and
confirmed to be a signal rather than background noise. The LOD varies with compound,
instrument and analytical method of choice, and is especially important for environmental
samples where concentrations can be quite low. The limit of quantification (LOQ) is related to
the LOD and is the limit where an analyte can be quantified with a certain level of confidence.
There are many ways of calculating LOD and LOQ), and they can vary with analytical method
and desired sensitivity for the analysis. (Armbruster and Pry, 2008)

One way of establishing an LOD, which will be used in this thesis, is by observing the
calibration curve and assessing the accuracy at different levels. The LOD and LOQ can be set
to the lowest concentration level where the accuracy is within £ 20% of the real concentration,
and where the S/N ratio is above 3 or 10 respectively for LOD and LOQ.

Standard deviation

The standard deviation is a way of expressing the variation between data in a dataset. It is used
to assess the precision of our data. A large standard deviation implies that our data points have
a large variance which could imply that our method is unreliable. The standard deviation of a
data set is given in equation 18, where n is the number of observations in our dataset, x; is the
value of a given observation i and x is the mean values of the observations (West et al., 2014).

Z?:l(xi_x_)z

n—1

SD = (18)
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The relative standard deviation is calculated by comparing the standard deviation to the mean
of the data set, shown in equation 19, which gives a standard deviation relative to the mean of
the data.

RSD = % X 100% (19)

The limit of acceptable deviation will vary with the purpose of the experiment being conducted.

Standard deviation of calculated values

The accumulated standard deviation is a way of calculating the standard deviation of calculated
values. For example, when calculating the standard deviation of a calculated value, equations

20 and 21 can be used to calculate the standard deviation of the calculated value.

y=a+b—c Sy = /S2+ s} +s? (20)
ymaxt 3= @)+ 2

Accuracy

Accuracy is an important measure for confirming that the value is close enough to the real or
expected concentration of the sample. Accuracy is best assessed by reference material, but
suitable organic reference materials are seldom available (Lundanes et al., 2014). The
magnitude of accepted accuracy varies with the method and the goal of the analyses. In this
thesis, for example, accuracy deviations within + 20% of the real or expected sample

concentrations of quality control samples and calibrations standards were acceptable.
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3 Materials and methods

3.1 Chemicals and materials

HPLC-grade methanol, pharmaceuticals as pure, standards (either solid or as pre-dissolved
from manufacturer) and kaolin (CAS 1332-58-7) were all purchased from Merck. Ultra-pure
water was provided by a Millipore Milli-Q (MQ) ultra-pure water system. Seawater was
provided by SINTEF's own seawater intake from the Trondheim fjord at approximately 80 m

depth and was sterile filtered through a Sterivex™ 0,22 um filter (Merck) before use.

3.2 Preparation of standards

Standard solutions of pharmaceuticals and deuterated internal standards (atenolol d7,
ciprofloxacin_d8, diclofenac_d4, fluoxetine_d6, paracetamol_d4 and tetracycline_d6) were
prepared by weighing solid standard, transferring to a volumetric flask and dissolving in
suitable solvent. Methanol was mostly used as solvent, but in some cases the standards were

made in other solvents, such as ethanol or HCI. This is specified in Appendix 7.1, Table 15.

3.3 Adsorption kinetics experiments

The adsorption Kinetics experiments were conducted at three different temperatures (4, 9 and
18 °C). Sampling was performed at 8 different time intervals, from 1 hour to 10 days. Kaolin
was weighed and transferred to 250 mL Pyrex bottles to have final concentrations of 5 and 10
g/L (1,25 ang 2,5 g kaolin, respectively). 250 mL sterile filtered seawater was measured and
added to each bottle. Control samples without kaolin were also included. Bottles were spiked
with 250 L of a 50 pg/mL mixture of the 12 target pharmaceuticals presented in Table 1 to a
final concentration of 50 ng/mL. Sample bottles were placed on a rotational incubator at 1 RPM.
An overview of the samples is given in Table 6.

Table 6: Sample overview of the kinetics experiments

Hours Blank Control 5 g/L kaolin 10 g/L kaolin
1 3 3 3 3
3 - 3 3 3
6 - 3 3 3
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24(1d) - 3 3 3
48 (2 d) - 3 3 3
72 (3d) - 3 3 3
144 (6 d) - 3 3 3
240 (10 d) 3 3 3 3

3.4 Adsorption isotherm experiments

Based on initial tests, three pharmaceuticals (citalopram (CIT), ciprofloxacin (CIP) and
fluoxetine (FLU)) were selected for determination of adsorption isotherms. The adsorption
isotherm experiments were conducted at three different temperatures (4, 9 and 18 °C). Sampling

was performed after 48 hours.

Experimental stock solutions were made by dilution of pharmaceuticals in 250 mL volumetric
flasks; one for each individual compound, and one for control where all three pharmaceuticals
were mixed. Standard solutions of pharmaceuticals in methanol were added to the flasks and
diluted in sterile filtered seawater to a final concentration of 1000 ng/mL. The further
concentrations were made by mixing different ratios of the stock and seawater. 100 mg kaolin
was measured directly in 22 mL glass vials (final concentration of 5 g/L). 20 mL of
pharmaceutical solutions of different concentrations were added into the vials. Three blanks
only containing seawater, and three blanks containing kaolin and seawater were also prepared.
Sample vials were placed on a rotational incubator rotating at 1 RPM. An overview of the

samples is provided in Table 7.

Table 7: Sample overview of the isotherm experiment

Concentration Control CIT + Kaolin CIP + Kaolin FLU + Kaolin

(mix)
Blank (0 ng/mL) 3 - - -
8 ng/mL 3 3 3 3
16 ng/mL 3 3 3 3
31 ng/mL 3 3 3 3
63 ng/mL 3 3 3 3
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125 ng/mL 3 3 3 3

250 ng/mL 3 3 3 3

500 ng/mL 3 3 3 3

1000 ng/mL 3 3 3 3
3.5 Sampling

The rotational incubator is shown in Figure 4. Sampling
was performed by removing the bottles/vials from the
rotating incubator, shaking well and transferring 1 mL of
sample using an Eppendorf pipette to a 1,5 mL Eppendorf
centrifuge vial. For Kkinetics experiment, sample bottles
were placed back onto the carousel after sampling. The
samples were then centrifuged at the experimental

temperature (4, 9 or 18 °C) at 4500 RPM for 10 minutes, to
provoke sedimentation of particles. The supernatant was |

removed using a glass Pasteur pipette and transferred to a |

plastic syringe (CODAN 1 or 2 mL) with a syringe filter

(JT Baker, 13 mm, 0,2 um, H-PTFE). The sample was

filtered and 90 uL of filtered sample was transferred to
a2 mL GC vial with a 250 pL vial insert. Samples were
kept frozen until the day of analysis. They were then

Figure 4: The rotational incubator
used for sample mixing

thawed and added 10 pL internal standard to a total concentration of 25 ng/mL.

3.6 Analysis

The mobile phases were methanol and Milli Q water, both with 5 mM ammonium formate (pH

8,5). pH adjustments were made for some analyses if the column used did not manage a pH of

8,5. The pH was adjusted by first adding the 5 mM ammonium formate, and then acidifying

with formic acid. The pH was controlled by a pH-meter until a pH of 7,3 was reached. The

different columns used and the mobile phase pH is described in detail in appendix X.
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Samples were analysed using an Agilent 1200 HPLC and an Agilent 6470 Triple Quadrupole.
The column was a 50 mm Agilent Poroshell column. A few different versions of this column
were used throughout the analyses. The different columns used are listed in appendix 7.1, Table
16. Other instrumental parameters are listed in Table 8. Quantification parameters are listed in

Table 9. The separation of the quantification ions is shown in Figure 24 in appendix 7.1.
The worklist was randomized prior to analysis to avoid biased results due to analytical trends.

The mobile phase was held at 99% water for one minute before changing to 99% methanol
gradually over a 10-minute period. It was held at 99% methanol for two more minutes before
instantly switching back to 99% water and keeping it there until the end of the run. The mobile

phase flow was 0,6 mL and the sample injection volume was 5 pL.

Table 8: Instrumental parameters for the HPLC-ESI-MS/MS analysis

Parameter Value
Column oven temperature 50 °C
Gas temperature 250 °C
Gas flow 8 L/min
Sheath gas temp 300 °C
Sheath gas flow 10 L/min
Capillary voltage 4000 V
Nozzle voltage 0
Nebulizer 35 psi

Table 9: Analytical and quantification parameters for target compounds and internal
standards.

Compound RT* | Precursor | Quantifier | Qualifier | Collision energy | Fragmentor
ion ion ion (quantifier/ voltage
gualifier) (quantifier/
qualifier)
Atenolol 4,582 267,2 145,1 190,1 29/21 155
Atenolol_d7 4,496 274,2 123,1 152,1 21/29 155
Caffeine 3,847 195,1 138,1 110,1 21/30 130
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Ciprofloxacin 3,827 332,1 288,1 2311 17/45 165
Ciprofloxacin_d8 | 3,767 340,1 296,1 322,1 17/20 165
Citalopram 8,119 325,2 109,0 262,1 33/21 150
Diclofenac 7,229 296,0 215,0 250,0 21/13 85
Diclofenac_d4 | 7,203 300,0 219,0 254,0 21/13 85
Fluoxetine 8,624 310,1 148,1 1171 5/40 95
Fluoxetine_d6 | 8,603 316,2 154,2 123,0 5/40 95
Nicotine 5,477 163,1 130,1 1171 25/33 110
Oxolinic acid 3,260 262,1 2441 216,1 21/33 125
Oxytetracycline | 3,982 461,2 426,2 264,9 21/37 150
Paracetamol 1,124 152,1 110,1 65,1 17/37 125
Paracetamol_d4 | 1,113 156,1 1141 69,1 17/37 125
Tetracycline 5,423 445,2 154,0 410,2 29/21 140
Tetracycline_d6 | 5,322 451,2 416,2 160,0 21/29 140
Trimethoprim 5,265 291,2 230,1 123,1 25/29 160

*Retention times are for the Agilent Poroshell 120 EC-C18 column with MP pH of 8,5.
Retention times varied slightly with different columns and mobile phase pH used for different

analyses.

3.7 Data processing

Analytical raw data was processed using the Agilent MassHunter Quantitative Analysis

software. Calibration curves were assessed using linear calibration, and internal standard

calibration was used for compounds where they were available. External calibration was used

for the rest. Processed data was exported and organized in Microsoft Excel and plotted using

Excel or R in RStudio. The linear kinetics and isotherm models were fitted using the Excel

LINEST function and deriving the adsorption parameters from the regression line to calculate

the predicted ge values from the model. Non-linear kinetics and isotherm model calculations

were performed using the Excel Solver add-in.
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4 Results and discussion

4.1 Analytical method assessment and quality assurance

4.1.1 Choice of analytical technique

Many adsorption studies use spectrometric methods for the detection of pharmaceuticals, either
alone or as a detector in combination with chromatographic separation. Pharmaceuticals
generally have one or more aromatic rings in their structure, meaning they can be detected using
relatively simple UV-Vis detection. However, the sensitivity of UV-Vis analyses is lower than
for chromatographic methods. In the literature overview in chapter 2.8, some of the studies
using spectrometric detection reported detection limits of several hundred ng/mL, which is too
high in order to analyse samples with as low concentrations as in this thesis (Li et al., 2011,
Silva et al., 2020). In addition, spectrophotometric methods might fail when analysing mixtures
of compounds, as the adsorption peaks can interfere. The choice of HPLC-MS/MS instead of
simpler analysis methods such as UV-Vis spectrometry was a good choice for working with

low concentration samples in this project.

4.1.2 Revision of analytical method

During the specialisation project conducted in the fall of 2021, 37 pharmaceuticals, pesticides
and personal care products were analysed by HPLC-MS/MS. The analytical method was used
on both SPE-extracted samples and "unprocessed™ seawater samples using direct injection, and
two different mobile phases were tested (Hovsbakken, 2021). However, the method had several
drawbacks, including long analysis time and poor sensitivity for some analytes. The LC column
used in the specialization project was subject to some wear-and-tear, and didn’t perform to the

needed level of sensitivity for this thesis.

Several improvements could be made to the method for the analyses in this thesis. The
development of the “new” method was inspired by EPA method 1694 (Ferrer et al., 2010).
Since the number of samples was large, the project could benefit from using a shorter column
and a stronger mobile phase gradient compared to in the specialization project, in order to elute
the analytes quicker and save analysis time. This was especially favourable due to the large
number of samples, over 500, planned to be analysed. The column was changed from a 150 mm
to a 50 mm long column. In addition, switching from a mobile phase consisting of water and
methanol with ammonium fluoride or formic acid, which was used in the specialisation project,

the addition of ammonium formate to the mobile phases proved to give an overall better
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response for the target analytes. As there was limited time for this project, there was not enough
time to assess the method completely and have it work optimally for all compounds, before
having to start analysing samples. Having a universal method for a diverse mixture of acidic,
neutral and basic compounds with large structural variations is near impossible. The change of
method especially affected the analysis of tetracycline and oxytetracycline, which were among
the compounds that did not gain higher responses using the new mobile phase additive. Their
peaks were wide and tailing, which made quantification difficult. Though, they had also been
unstable during the specialization project and showed signs of degradation during the 14-day
degradation experiment, so their implementation for kinetics experiments over 10 days was
already difficult (Hovsbakken, 2021).

