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Abstract 

The purpose of this thesis was to develop quantitative-structure-property-relationship 
(QSPR) models to relate molecular features of pharmaceuticals to phototransformation half-
lives determined from 8 h UV-exposure and to further experimentally investigate half-lives of 
those which were stable after 8 h UV-exposure. Additionally the half-life of the metabolite 
Oseltamivir carboxylate was first predicted with the developed models and then 
experimentally investigated. 
 
First 2D and 3D molecular descriptors were correlated to the rate of phototransformation. 
The descriptors covered physico-chemical properties, atom and bond counts, structural 
fragments, molecular connectivities, surface and volume characteristics, partial charges and 
quantum-chemistry based descriptors. Next 30 stable pharmaceuticals solved in three 
different matrices were exposed to UV-light and the percentage of transformation was 
determined with a method including online solid phase extraction/ liquid chromatography 
tandem mass spectrometry (online SPE/LC-MS/MS). The transformation followed an 
exponential decay and first-order kinetics were assumed to calculate half-lives. 
 
A big gap between highest occupied molecular orbital and lowest unoccupied molecular 
orbital, low number of sulfides and electronegative groups bonded to an aromatic ring, low 
distance between rings, small dipole moments and a low number of hydrogen bonds to sp3, 
sp2 or sp hybridized carbon atoms in the oxidation states II, I and 0 were features related to 
slow transforming pharmaceuticals. The best model could be developed for a group of 46 
pharmaceuticals, which were small and light with high electronic and total energy, high 
ionization potential, heat of formation, partial charges and large aqueous solubility. This 
model predicted the half-life of Oseltamivir carboxylate to 17 h. This means the 
transformation is slow when the short exposure time of only 8 h, on which the model was 
based, is taken into account. 
 
For the group of 30 stable pharmaceuticals experimentally determined half-lives ranged 
between 6 hours for Amitriptyline in unfiltered Umeå river water and 37 days for 
Carbamazepine in buffer. Alprolazam, Atenolol, Bisoprolol, Fexofenadine, Fluconazole, 
Memantine and Metoprolol were stable in buffer during the 28 days of exposure. Alprolazam 
was also stable in unfiltered river water and Memantine and Fluconazole were stable in all 
three matrices. It was also discovered that the presence of particulate organic matter in 
unfiltered river water accelerated the transformation, possibility through indirect photolysis. 
High percentages of transformation in dark controls implied that Bisoprolol, Finasteride, 
Glimepiride and Telmisartan transformed due to processes other than photolysis in filtered 
river water and for Irbesartan both in buffer and unfiltered river water. Oseltamivir 
carboxylate showed slow transformation during the 28 days of exposure and the 
transformation could have happened due to other processes than photolysis. 
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List of abbreviations 

ATC     Anatomical therapeutic chemical classification system 
A(t)IS    Internal standard intensity  
A(t)x    Analyte intensity after exposure time t 
CAS     Central authentication service 
CI    Confidence interval 
crel    Relative concentration 
Eq.    Equation 
HCA     Hierarchical clustering analysis 
HESI    Heated electrospray ionization 
HOMO    Highest occupied molecular orbital 
k    Rate constant 
Δk    Standard error of reaction constant 
LOQ     Limit of quantification 
LUMO    Lowest unoccupied molecular orbital 
MMFF    Merck molecular force field 
mSample    Sample mass 
m0    Mass of sample with initial concentration (time zero) 
OC    Oseltamivir carboxylate 
Online SPE/LC-MS/MS Solid phase extraction/ liquid chromatography tandem mass 

spectrometry   
PC     Principle component 
PCA     Principle component analysis 
PLS     Partial least squares projections to latent structures 
POC    Particulate organic carbon 
Q2     Goodness of prediction 
QSPR     Quantitative structure property relationship 
R2     Goodness of fit 
Residuals N-plot   Residual normal probability plot 
RMSEE    Root mean square error of estimation 
RMSEP    Root mean square error of prediction  
SMILES    Simplified molecular input line entry specification 
STP     Sewage treatment plant 
t    Exposure time 
t1/2    Half-live 
Δt1/2    Standard error of half-live 
UV    Ultraviolet 
VIP     Variable influence of projection 
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1 Introduction 

Since years it is known that pharmaceuticals and their active metabolites occur in the 
environment [1–3]. Pharmaceuticals are distributed to sewage water, not only from human 
and animal excretion [4,5] but also through discarding of unused drugs and the release from 
production sites [6,7]. They end up in surface water mainly through discharge of sewage 
treatment plant (STP) effluent.  
 
Environmental levels of pharmaceuticals and their metabolites depend on the consumption 
in the population, the production and the drugs’ persistence. However, from 1200 drugs 
registered in Sweden [8], only a few have been monitored in the environment. For instance 
attention was paid to hormones included in contraceptive pills [9,10], antibiotics [11–14], 
anti-flammatory drugs [15] and psycholeptics [1,15–18]. They have mostly been detected in 
sewage effluent [9–15] and sludge [19], as well as surface water [11,14,15] but also in ground 
[15] and drinking water [15,18]. 
 
Pharmaceuticals are biological active compounds and their impact on the environment does 
not only depend on the environmental level, but also the therapeutic effect plays a role. 
Pharmaceuticals are classified through the anatomical therapeutic chemical classification 
(ATC) system according to the organ system they act in. Drugs taking effect on the nervous 
system are inter alia psycholeptics, antidepressants, analgesics, antiparkinsons and 
Alzheimer treatment drugs. Antiarrhythmics and hypertensives are used to treat 
cardiovascular diseases. Anti-infectives like antibiotics, antimycotics and antivirals are used 
to treat infections. Moreover, antidiabetic drugs, muscle relaxants and urologicals are typical 
prescribed medications. Table 1 gives an overview of the pharmaceuticals included in this 
study and their classification.  
 
Table 1. Experimental examined drugs with name and corresponding anatomical main and sub group 
Anatomical main group Subgroup Pharmaceuticals 
Nervous system Psycholeptics  Alprazolam, Carbamazepine, 

Hydroxyzine, Risperidone, Oxazepam 
Antidepressants Amitriptyline, Citalopram, Maprotiline, 

Venlafaxine 
Analgesics Fentanyl, Tramadol 
Antiparkinsons Biperiden, Trihexyphenidyl 
Alzheimer disease treatment Memantine 

Cardiovascular system Antiarrhythmics Flecainide 
Hypertensives  Atenolol, Bisoprolol, Irebesartan, 

Metoprolol, Telmisartan 
Anti-infectives Antibiotics Sulfamethoxazole ,Trimethoprim 

Antimycotics  Fluconazole 
Antiviral Oseltamivir carboxylate 

Alimentary tract & metabolism Antidiabetic Glimepiride 
Respiratory system Antihistamines Desloratadine, Fexofenadine, 

Diphenhydramine 
Musculo-skeletal system Musclerelexant Orphenadrine 
Genito-urinary system Urological Finasteride 

 
Some of the listed pharmaceuticals have quite often been detected in sewage water and 
sludge [1,11,15,20–30], surface water [1,11,15,21,26,30–37], ground water [35] and drinking 
water [26,38]. Examples are Carbamazepine [1,11,15,20–23,32,39–42], Oxazepam 
[15,17,23,25,26,31,32], Amitryptiline [22], Citalopram [32,43], Venlafaxine [25,32,34,35], 
Tramadol [22,23,26,35], Atenolol [11,20,21,23–25,33,36], Bisoprolol [25,44], Metoprolol 
[1,11,20,21,23–25,27,31,36], Sulfamethoxazole [11,13,14,21,22,45], Trimethoprim 
[11,14,21,22,24], Fluconazole [33], Oseltamivir carboxylate [29,30], Fexofenadine [46] and 
Diphenhydramine [47]. 
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Pharmaceuticals have not only been detected in the environment, but 
it has also been shown that they can affect exposed organisms. Just 
recently it was discovered that fishes exposed to the psychiatric drug 
Oxazepam (Figure 1), in concentrations commonly found in surface 
water, were less social, more active and ate more [48]. Those 
behavioral changes can have a dramatic impact on the aquatic 
ecosystem and even on evolution [48]. Another example is 
Ethinyloestradiol which is included in contraceptive pills. Exposed 
fish showed elevated levels of the oestrogen inducible protein 
vitellogenin [9,10,49]. Furthermore, researchers found that livestock 
treated with the anti-flammatory Diclofenac in Pakistan, India and 

Nepal caused poisoning of vultures that was the reason for a dramatically rapid decline of 
vulture populations since the 1990s [50,51].  

 

Additional to effects measured directly on exposed organisms, other concerns have been 
raised with the occurrence of pharmaceuticals and their active metabolites in the 
environment. A major problem is the development of resistances. Antibiotic resistant genes, 
for example against Sulfamethoxazole and Trimethoprim have already been discovered in 
STP effluents [52] and downstream of STPs [53]. Other studies have shown increased 
concentrations of resistant bacteria in activated sludge [54,55]. This could cause a public 
health risk by the development of resistant genes in harmless bacteria e.g. soil bacteria which 
could then be transferred to pathogenic bacteria [53,55].  
 
Another concern is the possibility of the development of resistances to antiviral drugs during 
influenza A seasons [56]. Influenza A is nowadays mainly treated with the neuramidase 
inhibitor Oseltamivir phosphate (Tamiflu ®), which works by binding to the active site of 

neuramidase and so inhibits further replication of the influenza 
virus [57]. In 2009 during the worldwide pandemic high 
concentrations of Oseltamivir’s active metabolite Oseltamivir 
carboxylate (OC) (Figure 2) were measured in Norwegian STP 
effluent [58] and in English STPs [59]. In 2007/8 levels of OC 
were detected for the first time in Japan rivers [30]. The 
concentrations were measured during the seasonal flu period and 
were higher close STPs [30]. Also during the influenza seasons 
2008/9 and 2009/10 high concentrations of OC could be 
measured in Japanese STPs [29]. The concern increases, since 
there are only few anti-viral drugs available and resistances, 
which are caused by a mutation in the neuroaminidase gene [60], 

have been detected, for instance seasonal influenza A(H1N1) viruses showed Oseltamivir 
resistances in 2007/8 [61].One possible health risk scenario could look as follows: Wildfowl, 
which is a natural reservoir for influenza A [62], is exposed to OC when swimming in lakes 
and rivers with STP effluent input. Consequently replicating influenza A viruses and OC can 
occur in their gastrointestinal tract at the same time and resistances can develop. Through 
either reassortement or direct transmission the resistant virus could then be distributed to 
humans [56]. In a pandemic situation this would disable medication preparations and could 
have dramatic consequences.  

1.1 Phototransformation 
Biodegradation, sorption to organic matter and photolysis are the main removal pathways of 
pharmaceuticals in the natural aquatic environment [63]. In addition thermolysis, hydrolysis 
[64] and abiotic redox-reactions can occur [65]. Artificially they can also be removed through 
advanced oxidation processes like ozonization or reaction with other radicals [66]. 
Biodegradation can be enhanced through bioplastic formulations capturing fungus [67]. 
Although, these processes are called removal processes, it is important to mention that 

 
 
Figure 2 . Structure of  
Oseltamivir carboxylate 

 
 
Figure 1. Structure of  
Oxazepam 
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removal or elimination refer in this report to the transformation of the parent compound or 
metabolite, but the fate of the transformation products is not told.  
 
Phototransformation, the focus of this master project, has already been studied for some 
drugs and half-lives have been investigated (Table 2). 
 
Table 2. Half-lives for drugs in different matrices irradiated with simulated or natural sunlight 
Drug Half-life [h] Matrix Reference 
Alprazolam ~ 900a) 1% ACN in water [68] 
Atenolol 347, 365b) Phosphate buffer [69] 
Carbamazepine 39 Pure water [70] 

8, 13c) Surface water [70] 
974 Surface water [71] 

Citalopram 1560 Sodium acetate buffer [72] 
336, 1032d) Surface water [72] 

Diphenhydramine 13 Phosphate buffer + nitrate [73] 
87 Phosphate buffer + humic acid [73] 

Metoprolol 630, 990b) Phosphate buffer [69] 
786 Surface water [71] 

Oseltamivir carboxylate 12 Surface water [74] 
48 Pure water [74] 

Oxazepam 15 1% ACN in water [68] 
32 Pure water [75] 
70 Pure + humic acids [75] 

Sulfamethoxazole 58e) Pure water [76] 
Tramadol 386 Pure water [77] 

70 Surface water [77] 
Venlafaxine 218  Pure water [77] 

26 Surface water [77] 

a) Extrapolated from an exposure time of 204 h, b) Two different starting concentrations, c) Two different river 

waters, d) Two different lake waters, e) Irradiated with natural sunlight 

 

Photochemical transformation occurs when light induces a reaction of a chemical [78]. To 
undergo transformation a photon must be absorbed by the molecule and then be transferred 
to a reactive site in the same substance or another molecule [79]. The fraction of absorbed 
photons which leads to the transformation reaction is called quantum yield. [78][65]. It can 
be defined as  
 

    
                                     

                                               
     Eq. (1) 

 
A photoreaction is direct, if a compound absorbs light and then reacts [78]. For this the 
absorption spectra of the compound has to overlap with the present radiation [79,80]. The 
absorption then leads to vibrational modes which finally end in the cleavage of the bond [80]. 
Absorption spectra are pH and solvent dependent. The latter is caused by solvent-solute 
interactions such as hydrogen bonding [81] and dipolar interactions [82], which can lead to a 
change in electronic structure, molecular geometry and dipolmoment of the compound [83]. 
This is called solvatochromism [81].  
 
