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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Degradation of SITA was examined 
under UV and (V)UV light. 

• (V)UV irradiation was effective in 
degrading SITA in spiked WWTP 
effluent. 

• 14 transformation products were iden-
tified with structure proposals. 

• Some recalcitrant transformation prod-
ucts could not be completely eliminated.  
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A B S T R A C T   

Sitagliptin (SITA) is an antidiabetic drug consumed worldwide in high quantities. Because of the low removal 
rate of this compound in conventional wastewater treatment plants (WWTPs), it enters receiving surface waters 
with the discharged WWTP effluents. SITA can be detected up to μg/L concentration in rivers. In this study, UV 
(254 nm) and (V)UV (185 nm + 254 nm) irradiation was applied in laboratory scale to degrade SITA. The effect 
of three parameters was evaluated on the degradation rate, namely i) the efficiency in UV and (V)UV irradiation, 
ii) the presence or absence of dissolved oxygen, iii) the matrix effect of WWTP effluent. Degradation rate of SITA 
was largely increased by (V)UV irradiation, and decreased in WWTP effluent as expected. The presence of dis-
solved oxygen increased the degradation rate only in UV experiments and did not have a considerable effect in 
(V)UV experiments. In total, 14 transformation products (TPs) were identified (twelve new); their structures 
were proposed based on high-resolution mass spectrometry and nuclear magnetic resonance spectroscopy ana-
lyses. The most characteristic reaction steps of the degradation of SITA involved nucleophilic aromatic photo-
substitution whereas hydroxide ions acted as attacking nucleophiles and replaced F atoms of the phenyl moiety 
by hydroxide groups, in agreement with the increase in photolysis rate with increasing pH. The photochemical 
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degradation pathway of SITA was also interpreted. Kinetic profiles revealed TP 421, TP 208 and TP 192 to be the 
most recalcitrant TPs.   

1. Introduction 

There are about 4000 active pharmaceutical ingredients (APIs) used 
as prescription medicines, over-the-counter therapeutic drugs and vet-
erinary drugs around the world (OECD, 2019). Their consumption still 
increases on an annual basis. Pharmaceuticals administered to humans 
and animals are not completely metabolized and a substantial amount of 
them leave the body as active substances in urine or feces. Excretion in 
unchanged form can reach >90% in urine (Lienert et al., 2007). After 
excretion, pharmaceuticals entering the communal sewer system reach 
wastewater treatment plants (WWTPs). Since conventional wastewater 
treatment has been designed for the removal of gross organic and 
inorganic matter as well as suspended solids and pathogens, WWTPs are 
often inefficient in removing pollutants that are usually present in 
<μg/L concentrations (Comber et al., 2018). Thus, WWTPs are generally 
recognized as the major source for pharmaceuticals entering the aquatic 
environment via discharge of effluents into rivers (Ramirez et al., 2009). 
However, other non-wastewater emission sources of APIs into the 
environment should also be considered such as direct disposal of drugs 
into the sewer system or drugs thrown away with household waste (Bu 
et al., 2016). The presence of APIs in the aquatic environment has raised 
major concerns, as their effect on different organisms is not fully un-
derstood. Moreover, it is hard to predict the possible cocktail effects that 
these compounds can pose together to the aquatic ecosystem (European 
Commission, 2019). Adverse effect of APIs that have been documented 
include organ damage and reduced hatching success in fish as well as 
endocrine disrupting effects (Crago et al., 2016; Mathias et al., 2018; Xia 
et al., 2017), behavior changes, reduced growth and reproduction in 
invertebrates (Jonsson et al., 2014), reproduction toxicity in frogs 
(Gyllenhammar et al., 2009), etc. Some APIs can also reach riverbank 
filtrates and enter the drinking water supply systems (Kondor et al., 
2021). 

To reduce environmental concentrations of micropollutants, imple-
mentation of new technologies for post-treatment of wastewater is 
required. Advanced oxidation processes (AOPs) are widely studied and 
can provide sufficient attenuation of organic micropollutants. AOPs 
involve the in situ generation of highly potent chemical oxidants, such as 
hydroxyl radicals (Bolton et al., 2001). Main types include ozone based 
and UV-based AOPs as well as catalytic and electrochemical processes 
(Brillas, 2020; Miklos et al., 2018; Wardenier et al., 2019). Disinfection 
of biologically treated WWTP effluent is often achieved by UV irradia-
tion prior to discharge. In this case, application of low-pressure mercury 
germicidal lamps, mainly emitting light at 254 nm, is preferred. 
Although some compounds such as diclofenac can effectively be 
degraded by this light (Krakkó et al., 2019a; Roscher et al., 2016), it has 
limited efficiency for most APIs. New types of low-pressure mercury or 
excimer lamps that have high and stable photon emission in the vacuum 
UV (VUV) range have the potential to replace conventional germicide 
lamps because high energy VUV photons can directly generate hydroxyl 
radicals in large concentration from water molecules, providing faster 
and more effective attenuation of a wide variety of emerging pollutants. 