4.1.3 Direct analysis of seawater

Many studies analysing pharmaceuticals by HPLC, which were assessed in the specialisation
project, are based on extensive pre-treatment or extraction for sample clean-up and
concentration (Hovsbakken, 2021). Because of the large number of samples planned to be
included in this thesis, SPE or other extraction methods were not possible to perform given the
time and resources available. It was therefore decided to do direct analysis of seawater samples
without pre-treatment, besides filtering to remove particles. This was also tested in the pre-
project and worked well for most analytes. The direct analysis of the amount of seawater
samples in this project turned out to be too many for the HPLC system to handle, likely due to
the amount of salt being injected into the system, and it was therefore necessary to dilute the
samples in Milli-Q water before analysis. If this had been known beforehand, higher
concentrations of pharmaceuticals could have been added in order to be more confident that the

compounds yielded sufficient responses to be quantified.

4.1.4 Calibration and matrix effects

The analysis of seawater was expected to increase the risk of matrix effects, as additional ions
in the samples can affect their ionisation. The calibration curve was therefore initially prepared
in seawater in order to account for matrix effects in the seawater samples. As mentioned, after
analysis of the first sample batch (kinetics at 9 °C) there were signs that the column didn’t
handle all the seawater being injected. This was seen by reduced signal for some compounds

(especially tetracycline and oxytetracycline) as the analysis proceeded, and the peaks were
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getting wider and drifting outside of the retention time window so that quantification became
impossible. This was possibly due to the stationary phase being decomposed due to the salt and
not being able to retain the compounds consistently throughout the analysis. It could also be
due to the salt building up in the ion source, lowering the ionization of the compounds and
therefore affecting the signal intensities. The mobile phase pH was initially 8,5, which was also
at the pH tolerance limit of the column. The combination of these factors impacted the analysis
to such an extent that it was decided to dilute samples in Milli-Q water before analysis, to reduce
the build-up of salt. The mobile phase was also pH adjusted down to 7,3 in an attempt to
preserve the stationary phase. This would hopefully improve the sensitivity of the analysis.
Samples were therefore diluted 1:9 in Milli-Q water before analysis, and calibration standards
were also prepared and run in MQ water instead.

4.1.5 Internal standard variations

Internal standards were added to account for matrix effects and variations in signal from the
instrument. In the case of dilution of the samples, the IS was also useful for accounting for
dilution errors, as any error in pipetting is expected be equal for the analyte and for the internal

standard.

For some compounds, the internal standard signal became varying and/or reduced throughout
the analysis. This problem was especially clear for tetracycline and oxytetracycline. This can
be seen as relatively large standard deviations, for example for the sorption percentage

calculations described later.

For some compounds, the concentrations at 9 and 4 °C are not equal, e.g for diclofenac. This
might be due to a different batch of IS being added to the 9 °C samples, which was older than
the IS used for 4 °C samples, and might have been prone to some degradation. The deviations
could also be from deviation in spiking, as the IS volume to be added to the samples was 10
ML, which is very low and could lead to error. In cases where the internal standard calibration
made deviations between sample triplicates bigger rather than smaller, external calibration was

used instead.
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4.1.6 Quality control and assurance

In order to assess the performance of the analysis throughout the analyses, QC samples with
concentrations of 25 ng/mL were included every 10 samples, in addition to pure MQ samples
to rise out the system and account for carry-over. The worklist was randomized before the
analysis in order to exclude any analytical trends impacting the analysis, for example ion source
contamination and difference in signal intensities throughout the analysis. The randomization
could have contributed to larger variations between sample triplicates due to some being
analysed early and some later in the sequence, but it minimized the chances of trends appearing

wrongfully because of sample placement in the sequence.

Blanks were included in order to assess contamination and carry-over. Blanks can be used to
set the LOD and LOQ, and this method was used in the specialisation project. Some
pharmaceuticals were prone to carry-over, and in the case of blanks being analysed after
standards or samples of relatively high concentrations, blanks could get “contaminated” and the
method LOQ would suffer. A different way of assessing the LOQ was therefore used in this

thesis than in the specialisation project.

Quality control data from the analyses are available in appendix 7.3. Samples were run in
separate batches, one batch being either kinetics or isotherm samples at one temperature. The
QC data therefore suffers from some inconsistencies due to different sets of calibration
standards being ran for each batch, and some analyses including calibration standards of lower
concentrations. Since the first sample batch (kinetics samples at 9 °C) were not diluted, the
lowest calibration standard was set to be 0,1 ng/mL. When samples were later diluted in MQ
water, calibration standards of 0,05 and 0,02 ng/mL were also included to be able to quantify
even lower concentrations in the samples. The LOQ for each analyte was set to be the lowest
calibration standard that yielded an accuracy of 80-120 % and had a signal-to-noise ratio of 10
or higher. All calibration curves were linear in the given ranges with an R? > 0,99.

Because of the need to dilute samples before injection, the sensitivity of the analysis was
sometimes not good enough to account for both dilution and adsorption of the lowest sample
concentrations in the isotherm experiment (8 ng/ml). For example, the analysis of the 4 °C
isotherm experiment samples had an LOQ of 1 ng/mL for fluoxetine, and some of the samples

were blow this limit. They are however still included in the isotherm calculations.
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4.2 Experimental design

4.2.1 Choice of pharmaceuticals

The compounds for inclusion in this thesis were based on a combination of factors. Four
compounds were selected by the Pharmarine project partners to be of most interest to use for
modelling. These are tetracycline, simvastatin, fluoxetine and diclofenac. Other compounds
included were those that were analysed well and/or showed adsorption tendencies to kaolin
during the specialization project. The chosen compounds are those that were presented in Table
1. Originally, simvastatin was among the compounds, but was very unstable and degraded
quickly. It was also not analysed well in the specialization project, as it did not show up in the
analyses, either in SPE extracts or using direct analysis of seawater samples during the

specialization project. (Hovsbakken, 2021).

Due to the large number of samples needed for the isotherm experiments, three compounds
were chosen to include. The compounds selected for the isotherm experiments were based on
which compounds adsorbed to kaolin, had low detection limits and were easily analysed and
quantified. The compounds included in the kinetic and isotherm modelling experiments, and
some of their properties, are repeated in Table 10.

Table 10: Repetition of type and chemical properties of compounds used in the isotherm
experiments

Compound Type pKa Log Kow
Ciprofloxacin Antibiotic 1: 3,01 0,280
2:6,14
3:8,70
4:10,58
Citalopram Antidepressant 9,6 3,04
Fluoxetine Antidepressant 10,1 4,05

4.2.2 Choice of isotherm models

The choice of isotherm models to study for this thesis was based on the literature overview in
chapter 2.8, in addition to the review article from Wang and Guo (Wang and Guo, 2020a). In
addition to the Langmuir and the Freundlich models, which are the most extensively used
models, the Sips model was chosen due to it being a combination of the two others, and a 3-

parameter model which could give some more accurate parameter estimations. The Temkin
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model had been successfully used to study the adsorption of antibiotics onto clay, which is why

that was also included.

Additional models were considered to include, such as the D-R (Dubinin-Radushkevich) model.
The D-R model requires information on the solubility of the adsorbates. Since the experiments

were performed in seawater, the solubility is unknown, and it was therefore not included.

4.2.3 Experimental sources of error

There are several factors about the experimental set-up that may have contributed to some errors
and inaccuracies in the results. This includes preparation of the kaolin. It was observed that the
kaolin had a range of different particle sizes, as some particles sank quickly to the bottom of
the bottles/vials and some stayed suspended in the aqueous phase for a longer period of time.
To ensure that the kaolin was more homogenous, pre-treatment of the kaolin could have been
considered. This could have included procedures such as sieving and drying, in order to have

the particles be within the same size range and making sure no water was bound to the kaolin.

During sampling, it was observed that kaolin tended to clump together and accumulate in the
corners of the bottles and vials, at the bottom and around the cap. This could have contributed
to variance in the amount of kaolin particles available for the pharmaceuticals to adsorb to,
which could be a source of error and lack of precision.

The degradation of compounds over time is a factor that could contribute to inaccurate results.
During the specialisation project, stability of compounds was tested over a period of 14 days.
Most compounds were stable, with the exception of oxytetracycline, tetracycline and caffeine.
There is also the possibility that compounds adsorb to the glass walls of the containers. Glass
and plastic containers were compared in the specialisation project, and according to those
results, glass containers provided less loss of pharmaceuticals. There was however no reference
material with zero adsorption to compare to, so the absolute loss of pharmaceuticals due to glass

adsorption is unknown.

The experiments were performed in temperature-controlled rooms. The temperature for the 9
°C experiments varied from 8,0 to 10,1 °C and the 4 °C experiments varied from 4,0 to 5,1°C,
according to temperature measurements made every 10 minutes during the experiment
execution. pH was not controlled or adjusted during experiments, but pH of samples was

confirmed to be 7 using a pH test strip.
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Samples in the isotherm experiments were prepared by manually pipetting different amounts of
a 1000 ng/mL solution of the individual pharmaceuticals, and pure seawater, op obtain the lower
concentrations. The manual pipetting was faster than mixing them in volumetric flasks, and due
to the large number of samples, some precision had to be sacrificed in order to have time to

prepare the samples in a reasonable amount of time.

4.2.4 Data processing sources of error

Majority of the data processing was performed using the Agilent MassHunter Quantitative
Analysis software by assessing the calibration curve linearity, accuracy and manually
integrating peaks that were not well integrated by the software. The manual integration step can
introduce some error due to small changes in peak integration leading to large peak area
variations, but it was sometimes necessary in order to quantify some peaks. This was especially
a problem after samples were diluted, as some peaks became lower and wider, and the software

was not always able identify and quantify the peak.

Calculations of sorption percentage and kinetics- and isotherm data were performed in
Microsoft Excel, and RStudio was used to plot some of the figures. A drawback of using the
Solver algorithm in Excel for parameter optimisation is that it needs an initial "guess" in order
to optimize the values and find the best global minimum for the error function. It is possible for
an error function to have several local minimums, and it can therefore be challenging to find

the optimal global solution if the initial guess is not good enough.

4.3 Adsorption Kinetics

The adsorption of the pharmaceuticals over time was assessed by calculating the concentrations
in control samples and samples containing kaolin at different time intervals, and the results
were plotted using RStudio and are presented in Figure 5. The sorption percentage at different
times was calculated using the mean concentrations of the triplicate samples and equation 2.
These are presented in Table 13 as numbers, and in Figure 6 as plots. The three compounds that
were included in the isotherm experiments were also the ones being assessed with regard to the
non-linear PFO and PSO kinetic models (ciprofloxacin (CIP), citalopram (CIT) and fluoxetine
(FLU)). The choice of focusing on the three same compounds was done in order to save time
and to be able to compare both kinetic and isotherm model results for these compounds.
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Figure 5: Plots showing concentration over time for the 12 pharmaceutical compounds
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From the plots in Figure 5, it is clear which compounds adsorb to the kaolin or not. For example,
atenolol, diclofenac and paracetamol appear to not adsorb to the kaolin due to the control
samples and the samples containing kaolin having equal concentrations over time. In addition,
tetracycline and oxytetracycline seems to not adsorb as well, but due to analytical difficulties
for these compounds which were mentioned previously, the results are not very reliable. They
did show adsorption potential in the specialization project adsorption experiment, but from the
data in this thesis it is difficult to reach a conclusion on their adsorption potential. For the
adsorbing compounds, increasing the amount of kaolin in the samples seems to increase the
amount of adsorbate adsorbed, which is as expected, as more available surface area will increase

the amount of adsorbed compound.

The adsorption of pharmaceuticals onto kaolin were estimated using the sorption percentage,
which are shown in Figure 6. The raw data for the concentrations used for and sorption
percentage calculations are found in appendix 7.4. The sorption percentage is calculated using
equation 2, the means of the triplicates of the control samples and the mean of the triplicate
kaolin samples. The standard deviations are calculated using a combination of equations 20 and
21. The equilibrium time of the pharmaceuticals varied extensively. For example, citalopram
seemed to have reached equilibrium after less than 24 hours. Over 70% of the compound was
adsorbed after 1 hour and the concentrations did not change significantly after around 24 hours.
Other compounds, such as oxolinic acid, seemed to still adsorb to the kaolin after 6 days (144h),
and might not yet have reached equilibrium even after 10 days. There is a possibility that the
rotation of the samples was too slow for liquid and the solid phases to have enough contact
time, and that a more "violent" stirring could have made oxolinic acid reach equilibrium faster.
Oxolinic acid has been shown to reach equilibrium after 24 hours when in contact with natural
sediments (Pouliquen and Le Bris, 1996). This could however be attributed to different shaking

intensities, and therefore differences in contact time.
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Figure 6: Sorption percentage over time for selected pharmaceuticals that showed adsorption
tendencies to kaolin
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4.3.1 Adsorption kinetic models

Adsorption kinetic models were assessed by calculating the adsorbed amount of
pharmaceuticals, qt, for samples taken at different time intervals using equation 1 and the data
in appendix 7.4. The initial concentration, Co, are set as the mean of the concentrations in the
three control sample triplicates measured after 1 hour, since there was no measurement made
immediately after samples were made. The gt values were plotted against time. In an attempt to
compare model parameters like gmax With other literature on the field, the concentrations were
divided by 1000 to go from ng/mL (or pg/L) to mg/L before calculating Kinetics and isotherm
data. However, due to the gmax being highly related to the initial concentrations in the system,
this change in units does not necessarily provide comparable numbers due to the difference in

initial concentrations used in the experiments.