Photolysis can also be indirect if a light absorbing molecule transfers its excess of energy to 
another compound which leads into a reaction of this molecule [78]. This is called 
photosensitization [65]. Indirect photolysis can occur by the formation of strong reactive 
molecules which lead to further reactions. These reactive groups are radicals like .OH, .OOR, 
1O2 or hydrated electrons [71]. Photolysis is a type of homolytic cleavage in which a bond 
breaks and each atom gets a bonding electron, so radicals are formed. As mentioned 
previously, stimulation at the right wavelength initiates the reaction, which leads to a radical 
chain reaction. Weak σ-bonds will preferably undergo homolytic cleavage, but radicals can 
also be formed by reaction with other radicals [80]. The reactivity or stability of radicals 
depends on steric hindrance and the energy of the electrons in the molecular orbitals. 
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Therefore, the reactivity increases with any interaction that increases the energy level of the 
highest occupied molecular orbital (HOMO) [80]. 
 
In aquatic environment one has to consider that a fraction of light will be absorbed by 
dissolved and particulate matter [84], which can result in a reduction of the reaction rate and 
it can also change the light spectrum in deeper water layers [65,78]. Also binding to 
particular organic carbon (POC) can hinder transformation [79]. On the other hand, organic 
compounds can work as photosensitizer in an indirect photolysis reaction, which will 
enhance the photolysis rate [71].  
 
The hardness of the water is also postulated to influence indirect photolysis. Carbonate 
radicals, resulting out of a reaction of hydroxyl ions with carbonate or bicarbonate ions, can 
perform as scavengers for hydroxyl radicals and delay or even stop transformation [79]. 
 
Important factors which can influence the transformation of pharmaceuticals in general are 
the amount of compound, extinction coefficient of the compound at a specific wavelength, 
temperature, intensity and wavelength of light, in relation with the latitude, season and 
weather as well as the water column and turbidity [78,79]. Nevertheless, experiments have 
shown that the total specific light absorption rate did not show large variances in summer at 
different latitudes in the northern hemisphere, but big differences in other seasons [65,76]. 

1.2 Kinetics 

Direct photolysis is a decay reaction A 
  
→  B + C and follows first-order kinetics, whereas the 

order of indirect photolysis depends on the number of reactants present [65,85]. However, as 
the pharmaceuticals are present in large excess compared to possible reactants, pseudo-first 
order can be assumed. In both cases the reaction rate (r) can be described with equation (2).  
 

   
      

  
                  Eq. (2) 

 

Where k equals the reaction constant and      equals the relative concentration of reactant A. 
After integration the concentration         gives an exponential decay with         as initial 
concentration. 

 

                                Eq. (3) 

 

Reaction constant (k) is determined from the function’s slope and the half live (t1/2) concludes 
from the rate constant with equation (4). 
 

      
      

 
          Eq. (4) 

1.3 Aim of the study 
The aim of this master project was to develop quantitative-structure-property-relationship 
(QSPR) models to relate molecular features of pharmaceuticals to phototransformation half-
lives determined from 8 h UV-exposure. The half-lives of those which were stable after 8 h 
UV-exposure were further experimentally investigated. Additionally the half-life of OC was 
first predicted with the developed models and then experimentally examined together with 
the stable drugs. Experiments in different aquatic environments, dark controls and the 
measurement of absorption spectra should help to evaluate transformation pathways.  



2 Material and methods  Page 5 (35) 

 
 

2 Material and methods 

2.1 Selection of pharmaceuticals  
Andersson et al. [8] selected 899 pharmaceuticals of which the phototransformation was 
experimentally studied for 97 pharmaceuticals by Golovko et al. [86]. Hereby, different 
conditions and matrices were tested resulting in half-lives for each one. (Table S1 in 
Appendix I). The pharmaceuticals containing transition metals were excluded from the 
selection, so that a set of 850 pharmaceuticals resulted (set 1) from which 87 had been 
included in the phototransformation study (set 2). The resulting dataset was used for 
multivariate analysis. 30 of the 87 drugs were stable during the 8 hour exposure time in the 
study by Golovko et al. [86] (set 3). Therefore experiments with similar experimental 
conditions but a longer UV-exposure time were performed to determine the missing half-
lives. Moreover, the half-lives of OC and Oxazepam were examined since OC is of special 
interest and Oxazepam showed varied behavior in the study by Golovko et al. [86]. The 30 
selected pharmaceuticals are presented in Table 1 in the introduction.  

2.2 Modeling 

2.2.1 Database for quantitative structure property relationship 
The set of 850 pharmaceuticals of which 87 had phototransformation data was used to 
develop quantitative structure property relationship (QSPR) models. The counter ions of salts 
were replaced by hydrogen atoms and all chemicals were represented with their simplified 
molecular input line entry system (SMILES), central authentication service (CAS), ATC codes 
and an ID number. The information for the 87 pharmaceuticals can be found in Table S1 in 
Appendix I. To simulate native conditions strong acids were deprotonated and strong bases 
protonated, the angles of hydrogen atoms and lone pairs were adjusted and partial charges 
added in the MMFF94x (modified) force field method with the software MOE 2011.10 by 
Chemical Computing Group Inc.[87].  
 
In the modeling, half-lives of the compounds measured in filtered Umeå river water were 
used as Y-response. The decision was based on the high correlation of this response to 
additional measured half-lives (Table S1 in Appendix I) and the need to choose an 
experimental condition which could be reproduced in the experimental section. Since the 
stable pharmaceuticals had no reported half-life, we used a half-life of 24 h to be able to 
include them in the QSPR analysis. Furthermore, half-lives were divided into four classes to 
visualize eventual groupings in the chemical variation of the drugs in relation to their 
persistence. The classification can be seen in Table 3.  
 
Table 3. Classification of photo transformation half-lives 
Class Half-life (t1/2)in h Description 
1 0-1 Fast transformation 
2 1-5 Moderate transformation 
3 5 + Slow transformation 
4 24 Stable 

2.2.2 Molecular descriptors 
Molecular descriptors for the dataset of 850 pharmaceuticals were calculated in the software 
MOE 2011 10 by Chemical Computing Group Inc. [87] as well as with the software Dragon 
6.0 by Talete [88]. Descriptors were chosen by their interpretability and possible relevance 
for describing structural variability in the dataset and characteristics important for 
phototransformation and reactivity. pKa values were derived online from the Scifinder 
database. A summary of the meaning of the selected descriptors can be found in Table 4. 
Detailed information on the descriptors can be found in Appendix I Tables S2 and S3. 
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Table 4. Summary of molecular descriptors and their meaning 
Meaning Descriptors 
MOE 2D 
Simple 2D descriptors calculated from a connection 
table of the molecules independent of its 
conformation 

apol, bpol, SMR, Weight, logP(o/w), Slog P, logS, TPSA 

Functions and counts of different bonds and atom 
types 

VAdjMa, VAdjEq, Rings/a_count, b_double/a_count, 
b_ar/b_count, b_single/b_count, a_don/a_count, 
a_acc/a_count, a_hyd/a_count, b_rotN, b_rotR 

Molecular shape and connectivity indices Kier 1, 2,3, KierFlex, Zagreb, diameter, radius, 
wienerPath, wienerPol, balabanJ 

Van der Waals surface area related features vsa_acc, vsa_don, vsa_hyd, vsa_other, vsa_pol 
―Partial equalization or orbital electronegativity‖ 
describing molecular surface characteristics 

PEOE_XXa) 

MOE 3D 
Semi-empirical molecular orbital algorithm 
Parametric Model number 3 (PM3) descriptors 
calculated from energy-minimized 3D structures  

PM3_IP, PM3_LUMO, PM3_HOMO-LUMO, 
PM3_(HOMO-LUMO)2, PM3_HOMO+LUMO, 
PM3_HF, PM3_Eele, PM3_E, PM3_dipole 

Conformation dependent charge descriptors 
calculated from energy-minimized 3D structures 

ASA, ASA+, ASA-, ASA_H, ASA_P, CASA+, CASA-, dens, 
vol, VSA 

Scifinder 
Manually searched most acidic and most alkaline pKa  pKa, pKa 2 
Dragon 2D 
Atomic counts H%, C%, N%, O%, X% 
Hybridization state of carbon atoms nCsp, nCsp2, nCp, Cns, Crs 
Ring describing descriptors nCb-, TRS, nR06, D/Dtr05, D/Dtr09, D/Dtr10 
Functional groups nArX, nRSR, nROH, nArOH, nROR, nArOR, nNq 
Atomic centered fragments describing the chemical 
environment of atoms in molecules 

C-0XXb), ,H-0XXb), S-107, O-o60 

a) Several different types (XX) of PEOE descriptors exist, b) Different numbers (XX) describe different 

environments of carbon and hydrogen atoms  

2.2.3 Design of multivariate analysis 
Two QSPR approaches were chosen to analyze experimentally determined half-lives by 
Golovko et al. (unpublished data) [86] in relation to calculated molecular descriptors. At first 
multivariate analysis was performed from the perspective of a chemometrician. All molecular 
descriptors previously calculated were taken and multivariate analysis performed. The 
second approach was to pre-select the molecular descriptors from a chemical point of view. 
Only descriptors which could be explained to be important for photolysis were considered 
and models developed. The chosen 34 molecular descriptors and their interpretation 
regarding photolysis can be found in Appendix I Table S3. Both analysis strategies were 
performed stepwise according to the in Figure 3 illustrated flowchart.  
 
For both approaches the first step was to perform a principle component analysis (PCA) on 
all pharmaceuticals (set 1). The second step was to analyze the pharmaceuticals with 
phototransformation data (set 2). In the third step stable pharmaceuticals were excluded, 
since their half-live of 24 h was invented and could therefore worsen the model predictability 
(set 3). The last step was to use hierarchical cluster analysis (HCA) to divide the 
pharmaceuticals into groups and to make sub models for each group. The hypothesis for the 
use of this method was that similar pharmaceuticals could be divided into groups because 
they probably degrade with similar mechanisms. Separate PLS for each group should give 
better models than a global model as only similar mechanisms of action are considered for a 
structurally limited group of compounds. 
 
Step two to four included first to develop PCA models and next PLS models. In case of the 
chemometrics approach molecular descriptors which seemed to be insignificant were sorted 
out iteratively by looking at the VIP plot, coefficients plot and loadings plot. Moreover, 
variables were only excluded if the goodness of prediction (Q2) was improved. As software 
SIMCA 13.0 by Umetrics AB [89] was used. 
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Figure 3. Multivariate analysis design for the chemometrics and mechanistic approaches 

2.2.4 Principle component analysis 
To display a huge dataset with many different pharmaceuticals and descriptors a multivariate 
data analysis technique was chosen. PCA made it possible to get an overview over the dataset 
and helped to see systematic variation. Hereby the pharmaceuticals were the observations, 
whereas the chemical descriptors were the variables. Thus they were the rows and the 
columns of the data matrix, respectively. The data was computed and compressed into 
orthogonal vectors (principle components) which summarized the variation of the data. The 
score scatter plot illustrated the variation among the pharmaceuticals and the loading scatter 
plot showed the correlation among the descriptors. By comparing loading and score scatter 
plots the contribution of the variables to the scores could be observed. The data was pre-
processed by mean-centering and scaling to unit variance of the variables. When mean-
centering the average value of each variable was calculated and subtracted from the data and 
by scaling to unit variance the standard deviation of each variable was calculated and each 
variable column was multiplied by the reciprocal standard deviation [90]. Variables were 
transformed logarithmically when their values deviated from normal distribution, ranged 
over orders of magnitude and logarithmic transformation gave an improvement. 
 
To reach the optimal number of principle components for a valid model a good balance 
between a maximum goodness of fit (R2) and goodness of prediction (Q2) had to be found. 
Moreover, principle components with an Eigenvalue smaller than two were rated as 
insignificant [90]. Distance to model of the X-space shows the standard deviations of the X 
residuals, which can be interpreted as the distances of the observations to the X-space. It was 
used to spot outliers. The Hotelling’s T2Range shows the distance of each observation to the 
origin of the score plot [90]. It was used as another aid to display outliers. After creating PCA 
models of all 850 pharmaceuticals and of the selected 87 pharmaceuticals, score scatter plots, 
Distance to Model and Hotelling’s T2 range plots were examined and outliers identified.  
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2.2.5 Partial least squares  
Partial least squares (PLS) connect the information from X-variables (molecular descriptors) 
with the information of Y-variables (half-lives). The half-lives were logarithmically 
transformed to get normal distribution. The weight plot, which is the loading plot for X-and 
Y-variables, gave information on which set of X variables are most related to the Y-response. 
From the loadings plot it could be seen which coefficients (X-variables) contributed much to 
a model and which coefficients were negatively or positively correlated. This information 
could also be seen in the coefficients plot, but here the contribution of each X-variable could 
be seen for all existing components, respectively. Moreover, the importance of the X-
variables was illustrated in another plot, the variable influence of projection (VIP). The VIP-
plot displays how much each variable explains the Y-response in all components [90]. 
 
Different approaches were used to find a model which can predict the Y-response sufficiently. 
In this study HCA was performed based on PCA. It works by first creating as many clusters as 
observations and these are then grouped until one single cluster remains. The result is 
illustrated by a dendrogram, which indicats the relation between the observations in the data 
set. The Ward clustering method was chosen, which calculates the error increase when two 
clusters are merged with a function. The function is the sum of squared deviations from the 
mean of the cluster [90,91]. 

2.2.6 Validation methods 
All models were analyzed with different methods. To see if a model was overfitted the 
internal validation method ―permutation‖ using 200 response permutations was applied. 
―Overfitted‖ means that a random error is modeled. If R2Y did not exceed 0.3 and Q2 not 
0.05, the model was rated as not overfitted and therefore valid. Moreover the root mean 
square error of estimation (RMSEE) and the observed versus predicted plot were examined. 
As external validation method a test and a training set were chosen before developing a 
model and the final model was used to predict the test set, herewith the root mean square 
error of prediction (RMSEP) was determined. The training set was selected by choosing 
observations with a big spread in all PCs and half-lives. In addition, the residual normal 
probability plot for the Y-space (Residuals N-plot) was examined to see whether the residuals 
are normally distributed. Residuals are deviations between estimated and observed values 
and should ideally give a straight line.  