Diabetes mellitus or diabetes is a chronic disease that has been 
considered as one of the major health problems of the century and one of 
the leading causes of death worldwide. Each year, millions of people die 
as a direct consequence of diabetes or because of elevated risks of car-
diovascular and other diseases (World Health Organization, 2016). The 
number of adults living with diabetes increased from 108 million in 
1980 to 422 million in 2014 (World Health Organization, 2016). Sita-
gliptin (SITA) is the first member of the drug class of gliptins. It is an 
orally administered selective inhibitor of the enzyme dipeptidyl 
peptidase-4, and it is used for the treatment of type 2 diabetes (Gallwitz, 

2007). It was approved by the Food and Drug Administration of the 
United States in October 2006 as monotherapy and as add-on therapy 
together with metformin or thiazolidinediones (Drucker et al., 2007; 
Yuzbasioglu et al., 2018). In March 2007, it was also approved by the 
European Union (Yuzbasioglu et al., 2018). The action of SITA is 
mediated by increasing levels of glucagon-like peptide-1 hormones and 
gastric inhibitory polypeptide (Gallwitz, 2007). SITA has a bioavail-
ability of 87% and a low and reversible binding to plasma proteins in 
approximately 38% (Herman et al., 2007). About 79% of the adminis-
tered dose is excreted in unchanged form in urine (Herman et al., 2007). 
SITA was detected in WWTP influents and effluents up to several μg/L 
concentrations (Herman et al., 2007; Ibáñez et al., 2017; Krakkó et al., 
2019b; Martín et al., 2012) and in river water and sediment in low ng/L 
(Boulard et al., 2020; Krakkó et al., 2019b). 

There is scarce information about the degradation of SITA in the 
literature. Although some studies focused on its chemical stability in 
stressed conditions e.g., high temperature, acidic and basic pH or 
oxidation in presence of H2O2, (Gumieniczek et al., 2019; Salim et al., 
2014; Sonune and Mone, 2013; Vishnuvardhan et al., 2014), to the best 
of our knowledge, it was studied in wastewater in three cases. Henning 
et al. investigated the biological transformation of SITA in pilot- and 
full-scale conventional activated sludge and moving bed biofilm reactors 
(Henning et al., 2019). In these experiments, removals of 46% and 62%, 
respectively, could be achieved. They identified nine transformation 
products (TPs) and eight out of nine TPs could be detected in the ef-
fluents (Henning et al., 2019) More recently, Hermes et al. investigated 
the ozonation of SITA in lab- and pilot-scale experiments in pure water 
and WWTP effluent (Hermes et al., 2018). They detected 32 possible 
TPs, and chemical structure was proposed in nine cases. All TPs could be 
detected in spiked WWTP effluent in lab-scale experiment. Six TPs could 
also be detected in pilot-scale experiments, and it was concluded that 
two out of these six TPs could not be removed by ozonation under the 
applied circumstances. More recently, Krakkó et al. applied pilot-scale 
(V)UV/O3 technology and determined the removal of SITA and other 
micropollutants in WWTP effluent (Krakkó et al., 2021). In that study, 
SITA showed the lowest removal efficiency (41–46%) among the 7 
target compounds. 

To the best of our knowledge, the degradation of SITA was not yet 
studied in detail under UV light. The aim of this study was to investigate 
the effect of UV and (V)UV radiation on the degradation of SITA in both 
ultrapure water (UPW) and WWTP effluent, paying special attention to 
determine reaction kinetics, identify TPs and their structures, and pro-
pose degradation pathways. 

2. Materials and methods 

2.1. Chemicals and reagents 

Analytical standard of sitagliptin phosphate was purchased from 
Sigma-Aldrich Ltd. (Budapest, Hungary). 2-Fluorophenethylamine was 
synthesized in our institute. Acetonitrile, methanol and formic acid 
(99% by weight) of LC-MS grade and 2 M hydrochloric acid were ob-
tained from VWR International Ltd (Debrecen, Hungary). Acetic acid 
(96% by weight) was purchased from Merck (Merck KGaA, Darmstadt, 
Germany). UPW (resistivity of 18.2 MΩ cm) was acquired from an ELGA 
Purelab Option-R7 unit (ELGA LabWater/VWS Ltd., High Wycombe, 
UK). 