The kinetic models were applied using the Solver add-in in Excel, by iterating until the optimum
adsorption parameters (k and ge) were obtained. The kinetic models were optimized by
minimizing the HYBRID error function, since the use of this to estimate adsorption isotherms
led to the lowest overall SNE values for the isotherm data, which is discussed more in detail
later. The PFO and PSO model parameters, the R? and the HYBRID error are presented in Table
11 and Table 12. The R? is provided despite it not being statistically valid for non-linear curves,
as it is still vastly used for kinetic model fitting and is therefore also used to assess some results

in this thesis, but with caution (Spiess and Neumeyer, 2010).

Table 11: Pseudo-first order model kinetics parameters

Amount of Model 4 °C 9°C
kaolin parameters CIP CIT FLU CIP CIT FLU
k (hY) 0,9531 1,3848 1,0344 2,0892 2,0453 1,1829
5 g/l e (Ma/g) 0,0049 0,0055 0,0028 0,0043 0,0054 0,0011
R? 0,4767 0,7144 0,6114 0,0016 0,4808 0,0723
HYBRID 0,0097 0,0016 0,0026 0,0142 0,0019 0,0060
k (hh) 3,2611 2,8461 2,3647 2,0584 2,7208 1,1517
0L ge(mg/g)  0,0032 0,0030 0,0018 0,0037 0,0030 0,0008
R? 0,0392 0,7359 0,2657 0,3786 0,5970 0,3871

HYBRID 0,0014 4,4%10° 0,0006 0,0012 0,0001 0,0012
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Table 12: Pseudo-second order model kinetics parameters

Amount of Model 4 °C 9°C

kaolin parameters CIP CIT FLU CIP CIT FLU

k (g/mg*h) 313,09 485,77 675,34 614,58 925,51 2222,7

e (Mg/g) 0,0051 0,0057 0,0029 0,0045 0,0055 0,0011

SOt R? 05862 09044 06630 0,992 08361  0,0738
HYBRID 00085 00007 00020 00116  0,0005  0,0062
k(g/mg*h) 59539 46786 54585 13200 37443 25093
ogiL ge(mg/g) 00032 0,030 0,018 00038 00030  0,0008

R? 0,3205 0,9827 0,7168 0,7251 0,9573 0,5611

HYBRID 0,0013 1,2*10° 0,0006 0,0007 3*10° 0,0009

From the data in table 11 and 12, we see that the equilibrium adsorption capacity, ge, is highest
when 5 g/L kaolin is added to the bottles, and lowest when 10 g/L kaolin is used. This is because
the adsorption capacity is calculated by dividing by the mass of adsorbent in the system,
meaning that when the amount of kaolin is doubled, it is divided by a twice as large number,
see equation 1. The same trend was observed in some of the literature on the subject (Maged et
al., 2021).

For all data sets except one (fluoxetine at 9 °C with 5 g/L kaolin) the HYBRID error was lower
for the PSO model than the PFO model. Simultaneously, the R? was higher for all data sets
when using PSO instead of PFO. When comparing plots of PFO and PSO, it can seem like the
PFO model reaches equilibrium too quickly, and estimates a ¢ that is too low, and therefore
introduces more error between the experimental and the modelled data. An example of this is
shown in Figure 7. Literature has found both PSO and PFO to fit adsorption kinetics data of
pharmaceutical adsorption onto various adsorbents. Since the HYBRID error, the R? and the
plots imply that the PSO is the best fit, that is the model that will be used to assess the adsorption

Kinetic parameters further.
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Citalopram adsorption kinetics, using 10 g/L

kaolin at 4 °C
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Figure 7: Citalopram adsorption kinetics

For all compounds, the use of 10 g/L kaolin gave higher rate constants and lower ge values. As
more adsorbent is added to the system, the adsorbate has more particle surface to react with,
and a higher reaction rate is therefore logical. What is more surprising is the rapid increase in
the rate when the adsorbent amount is increased. The rate is more than doubled for many of the
data sets. For ciprofloxacin at 4 °C, the reaction rate at 10 g/L kaolin (5953,9 g/mg*h) is more
than 10 times higher than for 5 g/L (313,09 g/mg*h) kaolin.

4.4 Adsorption isotherms

Raw data from the isotherm experiments are provided in appendix 7.5. Calculations of ge were
done by using the control samples at each concentration as Co, because they are assumed to be
taking adsorption to glass and degradation into consideration. Since some of the control sample
concentrations were not the same as the theoretical added amount, the actual measured amount
of the control samples were used as Co. Each individual sample concentration, Ce, is subtracted
from the mean of the concentration samples at the same concentration level and multiplied with
the volume of the solution and divided by the mass of kaolin as shown in equation 1. Each
triplicate was treated individually, in contrast to sorption percentage calculations, in order to
have more data points to approximate an isotherm from. Some outliers were removed, either
based on the size of the deviations between the triplicates, or the visual fit for the isotherm, and

the implications the outlier had for the isotherm fitting. The outliers are marked in the raw data
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tables. The isotherm data was used to calculate adsorption parameters using different isotherm

models.

4.4.1 Effect of different error functions and SNE

In order to assess which error functions were most likely to give the most accurate isotherm
parameters, SNE values were calculated. The results are provided in appendix 7.6, and the
lowest SNE values and the accompanying isotherm parameters are written in bold in the tables.
SNE calculations were made using MPSD, HYBRID, EABS and ARE. Due to the fact that R?
is a value to be maximized, and the rest of the error functions to be minimised, in order to
optimize the adsorption, R? could not be included in the SNE calculations. It was considered to
use a modified value of R? in order to include it in the SNE analysis, like 1/R? or 1-R? but this

was not supported by any literature.

The SNE calculations revealed that for 17 out of 24 data sets, the HYBRID error function
provided the lowest SNE values. For the 7 other data sets, the ARE was the error function giving
the lowest overall error. Figure 8 shows the optimization of the Sips isotherm for ciprofloxacin

at 4 °C using different error functions.
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Optimization of the Sips isotherm for ciprofloxacin at 4 °C
using different error functions
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Figure 8: The Sips isotherm for ciprofloxacin at 4°C, optimized by different error functions

Visually, the R?, EABS and HYBRID error functions seems to provide the least amount of
deviations between the experimental and modelled data, while MPSD and ARE deviated from
the experimental data at the highest concentrations. An interesting observation is that for this
data set specifically, the ARE provided the lowest SNE value, meaning it is supposedly the best
error function for minimizing the difference between the experimental and modelled data.
Visually, this does not seem to be the case, as it deviates from the highest experimental
concentration points. According to Fallou et al, the ARE error function had shown some
weaknesses when applied to low-concentration studies (Fallou et al., 2016). Despite the R?
being statistically invalid, it does a good job at following the curvature of the experimental data,
compared to ARE and MPSD. The HYBRID and EABS error functions also seem to provide a
good fit.

The HYBRID error function is the function providing the lowest SNE values for the majority
of the data sets. Visually, it also seems to provide a good fit between the experimental and the
modelled ge values. It is therefore assumed that it is the best error function for minimizing the

error for this study.
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4.4.2 Effect of different isotherm models

Since the HYBRID error function provided the lowest SNE values for most data sets, it was

assumed to be the best error function to minimize in order to get the best fitting isotherm

parameters and models for the experimental data. Figure 9 to 14 shows the effect of using

different isotherm models, all optimized by the HYBRID error function.
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Fluoxetine, 4 °C,
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Figure 13: Comparison of isotherm models for fluoxetine at 4 °C, optimized by HYBRID
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Figure 14: Comparison of isotherm models for fluoxetine at 9 °C, optimized by HYBRID

Initial observations are that the linear model does not fit the experimental data well, especially
not for citalopram, which exhibits the most curvature. The model might have a good fit for the
lowest concentration range, but as the experimental data has curvature, the linear model falls
short, which was expected. The Temkin model is the non-linear model that deviates the most

from the experimental data at the high concentrations. In addition, at low concentrations the
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Temkin graph begins at negative ge values. This is not physically possible, as ge cannot be
negative. The Temkin model therefore seems not be applicable to the data. This might be due
to some of the assumptions of the model not being true for the system, such as the assumption
of multilayer adsorption, the rate at which the adsorption occurs or how the adsorption changes

throughout the layering of adsorbate.

From the experimental data, citalopram seems to have reached a visible saturation limit, as the
graphs appear to become completely flat at the end of the isotherm. This implies that the
Langmuir or the Sips isotherm is the most applicable models, as they are both based on
monolayer adsorption and a maximum limit of adsorbate on the adsorbent. For some data sets,
for example for fluoxetine at 4 °C, the Sips and the Langmuir isotherms are almost identical,
which is due to the n value being close to 1 (1,04). The Freundlich model seems not to be
applicable to citalopram adsorption in the given system, given that the Freundlich isotherm does

in theory not saturate completely.

Ciprofloxacin and fluoxetine seemed to have less curving of their data, but the Sips and
Langmuir models still appear to fit the data the best, by visual investigation. As the Sips model
IS a combination of the Langmuir and Freundlich models, which are based on two different
adsorption mechanisms, it is difficult to assess which adsorption mechanism is occurring in the
system. Though, when comparing the Sips isotherm with both Langmuir and Freundlich
individually, it seems to visually be most similar to the Langmuir isotherm, which implies a
monolayer adsorption. Whether this directly implies chemical adsorption is unknown, whereas
the literature suggests that a model can fit the data the best, but the assumptions of the model
do not always match. This has been the case for some studies on ciprofloxacin and tetracycline
adsorption, where the Langmuir model fit the data the best, but the mechanism of adsorption

was declared to be ion exchange, a physisorption mechanism (Li et al., 2011, Wu et al., 2019).

HYBRID, ARE and R? errors are presented in Table 44 in appendix 7.6. For ciprofloxacin
and citalopram, the HYBRID and ARE error is lowest overall, and R? highest overall, using
the Sips isotherm model. For fluoxetine, the HYBRID error is lowest using the Langmuir
isotherm, while the ARE error is lowest and R? highest using the Sips isotherm. This implies
that the Sips isotherm successfully models the adsorption isotherms of all three compounds,
since it creates the least amount of error when assessing the difference between experimental
data and models. The 2-parameter model that best fits the data is the Langmuir model. As

expected from visual inspection of the isotherms, the error generally tends to be the highest
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for the linear model and the Temkin models, which add to the claim that they don’t fit the

experimental data well.

4.5 Effect of chemical properties and environmental conditions on adsorption

4.5.1 Adsorption and chemical properties

Some compounds showed signs of degradation after 10 days, as the concentrations in both
control samples and kaolin samples started to decrease. The sorption percentage was therefore
assessed at 6 days (144 hours). Table 13 shows sorption percentages after 6 days along with
molecular mass, pKa and log Kow values. The standard deviations are also included, which are

calculated using a combination of equation 20 and 21.

Large variations in log Kow for the adsorbed compounds indicate that the adsorption cannot
solely be explained by hydrophobic behaviour, as there is no clear relationship between the Log
Kow and the adsorption. For example, diclofenac is highly hydrophobic with a Log Kow value
of 4,51, but it did not adsorb significantly to the kaolin particles as e.g. citalopram and
fluoxetine, which also have high log Kow. Caffeine, with a log Kow of -0,07 slightly adsorbed,

but not as much as for example citalopram and fluoxetine.

pKa is also a factor affecting the adsorption of pharmaceuticals to particles. At the experimental
pH (here: 7), compounds with pKa < 7 will tend to be in their neutral forms, while compounds
with lower pKa values will be deprotonated at pH higher than their pKa. There is however no
clear relation between pKa and adsorption from the results in the kinetics experiments. For
example, atenolol and citalopram have the same pKa values, but only citalopram appears to
adsorb to kaolin. Diclofenac has a low pKa and is deprotonated and an anion at neutral pH,
which can explain why it did not adsorb to the kaolin. This is the same reason that diclofenac
does not adsorb to sludge (Sun et al., 2017). Another example is oxolinic acid and nicotine,

which have similar pKa values but only oxolinic acid appears to adsorb.

The molecular mass of the adsorbate molecules did not appear to impact the adsorption, as for
example oxolinic acid and atenolol has similar molecular masses, but only oxolinic acid

adsorbed.
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Table 13: Sorption percentage of pharmaceuticals onto kaolin after 6 days. NS = No sorption

observed. SD = standard deviation

Sorption at 6 days (%) (+ SD) Molecular
Compound 4°C 9°C weight pKa -0
5g/L 10 g/L 5¢g/L 10 g/L (g/mol) Kow
Atenolol NS 2(x3) NS NS 266,34 9,6 0,16
Caffeine 22 (+16) 29 (14) 4 (£ 20) 18 (£ 4) 194,19 10,4 - 0,07
Ciprofloxacin 331,34 1: 3,01 0,280
2:6,14
52 (£ 12) 67 (£ 8) 46 (£ 6) 78 (£ 6) 3 8.70
4:10,58
Citalopram 94 (+ 8) 98 (+ 8) 90 (x9) 97 (£ 8) 324,4 9,6 3,04
Diclofenac 2 (£ 6) 2(x7) NS NS 296,10 4,1 4,51
Fluoxetine 52 (+ 16) 80 (x5) 57 (£ 27) 82 (+ 30) 309,33 10,1 4,05
Nicotine 80 (£ 9) NS NS NS 162,23 6,16 1,17
Oxolinicacid 67 (£26) 84 (+23) 69 (+ 13) 88 (+ 11) 261,23 5,94 0,940
Oxytetracycline 460,40 1: 3,22 -0,9
12 (+ 18) 7 (+30) 24 (+219) 62 (+83) 2:7,46
3:8,94
Paracetamol 1(£3) 1(£3) NS NS 151,16 9,38 0,460
Tetracycline 444,40 1: 3,32 -1,30
10 (+ 34) NS NS NS 2:7,78
3:9,58
Trimethoprim 290,32 1: 3,23 0,91
16 (+ 3) 5 (x 16) NS 2 (x6) 2 6.76

According to the literature, the adsorption can both be increased and decreased with
temperature, depending on the adsorbent and the adsorbate in the system. In this study, a
decrease in temperature from 9 to 4 °C seemed to increase the sorption percentage for some
compounds, and decrease it for others. For example, a decrease in temperature increased the
adsorption of citalopram from 90 to 94 % (with 5 g/L kaolin). The same seems to be the case
for caffeine and trimethoprim. The opposite seemed to occur for fluoxetine and oxolinic acid,
as the sorption % degreased with decreasing temperature. The same seems to be for
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oxytetracycline, though it comes with large standard deviations and the results might not be
reliable. The inclusion of another temperature could have helped determine the effects of
temperature. The sorption % is only an estimation of the adsorption, and kinetics modelling is
a better way of determining the maximum adsorption capacities of different compounds at

different temperatures.