2.3 Experimental part 

2.3.1 Chemicals  
Pharmaceuticals derived from Sigma Aldrich (Steinheim, Germany) and their corresponding 
purity were Alprazolam (100%), Amitriptyline hydrochloride (88 %), Atenolol (100 %), 
Biperiden hydrochloride (90 %), Bisoprolol hemifumarate (81 %), Carbamazepine (100 %), 
Citalopram (80 %), Desloratadine (100 %), Diphenhydramine hydrochloride (86 %), 
Fentanyl citrate salt (64 %), Fexofenadine hydrochloride (93 %), Finasteride (100 %), 
Flecainide acetate salt (88 %), Fluconazole (100 %), Glimepiride (100 %), Hydroxyzine 
hydrochloride (81 %), Maprotiline hydrochloride (87%), Memantine hydrochloride (83 %), 
Metoprolol tartrate salt (78 %), Oxazepam (100 %), Telmisartan (100 %), Trihexyphenidyl 
hydrochloride (92 %), Trimethoprim (99 %) and Venlafaxine hydrochloride (87 %). Other 
pharmaceuticals were Irebesartan (100 %), Oseltamivir carboxylate (100 %) and 
Sulfamethoxazole (0.999) by Chemos GmbH (Regenstauf, Germany), Roche (Basel, 
Switzerland), Riedel-de Haen (Seelze, Germany), respectively. Furthermore, standards of 
Orphenadrine hydrochloride (88 %) and Risperidone (100 %) came from LGC standards 
(Teddington ,UK) and Tramadol (88 %) came from European Pharmacopeia. 
Ammonia (25 (wt %), Baker analyzed) was purchased from J.T Baker (Deventer, 
Netherlands), Aceto nitrile (hypergrade) from Merck Lichrosolv (Darmstadt, Germany), 
Formic acid (≥98 wt %) from Sigma-Aldrich (Steinheim, Germany), Ammonium acetate 
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(analytical reagent grade) from Fisher Chemical (Leicestershire, UK) and Methanol (HPLC 
gradient grade) from J.T Baker (Deventer, Netherlands). Deionized water was derived by 
using a milli-Q advantage (Millipore, Billerica, USA).  

2.3.2 Photolysis experiments 

Sampling of surface water and pre-treatment 
Three different matrices were prepared: buffer, filtered river water and unfiltered river water. 
Buffer with 33.3 mM ammonium acetate and 1.6 mM ammonium hydroxide (25 % Ammonia) 
at pH 7 was prepared. Umeå river water was collected at 21th of March 2013 close to 
Strömpilen in Umeå by drilling a hole into the ice. 1 L of the surface water was filtered with a 
0.45 μm MFTM-membrane filter to clean from particulate matter [92]. The pH was 5.  

Preparation of stock solutions and internal standard  
A 5 µg/mL pharmaceutical mix was prepared out of stock solutions listed in Table S7 in 
Appendix II. Additional a 5 µg/mL stock solution of Oxazepam was prepared to avoid 
interaction with other pharmaceuticals. An internal standard mix was prepared with isotopic 
labeled pharmaceuticals according to Grabic et al. 2012 [93]. They are listed in Table S8 and 
S9 in Appendix II. 

Experimental design 
300 mL of each matrix was taken and 60 µL pharmaceutical mix (5 µg/mL) and 60 µL 
Oxazepam (5 µg/mL) was added to get a concentration of 1 ng/mL pharmaceuticals. To 
measure the initial concentration, 9 g of each solution was filled into 12 mL vials, 50 μL 
internal standard (0.1 μg/mL) was added and stored in freezer at -18 °C until analysis. For 
each matrix and exposure time 10 mL was filled into 12 mL Pyrex tubes in triplicates. 
Corresponding samples were covered in several layers of aluminum foil to get dark controls. 
All samples of one matrix were placed underneath four mercury UV-lamps (Philips TLK 
40W/09N) with a filter which assured an UV range between 300 and 400 nm and intensity 
between 1.4 and 1.6 µmol photons/m2/sec. The samples were constantly rotating using an 
RM5 ―rocking/rolling action‖ and a fan cooled the samples to keep the temperature between 
24 and 25°C. The irradiated samples were collected after 16, 40, 64, 112, 208 and 672 h of 
exposure, buffer samples additionally after 24 h, the control samples for buffer and river 
water were collected after 24, 112, 208 and 672 h and after 40, 208 and 672 h, respectively. 
The experimental design is illustrated in Figure 4.  

 
Figure 4. Experimental Design for each matrix (buffer, filtered and unfiltered river water) and pre-treatment 

for SPE/LC-MS/MS. a) time point has dark control; b) only for buffer 

Filtration and 9 g + 50 μL 
IS (0.1  μg/ mL)   
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Pre-treatment for online SPE/LC-MS/MS 
After collection of the UV-exposed samples, unfiltered river samples were filtered with a 
0.45 μm MFTM-membrane filter. Next 9 g of each river and buffer sample was transferred into 
12 mL vials and 50 μL internal standard (0.1 μg/mL) was added before the samples were 
stored at -18 °C. Before analysis 0.1 % (v/v) formic acid was added to the samples. 

Online SPE/LC-MS/MS 
The used method is in detail described in Grabic et al. [93], Khan et al. [94] and Lindberg et 
al. [95] Samples were analyzed using online solid phase/ liquid chromatography tandem 
mass spectrometry (Online SPE/LC-MS/MS). The instrument and the PAL HTC auto 
sampler with cooled sample trays were made by Thermo Fisher Scientific (San Jose, CA, 
USA) and CTC Analytics AG (Zwingen, Switzerland), respectively. The online SPE/LC system 
included a surveyor LC-Pump (Thermo Fisher Scientific, San Jose, CA, USA) connected to an 
Oasis HLB 15 extraction column (2 mm x 2 mm i.d. x 3 µm particles) and an Accela LC pump 
(Thermo Fisher Scientific, San Jose, CA, USA) connected to a endcapped Hypersil GOLD C18 
aQ analytical column (50 mm x 2.1 mm i.d. x 5 µm particles). The analytical column was 
protected by a corresponding guard column (20 mm x 2.1 mm, 5 μm). The gradient program 
of the extraction column starting at 100 % water, going to 100 % ACN (0.1 %) and back and 
the gradient program of the analytical column starting at 95 % water (0.1 % FA) with 5 % 
ACN (0.1 % FA) going to 100 % ACN (0.1 % FA) and back. Both programs are explained in 
Table S10 and S11 in Appendix II. The injection volume was 1100 µL with a 1000 µL loop.  
The online SPE/LC system was coupled to a heated electrospray ionization (HESI) source in 
positive and negative ion mode and a triple quadrupole MS/MS TSQ Quantum Ultra EMR 
(Thermo Fisher Scientific, San Jose, CA, USA). The heated capillary temperature, vaporizer 
temperature and ionization voltage were 325 ºC, 200 ºC and 3.5 kV, respectively. Argon was 
used as collision gas with 1.5 mTorr and sheath gas and auxiliary gas were 35 and 15 
(arbitrary units). The mass analysis had a resolution of 0.7 FMWH. The samples were run 
with the software Xcalibur (Thermo Fisher Scientific, San Jose, CA, USA). 

Quantification and half-live determination 
The online SPE/LC-MS/MS analysis resulted in intensities (A), which were used to calculate 
ratios between analyte intensity (     ) and internal standard intensity (      ) for each 
exposure time (t), including the initial concentration after zero exposure (t=0). To get relative 
concentrations (    ) the ratios were divided with each other and normalized to the amount of 
sample (msample ) and zero sample (m0) in grams. Moreover, the averages of triplicate samples’ 
ratios were calculated and the relative concentration (    ) determined by using equation (5). 
 

     
     

      
 

      

     
 

  

       
        Eq. (5) 

 
Two methods can be used to determine the rate constant (k) out of the      values. 
Traditionally              is plotted versus t and a linear regression analysis is performed. The 
negative reaction constant (-k) and its standard error can subsequently be determined from 
the slope. An alternative, which can be used, is to plot the exponential decay of         directly 
and a non-linear regression analysis is performed. GraphPad Prism [96] was the software 
which we selected for the analysis. The rate constant (k) and its standard error (Δk) are 
directly calculated by the program.  
 
The half-live is then calculated with equation (4) described in the introduction. The error of 
the half-live is determined by error propagation with equation (6). 
 

      | 
      

    |         Eq. (6) 
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The percentage of removal other than phototransformation (      ) was stated as the 
percentage of the control rate constant (        ) as part from the total rate constant of the 
UV-exposed samples (      ) (Equation (7)). 
 

        
         

      
             Eq. (7) 

 

2.3.3 Ultraviolet absorption analysis 
Stock solutions in buffer (33.3 mM ammonium acetate, 1.6 mM ammonium hydroxide, pH 7) 
were prepared for each pharmaceutical with concentrations ranging between 0.07 and 
1.9 mM. A detailed overview can be found in Appendix II Table S12. Spectra were recorded 
between 250 nm and 800 nm in 0.5 nm steps with a UV-3100 PC Spectrophotometer (VWR 
International GmbH, Darmstadt, Germany) and the software UV-VIS Analyst [97]. A 
reference sample containing the corresponding buffer without pharmaceutical was used for 
baseline correction. The spectrum of the UV-light source from the UV-exposure experiments 
was recorded from 250 to 950 nm in 1 nm steps and 68 scans with an ILT 900-R 
spectroradiometer (International Light Technologies, Massachusetts, USA).  

2.3.4 Quality assurance/ Quality control 
Triplicates UV-exposed samples were collected to control experimental and analytical 
differences between samples such as differences in intensity of UV irradiation at different 
positions. Additionally triplicates of aluminum covered control samples were collected after 
long exposure periods to evaluate transformation not due to photolysis during the 
experiment. Pyrex tubes absorbing light at wavelengths smaller than the irradiation of the 
UV-lamp assured optimal UV-exposure.  
 
The stock solutions, standards and samples collected were stored at -18 °C. Initial 
concentration of the pharmaceuticals before exposure was set to 1 ng/mL to ensure most 
values above the limit of quantification (LOQ). The analytical LOQs for the used method were 
in the low pg/mL range [95] (Table S13 in Appendix II). The determination was based on the 
criteria of the linearity of signal and response, ten times signal to noise ratio and the 
intactness of the relationship of quantification and qualification ion. Values below the LOQ 
were set to half of the LOQ for kinetic calculations.  
 
To assure that filtration before analysis of particles, which might had adsorbed 
pharmaceuticals, did not lead to lower concentrations, each sample concentration was 
normalized with the initial concentration. Experimentally determined half-lives were 
considered as acceptable if R2 was higher than 70 % and at least 40 % of the initial drug was 
transformed.  
 
Furthermore, some samples were excluded since we could conclude that the results were not 
correct. For example, the buffer sample after 112 h exposure was left out since the use of 
another pipette than for the other samples, was used when adding the internal standard, 
which affected the results. In addition, the unfiltered river samples after 16, 40 and 64 h 
exposure were excluded for some pharmaceuticals. These samples were stored for about two 
weeks in the pharmaceutical mix before exposure and some of the pharmaceuticals were not 
stable during the storage.  
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3 Results and discussion 

3.1 Quantitative-structure property relationship 

3.1.1 Analysis of the chemical variation in the dataset 

Chemometrics approach 
Set 1 
The analysis of 850 pharmaceuticals by using 118 molecular descriptors gave a PCA with 
seven significant principle components (PCs), a goodness of fit (R2x) of 68 % and a goodness 
of prediction (Q2) of 59 %. The first PC explained 28 % of the variation, the second 14 % and 
the third 9 %. Figure 5 shows a score scatter plot of the first two principle components. The 
orange marked chemicals are the pharmaceuticals of which photolysis data was available. 
Metformin was found to be an outlier (not shown) and consequently excluded in all models. 

 
Figure 5. PCA score plot of PC 1 and 2 of 850 studied pharmaceuticals. PC 1 explains 28 % of the variation and 
PC2 14 %. The 87 drugs with photolysis half-life available are marked in orange.  

 
The first PC in positive direction was highly influenced by descriptors affected by the 
molecular size like surface area and diameter. Moreover, the molecular refractivity, bond 
polarizabilities and connectivity indices were important. In the negative direction electronic 
and total energies impacted the principle component most. An example of a molecule with 
large negative PC and thus a small molecule was Methenamine and a drug with a large 
positive PC was Candesartancilexetil. The second PC was mainly affected in negative 
direction by hydrophobicity and apolarity measures, including also carbon content. In 
positive direction PC 2 was mainly influenced by polarity, H-donors and acceptors and 
oxygen content. An example of a relatively apolar and hydrophobic drug is Cyproheptadine. A 
typical drug with high polarity is Zanamivir. 
 
Set 2 is situated in a group together in mainly positive direction of PC 1 and negative PC 2, 
which means that the pharmaceuticals on which photolysis studies were performed are 
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middle sized molecules and hydrophobic. In comparison to set 1, set 2 is less representative. 
The selection of the pharmaceuticals was done on sale statistics and the detection in surface 
water by Golovko et al. [86]. The fact that the molecular characteristics did not play any role 
in the selection but still showed little spread is quite interesting. OC has middle high PC 2 
values, thus it is more polar, hydrophilic and has more oxygen atoms than most other 
compounds in set 2. 
 
Set 2 
A PCA was created for set 2. For this model the same 116 molecular descriptors were used as 
in the previous model, but additional the most acidic and the most alkaline pKa values for 
each pharmaceutical were added. The model had seven significant principle components, a 
R2x of 72 % and a Q2 of 53 %. The first explained 26 % of the variation, the second 15 % and 
the third 12 %. The score scatter plot of the first two PCs can be seen in Figure 6. The labels 1 
to 4 and colors show the classes of different photolysis rates (Table 3).  