2.2. Wastewater sampling 

Biologically treated WWTP effluent was acquired from the WWTP of 
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Kiskunlacháza, Hungary (GPS coordinates: 47◦10′38.3′′N, 
19◦01′30.3′′E). This medium-sized WWTP treats 800–1000 m3 waste-
water daily. Samples were stored at 4 ◦C and used for experiments 
without dilution. Typical physico-chemical parameters of the WWTP 
effluent as well as the concentration of inorganic ions can be found in 
Table S1-2 in Supplementary Materials. 

2.3. Experimental procedure 

All irradiation experiments were carried out in a batch photoreactor 
with a liquid volume of 650 mL. UPW and WWTP effluent were spiked 
with SITA to either 5 × 10− 6 M (kinetic measurements and identification 
of degradation products) or 5 × 10− 5 M (determination of total organic 
carbon content). Two types of low-pressure mercury lamps were used; a 
conventional germicidal lamp (“UV lamp”) and a modified version of it 
with a substantial vacuum UV output at 185 nm besides the dominant 
radiation at 254 nm (”(V)UV lamp”), both acquired from LightTech Ltd 
(Dunakeszi, Hungary). Both lamps had a length of 360 mm, the diameter 
of their inner quartz tube was 15 mm. The lamps were centrally placed 
in the photoreactor inside a Suprasil® quartz jacket with a diameter of 
45 mm. The photon fluxes entering the reaction mixtures were 5.4 ×
10− 8 molphoton cm− 2 s− 1 and 7.6 × 10− 8 molphoton cm− 2 s− 1 at 254 
nm for the UV lamp and (V)UV lamp, respectively, while the photon flux 
of the (V)UV lamp at 185 nm was 4.6 × 10− 9 molphoton cm− 2 s− 1. The 
photon fluxes have been estimated by the geometries and the 185 and 
254 nm output powers of the lamps provided by the manufacturer. The 
distance between the surface of the quartz sleeve of the lamp and the 
liquid layer of the photoreactor was 15 mm, the distance between the 
surface of the quartz sleeve and the internal surface of the photoreactor 
was 24 mm. Temperature of the solution in the reactor and the cooling 
gas inside the Suprasil® quartz jacket were measured with Chromel- 
Alumel thermocouples and were between 20 and 30 ◦C. Photolysis ex-
periments were carried out in the absence of dissolved oxygen achieved 
by continuous argon (99.996% purity) purging with a flow rate of 500 
mL/min. The solution was purged with oxygen (99.95% purity) with a 
flow rate of 990 mL/min (additionally, ozone was produced in (V)UV 
photooxidation experiments). Lamps were cooled with nitrogen 
(99.996% purity) at 800 mL/min. All experiments were preceded by 10 
min argon purging. Samples of 1 mL or 5 mL were taken at pre-
determined intervals with a syringe through a plastic tube immersed 
into the solution. WWTP effluent samples taken for liquid chromato-
graphic measurements were filtered through polytetrafluoroethylene 
syringe filters of 0.45 μm pore size. Samples of 50 mL were taken for the 
identification of degradation products after irradiation was stopped. 
Kinetic parameters were calculated based on results of three parallel 
experiments and two sigma limits were used for error calculation. 

2.4. Analytical methods 

Concentration of SITA was determined by a model 1200 high- 
performance liquid chromatograph from Agilent Technologies (Santa 
Clara, USA) equipped with binary pump, vacuum degasser, autosam-
pler, column thermostat and variable wavelength detector. Chromato-
graphic separation was achieved on a Phenomenex Luna 5u C18 100A 
(250 × 4.6 mm, 5 μm particle size) column equipped with a Phenomenex 
SecurityGuard C18 (4 × 3.0 mm) precolumn. The chromatographic 
column was kept at 40 ◦C. Measurements were carried out with isocratic 
elution of 0.1% (v/v) acetic acid in UPW:acetonitrile 85:15 (v/v) as the 
mobile phase at a flowrate of 1.5 mL/min. Detection wavelength was 
270 nm and injection volume was 100 μL. 

For the identification of degradation products, a Bruker Elute ultra- 
high performance liquid chromatograph coupled to a Bruker Compact 
quadrupole time-of-flight mass spectrometer (Bruker Daltonik GmbH, 
Bremen, Germany) was used. Samples of 50 mL were preconcentrated by 
solid-phase extraction prior to analyses. Detailed information on the 
preconcentration procedure, operating conditions and chromatographic 

separation can be found elsewhere (Krakkó et al., 2019a). 
Nuclear magnetic resonance (NMR) spectroscopy was applied for the 

structural identification of TP 405B. The 1H, 13C, and 19F NMR spectra 
were recorded on Varian NMR System 600. The structure determination 
was based on one- (1H, 13C, 19F NMR) and two-dimensional (1H–13C- 
gHSQCAD, 1H–13C-gHMBCAD, 1H-zqTOCSY, 1H-NOESY) NMR experi-
ments. Chemical shifts were expressed in parts per million (δ). The 1H 
and 13C chemical shifts were referenced to the residual solvent signals; 
for 19F chemical shifts, CFCl3 internal standard was used. Coupling 
constants (J) were reported in hertz (Hz). Splitting patterns were 
designated as s (singlet), bs (broad singlet), d (doublet), t (triplet), q 
(quartet), and m (multiplet). 