4.5.2 Kinetic models and temperature
Figure 15 to 20 shows the PSO adsorption at different temperatures and different amounts of

kaolin.

Regarding temperature changes and the kinetics parameters shown in Table 12, the effects are
varying. When 5 g/L kaolin was used, the reaction rates increased with increasing temperature
for all compounds. When 10 g/L kaolin was used, the opposite effects are observed for all
compounds, as the rate constants decreased when the temperature increases from 4 to 9 °C. A
similar inconsistency occurs for the ge; when 5 g/L kaolin is used, the ge is higher for all
compounds at 4 °C. At 10 g/L kaolin, the effects are varying. For ciprofloxacin, the ge increases
slightly when the temperature is increased. For citalopram, the ge is almost equal for 4 and 9
°C, and for fluoxetine the ge is lower at 9 °C. These trends also appear in the plots below. It is
unclear whether this is due to different adsorption mechanisms taking place, or if it is due to
thermodynamic properties or conditions that are beyond the scope of this thesis.
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Figure 15: Ciprofloxacin adsorption kinetics by PSO
model, 5 g/L kaolin
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Figure 17: Citalopram adsorption kinetics by PSO
model, 5 g/L kaolin
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Figure 19: Fluoxetine adsorption kinetics by PSO
model, 5 g/L kaolin
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Figure 16: Ciprofloxacin adsorption kinetics by PSO
model, 10 g/L kaolin

Citalopram, 10 g/L kaolin

0,0035
0,003 '~.ss.cs.ssssssssss.sssssssssssc~.
10,0025
%ﬁ 0,002
S ® 9°C
‘50,0015 esseses PSO 9 °C
® 0,001 o 4
0,0005 eeseses PSO 4°C
0
0 100 200 300

Time (hours)

Figure 18: Citalopram adsorption kinetics by PSO
model, 10 g/L kaolin
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Above are the kinetics plots all compounds at 4 and 9 °C, using the PSO kinetics model. From
the sorption % data, fluoxetine adsorption was highest at 9 °C. From the kinetics plots and the
data in Table 12, the opposite trend appears. An increase in temperature for fluoxetine
apparently makes the ge (the equilibrium concentration of fluoxetine adsorbed to the kaolin
particles) decrease. It is unknown why this trend appears, as one would expect the adsorbed
amount of fluoxetine to be higher at 9 °C, according to the sorption percentages. The citalopram
plot reveals that the two temperatures give very equal adsorption Kinetics, which was also the
case when assessing the sorption percentage. It seems as it is not greatly affected by the
temperatures in these experiments, but larger temperature variations between experiments could
have helped shed light on the temperature dependence. Ciprofloxacin seems to have a mixed
trend when it comes to temperature. Using 5 g/L kaolin, the ge increases slightly with a decrease
in temperature, while at 10 g/L kaolin, the ge increases with the increase in temperature. The
same mixed trend was observed for the sorption percentage of ciprofloxacin. Fluoxetine is
therefore the only compound deviating from observations made by the sorption percentage

calculations.

4.5.3 Sips model and temperature

Table 14 summarizes the Sips isotherm parameters obtained by the HYBRID error function.
From the table, it seems that the lower the temperature, the higher the affinity constant, Ks Th
maximum adsorption capacity is pretty equal for citalopram, while it increases with temperature
for both ciprofloxacin and fluoxetine. The high affinity of citalopram to kaolin is also reflected
in the sorption percentage, as almost all citalopram was adsorbed from the solution. The n-
factor is between 0 and 2 for all compounds, which is relatively low compared to Silva et al
who had an n-value of 6,74 (Silva et al., 2020). This can explain why the Langmuir isotherm
was the 2-parameter model best fitted to the data, as an n-value of 1 will reduce the Sips

isotherm to the Langmuir isotherm.

Table 14: Sips model parameters, optimised by the HYBRID error function

Parameters CIP CIT FLU

4°C Ks (L™mg™) 12,59 672,8 22,42
Gmax (MY/Q) 0,1501 0,0657 0,0229
n 1,510 1,776 1,044
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9 °C Ks (L™*mg™) 1,565 22,67 17,25
gmax (MQ/g) 0,2754 0,0721 0,0825
n 1,254 0,8216 1,190

Contrary to the Kinetic experiments, the Sips isotherm data show a clear temperature
dependence when it comes to the maximum adsorption capacity, gmax. For all compounds, the
Qmax IS highest at 9 °C. The difference is smallest for citalopram, and highest for fluoxetine.
This is also shown in figure 21-23. Ciprofloxacin shows the highest maximum adsorption
capacity of 0,2754 mg/g at 9 °C. Fluoxetine has the lowest gmax, 0,0825 mg/g, out of the three

compounds, at 4 °C.

Fluoxetine and Sips isotherm
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Figure 21: Fluoxetine adsorption by the Sips isotherm model at different temperatures

According to Figure 21, the adsorption of fluoxetine is much higher for 9 °C than for 4 °C.
According to the literature, this is the case when the adsorbate clay molecules swell as a result
of increased temperature. Diffusion into pores of the adsorbent can also increase with increasing
temperature. The favourable adsorption of fluoxetine at higher temperatures correspond to the
results from the sorption percentage calculations.
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Figure 22: Ciprofloxacin adsorption by the Sips isotherm model at different temperatures

The adsorption isotherm for ciprofloxacin, shown in Figure 22, is shorter at 4 °C than at 9 °C.
The reason for this could be inaccuracies during preparations of the samples, due to many
manual pipetting that have been mentioned earlier. Another source of error could be degradation
of internal standards or pharmaceutical standards. The 9 °C experiment was performed prior to
the 4 °C experiment, and it is possible that the standard has started to degrade or that the
repeated thawing of frozen standard has affected its concentration. These are both factors that
could influence the concentrations of ciprofloxacin in the control samples of the isotherm

experiment, which makes one of the isotherms shorter than the other.
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Figure 23: Citalopram adsorption by the Sips isotherm model at different temperatures
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Citalopram appears to be little influenced by the change in temperature, according to Figure 23.
This was also expressed by both the sorption percentage, which was high at both 4 and 9 °C.

The kinetics results also showed that the ge values were similar at 4 and 9 °C.

4.5.4 Adsorption compared to literature

The literature and the results of this study do not correspond for all analytes. Several
pharmaceuticals that were reported to adsorb to kaolin or other sediments did not show
adsorption in this thesis. Hu et al reported fast and high adsorption of atenolol onto kaolin
particles, while no significant adsorption of atenolol was observed in this study (Hu et al.,
2015). High adsorption was also reported for paracetamol and diclofenac. The pH and salinity

of the liquid phase are properties that could have negative effects on the adsorption.

Because many of the studies in the literature use higher concentrations of pharmaceuticals (in
the mg/L range), it is difficult to directly compare gmax values between literature and this thesis,
as the initial concentration of adsorbate is highly important for the outcome of an adsorption
study and the maximum adsorption capacity that is calculated.

The Sips isotherm model successfully described fluoxetine adsorption onto pine bark (Silva et
al., 2020). In that study, the Ks was calculated to be 15,8 L/g. Some articles include the n-values
of the Freundlich and Sips models in the unit of their constants, while others don’t, which makes
it difficult to compare between models. The obtained Sips affinity constants in this project were
22,42 and 17,53 L"™*mg™ for 4 and 9 °C, respectively, for fluoxetine.

Citalopram have fitted well to the Freundlich isotherm, in addition to the PFO and PSO kinetic
models, in the literature. However, in this thesis the citalopram adsorption was clearly better
fitted to the Langmuir or Sips model, as the adsorption had a clear maximum adsorption
capacity. The obtained affinity constants for citalopram were 672,8 and 22,67 L™mg™ for
citalopram at 4 and 9 °C, respectively, which is a very large increase in the affinity constant
from 9to 4 °C.

Ciprofloxacin was mostly fitted to the Langmuir isotherm according to the literature. Wu et al
reported a K. value of 262 L/mmol, which corresponds to 791 L/g, or 0,791 L/mg. This value
is relatively close to the K. value obtained by this study using the Langmuir isotherm, K. =
0,704 L/mg at 4 °C, which means that the partitioning coefficients are comparable, even if the

initial concentrations are different. As the Sips affinity constant, Ks, has other units then Ky, it
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is difficult to compare directly between models. The Sips affinity constants for ciprofloxacin
were 12,59 and 1,57 L"*mg™.

Adsorption from an environmental perspective

Whether or not the compounds that adsorb strongly to sediments pose a smaller or greater risk
of impacting marine life is still unknown. Pollutants can cause harm both when they are
dissolved in water or adsorbed to solid particles. One can imagine that sediment bound
pharmaceuticals are less likely to be transported by ocean currents, but this will be dependent
on the sediment particle sizes and whether or not is suspended in the liquid phase or sedimented
at the bottom. An accumulation can be more probable in sediments due to the possibility of
increased persistence one the pharmaceutical is adsorbed (Hektoen et al., 1995), and can cause

damage for organisms feeding of sediments.

In the environment, the adsorption process is much more complex than in the lab, and many
factors contribute. Changes in the weather can affect the degradation of compounds, and the
wind speed can affect the turbulence of the water. The release point of wastewater can be
important in terms of distance from the ocean and depth. If the waste is disposed close to the
surface, the adsorption can differ from locations where it is disposed close to the bottom.
Different types of sediments are present at different locations, which can affect the adsorption.
In addition, the concentrations in the environment are much smaller than what has been used in

most adsorption studies.

Despite all the factors mentioned above, the data in this thesis still contributes to a higher
understanding of the adsorption mechanisms that occur and the information can hopefully be

used to improve the models that assess the transport of pharmaceuticals in the ocean.

4.6 Further work

Experiments described in this thesis were also performed at 18 °C, in addition to 4 and 9.
However, due to limited time to analyse all the planned samples, the adsorption at 18 °C was
not assessed. Analysis of samples 4 and 9 °C experiments was prioritised due to them being
most relevant to Scandinavian and Arctic sea temperatures. The 18 °C samples should be
analysed for the sake of the Pharmarine project in order to gain a deeper understanding of the

adsorption at different temperatures, as some the results from 4 and 9 °C were conflicting.
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Because of the higher temperature gap, data from 18 °C could provide more distinct temperature

relationships and trends.

Experiments including algae (Rhodomonas Baltica) were performed, but these samples were
not analysed either, due to time constraints. These samples are also of interest to analyse in
order to assess the adsorption of pharmaceuticals to algae surfaces. Since these species of algae
are found in the Arctic and are food for other species, it is interesting to quantify the amounts

of pharmaceuticals that adsorb to it, as it can possibly be accumulated in the food chain.

In order to fully assess the adsorption mechanisms that occur, more measurements and
calculations are possible to make. These include FT-IR, which was performed in many of the
relevant studies on the subject, in order to assess the differences in bonds in the adsorbate before
and after adsorption. Thermodynamic calculations can also be performed in order to assess the
energy of the bond formation and get a sense of the strength of the interaction, which is related

to the type of adsorption mechanism.

Other compounds, such as metabolites of pharmaceuticals, are interesting for adsorption studies
due to the fact that many pharmaceuticals are transformed either in the body or by hydrolysis
or degradation in the environment. Their adsorption behaviour in environmental conditions is
therefore an interesting topic. The use of other sediment types, or even natural sediment
collected in the environment, can also be an interesting approach for more understanding of the

environmental fate of these compounds.

65



5 Conclusion

The adsorption of pharmaceuticals onto the sediment kaolin was studied in this thesis, by
kinetics and isotherm modelling. HPLC-MS/MS measurements of remaining pharmaceuticals
in a seawater/sediment system was measured after specific time intervals and at different initial

concentrations of pharmaceuticals.

Experimental adsorption data was fitted to the Pseudo-first and -second order kinetics models.
The PSO model provided the best fit and revealed that the increase of the amount of particles
heavily impacted the rate of the adsorption, and that a doubling in sediment mass led to more
than 10 times higher rate constants for the pseudo-second order model at 4 °C. The highest rate
was obtained for ciprofloxacin at 4 °C, which was 5953,9 g/mg*h. The equilibrium
concentrations had a varying impact from increasing temperature and adsorbent mass.