 
Figure 6. PCA score plot of the 86 pharmaceuticals (represented with their ID numbers) for which photo 
transformation data was available with PC 1 explaining 26 % of the variation and PC 2 explaining 15 % of the 
variation. The drugs were classified and marked in different colors referring to the classes. (1 = fast (t1/2 = 0-1 h), 
2 = moderate( t1/2 = 1-5 h), 3 = slowly transforming (t1/2 = 5 + h), 4 = stable (t1/2 = 24 h)) 

  
The PCA-X model of set 2 was influenced by the same molecular descriptors in PC 1 as the 
PCA-X of set 1. A typical big compound with high molecular weight is Bromocriptine 
(ID 824) and a small one is Carbamazepine (ID 296). Similar characteristics as in set 1 had 
impact on PC 2 and 3, but the algebraic sign changed. Additionally the aromatic bond content 
influenced the negative direction of PC 3, sp2 hybridized carbons, carbon content as well as 
the mass density. The positive direction is additionally influenced by the most acidic and 
most alkaline pKa, and the number of sp3 hybridized carbons. Examples for in PC 2 deviating 
drugs are Terbutaline (ID 279), which is quite polar and hydrophilic, and Meclozine (ID 651), 
which is apolar and has no hydrogen donors or acceptors. The highly aromatic Miconazole 
(ID 693) and the non-aromatic Dicycloverine (ID 463) are examples for in PC 3 differing 
drugs.  
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Mechanistic approach in comparison 
A PCA analysis was performed with set 1 and by using those 34 molecular descriptors only 
which were hypothesized to be related to the chemicals ability to phototransform. The model 
had five significant principle components, a goodness of fit of 67 % and a goodness of 
prediction of 37 %. A detailed description of the analysis can be found in Appendix I. The 
PCA showed large similarities with the analysis based on the chemometrics approach. This 
included the significance of molecular weight, water accessible surface area, charge weighted 
surface areas and energies. Noted dissimilarities were the lower R2 and Q2 and no 
overlapping descriptors for mechanistic models. This could mean that descriptors explaining 
important chemical variation in data were missing for the mechanistic models, but also 
unnecessary descriptors telling similar characteristics were excluded. A PCA for set 2 based 
on the mechanistic approach showed even a more drastic decrease in its ability to predict 
variation. Worse explained pharmaceuticals could be seen in the distance to model plot, and 
important variables missing for those could be identified as for instance molecular shape and 
connectivity indices, hydrogen donor and acceptor atom counts and aqueous solubility. 

3.1.2 Correlation analysis of chemical variation to phototransformation 

Chemometrics approach 
Set 2 - Global model 
A PLS analysis was performed by taking 71 of the 86 observations as training set and by using 
at first all molecular descriptors. In a second step they were iteratively excluded to give a PLS 
model with a R2X of 58 %, a R2Y of 52 % and a Q2 of 44 %. The model had two principle 
components and included 28 descriptors. The RMSEE was 10 h and the RMSEP 12 h. 
According to internal validation tests, the model was not overfitted (interception with the Y-
axis of R2Y at 0.108 and Q2 at -0.159). Furthermore, the normal probability plot of residual 
showed a straight line, thus the data was normal distributed. The correlation of t1/2 and the 
molecular descriptors are illustrated in the loadings plot in Figure 7.  

 
Figure 7. PLS loading plot of set 2 with PC 1 explaining 41 % of the variation and PC 2 explaining 17 % of the 
variation. The 28 molecular descriptors (X-variables) are displayed in green and t1/2 (Y-variable) in blue. 
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It can be seen that the more stable the drug, the bigger was the HOMO-LUMO energy gap 
(PM3_LUMO-HOMO), the ionization potential (PM3_IP), the water accessible surface area 
for all hydrophobic atoms (ASA_H), the total negative partial charge (PEOE_PC-), the total 
energy (PM3_E), the electronic energy (PM3_Eele) and the more hydrogen atoms were 
attached to a sp3 carbon with an electron negative atom bond to it (H-052). Moreover, a 
pharmaceutical was more stable if less aromatic carbons bond to an electronegative atom 
were present (C-026) and values of the following characteristics was low: distance between 
rings index (D/Dtr10), the water accessible surface area of polar atoms (ASA_P), the mass 
density (dens) and the dipole moment (PM3_dipole). Furthermore a low amount of sulfide 
groups (S-107, nRSR) and a low number of hydrogen atoms bond to a sp3, sp2 or sp 
hybridized carbon atoms in the oxidation states II, I and 0 (H-048), respectively, were 
present. For instance Rosuvastatin (Figure 8) phototransforms fast and has a small HOMO-
LUMO energy gap (PM3_LUMO-HOMO), many aromatic carbons bond to an electronegative 
atom (C-026) and a high dipole moment. Carbamazepine on the other hand is stable during 
8 h UV-exposure and has a big HOMO-LUMO energy gap (PM3_LUMO-HOMO), a high 
ionization potential (PM3_IP) and short distances between rings (D/Dtr10). 
 

 
Figure 8. Structures of the fast transforming Rosuvastatin (left) and the stable Carbamazepine (right) 
 

In Figure 9 observed versus predicted half-lives of the test set are shown. The model has a big 
variation among fast transforming and persistent pharmaceuticals. The 12 h REMSEP is 
quite big and is reflected in for instance Fenofibrate which was predicted to be stable but was 
experimentally determined to transform fast. The Y-Predicted plot also showed that it lacks a 
straight line of observed and predicted values. Consequently only few drugs are predicted 
well. For instance Chlorpromazine is fast transforming and Diphenhydramine is persistent. 
 

 
Figure 9. Observed and predicted half-lives (t1/2) of the test set of the global chemometrics model 
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Set 3 
In a further step it was tried to improve the model by excluding the stable pharmaceuticals 
(set 3). This attempt did not give any correlation between molecular descriptors and the t1/2 
values of the different pharmaceuticals and was consequently not analyzed in detail. 
 
Set 2 - Submodels 
Based on the PCA-X of the 86 observations and seven principle components from the PCA 
including all chemical descriptors, a HCA was performed and resulted in a dendrogram 
dividing the pharmaceuticals into two groups. The observations of each of the two groups 
were taken and two new PCA and PLS models were created. In group 1 were mainly 
molecules with high molecular weight and size and in group 2 smaller and lighter molecules. 
Characteristic for molecules in group 2 are also a high electronic and total energy, a high 
negative and positive partial charge, ionization potential, heat of formation and aqueous 
solubility. 
 
The first group contained 40 pharmaceuticals of which 8 were chosen as a test set. The 
training set was used to build a model with one significant principle component, 20 variables, 
R2X= 51 %, R2Y = 29 % and Q2 = 21 %. This was a rather weak model which could also be 
seen in the RMSEE = 14 h and the RMSEP = 13 h. It is not further described since the drugs 
belonging to group 1 seem to be hard to put into one model.  
 
The second group with 46 observations from which 9 were used as test set gave a better 
model with two principle components, 45 variables, R2X of 47 %, R2Y of 81 % and Q2 of 69 %. 
The RMSEE was 8 h, the RMSEP 8 h. ―Permutations‖ resulted in an interception of the Y-
axis at R2 = 0.26 and a Q2 = -0.248. This means the model was valid and was not overfitted. 
The correlations are similar to the global model. Loading scatter plot and detailed description 
can be found in Appendix I. The predictions of half-lives of several chemicals are displayed in 
Figure 10.  
 

 
Figure 10. Observed and predicted half-lives (t1/2) for a PLS model of group 2. The test set has labels and is 
colored in green and the training set is marked in blue 

 
Clonazepam and Mirtazapine were predicted quite wrong, but it can also be seen that the 
stable drugs Venlafaxine, Trimethoprim, Dicycloverine and Bupropion were predicted to 
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transform slower than most of the other ones, whereas two of the fast transforming ones 
(Levomepromazine and Ciprofloxacin) were predicted to have short half-lives. The examples 
show that at least the model of Group 2 can be used to estimate phototransformation rates in 
an error interval of 8 h. 
 
In comparison to the global model the model of group 2 has a smaller RMSEE and RMSEP 
and has a much higher R2Y and Q2. However, R2X is smaller in the group 2 model, thus the 
variation among the descriptors is less explained by the model and the submodel applies for 
less pharmaceuticals. 

Mechanistic approach 
A PLS analysis was performed with the molecular descriptors considered as mechanistically 
relevant. This approach gave a bad model with one PC, R2X = 22 %, R2Y= 33 % and Q2= 22 %. 
Even a model without the most persistent compounds showed low significance. In a next step 
HCA was performed on the PCA with the 36 chosen variables using five principle 
components. The observations were divided into three groups. The first group contained 
13 pharmaceuticals of which 11 were used as a training set, the second group contained as 
well 13 pharmaceuticals from which 11 were used as a training set and a third big group with 
60 pharmaceuticals from which 48 were used as a training set. All three groups resulted in 
bad models with low significance (Q2 below 35 %, R2X below 30 % and R2Y below 70 %).  
 
Neither, a global model with excluded stable pharmaceuticals or submodels could lead to 
applicable models by using a mechanistic approach. That is why one additional attempt was 
tried out. The groups derived from the HCA based on all descriptors were studied using the 
descriptors from the mechanistic approach. The first group did not show any correlation, but 
the second group gave an acceptable model with two principle components, R2X = 31 %, R2Y= 
75 %, Q2X = 50 %, RMSEE = 10 h and RMSEP = 10 h. The internal validation method 
―Permutation‖ showed an interception for R2 at 0.31 and for Q2 at -0.252 with the Y-axis. 
Hence, the model was slightly overfitted. In this model persistent drugs have large LUMO-
HOMO energy gaps and a low number of sulfides and electronegative groups bound to an 
aromate. A typical fast degrading compound is Promethazine and a stable one Dicycloverine. 
The observed versus predicted plot showed that the fast transforming drugs 
Levomepromazine and Ciprofloxacin and persistent drugs like Carbamazepine, Venlafaxine 
and Bupropion were predicted as well as in the equivalent chemometrics approach. Likewise 
the outliers Mirtazapine and Clonazepam were present. 
 
Oseltamivir carboxylate 
The PCA indicated that OC is more hydrophilic, polar, has more hydrogen donors or 
acceptors and a higher oxygen and lower carbon content than most of the tested drugs. 
Consequently it does not fit completely into the models. However, its half-life was predicted 
with the global model and the model of group 2 of the chemometrics approach and the model 
of group 2 of the mechanistic approach (from chemometrics grouping).  
 
Table 5. Predicted half-lives (t1/2) of oseltamivir carboxylate for different models of the chemometrics and 
mechanistic approaches and corresponding R2X, R2Y and Q2, RMSEP and RMSEE 
 Chemometric approach Mechanistic approach 
 global group 2 group 2 
R2X [%] 58 47 31 
R2Y [%] 52 81 75 
Q2 [%] 44 69 50 
RMSEP [h] 12 8 10 
RMSEE [h] 10 8 10 

t1/2 [h]  7.2 17 11 

 
The metabolite fits into all chemometrics models by examining the distance to model and the 
score scatter plots. In the model of group 2 of the mechanistic approach, the drug is over the 
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critical value in the distance to model plot. This implies that this model might not be 
appropriate to predict OC. OC’s predicted half-life in each model and the corresponding 
model parameters can be found in Table 5. 

3.2 Photolysis experiments 

3.2.1 Half-lives 
Half-lives of pharmaceuticals in buffer are displayed in Table 6, filtered river water in Table 7 
and unfiltered river water in Table 8. Rate constants can be found in Table S14 in Appendix 
II. The high R2 shows that the data fits into the model of first-order kinetics. The 95 % 
confidence interval of each half-life was smaller for faster transforming pharmaceuticals and 
quite big for slower transforming ones. Pharmaceuticals showing irreproducible behavior, for 
instance a concentration increase, are commented with ―strange behavior‖. 

Buffer 
Amitryptiline, Oxazepam, and Trihexyphenidyl had half-lives shorter than 4 days. Biperiden, 
Fentanyl, Hydroxyzine, Orphenadrine, Sulfamethoxazole and Telmisartan had half-lives up 
to 7 days. Diphenylhydramin, Flecainide, Ibersartan, Risperidone and Trimethoprim had 
half-lives up to 21 days. Carbamazepine, Maprotiline and Venlavafaxin had half-lives up to 
38 days. Desloratidine, Finasteride, Glimepiride, Oseltamivir carboxylate and Tramadol 
showed indications to transform, but not enough to calculate half-lives and after 28 days of 
UV-exposure Alprolazam, Atenolol, Bisoprolol, Fexofenadine, Memantine and Metoprolol 
did not show any transformation.  

 
Table 6. Transformation half-lives of pharmaceuticals in buffer (t1/2) exposed to 28 days of UV-light, the 
percentage of other transformation pathways (kother), goodness-of-fit (R2) and 95 % confidence interval (CI)  
Pharmaceutical t1/2 [h] kother [%] R2 95 % CI t1/2 [h] comments 
Alprazolam     e), g) 
Amitryptiline 35 ± 2 7 0.992 31.44 to 40.55 g), h) 
Atenolol     e), g) 
Biperiden 101 ± 6 5 0.994 88.25 to 116.8 g), h) 
Bisoprolol     e), g) 
Carbamazepine 884 ± 204  0.788 564.4 to 2034 g) 
Citalopram     a), b), g) 
Desloratidine     b), g) 
Diphenhydramine 275 ±74 24 0.883 165.0 to 816.0 g) 
Fentanyl 122 ± 19 22 0.954 88.78 to 196.5 g), h) 
Fexofenadine     e), g) 
Finasteride     b), c), g) 
Flecainide 300 ± 42   0.927 222.7 to 457.0 g) 
Fluconazole     d), g), e) 
Glimepiride     b), c), g) 
Hydroxyzine 159 ± 14  0.984 131.0 to 201.7 g) 
Ibersartan 398 ± 94 54 0.735 253.0 to 935.7 c), g) 
Maprotiline 702 ± 121  0.812 493.8 to 1216 g) 
Memantine     e), g) 
Metoprolol     e), g) 
Orphenadrine 179 ± 18 5 0.982 143.5 to 238.0 g), h) 
Oseltamivir carboxylate      b), c), d), g) 
Oxazepam 54 ± 2 11 0.997 49.85 to 59.94 g) 
Risperidone 380 ± 74  0.838 257.0 to 724.5 g) 
Sulfamethoxazole 161 ± 19 9 0.970 125.2 to 226.9 g), h) 
Telmisartan 109 ± 17 2 0.947 78.76 to 179.3 g) 
Tramadol     b), g) 
Trihexyphenidyl 87 ± 6 6 0.989 74.19 to 105.8 g), h) 
Trimethoprim 215 ± 28 5 0.968 163.1 to 313.2 g) 
Venlavafaxine 740 ± 154  0.802 490.2 to 1507 g) 

a) Model does not fit, b) Shows indication to transform, c) Mainly other transformation than photolysis,  

d) Strange behavior, e) No transformation, f) Timepoints 16,40,64 h excluded, g) Timepoint 112 h excluded 

h) Values below LOQ, set to LOQ/2 
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As determined from the dark control experiments, the removal due to other processes than 
phototransformation in the UV-exposed samples (kother) was 54 %, 24 % and 22 % for 
Ibersartan, Diphenhydramine and Fentanyl, respectively. For all other drugs the contribution 
of transformation due to other processes was low (<11 %) or negligible. 

Filtered river water 
Amitryptiline and Oxazepam transformed with half-lives shorter than 3 days. Biperiden, 
Desloratidine, Fentanyl, Hydroxyzine, Orphenadrine, Telmisartan and Trihexyphenidyl had 
half-lives up to 8 days. Bisoprolol, Diphenylhydramin, Fexofenadine, Flecainide, Glimepiride, 
Maprotiline, Risperidone, Sulfamethoxazole, Trimethoprim and Venlavafaxine had half-lives 
up to 21 days. Carbamazepine and Metoprolol had half-lives up to 38 days. Atenolol, 
Citalopram, Irbesartan, Oseltamivir carboxylate and Tramadol showed some transformation, 
but not enough to enable the calculation of half-lives (<40% transformation) and Fluconazole 
and Memantine were stable after 28 days of UV-exposure. 
 
Table 7. Transformation half-lives of pharmaceuticals in filtered river water (t1/2) exposed to 28 days of UV-
light, the percentage of other transformation pathways (kother), goodness-of-fit (R2) and 95 % confidence 
interval (CI) 
Pharmaceutical t1/2 [h] kother [%] R2 95 % CI t1/2 [h] comments 
Alprazolam     d) 
Amitryptiline 29 ± 1 5 0.998 27.53 to 31.60 h) 
Atenolol     b) 
Biperiden 107 ± 10 6 0.977 86.16 to 140.4 h) 
Bisoprolol 375 ± 78 97 0.720 248.5 to 763.3 a), c) 
Carbamazepine 632 ± 37  0.982 552.9 to 737.4   
Citalopram     a), b) 
Desloratidine 176.7 ± 26 25 0.937 130.6 to 273.3 h) 
Diphenhydramine 323 ± 117 16 0.799 171.3 to 2794 h) 
Fentanyl 103 ± 9 7 0.981 85.03 to 130.9 h) 
Fexofenadine 268 ± 28  0.970 213.2 to 360.2   
Finasteride 745 ± 150 103 0.745 498.7 to 1471 b), c) 
Flecainide 456 ± 33 23 0.980 387.4 to 555.2   
Fluconazole     a), e) 
Glimepiride 352 ± 75 106 0.783 231.1 to 737.3 c) 
Hydroxyzine 121 ± 23 3 0.925 81.70 to 229.5 h) 
Ibersartan     b) 
Maprotiline 210 ± 21 21 0.971 164.6 to 288.0 h) 
Memantine     d), e) 
Metoprolol 698 ± 116  0.823 495.4 to 1179   
Orphenadrine 161 ± 24 6 0.954 118.1 to 251.2 h) 
Oseltamivir carboxylate     b), c) 
Oxazepam 65 ± 3  0.994 58.19 to 72.66 h) 
Risperidone 224 ± 21 18 0.974 181.5 to 291.9   
Sulfamethoxazole 212 ± 27 15 0.964 161.6 to 309.3 h) 
Telmisartan 180 ± 17 54 0.979 145.7 to 233.3 c) 
Tramadol     b) 
Trihexyphenidyl 128 ± 20 4 0.951 93.18 to 204.6 h) 
Trimethoprim 229 ± 24 12 0.960 181.9 to 309.0   
Venlavafaxine 464 ± 29  0.980 401.3 to 548.9   

a) Model does not fit, b) Shows indication to transform, c) Mainly other transformation than photolysis,  

d) Strange behavior, e) No transformation, f) Timepoints 16,40,64 h excluded, g) Timepoint 112 h excluded 

h) Values below LOQ, set to LOQ/2 

 
As determined from the dark control experiments, the removal due to other processes than 
phototransformation (kother) was more than 100 % for Bisoprolol, Finasteride, and 
Glimepiride and 54 % for Telmisartan. For Desloratidine, Flecainide, Maprotiline and 
Risperidone it was around 20 %. For all other drugs in the UV-exposed samples the 
contribution of transformation due to other processes was low (<16 %) or insignificant. 
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Unfiltered river water 
Amitryptiline, Biperiden, Desloratidine, Fentanyl, Hydroxyzine, Orphenadrine and 
Trihexyphenidyl had half-lives shorter than 3 days. Diphenhydramine, Fexofenadine, 
Maprotiline, Oxazepam, Risperidone and Sulfamethoxazole transformed with half-lives up to 
6 days. Carbamazepin, Citalopram, Flecainide, Ibersartan, Metoprolol, Telmisartan, 
Trimethoprim and Venlafaxine had high half-lives up to around 21 days. Atenolol, Bisoprolol, 
Finasteride, Glimepiride, Oseltamivir carboxylate and Tramadol showed some 
transformation, but not enough to calculate half-lives (<40% transformation) and 
Alprazolam, Fluconazole and Memantine were stable after 28 days of UV-exposure. 
 
Ibersartan had the highest percentage of removal due to other processes (kother) than 
phototransformation (84%). For Flecainide, Maprotiline and Telmisartan it was 18 %, 20 % 
and 31 %, respectively. The contribution of transformation due to other processes was low 
(<15 %) or negligible for the other drugs in the UV-exposed samples. 
 
Table 8. Transformation half-lives of pharmaceuticals in unfiltered river water (t1/2) exposed to 28 days of UV-
light, the percentage of other transformation pathways (kother), goodness-of-fit (R2) and 95 % confidence interval 
(CI) 
Pharmaceutical t1/2 [h] kother [%] R2 95 % CI t1/2 [h] comments 
Alprazolam     d), e) 
Amitryptiline 6 ± 0.5 3 0.997 5.351 to 7.959 h) 
Atenolol     a), b) 
Biperiden 28 ± 5 4 0.902 19.08 to 50.25 h) 
Bisoprolol     b), d) 
Carbamazepin 513 ± 74 13 0.855 379.3 to 790.1  
Citalopram 272 ± 48 6 0.955 174.3 to 613.9 f) 
Desloratidine 55 ± 5 15 0.994 42.94 to 77.34 f), h) 
Diphenhydramine 130 ± 15 8 0.955 100.8 to 182.4 h) 
Fentanyl 33 ± 4 3 0.943 24.38 to 48.98 h) 
Fexofenadine 135 ± 29 3 0.759 88.24 to 289.3  
Finasteride     b), c) 
Flecainide 329 ± 13 18 0.997 292.9 to 374.6 f) 
Fluconazole     d), e) 
Glimepiride     b), c). d) 
Hydroxyzine 21 ± 3 3 0.944 15.38 to 33.54 h) 
Ibersartan 328 ± 59 84 0.818 228.0 to 582.9 b), c) 
Maprotiline 91 ± 7 20 0.991 72.20 to 122.5 f), h) 
Memantine     d), e) 
Metoprolol 414 ± 71  0.816 291.8 to 711.5  
Orphenadrine 46 ± 8 8 0.896 32.38 to 78.30 h) 
Oseltamivir carboxylate     b), c) 
Oxazepam 75 ± 2 4 0.999 71.45 to 79.16 h) 
Risperidone 142 ± 6 15 0.998 126.0 to 162.2 f) 
Sulfamethoxazole 134 ± 13 9 0.970 108.4 to 175.8 h) 
Telmisartan 223 ± 35 31 0.966 148.9 to 445.4 f) 
Tramadol     b) 
Trihexyphenidyl 29 ± 5 5 0.903 20.41 to 51.30 h) 
Trimethoprim 215 ± 18 4 0.975 179.5 to 268.8  
Venlavafaxine 342 ± 18 11 0.988 303.0 to 393.2  

a) Model does not fit, b) Shows indication to transform, c) Mainly other transformation than photolysis,  

d) Strange behavior, e) No transformation, f) Time points 16,40,64 h excluded, g) Time point 112 h excluded 

h) Values below LOQ, set to LOQ/2 

Comparison to literature values 
A large number of reported half-lives can be found in the introduction in Table 2. The half-
lives of Citalopram, Oxazepam and Metoprolol [68,69,71,72] were in the 95 % CI of the 
experimentally determined half-lives. Alprolazam’s half-live in literature was 38 days [68] 
which seems to be reasonable since Alprolazam showed indications to transform after our 
28 days exposure experiment. Carbamazepim, Atenolol, Diphenhydramine, OC, 
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Sulfamethoxazole, Venlafaxine and Tramadol were transforming slower in our experimental 
setup than what has been reported [69,70,73,74,76,77].  
 
The small indication of OC to transform found in our experiments was closer to the half-lives 
reported from experiments performed under natural sun light exposure than the ones from 
UV-light exposure (Table 9). However, the models which were based on 8 h UV-exposure 
appear not to be applicable to OC, since even in our experiments an exposure time of 28 days 
transformed OC to less than 40 %. 
 
Table 9. Half-lives for OC predicted and measured in this study and values taken from the literature 
 Predicted (QSPR) Experimentally determined Reported 

t1/2  7.2 ± 10 h a) 
17 ± 8 h b) 
11 ± 10 h c) 

Only indications to transform 
after 28 days 

12, 48 h d) [74] 

83 days e) [74] 
150 days e) [98] 

a) Global chemometrics model, b) group 2 chemometrics model, c) group 2 mechanistic model, d) simulated sun 

light e) natural solar light 

 
Our experiments are well designed reflecting natural conditions since they show a better 
agreement with experiments performed outdoor than indoor and having larger half-lives. The 
difference in literature can be explained to some extent by factors like light intensity 
fluctuations caused by weather conditions, differences in latitude and exposure breaks during 
night. However, high differences among them cannot be completely explained and could be 
reasoned by too high intensities and energies of the artificial light sources. 
 
In addition, phototransformation half-lives are highly dependent on the experimental 
conditions and thus variations in for example pH and organic carbon can explain variations 
found in literature. 

3.2.2 Transformation pathways and dependent factors 

Direct versus indirect photolysis 
The absorption spectra of Flecainide, Oxazepam and Telmisartan and too small extent 
Carbamazepine, Trimethoprim and Biperiden in buffer were partly overlapping with the 
irradiation spectra of the UV-source. Thus photolysis of these compounds could happen due 
to direct photolysis. All other compounds did not absorb light at the same wavelength as the 
UV-lamp irradiates, showing that direct photolysis is unlikely and indirect photolysis 
occurred. (Figure S2 to S5 in Appendix II). Examples are Amitryptiline, Finasteride, and 
Alprolazam for non-overlapping drugs and Carbamazepine and Flecainide for overlapping 
ones (Figure 11). The spectrum of Fentanyl was not recorded. Nevertheless, since the 
absorption spectra were measured in buffer and different conditions cause a shift in the 
absorption spectra, our results might not be applicable to river water.  
 
All compounds showed an absorption band between 240 and 280 nm. Hence, higher 
energetic UV light is needed for direct photolysis. However, radiation below the range 290 to 
300 nm does not reach the earth surface, and therefore we used a filter on our UV-lamp to 
simulate the natural condition as close as possible.  
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Figure 11. Absorption spectra for Amitryptiline, Citalopram, Finasteride, Alprolazam, Carbamazepine, 
Flecainide, Trimethoprim in buffer and the irradiation spectra of the UV-lamp. 

Matrix dependent trends 
When comparing transformation half-lives in altered matrices, different trends were 
observed. Drugs in unfiltered river water degraded faster than drugs in filtered river water 
and buffer; consequently they always had the shortest half-life. Telmisartan was the only 
exception, following a different trend. Figure 12 and Figure 13 display the exponential decay 
of Amitriptyline and Orphenadrine, respectively, both are representative examples for most 
drugs. Transformation in buffer and filtered river water behaved quite similar. Differences in 
half-lives between the two media depended on the drug. Furthermore, the transformations in 
the dark controls of unfiltered river water were often faster than in the other dark controls.  
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Figure 12. Relative concentration of Amitriptyline versus UV-exposure time in buffer, filtered and unfiltered 
river water and in corresponding dark control (Diagram cut-off after 208 h, exposure time continued until 
672 h) The error bars represents one standard error (n=3). The dotted line symbolizes the 95 % CI. The star (*) 
indicates values below the LOQ, which are set to LOQ/2.  