Different error functions were implemented in order to minimize the error between
experimental and modelled data. The HYBRID error function provided the lowest SNE values
for most of the data sets, and visual inspection also showed that it fit well to the experimental
data. The HYBRID error revealed that the Sips isotherm model was the best fit for all

compounds, as it gave the lowest error and a good visual fit.

The 3-parameter Sips isotherm model performed well for all compounds, with regard to visual
fit and error. Sips isotherm data revealed that citalopram was little influenced by temperature
changes with regard to the gmax. The Sips affinity constant however, changed drastically from
22,67 to 672,8 L"*mg™ for citalopram when the temperature decreased from 9 to 4 °C. The
affinity constant for fluoxetine increased less, only from 17,25 to 22,42 L"*mg™ with increasing
temperature. The maximum adsorption capacity for all compounds was highest at 9 °C, which

indicates favourable adsorption at higher temperatures.

Adsorption is a complicated phenomenon that is dependent on many factors. The results from
this thesis can hopefully contribute to improve the current modelling of pharmaceutical
pollution in the ocean. Research into the fate and transport of pharmaceuticals in the ocean is

important, as the increase in their use can have implications for marine life.
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7 Appendixes

7.1 Material and method data

Table 15: Overview of pharmaceutical standards

Compound Solvent
Atenolol Ethanol
Atenolol_d7 Methanol
Caffeine Ethanol/methanol/Milli-Q
Ciprofloxacin 0,1 M HCI
Ciprofloxacin_d8 Methanol
Citalopram Methanol
Diclofenac Ethanol
Diclofenac_d4 Methanol
Fluoxetine Methanol
Fluoxetine_d6 Methanol
Nicotine Ethanol
Oxolinic acid 0,5 M NaOH
Oxytetracycline MeOH
Paracetamol Ethanol
Paracetamol_d4 Methanol
Tetracycline Methanol
Tetracycline_d6 Methanol
Trimethoprim Methanol

Table 16: Column and mobile phase details for the different sample batches

Sample batch | Column Mobile phase pH | Dilution of
samples

5 °C kinetics Agilent Poroshell 120 EC-C18 8,5 1:10 in Milli-Q
2.1x50mm, 2.7um

5 °C isotherm | Agilent Poroshell 120 EC-C18 7,3 1:10 in Milli-Q
2.1x50mm, 2.7um

9 °C kinetics Agilent Poroshell 120 EC-C18 8,5 No, pure seawater
2.1x50mm, 1.9um
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9 °C isotherm | Agilent Poroshell HPH-C18 8,5 1:10 in Milli-Q
2.1x50mm, 1.9um
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Figure 24: Total ion chromatogram of quantifier ions. Retention times correspond to the values in table 9

7.2 Calibration curves
Calibration curves in figure 25 to 36 are from the run of the 4 °C kinetics sample batch

Atenolol - 10 Levels, 7 Levels Used, 10 Points, 7 Points Used, 13 QCs
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Figure 25: Calibration curve for atenolol (with IS atenolol_d7)

Caffeine - 10 Levels, 7 Levels Used, 10 Points, 7 Points Used, 13 QCs

@ %106 |y =56459 416751 * x +4689,912213
2 q44R°2=0859929568 %

Type Linear, Origin‘ignore, Weight 1/x —_

12

Respon

1
08
06 ‘-
04 B |
02 ‘l:

0 -

T T
24 25 28 2]
Concentration (ng/mil)

Figure 26: Calibration curve for caffeine
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Ciprofloxacin - 10 Levels, 6 Levels Used, 10 Points, 6 Points Used, 13 QCs
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Figure 27: Calibration curve for ciprofloxacin (with IS ciprofloxacin_d8)

Citralopram - 10 Levels, § Levels Used, 10 Points, 8 Points Used, 13 QCs
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Figure 28: Calibration curve for citalopram

Diclofenac - 10 Levels, 7 Levels Used, 10 Points, 7 Points Used, 13 QCs
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Figure 29: Calibration curve for diclofenac (with IS diclofenac_d4)

Fluoxetine - 10 Levels, 7 Levels Used, 10 Points, 7 Points Used, 13 QCs
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Figure 30: Calibration curve for fluoxetine (with IS fluoxetine_d6)
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Figure 31: Calibration curve for nicotine
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Figure 32: calibration curve for oxolinic acid
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Figure 33: Calibration curve for oxytetracycline

Paracetamol - 10 Levels, 7 Levels Used, 10 Points, 7 Points Used, 13 QCs
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Figure 34: Calibration curve for paracetamol (with IS paracetamol_d4)
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Tetracycline - 10 Levels, 6 Levels Used, 10 Points, 6 Points Used, 12 QCs
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Figure 35: Calibration curve for tetracycline (with IS tetracycline_d6)
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Figure 36: Calibration curve for trimethoprim

78



7.3 QC data

Table 17: 9 °C kinetics QC data

Compound Linear R? LOQ* Linear curve
range (ng/mL) parameters (origin
(ng/mL) and weighing)

Atenolol (w/1S) | 0,1 100 0,999 0,1 Ignore

1/x
Caffeine 0,05-10* | 0,997 0,5 Include

1/x
Ciprofloxacin 0,1-100 0,999 0,1 Ignore
(W/1S) 1/x
Citalopram 0,05-25* | 0,998 0,5 Ignore

1/x
Diclofenac 0,5 - 250 0,999 0,5 Ignore
(W/1S) 1/x
Fluoxetine 0,1-250 0,999 1 Ignore
(W/1S) none
Nicotine 0,1- 250 0,999 0,1 Ignore

1/x
Oxolinic acid 0,1-100 0,995 0,1 Ignore

1/x
Oxytetracycline | 0,5— 250 0,994 0,5 Ignore

1/x
Paracetamol 0,5-250 0,999 0,5 Ignore
(W/1S) 1/x
Tetracycline 0,5 - 250 0,996 0,5 Ignore
(W/1S) 1/x
Trimethoprim 0,1-100 0,997 0,1 Ignore

1/x

*Qther concentrations of caffeine and citalopram were added to the calibration standards,

therefore their linear range is different
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Table 18: 4 °C kinetic QC data

Compound Linear R? LOQ* Linear curve parameters
range (ng/mL) (origin and weighing)
(ng/mL)
Atenolol (w/IS) | 0,1-100 0,998 0,1 Ignore
1/x
Caffeine 0,05 -25* | 0,999 0,05 Ignore
1/x
Ciprofloxacin 1- 250 0,998 1 Ignore
(W/1S) 1/x
Citalopram 0,005 —25* | 0,999 0,005 Ignore
1/x
Diclofenac 0,1- 250 0,998 0,1 Ignore
(W/1S) 1/x
Fluoxetine 0,5-250 0,999 0,5 Ignore
(W/1S) 1/x
Nicotine 0,1- 250 0,999 0,1 Ignore
1/x
Oxolinic acid 0,02-100 | 0,998 0,1 Ignore
1/x
Oxytetracycline | 5 - 250 0,999 5 Ignore
1/x
Paracetamol 0,1-100 0,999 0,1 Ignore
(W/IS) 1/x
Tetracycline 1-250 0,993 5 Ignore
(W/1S) 1/x
Trimethoprim 0,02-100 | 0,998 0,02 Ignore
1/x

*Qther concentrations of caffeine and citalopram were added to the calibration standards,

therefore their linear range is different
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Table 19: Isotherm 9 °C QC data

Compound Linear range R2 LOQ Calibration
(ng/mL) (ng/mL) | parameters (origin
and weighing)
Ciprofloxacin 0,5-100 0,993 0,5 Ignore
1/x
Citalopram 0,06-25* 0,994 0,5 Include
1/x
Fluoxetine 0,5 - 250 0,995 0,5 Ignore
1/x
Table 20: Isotherm 4 °C QC data
Compound Linear range R2 LOQ Calibration
(ng/mL) (ng/mL) | parameters
(origin and weighing)
Ciprofloxacin 0,5-250 0,998 0,5 Ignore
1/x
Citalopram 0,05 - 25 0,998 0,05 Ignore
1/x
Fluoxetine 1-250 0,999 1 Ignore
None
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7.4 Experimental data, kinetics experiments

Table 21: Atenolol raw kinetics data

4°C 9 °C
Concentration (ng/mL) Concentration
Tim  Triplicat CTR (ng/mL)
e e L 5g/L 10g/L | | Tim Triplicat 10
1 1 465 448 444 | e CTRL 5g/L g/L
2 451 526 442 1 1 414 436 438
3 47,8 45,4 43,9 2 449 425 44,9
3 1 462 451 411 3 411 452 445
2 455 442 445 3 1 437 452 434
3 438 454 46,0 2 434 431 437
6 1 478 463 447 3 399 440 443
2 442 453 437 6 1 426 441 447
3 444 459 455 2 424 419 444
24 1 444 458 448 3 383 440 437
2 449 443 441 24 1 434 452 435
3 450 453 453 2 423 445 445
48 1 46,1 46,1 449 3  AL5 457 464
2 451 450 451 48 1 443 457 449
3 449 455 450 2 433 446 459
72 1 46,6 44,7 448 3 418 456 458
2 449 450 446 72 1 440 470 459
3 456 452 46,0 2 41 452 455
144 1 470 466 442 3 426 460 452
2 449 452 44T 144 1 449 462 455
3 448 452 456 2 444 457 460
240 1 447 433 431 3 428 472 452
2 439 438 429 240 1 271 279 28,0
3 432 417 445 2 2711 213 290
3 26,3 28,3 32,3
RSD RSD
Time CTRL 5¢/L 10 g/L Time CTRL 5¢/L 10 g/L
1 29% 91% 0,7% 1 50% 31% 1,3%
3 27% 13% 57% 3 49% 23% 11%
6 44% 11% 20% 6 59% 28% 12%
24 06% 16% 13% 24 22% 14% 3,3%
48 15% 12% 01% 48 29% 13% 12%
72 18% 06% 1,7% 72 29% 20% 08%
144  26% 18% 16% 144  25% 17% 09%
240  18% 26% 21% 240 17% 18% 76%
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Caffeine

Table 22: Caffeine raw kinetics data

4 °C 9°C
Concentration (ng/mL) Concentration (ng/mL)
Time Triplicate CTRL 5g/L  10g/L Time Triplicate CTRL 5g/L 10 g/L
1 1 52,1 489 249 1 1 42,8 333 317
2 447 324 250 2 42,5 306 324
3 56,6 49,8 3472 3 40,9 37,2 317
3 1 43,7 419 235 3 1 41,7 37,0 309
2 39,2 382 237 2 42,8 36,9 31,3
3 382 296 255 3 40,0 379 303
6 1 390 29,7 242 6 1 42,4 36,9 31,7
2 403 369 258 2 45,9 355 319
3 39,7 321 233 3 44,2 39,0 349
24 1 42,2 343 36,6 24 1 43,6 36,3 28,2
2 44,9 37,2 30,7 2 42,3 36,7 31,1
3 46,2 292 240 3 41,7 39,3 339
48 1 609 329 27,0 48 1 42,8 380 319
2 445 395 231 2 46,1 406 32,1
3 494 340 249 3 42,0 36,8 31,0
72 1 72,3 426 256 72 1 47,2 385 342
2 63,2 40,7 27,7 2 42,8 378 304
3 40,1 30,1 26,0 3 44,6 404 34,1
144 1 392 329 282 144 1 42,2 41,7 358
2 474 324 277 2 41,3 36,7 325
3 38,7 324 331 3 41,0 39,3 3472
240 1 405 298 26,6 240 1 42,7 412 322
2 379 309 247 2 43,5 417 32,3
3 402 31,1 243 3 44,6 39,0 330
RSD RSD
Time CTRL 59/L 10 g/L Time CTRL 5g/L 10 g/L
1 117% 224% 192% 1 24% 99% 12%
3 73% 173% 4,6% 3 34% 15% 18%
6 17% 112% 51% 6 39% 48% 55%
24 46% 121% 20,6% 24 23% 44% 91%
48 163% 101% 7.8% 48 50% 49% 19%
72 284% 179% 43% 72 49% 35% 6,6%
144  116% 09% 10,0% 144 16% 64% 48%
240 3 7% 23% 48% 240 22% 36% 13%
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Table 23: Ciprofloxacin raw kinetics data

4 °C 9°C
Concentration Concentration (ng/mL)
(ng/mL) Time  Triplicatle CTRL 5g/L  10g/L
5 1 1 525 31,1 17,9
Time Triplicate CTRL g/L  10g/L 2 51,3 25,2 18,3
1 1 49,1 255 132 3 48,7 36,0 18,1
2 409 29,8 151 3 1 53,5 32,6 16,4
3 424 301 1272 2 53,6 33,6 17,5
3 1 386 176 1372 3 48,4 35,9 15,2
2 331 247 127 6 1 526 299 156
3 352 238 124 2 44,9 32,2 17,3
6 1 404 166 153 3 41,4 31,3 14,0
2 426 26,7 115 24 1 54,7 27,2 12,7
3 354 210 136 2 52,5 315 15,1
24 1 371 252 9,8 3 50,3 328 131
2 379 202 120 48 1 53,4 26,8 13,2
3 329 173 10.2 2 44,1 25,3 14,5
48 1 459 16,0 148 3 48,5 29,7 13,9
2 361 154 134 72 1 46,8 28,7 11,3
3 295 198 132 2 50,6 28,4 12,3
72 1 43,7 189 136 3 41,5 28,5 10,4
2 411 19,0 1,7 144 1 479 25,0 10,1
3 384 142 153 2 51,6 26,2 12,3
144 1 40,0 199 124 3 48,3 28,3 10,8
2 415 203 131 240 1 52,8 21,7 10,5
3 362 16,1 1372 2 49,4 21,6 12,2
240 1 40,2 186 7,3 3 443 26,7 12,1
2 372 176 11,0
3 366 229 103
RSD RSD
Time CTRL 5¢g/L 10 g/L Time CTRL 5g¢g/L 10 g/L
1 99% 90% 10,9% 1 38% 176% 12%
3 78% 175% 32% 3 57% 50% 71%
6 94% 238% 14,3% 6 124% 37% 10,7%
24 75% 19,1% 11,0% 24 42% 95% 95%
48 222% 141% 65% 48 96% 81% 45%
72 6,4% 156% 32,7% 72 99% 05% 82%
144 70% 124% 33% 144 42% 63% 98%
240 51% 143% 20,5% 240 87% 126% 79%
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Table 24: Citalopram raw kinetics data