 
The main reason to fast photo transformation of most pharmaceuticals in unfiltered river 
water was the occurrence of POC. Reactive species, like hydroxyl radicals, ―hydrated 
electrons‖ or singlet oxygen, could be formed out of the compounds present and act as 

0

10

20

30

40

50

60

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

260 280 300 320 340 360 380 400

Ir
ra

d
ia

n
c
e
 [

u
W

/c
m

^
2

/n
m

] 

A
b

so
rb

a
n

c
e
 

wavelength [nm] 

Amitryptiline

Finasteride

Alprolazam

Carbamazepine

Flecainide

UV-lamp



3 Results and discussion  Page 23 (35) 

 
 

photosensitizer for indirect photolysis [71]. However, the organic carbon content varies in 
nature and makes it difficult to compare the stability of pharmaceuticals among different 
waters.  
 
Since the first step in photo transformation is the absorbance of light and the absorption 
spectra of one structure strongly depends on the pH of the solvent it is measured in [65], the 
measured half-lives could have been different in a more acidic or alkaline environment. The 
alteration between buffer and filtered river water depending on the pharmaceutical can be an 
indication for this influence factor. The buffer had pH 7, whereas the river water was 
measured to be pH 5. The Umeå river water in the experiments performed by 
Golovko 2012 [86] had pH 7. 

0 2 0 0 4 0 0 6 0 0

0 .0

0 .5

1 .0

e x p o su re  t im e  [h ]

r
e

la
t
iv

e
 c

o
n

c
e

n
t
r
a

t
io

n

f ilte re d  r iv e r

u n filte re d  r iv e r

f ilte re d  r iv e r -  c o n tro l

u n filte re d  r iv e r -  c o n tro l

b u ffe r  -  c o n tro l

b u ffe r

*

 
Figure 13. Relative concentration of Orphenadrine versus UV-exposure time in buffer, filtered and unfiltered 
river water and in corresponding dark control. The error bars represents one standard error (n=3). The dotted 
line symbolizes the 95 % CI. The star (*) indicates values below the LOQ, which are set to LOQ/2.  

Other transformation pathways 
The fast transformation of most drugs in the unfiltered river water dark control (Figure 12 
and 13) indicates that other transformation than direct and indirect photolysis must have 
taken place. Biodegradation seems to be the most probable one. Furthermore, minor 
transformations in the buffer controls imply that additional removal processes must have 
happened. Thermolysis was unlikely since the temperature was kept around 24 to 25 °C. 
Redox reactions were also possible, but hydrolysis of functional groups was the most likely 
additional transformation process.  

Exceptions to general trends 
Whereas most of the pharmaceuticals followed the described trends, Bisoprolol, Finasteride 
and Glimepiride showed a different but common pattern. The three pharmaceuticals only 
transformed in filtered river water and not due to photolysis. Microorganisms could be 
responsible for biodegradation. When looking at the controls, it was shown that 
transformation occurred only in filtered river water, which could be due to the POC in 
unfiltered river water [79]. Moreover, hydrolysis of the amide groups in Finasteride and 
Glimepiride under the acidic conditions in river water might be responsible for parts of their 
transformation.  
 
Furthermore, Citalopram showed high phototransformation in unfiltered river water, 
probably by the induction of photosensitizers. In buffer and filtered river water Citalopram 
showed transformation, but varied behavior in the controls and the UV-exposed samples 
imply that other transformation processes than photolysis occurred in those matrices. These 
results could be explained by the hydrolysis of Citalopram’s nitrile group to a carboxylic acid. 
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This pathway is probable in unfiltered river water as well, but was less important due to high 
indirect photolysis. 
 
Telmisartan transformed fastest in buffer and slowest in both river water with highest degree 
of photolysis in buffer. However, the values in the dark control of the buffer fluctuated 
(Figure 14), which makes it hard to interpret the results. Less phototransformation happened 
in river water, which might be caused by a shift of the absorption spectra due to the low pH of 
the river waters. Hydrolysis is unlikely due to missing reacting functional groups, but 
biodegradation or the reduction of the carboxylic acid could be reasons as well.  
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Figure 14. Relative concentration of Telmisartan versus UV-exposure time in buffer, filtered and unfiltered 
river water and in corresponding dark control. The error bars represents one standard error (n=3). The star (*) 
indicates values below the LOQ, which are set to LOQ/2. 

 
Irbesartan behaved unique by transforming fastest in unfiltered river water and having at the 
same time the highest percentage of additional transformation processes in this media. The 
half-life was second fastest in buffer with around half of the transformation caused by other 
pathways (Table 6). This might be reasoned by hydrolysis of the lactam group. The light 
acidic condition in river water favors hydrolysis. However, the slower transformation in 
filtered than in unfiltered river water cannot be explained. 

Uncertainties  
The percentage of other transformation has been calculated by assuming first-order-kinetics. 
However, this could be a source of error since other removal processes can follow different 
kinetics [78]. Hydrolysis for example follows pseudo-first order kinetics since water is 
present in excess while biodegradation follows different kinetics than first-order 
kinetics [78].  
 
One can also consider if the experimental set up, with 30 different pharmaceuticals in one 
solution, could have promoted indirect photolysis. Pharmaceuticals absorbing light could 
have acted as photosensitizer. This pathway assumes compounds that absorb light at the 
same wavelength as the UV-light source irradiates, which is only plausible for some few 
pharmaceuticals, but could still have happened. 
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4 Conclusions 

Following points sum up the major finding of the modeling and experimental investigation of 
phototransformation half-lives:  
 

 The QSPR models showed that some molecular characteristics are important to 
separate between fast and slow transforming pharmaceuticals. Large half-lives can be 
expected if the HOMO-LUMO gap is big, and the number of sulfides and 
electronegative groups bonded to an aromatic ring are low. In the slightly better 
models of the chemometrics approach, in addition it could be seen that the distance 
between rings should be low, the dipole moment should be small and the number of 
hydrogen atoms bonded to a sp3, sp2 or sp carbon atoms in the oxidation states II, I 
and 0 should be low. 

 

 The model of group 2 resulting out of the chemometrics approach seems to be the 
most promising for further investigations. The half-live for drugs belonging to this 
group can be estimated for small and light pharmaceuticals with high electronic and 
total energy, ionization potential, heat of formation, partial charges and aqueous 
solubility. 
 

 The group of 30 stable pharmaceuticals experimentally determined half-lives ranged 
between 6 h for Amitriptyline in unfiltered Umeå river water and 884 h for 
Carbamazepine in buffer. Desloratidine, Finasteride, Glimepiride, OC and Tramadol 
showed some indications to transform in buffer after 28 days of UV-exposure, but not 
enough to calculate half-lives. The same applied for Atenolol, OC and Tramadol in 
river water, Citalopram and Irbesartan in filtered and Bisoprolol, Finasteride and 
Glimepiride in unfiltered river water. Alprolazam, Atenolol, Bisoprolol, Fexofenadine, 
Fluconazole, Memantine and Metoprolol were stable in buffer, Alprolazam was 
additionally stable in unfiltered river water and Memantine and Fluconazole in all 
three matrices after 28 days of UV-exposure. 

 

 The presence of particulate organic matter in unfiltered river water was accelerating 
phototransformation most likely due to indirect photolysis. Drugs in filtered river 
water and buffer transformed slower.  

 

 Bisoprolol, Finasteride, Glimepiride and Telmisartan were transforming as a result of 
other processes than phototransformation in filtered river water, whereas for 
Irbesartan transformation due to other processes had a high impact in both buffer 
and unfiltered river water. Biodegradation and hydrolysis are the most likely 
transformation pathways for these compounds. 
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5 Future perspectives 

Future QSPR models can be developed by including the newly determined half-lives, making 
smaller subgroups with HCA to reach even more local models and by grouping the 
pharmaceuticals due to other approaches.  
 
Models could be improved by performing a conformational search for each molecule instead 
of calculating 3D descriptors based on the energy minimized structures only. This prevents 
that descriptors are calculated based on structures in a local minimum instead of the global 
minimum. However, the calculation is highly time-consuming, especially for a dataset with 
around 900 drugs. Another improvement would come with the calculation of structural 
descriptors based on structures present at a defined pH, but there was no software available 
to do this. 
 
Recording of UV-spectra under different conditions, like varying pH and different river 
waters could show shifts in the absorption spectra of the drugs. Furthermore, outdoor 
experiments with natural solar light could evaluate the applicability of the determined half-
lives under natural conditions. 
 
Experiments with single pharmaceuticals would show if the transformation pathway was 
influenced by the presence of other pharmaceuticals. Drugs present in mixture that may act 
as photosensitizer could then be neglected. 
 
The use of a standardized method to determine half-lives of pharmaceuticals would improve 
comparability. The OCED guideline from 2008 [99] for the determination of direct photolysis 
displays a good start for such a method, but a modification for surface water with stated 
organic carbon content is still needed. 
 
The identification of transformation products could verify discussed transformation 
pathways. At the same time the toxicity and persistence of the products can be tested. 
 
For drugs with high stability, faster and more effective transformation methods should be 
developed and used. Promising are advanced oxidation processes like ozonization or the use 
of for example hydrogen peroxide as oxidation agent combined with UV-irradiation [79]. 
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Appendix I 

Table S1. Pharmaceuticals with ID, CAS, ATC and half-lives for buffer, filtered Umeå river water and 
unfiltered Umeå river water by [86]. The ones which were stable in 8 h are marked with stable *. 

Substance Name ID CAS ATC Buffer Filtered 
river 
water 

Unfiltered 
river 
water 

    t1/2 [h] 

Chlorpromazine 80 50-53-3 N05AA01 0.4 0.61 0.24 

Nefazodone 126 83366-66-9 N06AX06 13.23 13.89 3.6 

Metformin 161 657-24-9 A10BA02 stable* stable* stable* 

Paracetamol 183 103-90-2 M03BA52 stable* stable* stable* 

Memantine 221 19982-08-2 N06DX01 stable* stable* stable* 

Pramipexole 265 104632-26-0 N04BC05  3.64  

Terbutaline 279 23031-25-6 R03AC03 stable* 9.13 3.65 

Carbamazepine 296 298-46-4 N03AF01 stable* stable* stable* 

Sulfamethoxazole 330 723-46-6 J01EE01 stable* stable* stable* 

Diphenhydramine 336 58-73-1 N07CA52 stable* stable* stable* 

Tramadol 348 27203-92-5 N02AX02 stable* stable* stable* 

Mirtazapine 354 61337-67-5 N06AX11 3.89 1.38 1.27 

Atenolol 356 29122-68-7 C07AB03 stable* stable* stable* 

Metoprolol 360 37350-58-6 C07AB02 stable* stable* stable* 

Orphenadrine 363 83-98-7 M03BC01 stable* stable* stable* 

Flutamide 378 13311-84-7 L02BB01 stable* stable* stable* 

Venlafaxine 380 93413-69-5 N06AX16 stable* stable* stable* 

Amitriptyline 381 50-48-6 N06AA09 stable* stable* stable* 

Maprotiline 382 10262-69-8 N06AA21 stable* stable* stable* 

Promethazine 393 60-87-7 R06AD02 0.1 0.64 0.18 

Oxazepam 403 604-75-1 N05BA04 7.52 stable*  

Cyproheptadine 406 129-03-3 R06AX02 stable* stable* stable* 

Trimethoprim 413 738-70-5 J01EA01 stable* stable* stable* 

Pizotifen 422 15574-96-6 N02CX01 stable* stable* 11.89 

Diclofenac 423 15307-86-5 M01AB05 6.97 stable*  

Duloxetine 428 116539-59-4 N06AX21 0.54 0.46 0.52 

Codeine 434 76-57-3 M01AE51 stable* 11.49 8.11 

Sertraline 451 79617-96-2 N06AB06 stable* stable* 13.17 

Fluconazole 452 86386-73-4 J02AC01 stable* stable* stable* 

Alprazolam 458 28981-97-7 N05BA12 stable* stable* stable* 

Dicycloverine 463 77-19-0 A03AA07 stable* stable* 6.07 

Desloratadine 466 100643-71-8 R06AX27 stable* stable* stable* 

Biperiden 468 514-65-8 N04AA02 stable* stable* stable* 

Ranitidine 478 66357-35-5 A02BA02 1.73 1.33 1.23 

Clomipramine 480 303-49-1 N06AA04 10.18 2.07 1.38 

Clonazepam 483 1622-61-3 N03AE01  3.62 4.55 

Chlorprothixene 484 113-59-7 N05AF03 1.2 1.13 0.73 

Norfloxacin 493 70458-96-7 J01MA06 0.16 0.44 0.6 

Citalopram 502 59729-33-8 N06AB04 stable* stable* stable* 



 
 

Bisoprolol 507 66722-44-9 C07AB07 stable* stable* stable* 

Naloxone 514 465-65-6 V03AB15 0.76 1.52 1.37 

Levomepromazine 517 60-99-1 N05AA02 0.11 0.13 0.12 

Paroxetine 519 61869-08-7 N06AB05 stable* 6.93 4.25 

Furosemide 521 54-31-9 C03CA01 0.17 5.83 0.66 

Ciprofloxacin 522 85721-33-1 J01MA02 0.7 0.63 1.42 

Fentanyl 531 437-38-7 N01AH01 stable* stable* stable* 

Clemastine 551 15686-51-8 R06AA04 stable* stable* stable* 

Clotrimazole 555 23593-75-1 D01AC01 stable* stable* 15.71 

Fenofibrate 588 49562-28-9 C10AB05 0.26 0.22 2.04 

Ofloxacin 591 82419-36-1 J01MA01 0.21 1.88 1.61 

Tamoxifen 612 10540-29-1 L02BA01 0.51 0.63 0.93 

Finasteride 614 98319-26-7 D11AX10 stable* stable* stable* 

Hydroxyzine 618 68-88-2 N05BB01 stable* stable* stable* 

Haloperidol 619 52-86-8 N05AD01 3.3 stable* 9.67 

Azelastine 630 58581-89-8 R01AC03 stable* stable* stable* 

Felodipine 640 72509-76-3 C07FB02 0.99 2.16 8.47 

Alfuzosin 649 81403-80-7 G04CA01 0.42 1.12 1.12 

Meclozine 651 569-65-3 R06AE05 4.57 13.64 2.47 

Perphenazine 667 58-39-9 N05AB03 0.66 0.69  

Beclometasone 675 4419-39-0 R01AD01 9.84 8.61  

Ezetimibe 676 163222-33-1 C10AX09 stable* stable*  

Risperidone 679 106266-06-2 N05AX08 stable* stable* stable* 

Flecainide 687 54143-55-4 C01BC04 stable* stable* stable* 

Miconazole 693 22916-47-8 A01AB09 3.59 6.9 3.09 

Eprosartan 706 133040-01-4 C09CA02 2 1.74 1.71 

Clindamycin 708 18323-44-9 D10AF01 stable* stable* stable* 

Irbesartan 713 138402-11-6 C09CA04 stable* stable* stable* 

Budesonide 716 51333-22-3 A07EA06 0.78 1.08 1.15 

Flupentixol 721 2709-56-0 N05AF01 1.67 2.04 3.28 

Fluphenazine 726 69-23-8 N05AB02 0.18 0.67  

Tetracycline 732 60-54-8 J01AA07 0.91 1.17 1.88 

Repaglinide 742 135062-02-1 A10BX02 stable* stable* 13.2 

Verapamil 745 52-53-9 C08DA01 stable* 15.3 8.77 

Oxytetracycline 747 79-57-2 D06AA03 0.87 2.11 1.83 

Buprenorphine 750 52485-79-7 N02AE01 4.38 4.26 1.24 

Loperamide 761 53179-11-6 A07DA03 stable* stable* stable* 

Rosuvastatin 763 287714-41-4 C10AA07  0.65 1.13 

Glimepiride 766 93479-97-1 A10BB12 stable* stable* stable* 

Glibenclamide 768 10238-21-8 A10BB01 0.37 0.39 0.4 

Fexofenadine 773 83799-24-0 R06AX26 stable* stable* stable* 

Dipyridamole 774 58-32-2 B01AC07 4.78 3.41 1.77 

Ketoconazole 784 65277-42-1 D01AC08 1.7 1.55 1.26 

Atorvastatin 792 134523-00-5 C10AA05 0.12 0.2 0.52 

Dihydroergotamine 800 511-12-6 N02CA01 3.07 2.08 1.97 

Amiodarone 819 1951-25-3 C01BD01 0.17 0.63 1.22 



 
 

Bromocriptine 824 25614-03-3 G02CB01 1.27 1.76 2.93 

Erythromycin 832 114-07-8 J01FA01    

Trihexyphenidyl 901 144-11-6 N04AA01 stable* stable* stable* 

Telmisartan 902 144701-48-4 C09CA07 stable* stable* stable* 

Bupropion 903 34841-39-9 N06AX12 stable* stable* stable* 

Diltiazem 904 33286-22-5 C08DB01 stable* stable* stable* 

Cilazapril 905 88768-40-5 C09AA08 stable* stable* stable* 

Fluoxetine 906 54910-89-3 N06AB03 stable* stable* 5.2 

Sotalol 907 3930-20-9 C07AA57 stable* stable* stable* 

Mianserin 908 24219-97-4 N06AX03 stable* 11.95 7.01 

 

Table S2. Molecular descriptors and their definition 

Descriptor Definition 
Moe 2D  
apol, bpol polarizability 
SMR Molecular refractivity 
Weight Molecular weight 
logP (o/w), Slog P Octanol-water partition coefficient 
logS Aqueous solubility 
TPSA Polar surface area 
VAdjMa, VAdjEq Chemical structure definition through an adjacency matrix 
Rings/a_count rings 
b_double/a_count Double bonds 
b_ar/b_count Aromatic bonds 
b_single/b_count Single bonds 
a_don/a_count, 
a_acc/a_count 

H-bond donors and acceptors 

a_hyd/a_count Hydrophobic bonds 
b_rotN, b_rotR rotablitities 
Kier 1, 2,3, KierFlex Connectivity between atoms 

method by Kier and Hall  
Zagreb Index describing connectivity 
diameter, radius Diameter and radius of moleculefrom a distance matrix 
wienerPath, wienerPol Connections between atoms from a special distance matrix 
balabanJ, connectivity topological index 
vsa_acc, vsa_don, 
vsa_hyd, vsa_other, 
vsa_pol 

Van der Waals surface area of H-bond donors, acceptors, 
hydrophobic atoms, polar atoms 

PEOE Calculated charges referring to the positive, negative, polar, 
hydrophobic van der Waals surface area 

MOE 3D  
PM3_IP, PM3_LUMO, 
PM3_HOMO-LUMO, 
PM3_(HOMO-
LUMO)2, 
PM3_HOMO+LUMO, 
PM3_HF, PM3_Eele, 
PM3_E, PM3_dipole 

Ionization potential, energy of LUMO, gap between HOMO and 
LUMO, heat of formation, electronic energy, total energy and 
dipole moment 

ASA, ASA+, ASA-, 
ASA_H, ASA_P 

Water accessible surface area of positive, negative, hydrophobic, 
polar atoms 

CASA+, CASA- Positive, negative weighted surface area 
dens, vol, VSA Mass density, Van der waals surface and area 
Scifinder  



 
 

pKa, pKa 2 Acid strength of most alkaline and most acidic conformation 
Dragon 2D  
H%, C%, N%, O%, X% hydrogen, carbon, nitrogen, oxygen and halogen atoms 
nCsp, nCsp2, nCp, Cns, 
Crs 

Sp,sp2, terminal sp3 hybridized carbons and secondary (ring) sp3 
carbons 

nCb-, TRS, nR06, 
D/Dtr05, D/Dtr09, 
D/Dtr10 

Substituted benzene, ring size, 6 membered rings, distance 
between rings 

nArX, nRSR, nROH, 
nArOH, nROR, nArOR, 
nNq 

Electronnegative groups bond to aromate, Sulfides,alkohols, 
phenols, ethers, aromatic ethers, quaternary nitrogens  

C-0XX, S-0XX, O-oXX 
,H-0XX 

Describe chemical environment of atoms in molecules 

 
Table S3. Molecular descriptors and their relevance for photolysis 

 Molecular 
descriptors 

Meaning Relation to 
photolysis 

reference 

 Semi-empirical    
1 PM3_IP HOMO, Ionization 

potential, 
Energy required to remove 
electrons, if it is high, it is 
more difficult to remove an 
electron. Thus it can be 
used as an indicator of 
reactivity. 

High HOMO energy 
leads to lower 
potential photo 
activity  lower 
probability of 
photolysis 

[100] 
[101] 
[102] 
[103] 

2 PM3_LUMO Electron affinity, release of 
energy when an electron is 
added. 
Electrons are excited to 
higher energy state 
(LUMO) by the photon 
energy. 
 

1. Great LUMO energy 
-> high quantum yield 
-> easier to photolyze 
2. other way round 

1. 
[104][100] 
2. [103] 

3 PM3_HOMO-
LUMO 

HOMO-LUMO Gap Molecule is more 
stable if gap is bigger, 
since more difficult to 
photolyze. Thus 
increase of gap means 
increase of half-live 

[101] 
[102] 
[103] 

4 PM3_(HOMO-
LUMO)2 

Squared HOMO-LUMO 
Gap 

Decreases -
>probability of 
photolysis increases  

[105] 

5 PM3_HF Heat of formation, change 
of enthalpy when 1 mole of 
the compound is formed, 
The standard enthalpy of 
reaction can be calculated 
from the heat of formation, 
thus gives information 
about thermodynamics of 
reactions. 

Increased HF -> 
increased photo 
transformation 

[105] 

6 PM3_Eele Electronic energy Decrease of electronic 
energy -> increase of 
phototransformation 

[105] 

7 PM3_E Total Energy 1. Decreasing total 1.[105] 



 
 

energy -> increasing 
photodegradation 
2.Increase total 
energy -> increase 
photolysis 

2.[102] 

8 PM3_dipole Dipole moment, gives 
information about polarity 
of a chemical bond within a 
molecule 

Large value -> fast 
degradation 

[103] 

 Charges, 
polarizability, H-
bonding 

   

9 
10 

CASA+ 
CASA- 

Positive/negative charge 
weighted surface area 

Higher atomic charge 
values -> react easier 
with radicals  

[101] 

11 
12 

ASA_H 
ASA_P 

Water accessible surface 
area of all hydrophobic/ 
polar atoms 

Solvent effect on 
absorption spectra of 
molecules 

[65] 

13 apol Sum of the atomic 
polarizabilities = ability of 
electrons in a molecule to 
move easily 

High p. can mean that 
excited singlet and 
triplet states might 
not be stable, undergo 
processes as internal 
conversion, 
fluorescence resulting 
in a small quantum 
yield 

[104] 

14 
15 

PEOE_PC+ 
PEOE_PC- 

Partial Equalization of 
Orbital Electronegativity, -
> total positive/negative 
partial charge 

High electronegativity 
means more stable 

[101] 

 Functional 
groups 

   

16 
17 

nROR 
nArOR 

Aliphatic ether 
Aromatic ether 

Ether bond weak σ-
bond, -> radical 
formation (-
>important for 
indirect photolysis 
reactions) 

[65] 

18 nArOH phenols Phenoxy-type radicals 
stabilized through 
mesomeric effect 

[106] 

19 O% Oxygen atoms per all 
atoms 

Oxygen containing 
compounds form 
reactive species -> 
important for indirect 
photolysis processes 

[65] 

20 nRSR Sulfide Thiyl radicals formed [107] [106] 
21 S-107 R2S and RS-SR Thiyl radicals formed  
22 X% Halogen atoms per all 

atoms 
Halogenides 
important in 
formation of radicals 
through photolysis 

 

23 nArX Any electronegative atom 
(O,N,S,P,Se, halogens) 
bond to an aromate 

n-> π* transitions 
(from non-bonding 
electrons in 

[65] 



 
 

heteroatoms) 
24 
25 
26 

C-024 
C-025 
C-026 

R--CH--R 
R--CR--R 
R--CX--R 
-- = aromatic bond or 
delocalized bond as in 
nitrogroup 

Aromatic bonds 
absorb UV light -
>important 
chromophor: 
π-> π* transitions 

 

27 C-034 R--CR..X 
.. = aromatic single bond as 
in pyrrol (C-N) 

n-> π* transitions 
(from non-bonding 
electrons in 
heteroatoms) 

[65] 

28 N % Nitrogen atoms per all 
atoms 

n-> π* transitions, 
very important for 
example C=N bonds, 
because gives 
additional transition 
to π-> π* transitions 

[65] 

29 H-052 H attached to C0(sp3) with 
one X attached to next C 

If radical is formed by 
cleavage of C-X bond, 
it can be stabilized by 
hyperconjugation of 
neighbored σ-CH 
bonds 

 

30 b_double/b_count Double bonds per all bonds Double bonds, 
especially conjugated 
π-systems, π-> π* 
transitions 
Thus important for 
chromophors (-> 
absorption spectrum 
falls in VIS spectrum)  

 

31 b_ar/b_count Aromatic bonds per all 
bonds 

Aromatic bonds: 
π-> π* transitions, 
thus important 
chromophor 

 

32 
33 

nCs 
nCrs 

Number of total secondary 
C(sp3) 
And secondary ring C(sp3) 

Hyperkonjugation -> 
stability of radicals 

 

 Miscellaneous     
34 weight Molecular weight High molecular 

weight -> faster 
phototransformation 
Molecular weight 
related to e.g. 
bromination degree 
and that is related to 
photolysis rate 

[105] 
[108] 

35 
36 

pKa1 
pKa2 

Strength of acid Structure, especially 
chromophors are pH 
dependent, e.g. keto-
enol tautomery . 
therefore absorption 
spectra and thus 
transformations are 
pH dependent 

[65] 

 



 
 

Chemometrics approach PCA 
Set 1 
In the third dimension the highest contributions were made by the heat of formation, 
ionization potential, the hydrogen content, positive van der Waals surface area and the 
quaternary nitrogen content in negative direction. In positive direction PC 3 was related to 
measures of surface areas of H-bond acceptors and of water accessibility. Additionally the 
energy level of the LUMO influences the third dimension. A typical example for drug with 
negative PC 3 value was Cyclizine (CAS 82-92-8, ID 46) and with positive PC 3 value 
Fluoresceinsodium (CAS 518-47-8, ID 524). The fourth PC was impacted in negative 
direction by the number of tertiary carbons, hydrogen atoms bound to sp3 hybridized 
carbons with no electronegative groups aside and the number of single bonds. The positive 
PC 4 dimension was related to the amount of nitrogen atoms and aromatic bonds. Examples 
are Progesterone (CAS 57-83-0, ID 479) and Benserazide (CAS 322-35-0, ID 339). 
 
Set 2 
The number of rotable single bonds, connectivity, number of rings and ring describing 
descriptors had an important contribution to the fourth dimension. The fifth PC was affected 
by substitutions of phenyl groups, positive van der Waals surface area, number of nitrogen 
atoms, hydrophobicity and the HOMO-LUMO energy gap. 
 