4 °C 9°C
Concentration Concentration
(ng/mL) (ng/mL)
5 5
Time Triplicate CTRL g/L 10g/L Time Triplicate CTRL g/L 10g/L
1 1 36,7 101 2,4 1 1 329 83 3,8
2 220 6,6 2,3 2 311 80 3,4
3 330 109 2,8 3 308 7.2 3,2
3 1 256 64 1,3 3 1 330 69 2,7
2 287 61 1,3 2 392 61 2,5
3 252 47 1,7 3 325 63 2,5
6 1 253 35 1,0 6 1 328 67 1,7
2 26,7 41 1,2 2 333 51 2,2
3 247 33 1,1 3 314 59 2,0
24 1 30,7 30 1,0 24 1 355 49 1,5
2 286 26 0,8 2 328 43 1,5
3 308 24 0,7 3 335 43 1,4
48 1 292 22 0,6 48 1 348 44 1,3
2 266 20 0,5 2 314 36 1,4
3 238 17 0,7 3 314 31 1,0
72 1 387 29 0,5 72 1 370 40 1,0
2 3711 29 0,5 2 341 37 1,2
3 280 21 0,5 3 342 37 1,0
144 1 269 21 0,6 144 1 334 36 1,0
2 298 11 0,6 2 335 31 1,1
3 290 18 0,6 3 301 32 0,9
240 1 290 18 0,4 240 1 320 35 0,9
2 262 17 0,5 2 315 26 1,0
3 323 24 0,4 3 338 29 1,0
RSD RSD
Time CTRL 5¢g/L 10 g/L Time CTRL 5¢g/L 10 g/L
1 250% 251% 119% 1 36% 69% 87%
3 71% 158% 143 % 3 107% 62% 57%
6 40% 118% 79% 6 31% 135% 132%
24 42% 106% 178% 24 42% T79% 31%
48 10,3% 112% 154% 48 60% 178% 154%
72 166% 16,7% 35% 72 47% 43% 82%
144 53% 312% 58% 144  59% 82% 53%
240  105% 19,7% 20,0% 240 38% 139% 89%
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Table 25: Diclofenac raw kinetics data

4 °C 9°C
Concentration (ng/mL) Concentration (ng/mL)
Time Triplicate  CTRL 5g/L  10g/L | | Time Triplicate CTRL 5g/L 10 g/L
1 1 600 583 569 1 1 356 39,0 39,7
2 62,7 672 59,0 2 357 39,9 39,2
3 625 57,7 561 3 331 37,8 382
3 1 643 592 518 3 1 355 38,2 40,0
2 595 594 573 2 357 383 394
3 566 586 616 3 330 39,6 40,2
6 1 601 544 587 6 1 361 41,1 38,2
2 570 575 569 2 366 36,9 388
3 555 521 592 3 336 39,7 379
24 1 579 593 574 24 1 343 39,2 39,7
2 564 605 556 2 340 370 36,6
3 565 555 580 3 345 39,6 399
48 1 629 576 598 48 1 363 38,1 389
2 593 587 537 2 362 38,0 39,6
3 591 554 561 3 346 36,9 40,2
72 1 555 551 535 72 1 371 379 382
2 56,7 618 56,6 2 36,7 38,1 425
3 579 555 587 3 358 385 413
144 1 61,2 560 550 144 1 375 40,5 40,9
2 584 562 56,9 2 361 38,8 399
3 544 587 59,0 3 3472 39,1 38,7
240 1 557 536 553 240 1 234 26,3 25,8
2 529 534 531 2 249 254 26,1
3 558 541 584 3 239 26,1 29,2
RSD RSD
Time CTRL 5g¢/L 10 g/L Time CTRL 5g/L 10 g/L
1 25% 87% 26% 1 42% 28% 19%
3 65% 07% 8,6% 3 44% 20% 11%
6 41% 50% 21% 6 46% 54% 11%
24 15% 45% 22% 24 07% 37% 47%
48 36% 29% 55% 48 27% 17% 17%
72 21% 66% 4,7% 72 18% 09% 55%
144 59% 27% 35% 144  46% 23% 28%
240  30% 0,7% 48% 240 30% 18% 69%
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Table 26: Fluoxetine raw kinetics data

4 °C 9°C
Concentration (ng/mL) Concentration (ng/mL)
Time Triplicate CTRL 5¢g/L  10g/L Time  Triplicate CTRL 5g¢g/L  10g/L
1 1 17,7 12,8 6,1 1 1 13,3 8,0 6,0
2 26,5 11,4 6,3 2 9,5 7,3 4,2
3 22,3 13,9 6,2 3 9,5 4,2 4,0
3 1 228 11,2 5,3 3 1 132 64 4.9
2 22,7 9,3 4,9 2 21,8 4,9 2,9
3 21,5 10,0 4,8 3 14,9 4,9 52
6 1 21,6 8,1 4,1 6 1 12,1 6,6 2,1
2 17,9 8,3 4,1 2 11,6 4,9 33
3 20,3 7,2 4,1 3 11,9 4,5 2,2
24 1 20,3 8,2 5,0 24 1 16,0 5,7 2,8
2 18,4 8,0 6,1 2 13,6 53 2,9
3 20,9 7,7 4,1 3 18,6 4,2 3,0
48 1 25,1 8,9 51 48 1 14,4 6,3 2,7
2 20,8 8,1 3,9 2 10,6 4,2 2,9
3 20,8 9,3 3,6 3 10,9 33 1,7
72 1 16,6 6,8 38 72 1 14,2 6,0 24
2 20,1 7,4 3,6 2 8,5 54 2,3
3 21,5 7,0 4,7 3 16,5 2,6 1,4
144 1 19,5 7,3 4,1 144 1 12,6 5,7 1,8
2 19,6 11,0 34 2 14,6 51 2,5
3 18,3 9,0 4,0 3 9,0 4,6 2,4
240 1 22,2 6,0 7,9 240 1 12,7 7,5 2,6
2 16,9 6,4 4,2 2 10,6 3,8 3,0
3 19,4 8,3 4,2 3 14,4 3,5 3,5
RSD RSD
Time CTRL 59/L 10 g/L Time CTRL 5¢/L 10 g/L
1 198% 96% 16% 1 202% 315% 232%
3 33% 95% 56% 3 274% 16,1% 294%
6 93% 76% 04% 6 23% 216% 279%
24 6,7% 32% 194% 24 154% 155% 3,7%
48 110% 69% 184% 48 17,7% 330% 27,1%
72 130% 49% 146% 72 316% 392% 26,3%
144 37% 202% 10,7% 144 235% 108% 16,1%
240 138% 182% 40,0% 240 151% 333% 156%




Table 27: Nicotine raw kinetics data

4 °C 9°C
Concentration (ng/mL) Concentration (ng/mL)
Time Triplicate CTRL 5g¢g/L 10g/L Time Triplicate CTRL 5g/L 10g/L
1 1 1054 1157 70,3 1 1 815 741 81,6
2 876 745 70,3 2 808 728 83,9
3 1138 1139 97,1 3 769 828 82,4
3 1 842 934 70,4 3 1 819 808 79,8
2 725 905 70,9 2 812 822 81,5
3 732 710 80,4 3 763 846 83,0
6 1 76,0 69,6 75,0 6 1 814 86,2 82,1
2 80,3 892 74,8 2 822 784 82,7
3 76,2 786 70,5 3 779 857 86,9
24 1 808 783 1064 24 1 829 849 80,6
2 865 84,7 81,8 2 805 80,7 80,1
3 853 721 74,2 3 789 860 82,2
48 1 1169 76,2 81,0 48 1 816 846 81,4
2 831 971 70,1 2 818 821 82,0
3 893 1786 73,9 3 785 809 79,0
72 1 1372 99,3 71,3 72 1 843 836 82,0
2 1226 988 81,2 2 816 820 83,6
3 769 71,0 78,4 3 771 86,8 82,0
144 1 78,0 76,7 81,5 144 1 822 88,6 82,9
2 90,7 750 82,3 2 80,1 799 83,6
3 754 733 98,0 3 778 839 81,4
240 1 781 723 78,5 240 1 814 828 81,8
2 738 740 68,3 2 798 843 82,0
3 768 728 72,7 3 79,7 826 82,8
RSD RSD
Time CTRL 59/L 10 g/L Time CTRL 5¢/L 10 g/L
1 131% 230% 195% 1 31% 71% 14%
3 86% 144% 7,7% 3 38% 23% 20%
6 31% 124% 35% 6 29% 53% 31%
24 36% 80% 192% 24 25% 33% 13%
48 166% 136% 74% 48 23% 23% 20%
72 280% 180% 6,6% 72 45% 29% 11%
144 101% 22% 10,7% 144 28% 52% 14%
240 29% 11% 7,0% 240 12% 11% 0,6%
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Table 28: Oxolinic acid raw kinetics data

4 °C 9°C
Concentration Concentration (ng/mL)
(ng/mL) Time  Triplicate CTRL 5g/L 10 g/L
10 1 1 484 412 37,0
Time Triplicate CTRL 5g/L g/L 2 47,4 43,7 37,7
1 1 686 753 306 3 46,3 46,1 37,1
2 506 423 335 3 1 483 429 319
3 652 751 502 2 485 436 32,0
3 1 533 59,7 311 3 457 441 34,0
2 466 557 312 6 1 484 459 28,0
3 410 375 305 2 495 394 284
6 1 428 373 275 3 46,3 446 29,7
2 473 46,7 291 24 1 50,0 343 171
3 430 421 258 2 48,6 31,6 15,7
24 1 540 381 31,3 3 46,6 33,1 15,8
2 60,0 409 205 48 1 495 26,8 10,9
3 591 302 176 2 50,0 25,3 11,1
48 1 77,0 247 135 3 470 24,2 10,4
2 550 348 123 72 1 50,2 21,2 8,9
3 527 262 151 2 48,7 20,9 9,3
72 1 101,8 31,0 10,0 3 46,9 22,0 8,5
2 848 300 131 144 1 534 16,7 6,1
3 451 223 10,7 2 473 14,5 5,8
144 1 49,3 172 7,6 3 46,2 15,2 5,8
2 639 184 8,1 240 1 49,0 11,7 4,6
3 46,5 16,6 9,9 2 483 12,0 4,5
240 1 466 124 5,8 3 486 11,9 4,4
2 431 1372 5,2
3 48,3 148 51
RSD RSD
Time CTRL 5¢g/L 10 g/L Time CTRL 5¢g/L 10 g/L
1 155% 296% 27,8% 1 22% 56% 10%
3 131% 231% 13% 3 33% 14% 36%
6 56% 113% 6,1% 6 34% 80% 31%
24 55% 152% 31,3% 24 35% 42% 48%
48 218% 190% 104 % 48 33% 52% 35%
72 371,7% 172% 142% 72 34% 24% 48%
144 175% 52% 13,7% 144 8,0 % 7,5% 2,9%
240 57% 92% 72% 240 07% 13% 19%
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Table 29: Oxytetracyline raw kinetics data

4 °C 9°C
Concentration (ng/mL) Concentration (ng/mL)
Time 10
(h) Triplicate CTRL 5g/L  10g/L Time Triplicate CTRL 5g/L g/L
1 1 739 67,6 45,3 1 1 1457 878 859
2 580 54,0 46,9 2 146,3 322,2 156,1
3 588 81,6 64,6 3 1244 1505 919
3 1 534 60,9 49,4 3 1 1278 1124 76,2
2 1024 68,7 50,2 2 1089 161,1 99,6
3 482 53,9 50,6 3 1141 1309 1621
6 1 548 50,4 45,7 6 1 1428 2543 1436
2 534 52,5 51,6 2 152,7 1021 91,9
3 510 49,5 50,3 3 1356 4829 88,0
24 1 597 61,6 54,1 24 1 1484 1936 1774
2 641 55,2 79,9 2 1163 950 72,0
3 556 51,6 50,2 3 1341 1646 79,9
48 1 713 50,4 46,7 48 1 1355 6194 97,4
2 530 57,7 49,5 2 1559 1132 70,6
3 556 49,4 50,5 3 130,1 1096 659
72 1 782 52,4 47,9 72 1 1558 1048 835
2 894 52,1 54,5 2 136,6 1198 190,4
3 513 49,4 46,5 3 1132 9,2 798
144 1 564 56,4 55,0 144 1 3798 2694 701
2 68,7 48,9 49,7 2 1127 919 927
3 443 44,5 53,7 3 137,0 1161 78,6
240 1 500 45,5 49,0 240 1 86,4 62,0 1410
2 484 45,3 46,3 2 850 72,7 46,7
3 47,3 83,5 44,6 3 914 652 494
RSD RSD
Time CTRL 5g¢g/L 10 g/L Time CTRL 5¢g/L 10 g/L
1 14 % 20 % 21 % 1 90% 649% 350%
3 44 % 12 % 1% 3 83% 182% 189%
6 4 % 3% 6 % 6 60% 685% 288%
24 7% 9 % 26 % 24 121% 335% 535%
48 16 % 9 % 4 % 104,5
72 27 % 3% 9 % 48  9,7% % 21,8%
144 22 % 12 % 5% 72 158% 111% 533%
240 3% 38 % 5% 144 70,4% 605% 142%
240  39% 83% 679%




Table 30: Paracetamol raw kinetics data

4 °C 9°C
Concentration (ng/mL) Concentration (ng/mL)
5 Tim CTR
Time Triplicate CTRL g/L 10g/L | |e Triplicate L 59/L 10 g/L
1 1 40,9 40,2 39,7 1 1 484 50,9 51,7
2 40,1 46,9 39,7 2 519 48,3 52,1
3 41,1 40,7 39,9 3 479 52,9 52,3
3 1 415 398 36,5 3 1 496 53,4 51,2
2 40,3 395 40,0 2 496 50,9 51,7
3 38,8 404 415 3 46,5 50,7 51,0
6 1 416 40,9 40,6 6 1 493 50,4 51,3
2 39,8 40,7 399 2 48,2 49,0 51,2
3 398 399 410 3 441 50,5 49,9
24 1 39,9 409 40,0 24 1 488 51,1 49,6
2 40,0 39,1 39,7 2 48,6 51,1 51,8
3 40,1 40,0 404 3 471 51,8 53,4
48 1 41,3 40,7 40,3 48 1 497 50,9 51,3
2 40,2 405 40,1 2 48,6 50,6 53,1
3 39,7 40,6 40,7 3 471 52,2 52,6
72 1 415 40,1 39,6 72 1 494 53,0 52,0
2 40,2 40,2 398 2 50,7 51,0 51,4
3 40,1 40,3 40,7 3 473 52,6 51,1
144 1 41,3 40,9 40,0 144 1 495 51,8 51,4
2 40,2 399 394 2 499 51,2 52,8
3 39,8 398 410 3 478 53,9 51,5
240 1 39,6 386 381 240 1 313 32,5 32,7
2 38,0 389 382 2 313 31,7 33,7
3 386 376 39,1 3 301 32,9 38,0
RSD RSD
Time CTRL 5g¢/L 10 g/L Time CTRL 5¢/L 10 g/L
1 13% 88% 03% 1 4,4 % 45% 0,6%
3 34% 11% 6,6% 3 3,6 % 29% 0,8%
6 26% 13% 14% 6 5,8 % 17% 15%
24 02% 22% 08% 24 2,0 % 08% 37%
48 19% 03% 08% 48 2,7% 16% 18%
72 19% 02% 15% 72 3,4 % 20% 0,9%
144  19% 15% 20% 144 2,2 % 28% 15%
240 20% 18% 13% 240 2,2 % 20% 8,1%
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Table 31: Tetracycline raw kinetics data

4 °C 9 °oC
Concentration (ng/mL) Concentration (ng/mL)
Time Triplicate CTRL 5¢/L 10g/L Triplicat
1 1 33,5 50,1 30,4 Time e CTRL 5¢/L 10g/L
2 334 249 30,8 1 1 799 790 746
3 25,2 35,1 27,1 2 718 586 78,8
3 1 33,9 36,2 26,8 3 536 91,1 61,8
2 34,1 34,0 25,7 3 1 740 808 62,6
3 23,3 27,0 25,3 2 60,0 85,7 68,3
6 1 296 221 218 3 49,7 83,7 164
2 21,8 34,3 23,3 6 1 76,5 36,0 718
3 19,8 30,5 22,5 2 70,2 74,3 551
24 1 22,8 35,5 42,3 3 543 62,6 54,7
2 37,9 35,6 46,4 24 1 84,2 385 65,8
3 21,6 23,3 11,2 2 57,3 75,8 549
48 1 30,2 17,8 23,0 3 50,5 82,1 64,3
2 39,4 16,5 27,6 48 1 778 27,6 485
3 29,4 37,6 21,7 2 655 76,2 51,3
72 1 29,9 39,7 33,8 3 46,0 72,4 49,7
2 32,7 26,5 16,2 72 1 86,4 735 57,5
3 18,4 12,6 23,1 2 67,5 66,3 17,5
144 1 28,3 28,4 50,7 3 485 67,6 464
2 29,6 24.4 17,7 144 1 33,9 655 44,6
3 22.6 19,6 18,8 2 540 70,4 48,6
240 1 196 157 123 3 47,1 705 443
2 20,6 30,9 14,7 240 1 419 40,6 28,2
3 13,0 40,4 20,4 2 27,8 409 309
3 30,7 446 352
RSD RSD
Time CTRL 5¢g/L 10 g/L Time CTRL 5g¢g/L 10 g/L
1 155% 345% 6,8% 1 197% 216% 12,3%
3 204% 149% 29% 3 199% 30% 6,1%
6 218% 214% 33% 6 171% 340% 16,2%
24 330% 224% 578% 24 278% 360% 9,6%
48 16,8% 494% 129% 48 254% 46,1% 28%
72 281% 51,7% 36,3% 72 281% 56% 51,1%
144 140% 183% 645% 144 22,7 % 4,2 % 53%
240 233% 429% 26,7% 240 223% 54% 112%
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Table 32: Trimethoprim raw kinetics data

4 °C 9°C
Concentration (ng/mL) Concentration (ng/mL)
Time Triplicate CTRL 5¢/L 10¢g/L Time  Triplicate CTRL 5g/L 10 g/L
1 1 47,1 51,9 27,7 1 1 311 276 28,9
2 384 314 27,9 2 30,8 282 29,9
3 48,7 514 41,2 3 299 301 29,0
3 1 38,1 433 27,9 3 1 3L,2 305 29,0
2 330 40,1 28,9 2 321 307 28,9
3 326 299 31,2 3 296 31,6 30,3
6 1 336 299 29,0 6 1 313 342 28,5
2 350 36,8 31,6 2 319 293 29,4
3 33,7 332 27,9 3 310 333 31,0
24 1 38,6 35,3 46,6 24 1 321 331 30,0
2 41,7 39,3 32,9 2 31,3 303 28,7
3 41,3 30,6 29,2 3 304 329 29,9
48 1 51,0 32,0 32,0 48 1 315 330 29,3
2 39,8 39,6 27,2 2 325 311 28,8
3 40,3 32,9 31,9 3 308 299 27,5
72 1 65,7 42,0 27,4 72 1 339 319 29,4
2 57,7 416 33,1 2 314 319 31,2
3 336 305 30,2 3 309 331 29,9
144 1 349 330 33,5 144 1 332 349 31,2
2 42,0 29,7 32,4 2 306 303 30,0
3 353 314 40,9 3 29,7 319 30,5
240 1 349 310 31,0 240 1 31,2 325 30,3
2 32,9 315 28,3 2 316 3272 29,7
3 37,1 332 28,6 3 315 321 30,4
RSD RSD
Time CTRL 59/L 10 g/L Time CTRL 5¢/L 10 g/L
1 124% 26,1% 240% 1 20% 45% 18%
3 89% 186% 57% 3 42% 20% 27%
6 24% 103% 6,4 % 6 15% 81% 43%
24 41% 125% 252% 24 28% 48% 25%
48 144% 120% 91% 48 27% 50% 33%
72 319% 172% 95% 72 50% 21% 30%
144  106% 53% 13,0% 144 59% 73% 18%
240 59% 36% 51% 240 06% 06% 13%
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7.5 Experimental data, isotherm experiments

Table 33: Ciprofloxacin raw isotherm data, 4 °C

CTRL |Ce Ce
Co Triplicate | (ng/mL) | (ng/mL) | (mg/L) | Qe SD (qe)
8 1 11,6 8,3 0,008311 | 0,0005 | 2,96E-05
2 10,6 9,6 | 0,009606 | 0,0003 | 1,48E-05
3 10,5 3,910,003854 | 0,0014 | 8,03E-05
16 1 31,0 8,2 | 0,008207 | 0,0034 | 0,000716
2 24,1 10,0 | 0,010005 | 0,0031 | 0,00064
3 20,6 12,71 0,012704 | 0,0025 | 0,000527
31 1 54,2 10,5 | 0,010452 | 0,0072 | 0,001286
2 37,8 20,0 | 0,019975 | 0,0053 | 0,000948
3 48,0 13,1 0,013135 | 0,0067 | 0,00119
63 1 84,8 31,3 0,031335 | 0,0108 | 0,000396
2 88,8 20,7 | 0,020749 | 0,0129 | 0,000473
3 82,6 27,5 0,027549 | 0,0116 | 0,000424
125 1 158,4 58,8 | 0,058835 | 0,0211 | 0,001493
2 177,5 45,7 | 0,045749 | 0,0237 | 0,001678
3 156,5 53,1 ] 0,053091 | 0,0222 | 0,001574
250 1 338,0 124,2 | 0,124186 | 0,0457 | 0,002769
2 342,9 113,0 | 0,113041 | 0,0479 | 0,002904
3 377,2 108,7 | 0,108706 | 0,0488 | 0,002957
500 1 740,9 257,11 0,257087 | 0,0817 | 0,008009
2 623,7 231,9 | 0,231906 | 0,0868 | 0,008502
3 632,6 235,3 | 0,235331 | 0,0861 | 0,008435
1000 1| 1135,1 452,3 | 0,452286 | 0,1457 | 0,008825
2| 114472 561,2 | 0,561164 | 0,1239 | 0,007506
3| 12633 575,8 | 0,575769 | 0,1210| 0,00733
Table 34: Citalopram raw isotherm data, 4 °C
CTRL Ce Ce
Co Triplicate | (ng/mL) (ng/mL) | (mg/L) ge (mg/g) | SD (Qe)
8 1 7,9 0,7 | 0,000701 0,00149 | 4,00009E-05
2 8,3 4,2 1 0,004189 0,00079 | 2,12213E-05
3 8,2 4,2 | 0,004238 0,00078 | 2,0958E-05
16 1 159 | *
2 19,4 4,3 | 0,004293 0,00239 | 0,000439353
3 13,5 1,0 | 0,001014 | 0,00305 | 0,000559907
31 1 30,3 1,5 | 0,001530 0,00517 | 0,000736092
2 22,9 1,91 0,001943 0,00508 | 0,000724322
3 28,9 4,5 | 0,004478 0,00458 | 0,000652082
63 1 71,7 3,8 1 0,003792 0,01229 | 0,001142831
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2 64,4 5,8 | 0,005777 0,01189 | 0,001105915
3 59,6 6,0 | 0,006024 0,01184 | 0,001101311
125 1 835| *
2 119,1 12,7 | 0,012658 0,01700 | 0,00329128
3 90,3 11,7 1 0,011731 0,01719 | 0,003327189
250 1 178,3 39,0 | 0,038998 0,04686 | 0,015157645
2 353,1 43,3 | 0,043346 0,04599 | 0,014876305
3 288,5 60,9 | 0,060921 0,04248 | 0,013739358
500 1 596,6 128,9 | 0,128899 0,06587 | 0,017229783
2 386,6 132,4 | 0,132443 0,06516 | 0,017044402
3 391,5 129,5 | 0,129521 0,06575 | 0,017197268
1000 1 763,7 442,6 | 0,442628 0,06640 | 0,001541613
2 795,4 4448 | 0,444789 0,06597 | 0,00153158
3 764,8 537,5 | 0,537533 | 0,04742**
*Faulty samples ** Quitlier
Table 35: Fluoxetine raw isotherm data, 4 °C
CTRL Ce Ce
Co Triplicate | (ng/mL) | (ng/mL) | (mg/L) Qe (mg/g) | SD (Qe)
8 1 3,08 1,66 | 0,00166 | 0,00032 3,00E-05
2 3,13 1,67 | 0,001666 | 0,00032 2,98E-05
3 3,63 0,77 | 0,000768 | 0,00050 4,64E-05
16 1 3,43 1,19 | 0,001191 | 0,00057 7,65E-05
2 4,40 0,72 | 0,000722 | 0,00067 8,90E-05
3 4,32 1,04 | 0,001037 | 0,00060 8,06E-05
31 1 7,89 2,30 | 0,002298 | 0,00118 2,69E-04
2 10,23 2,86 | 0,002864 | 0,00107 2,43E-04
3 6,54 2,62 | 0,002623 | 0,00112 2,54E-04
63 1 18,27 4,48 | 0,004479 | 0,00232 3,89E-04
2 16,95 4,05 | 0,004045 | 0,00241 4,04E-04
3 13,08 595| 0,00595| 0,00203 3,40E-04
125 1 18,33 14,91 | 0,014906 | 0,00326 1,18E-03
2 39,50 9,54 | 0,009536 | 0,00433 1,57E-03
3 35,72 13,16 | 0,013164 | 0,00360 1,30E-03
250 1 82,41 31,51 0,031506 | 0,01176 1,37E-03
2 102,28 34,53 | 0,034531 | 0,01116 1,30E-03
3 86,25 39,62 | 0,039618 | 0,01014 1,18E-03
500 1 226,94 102,98 | 0,102978 | 0,01674 3,85E-03
2 191,54 122,53 | 0,122531 | 0,01283 2,95E-03
3 141,54 109,41 | 0,109414 | 0,01545 3,55E-03
1000 1 355,39 | 324,36** | 0,32463 | 0,00438 | 3,40 E-04
2 315,98 240,08 | 0,24008 | 0,02124 1,65E-03
3 367,41 249,76 | 0,249761 | 0,01930 1,50E-03
** Qutlier
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Table 36: Ciprofloxacin raw isotherm data, 9 °C