Mechanistic approach PCA 
Set 1 
The 86 pharmaceuticals with photolysis data available were quite close together in the score 
plot. They were mainly positioned in the positive direction of the second PC. The first 
principle component explained 24 %, the second 15 % and the third 13 % of the variation. The 
biggest variation for PC 1 for the electronic energy and total energy in negative direction and 
atomic polarizabilities, molecular weight and positive charge weighted surface area in 
positive direction. Examples are Resorcinol (CAS 108-46-3, ID 2) and Teniposide (CAS 
29767-20-2, ID 138). The second PC was related to the oxygen content, the LUMO energy, 
the water accessible surface area for all polar atoms, heat of formation and aromaticity. 
Examples are Calciumgluconate (CAS 299-28-5, ID 245) and Pyrvinium (CAS 7187-62-4, ID 
632). The third dimension was influenced by ionization potential, number of secondary sp3 
hybridized carbons totally and in rings. The amount of sulfide and disulfides as well as the 
HOMO-LUMO energy gap and electronegative groups bond to aromates determines PC 4. 
The last principle component is affected by the amount of halogen atoms, substituted carbons 
in aromatic bonding, hydrogen atoms attached to a sp3 hybridized carbon in oxidation state 
0 with an electronegative group attached to the neighbored carbon.  
 
Set 2 
Next a PCA for the 86 pharmaceuticals with photo transformation half-life was created and 
as additional descriptors the pKa values were included. The model with five principle 
components had an R2X of 67 % and a Q2 of 37 %. The first three principle components were 
the most important ones. The first explains 24 %, the second 15 % and the third 13 % of the 
variation. Electronic energy, total energy, total negative partial charge and molecular weight, 
positive and negative charge weighted surface area and sum of atomic polarizabilities 
determine the first dimension. Examples are Promethazine (CAS 60-87-7, ID 393) and 
Astorvastatin (CAS 134523-00-5, ID 792).The second is affected by LUMO energy, nitrogen 
amount, aromatic bonds, ionization potential and the most acidic pKa. Examples are 
Paracetamol (CAS 103-90-2, ID 183) and Dicycloverine (CAS 77-19-0).The third PC is 
impacted by the HOMO-LUMO energy gap and oxygen content and the fourth PC by the 
amount of sulfide or disulfide bonds, dipolemoment, water accessible surface area of all 
hydrophobic and hydrophilic atoms. The last dimension is additionally influenced by the 
halogen content, and aromaticity relating features. 
 



 
 

PLS chemometrics approach 
Global model 
 
Table S4. Observed and predicted half-lives (t1/2) of the test set of the global chemometrics model  

ID substance CAS Observed t1/2 in h Predicted t1/2 in h 
80 Chlorpromazine 50-53-3 0.61 1.20 
336 Diphenhydramine 58-73-1 >24 24 
378 Flutamide 13311-84-7 >24 6.6 
428 Duloxetine 116539-59-4 0.46 4.0 
434 Codeine 76-57-3 11.5 5.9 
519 Paroxetine 61869-08-7 6.9 4.3 
551 Clemastine 15686-51-8 >24 18 
588 Fenofibrate 49562-28-9 0.22 25 
612 Tamoxifen 10540-29-1 0.63 12 
630 Azelastine 58581-89-8 >24 10 
640 Felodipine 72509-76-3 2.2 14 
649 Alfuzosin 81403-80-7 1.1 9.0 
687 Flecainide 54143-55-4 >24 6.2 
742 Repaglinide 135062-02-1 >24 5.2 
819 Amiodarone 1951-25-3 0.63 4.8 

 
Group 2  
Stable drugs had a big LUMO-HOMO energy gap (PM3_LUMO-HOMO), high number of 
substituted aromatic carbons (C-025), a lot of aliphatic ethers (nROR), hydroxyl groups 
(nROH), tertiary carbon atoms (C-oo3), secondary sp3 carbons (nCs) and negative Van der 
Waals surface area (PEOE_VSA_FNEG). Pharmaceuticals were also stable, if a minor 
amount of sulfides (S-107, nRSR), aromatic carbons bond to an electronegative atom (C-
026), hydrogen bond to a sp3, sp2 or sp carbon atoms in the oxidation states II, I and 0 (H-
048), low distance between rings (D/Dtr10), and a small dipole moment (PM3_dipole) were 
present. The characteristics describing the property to photo transform were quite similar to 
the ones from the global model. Chlorpromazine (CAS 50-53-3, ID 80) exemplifies a fast 
transforming pharmaceutical and Carbamazepine (CAS 298-46-4, ID 296) a stable one.  
 
 
 



 
 

 
Figure S1. PLS loading plot of Group 2 including 37 drugs with PC 1 explaining 31 % of the variation and PC 2 
explaining 16 % of the variation. The 45 molecular descriptors (X-variables) are displayed in green and t1/2 (Y-
variable) in blue. 
 
Table S5. Observed and predicted half-lives (t1/2) for the test set in the chemometrics model of group 2 

ID Substance  CAS Observed t1/2 in h Predicted t1/2 in h 
354 Mirtazapine 61337-67-5 1.4 17 
380 Venlafaxine 93413-69-5 >24 20 
413 Trimethoprim 738-70-5 >24 15 
463 Dicycloverine 77-19-0 >24 32 
483 Clonazepam 1622-61-3 3.6 15 
517 Levomepromazine 60-99-1 0.13 0.52 
522 Ciprofloxacin 85721-33-1 0.63 0.90 
903 Bupropion 34841-39-9 >24 27 
908 Mianserin 24219-97-4 12 17 
 
Mechanistic approach 
Group 2 
 
Table S6. Observed and predicted half-lives (t1/2) for the test set of group 2 of the mechanistic model 

ID Substance CAS Observed t1/2 in h Predicted t1/2 in h 
296 Carbamazepine 298-46-4 >24 32 
354 Mirtazapine 61337-67-5 1.4 22 
380 Venlafaxine 93413-69-5 >24 19 
381 Amitriptyline 50-48-6 >24 16 
483 Clonazepam 1622-61-3 3.6 20 
517 Levomepromazine 60-99-1 0.13 0.47 
522 Ciprofloxacin 85721-33-1 0.63 1.2 
903 Bupropion 34841-39-9 >24 20 
908 Mianserin 24219-97-4 12 19 

 



 
 

Appendix II 

Table S7. Stock solutions of each pharmaceutical in methanol 

pharmaceutical Concentration [µg/mL] 

Alprazolam  303.0 

Amitriptyline  690.3 

Atenolol 227.1 

Biperiden 374.4 

Bisoprolol  228.0 

Carbamazepine 724.0 

Citalopram 473.5 

Desloratadine 603.6 

Diphenhydramine 517.4 

Fentanyl 135.2 

Fexofenadine 215.2 

Finasteride  576.7 

Flecainide 337.0 

Fluconazole 266.1 

Glimepiride  512.6 

Hydroxyzine  295.7 

Irbesartan  588.7 

Maprotiline 355.9 

Memantine 279.0 

Metoprolol  143.1 

Orphenadrine  143.2 

Oseltamivir carboxylate 263.7 

Oxazepam 288.6 

Risperidone 500.2 

Sulfamethoxazole 232.5 

Telmisartan  314.3 

Tramadol 359.1 

Trihexyphenidyl  318.2 

Trimethoprim 611.9 

Venlafaxine  230.2 

 
Table S8. Internal standard stock solutions in methanol 

Isotopic labeled pharmaceutical Concentration [µg/mL] 

Amitriptyline 8.8 

Carbamazepin 12.0 

Flecainide 420.0 

Oxazepam 171.9 

Risperidone 73.0 

Sulfamethoxazole 12.0 

Tramadol 10.0 

Trimethoprim 13.8 

Oseltamivir carboxylate 120.0 



 
 

Table S9. Isotopic labeled drugs in internal standard mix with assigned drugs 

Isotopic labeled drug as 
internal standard 

Assigned drug  

Amitryptyine Biperiden, Hydroxyzine, Maprotiline, Orphenadrine, 
Trihexyphenidyl, Telmisartan, Amitriptyline, Irbesartan 

Carbamazepine Fentanyl, Carbamazepine 
Flecainide Flecainide 
Oxazepam Oxazepam, Finasteride, Glimepiride 
Risperidone Descloratadine, Risperidone 
Sulfamethoxazole Sulfamethoxazole 
Tramadol Tramadol, Bisoprolol, Citalopram, Diphenhydramine, 

Memantine, Venlafaxine, Atenolol, Metoprolol, Alprazolam, 
Tramadol 

Trimethoprim Trimethoprim, Fluconazole 
Oseltamivir carboxylate Oseltamivir carboxylate 

 
Table S10. Gradient Program for the extraction column 

Time Water [%] ACN, 0.1 % [%] Flow rate (mL/min) 
0 100 0 0.050 
0.01 100 0 1.2 
2.00 100 0 1.2 
2.01 0 100 0.1 
7.00 0 100 1 
7.01 100 0 1 
11.00 100 0 3.0 
11.01 100 0 0.05 

 
Table S11. Gradient program for the for the analytical column 

Time Water, 0.1 % FA [%] ACN, 0.1 % [%] Flow rate (µL/min) 
0 95 5 250 
2 95 5 250 
5 75 25 350 
10 0 100 400 
12.99 0 100 400 
13 95 5 250 
15 95 5 250 

 
Table S12. Concentrations for UV-VIS photometry analysis 

Substance Concentration [mol/L] 

Alprazolam  4.3E-05 

Amitriptyline  7.3E-05 

Atenolol 1.5E-03 

Biperiden 1.6E-03 

Bisoprolol  1.8E-03 

Carbamazepine 4.6E-05 

Citalopram 3.0E-04 

Desloratadine 7.1E-05 

Diphenhydramine 1.7E-03 

Fentanyl  0.0E+00 

Fexofenadine  1.4E-03 

Finasteride  2.4E-04 

Flecainide  4.4E-04 



 
 

Fluconazole 1.2E-03 

Glimepiride  2.4E-04 

Hydroxyzine  1.9E-03 

Irbesartan  2.0E-04 

Maprotiline  1.3E-03 

Memantine  1.1E-03 

Metformin  2.9E-04 

Metoprolol 1.7E-03 

Orphenadrine 1.7E-03 

Oseltamivir Carboxylate 4.3E-03 

Oxazepam 2.2E-04 

Risperidone 4.6E-05 

Sulfamethoxazole 3.0E-04 

Telmisartan  2.6E-04 

Tramadol  3.0E-04 

Trihexyphenidyl  2.4E-04 

Trimethoprim 3.1E-05 

Venlafaxine  1.5E-03 

 
Table S13. Analytical LOQs in sewage effluent determined by Lindberg et al. [95] 

pharmaceutical LOQ [pg/mL] Standard deviation [%] 

Biperiden 3 5 

Bisoprolol 3 3 

Citalopram 15 8 

Desloratidin 15 9 

Diphenhydramin 4 3 

Fentanyl 4 7 

Fexofenadine 10 6 

Flecainide 2 8 

Hydroxyzine 3 9 

Maprotiline 15 8 

Memantine 3 5 

Orphenadrine 3 4 

Risperidone 4 3 

Trihexyphenidyl 3 6 

Venlavafaxin 20 7 

Alprazolam 20 12 

Oxazepam 10 16 

Telmisartan 10 13 

Amitryptiline 10 8 

Atenolol 15 5 

Carbamazepin 7.5 8 

Finasteride 20 15 

Fluconazole 7.5 4 

Glimepiride 20 29 

Ibersartan 3 4 



 
 

Metoprolol 15 7 

Sulfamethoxazol 15 6 

Tramadol 15 2 

Trimethoprim 3 4 
 
Table S14. Rate constants in buffer, filtered and unfiltered river water for each pharmaceutical 

pharmaceutical k buffer [h-1] k filtered [h-1] k unfiltered [h-1] 

Biperiden 0.006893 0.006491 0.02506 

Bisoprolol  0.001848  

Citalopram 0.001392 0.001369 0.002552 

Desloratidine  0.003922 0.01255 

Diphenhydramin 0.002525 0.002147 0.005337 

Fentanyl 0.005667 0.006724 0.02129 

Fexofenadine  0.002588 0.005126 

Flecainide 0.002314 0.001519 0.002108 

Hydroxyzine 0.004365 0.005752 0.03287 

Maprotilin 0.000987 0.003309 0.007629 

Memantine    

Orphenadrine 0.003871 0.004315 0.01513 

Risperidone 0.001827 0.003097 0.004887 

Trihexyphenidyl 0.007946 0.005413 0.02374 

Venlavafaxin 0.000937 0.001495 0.002025 

Alprazolam    

Oxazepam 0.01273 0.01073 0.009228 

Telmisartan 0.006334 0.003864 0.003105 

Amitryptiline 0.01957 0.02356 0.1083 

Atenolol    

Carbamazepin 0.000785 0.001097 0.001352 

Finasteride  0.000931  

Fluconazole    

Glimepiride  0.001969  

Ibersartan 0.00174 0.00052 0.002115 

Metoprolol  0.000994 0.001675 

Sulfamethoxazol 0.004295 0.003265 0.005167 

Tramadol    

Trimethoprim 0.003232 0.003027 0.00322 

Oseltamivir carboxylate    

 
 
 
 
 
 
 
 
 
 



 
 

 
Figure S2- Absorption spectra for Amitryptiline, Citalopram, Finasteride, Alprolazam, Carbamazepine, 
Flecainide, Trimethoprim in buffer and the irradiation spectra of the UV-lamp. 

 
 

 
Figure S3. Absorption spectra for Desloratadine, Irbesartan, Sulfamethoxazole, Tramadol, Risperidone and 
Oseltamivir Carboxylate in buffer and UV-lamp spectra 
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Figure S4. Absorption spectra for Biperiden, Fexofenadine, Fluconazole, Glimepiride, Memantine, 
Trihexyphenidyl, Oxazepam and Telmisartan in buffer and UV-lamp spectra 
 

 
 

 
Figure S5. Absorption spectra for Atenolol, Bisoprolol, Diphenhydramine, Hydroxyzine, Maprotiline, 
Orphenadrine, Venlafaxine and Metoprolol in buffer and UV-lamp spectra 
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