CTRL
Co Parallel | (mg/L) Ce (Mmg/L) | ge (Mg/g) Sd (qge)
8 1 0,02072 0,0079 0,0032 0,0016
2 0,03120 0,0063 0,0035 0,0017
3 0,01912 0,0128 0,0022 0,0011
16 1 0,03993 0,0228 0,0046 0,0023
2 0,05291 | 0,0489**
3 0,04487 0,0104 0,0071 0,0036
31 1 0,07757 0,0315 0,0090 0,004499
2 0,07145 0,0599 0,0033 0,001653
3| 0,08033 0,0434 0,0066 0,003307
63 1 0,15858 0,0935 0,0152 0,007618
2 0,16796 0,0842 0,0171 0,008552
3 0,18263 0,0544 0,0231 0,011536
125 1 0,39048 0,1202 0,0526 0,024789
2 0,37570 0,1509 0,0464 0,021894
0,07494** 0,1577 0,0451 0,02125
250 1 0,73456 0,3328 0,0759 0,03794
2 0,69109 0,2675 0,0889 0,044466
3 0,71087 0,2888 0,0847 0,042337
500 1 1,51813 0,8878 0,1465 0,073255
2 1,73628 0,9191 0,1403 0,07013
3 1,60671 0,9220 0,1397 0,069842
1000 1 3,36539 2,0284 0,2568 0,181553
1,49658** 2,1922 0,2240 0,158387
3 3,25897 1,5451 0,3534 0,249899
** outliers
Table 37: Citalopram raw isotherm data, 9 °C
CTRL Ce Qe
Co Parallel | (mg/L) (mg/L) | (mg/g) | SD (ge)
8 1 0,00541 | 0,0002 | 0,0010 0,0005
2 0,00517 | 0,0001| 0,0010 0,0005
3 0,00497 | 0,0002 0,0010 0,0005
16 1 0,01105| 0,0004 | 0,0023 0,0011
2 0,01196 | 0,0003 0,0023 | 0,001138
3 0,01208 | 0,0003 | 0,0023 0,0011
31 1 0,02685 | 0,0005 0,0046 | 0,002302
2 0,02064 | 0,0006 | 0,0046 | 0,002294
3 0,02321 | 0,0008 0,0046 | 0,002279
63 1 0,04220 | 0,0017 0,0089 | 0,004474
2 0,04895 | 10,0032 0,0086 | 0,004323
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3 0,04820 | 0,0019 0,0089 | 0,004457
125 1 0,11819 | 0,0093 0,0212 | 0,010014
2 0,11288 | 10,0070 0,0217 | 0,010233
0,02542** | 0,0052 0,0221 | 0,010406
250 1 0,22109 | 0,0346 0,0361 | 0,018049
2 0,21149 | 10,0281 0,0374 | 0,018693
3 0,21263 | 0,0260 0,0378 | 0,018907
500 1 0,43915 | 0,1364 0,0689 | 0,034434
2 0,51828 | 10,1380 0,0685 | 0,034274
3 0,48485 | 0,1477 0,0666 | 0,033311
1000 1 0,91953 | 0,5517 0,0700 | 0,049499
0,47910** | 0,5809 0,0642 | 0,045369
3 0,88382 | 0,6183 0,0567 | 0,040079
*outliers
Table 38: fluoxetine raw isotherm data, 9 °C
CTRL Ce
Co Parallel | (mg/L) (mg/L) ge(mg/g) | SD (Qe)
8 1 0,00249 0,0012 0,0002 0,0001
2 0,00212 0,0012 0,0002 0,0001
3 0,00236 0,0009 0,0003 0,0001
16 1 0,00429 0,0016 0,0006 0,0003
2 0,00436 0,0016 0,0006 0,0003
3 0,00490 0,0014 0,0006 0,0003
31 1 0,00909 0,0029 0,0011 | 0,00053
2 0,00767 0,0026 0,0011 | 0,000552
3 0,00771 0,0019 0,0012 | 0,000622
63 1 0,01461 0,0053 0,00255 | 0,001276
2 0,02019 0,0038 0,00284 | 0,001421
3 0,01929 0,0058 0,00245 | 0,001224
125 1 0,05335 0,0118 0,00848 | 0,003995
2 0,05494 0,0100 0,00882 | 0,004159
3 0,01299** 0,0106 0,00871 | 0,004108
250 1 0,11695 0,0251 0,01517 | 0,007587
2 0,08913 0,0280 0,01459 | 0,007293
3 0,09685 0,0298 0,01423 | 0,007117
500 1 0,18369 0,0635 0,03466 | 0,017329
2 0,27829 0,0753 0,03231 | 0,016156
3 0,24852 0,0619 0,03499 | 0,017495
1000 1 0,60900 0,2416 0,06451 | 0,045612
2 0,26547** 0,2474 0,06334 | 0,044788
3 0,51923 0,2503 0,06276 | 0,044381
** Qutliers
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7.6 Isotherm model data

Table 39: Isotherm parameters for the linear isotherm model (Henrys Law), using linear
regression

Parameter CIP CIT FLU

4°C
Kb (L/g) 0,2454 0,1497 0,0846
R?2 0,8837 0,1717 0,6695
MPSD 182,1 79,78 71,08
HYBRID 0,4691 1,350 0,1781
EABS 0,2625 0,3371 0,0622
ARE 77,40 71,34 65,02

9°C
Ko (L/g) 0,1340 0,1320 0,2562
R? 0,8873 0,1799 0,8896
MPSD 54,57 89,47 4747
HYBRID 0,8063 1,380 0,2292
EABS 0,4660 0,3991 0,1014
ARE 42,52 83,87 41,91
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Table 40: Langmuir model parameters and SNE after optimization by different error functions

R? MPSD HYBRID EABS ARE

4°C
K. (L/mg) 2,2254 0,0242 0,7044 2,4721 0,0305
CIP  Gmax(Mg/g) 0,2385 2,6050 0,4916 0,2133 6,480
SNE - 2,83 1,70 2,38 1,69
K. (L/mg) 28,52 1,893 11,49 28,37 4,303
CIT  gmax(Mg/g) 0,0770 0,1715 0,0931 0,0825 0,1013
SNE - 2,64 1,02 3,28 2,34
K. (L/mg) 20,4843 12,3568 17,221 19,4998 15,354
FLU  Qmax(Mg/g) 0,02320 0,0268 0,0240 0,0233 0,0254
SNE - 3,81 3,55 3,65 3,56

9 °C
K. (L/mg) 0,8148 0,0366 0,5503 0,8496 0,3695
CIP  Gmax(Mg/g) 0,3669 3,6818 0,4433 0,3443 0,5533
SNE - 3,59 2,81 3,07 2,73
K. (L/mg) 53,6 104,4 65,7 44.2 107,6
CIT  gmax(Mg/g) 0,069 0,056 0,066 0,073 0,058
SNE - 3,20 2,98 3,61 3,16
K. (L/mg) 7,399 0,6026 5,441 7,223 2,157
FLU  Gmax(Mg/g) 0,0986 0,5405 0,1133 0,0988 0,1883
SNE - 3,04 2,22 2,64 2,29
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Table 41: Freundlich model parameters and SNE after optimization by different error functions

R? MPSD HYBRID EABS ARE

4 °C
Ke (L¥™*mg**/g) 0,2063 0,4081 0,2663 0,2366 0,4462
CIP n 1,43 0,70 1,02 1,28 0,71
SNE - 2,45 1,88 3,36 2,48
Ke (L¥™*mg**"/g) 0,1086 0,1808 0,1448 0,1090 0,1441
CIT n 2,66 1,10 1,58 2,35 1,05
SNE - 2,62 2,07 2,81 2,86
Ke (L¥™*mg**"/g) 0,0430 0,0758 0,0567 0,0497 0,0541
FLU n 2,01 1,31 1,56 1,68 1,52
SNE - 3,40 3,08 3,44 2,92

9 °C
K (LY™*mgln/g) 0,1505 0,1296 0,1427 0,1488 0,1560
CIP n 1,56 1,01 1,23 1,55 1,09
SNE - 2,62 2,18 3,52 2,30
K (LY™*mgln/g) 0,087 0,115 0,098 0,084 0,122
CIT n 3,53 2,01 2,50 3,27 2,02
SNE - 2,28 2,17 3,71 2,29
K (LY™*mgln/g) 0,1579 0,3645 0,2216 0,1621 0,2622
FLU n 1,58 0,970 1,22 1,49 1,06
SNE - 2,36 1,81 3,37 1,76
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Table 42: Temkin model parameters and SNE after optimization by different error functions

R2 MPSD HYBRID EABS ARE
4°C
Kt (L/mg) 87,996 163,78 123,89 99,217 113,707
CIP b (ki/mol) 83,670 21448 160,87 91,320 467,36
SNE - 2,62 1,97 3,24 2,18
Kt (L/mg) 577,32 1,4*10% 575,19 673,39 14,031
CIT b (kJ/mol) 192,118 93548,1 369,061 212,583 11906,6
SNE - 2,51 2,20 3,24 2,54
Kt (L/mg) 649,84 14788 929,20 600,549 15778
FLU b (ki/mol) 721,066 3484.27 1112,22 673,354 273314
SNE - 2,79 2,08 3,39 2,43
9 °C
K (L/mg) 47,259 421,60 92,610 40,436 300,86
CIP b (ki/mol) 61,679 1156,13 167,93 62,775 910,49
SNE - 1,78 1,57 3,44 1,74
Kt (L/mg) 3193,0 8886,9 5778,1 3140,2 8258,2
CIT b (kJ/mol) 263,71 794,96 371,15 274,52 766,90
SNE - 2,51 1,80 3,38 2,45
K (L/mg) 469,76 1030,1 788,9 598,70 936,05
FLU b (ki/mol) 282,330 1772,57 482,99 276,33 1567,82
SNE - 2,12 1,73 3,63 2,06
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Table 43: Sips model parameters and SNE after optimization by different error functions

R2 MPSD HYBRID EABS ARE

4°C
Ks(L™mg™ 6,04 361,54 12,594 7,5243 66,223
cp I (Mgg) 0,17566 0,0896 0,1501 0,15898 0,1109
n 1,277 2,3971 1,508 1,30639 1,9938
SNE - 2,86 1,70 2,43 1,51
Ks(L™mg™ 107,356 235510,4 672,81 684,334 2718,27
) 0,0703 0,0557 0,0657 0,0688 0,0669
n 1,30 2,99 1,78 1,74 2,25
SNE - 3,24 3,03 3,28 3,06
Ks(L™mg™ 20,6730 21,6747 22,418 18,3859 15,2684
Ly me(Mofg) 0,02316 0,02317 0,0229 0,02342 0,02456
n 1,00 1,07 1,04 0,985 0,993
SNE - 3,77 3,61 3,84 3,67

9°C
Ks(L™mg™  0,4296 0,2831 1,5653 1,0305 0,8638
- Grax (MQ/Q) 0,5302 0,6545 0,2754 0,3062 0,3370
n 0,835 1,12 1,25 0,977 1,12
SNE - 3,37 2,64 3,52 2,61
Ks(L™mg™ 34,530 24,647 22,673 17,600 23,242
) 0,0710 0,0701 0,0721 0,0761 0,0685
n 0,904 0,834 0,822 0,789 0,811
SNE - 3,85 3,82 3,90 3,94
Ks(L™mg™ 11,187 56,999 17,253 18,490 27,057
Qmax (MY/q) 0,0896 0,0630 0,0825 0,0814 0,0773
Y 1,09 1,39 1,19 1,19 1,28
SNE - 3,58 3,16 2,82 2,77
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Table 44: HYBRID, ARE and R? error for different isotherm models, optimized for each error
function (except for linear model)

HYBRID ARE R?

4°C 9°C 4°C 9°C 4°C 9°C
Linear
CIP 0,4691 0,8063 77,40 42,52 0,8837 0,8873
CIT 1,350 1,380 71,34 83,87 0,1717 0,1799
FLU 0,1781 0,2292 65,02 4191 0,6695 0,8896
Langmuir
CIP 0,3763 0,4588 75,40 38,81 0,9740 0,9723
CIT 0,3968 0,0732 65,82 17,03 0,9694 0,9699
FLU 0,0128 0,0209 28,29 32,73 0,9647 0,9933
Freundlich
CIP 0,4447 0,6107 63,10 40,66 0,9555 0,9702
CIT 0,7531 0,3545 67,79 37,07 0,8435 0,8687
FLU 0,0527 0,1139 31,01 36,87 0,9361 0,9805
Temkin
CIP 1,4732 3,3821 83,73 67,52 0,8616 0,7246
CIT 1,4145 0,4087 82,27 40,95 0,9077 0,9176
FLU 0,1452 0,6167 51,79 52,19 0,8977 0,8511
Sips
CIP 0,1654 0,4321 42,14 38,17 0,9778 0,9747
CIT 0,2416 0,0544 45,93 13,56 0,9773 0,9709
FLU 0,0258 0,0277 26,99 20,28 0,9647 0,9937
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