Total organic carbon (TOC) content was determined as non- 
purgeable organic carbon by a Multi N/C 2100S TC-TN analyzer (Ana-
lytik Jena, Jena, Germany) with an injection volume of 500 μL. Oven of 
the equipment was heated to 800 ◦C, the flowrate of oxygen (99.999% 
purity) was 160 mL/min. Samples were acidified with 2 M hydrochloric 
acid prior to analysis. 

The IR spectra of SITA and the isolated TP 405B primary interme-
diate were recorded on a Varian 2000 FTIR Scimitar Series spectrometer 
(Varian Inc., USA) fitted with a single reflection diamond ATR accessory 
(Specac Ltd., UK). 

3. Results and discussion 

3.1. Removal kinetics of sitagliptin under different conditions 

Three parameters were evaluated based on their effect on the 
degradation rate of SITA in batch-scale experiments (Fig. 1). i) Dissolved 
oxygen was either purged out from solutions in the batch reactor with 
argon (photolysis), or continuous oxygen purging was applied during 
irradiations (photooxidation). ii) The effect of high energy vacuum ul-
traviolet (VUV) photons was evaluated by using either a conventional 
low-pressure mercury lamp emitting photons mainly at 254 nm (referred 
to as UV irradiation in the text) or another low-pressure mercury lamp of 
identical dimensions with a substantial photon emission at 185 nm be-
sides 254 nm (referred to as (V)UV irradiation in the text). iii) The 
matrix effect of real WWTP effluent was compared to experiments 
conducted in spiked UPW (Fig. 1). 

Degradation of SITA followed pseudo-first order kinetics in all cases. 
Half-lives and pseudo-first order rate constants were calculated 
(Table 1). The effect of oxygen on the degradation rate of SITA was 
found to be significant only in UV irradiation. The faster degradation of 
SITA in (V)UV irradiation compared to UV irradiation (Fig. 1) can be 
explained by the formation of highly reactive species (Eqs. (1)–(5)). In 
case of (V)UV irradiation, VUV photons with wavelength of 185 nm are 
predominantly absorbed by water molecules, generating hydroxyl rad-
icals (•OH) in high concentration according to Eqs. (1) and (2) (Xie et al., 
2018). Other reactive oxidative species are formed in subsequent re-
actions (Eqs. (3)–(5)) (Xie et al., 2018). The contribution of HO2

• and 
O2•– from Eqs. (3)–(5) are probably negligible compared to that of •OH in 
case of (V)UV irradiation (Xie et al., 2018). This could explain the 
similarities between the degradation kinetics for (V)UV photolysis and 
photooxidation. Moreover, the increased degradation rate during UV 
photooxidation compared to UV photolysis in UPW and in WWTP 
effluent can be explained by the photosensitized generation of singlet 
oxygen, O2 (1Δ), by the triplet excited SITA that can oxidize ground state 
SITA molecules. In absence of oxygen, triplet related processes can be 
observed on the microsecond timescale using laser flash photolysis – 
transient absorption technique. However, due to their lower reactivity 
and fast scavenging of oxygenates HO2

•, O2
•–, and O2 (1Δ) by O2, the 

reaction accelerator effect of singlet oxygen is of minor importance 
when (V)UV irradiation is applied (Kutschera et al., 2009; Zoschke et al., 
2014).  

H2O + hν (<190 nm) → •OH + H• (1) 
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H2O + hν (<190 nm) → •OH + e–
aq + H+ (2)  

H•

+ O2 → HO2
• (3)  

e–
aq + O2 → O2

•–                                                                            (4)  

O2
•– + H+ ⇄ HO2

• (5) 

In general, faster depletion of the target compounds could be ach-
ieved by (V)UV irradiation compared to UV irradiation as it is shown in 
the literature (Kim et al., 2015; Krakkó et al., 2019a). This was also the 
case for SITA (Fig. 1). Degradation of SITA by UV irradiation in UPW was 
slow (>20 min), and comparable to that of carbamazepine under iden-
tical experimental conditions ((1.31 ± 0.12) × 10− 3 s− 1 and (1.84 ±
0.15) × 10− 3 s− 1 for UV photolysis and photooxidation, respectively) 
(Krakkó et al., 2019a). On the contrary, in (V)UV irradiation, SITA 
degraded within 1 min. Because of the rapid degradation, kinetic pa-
rameters could not be calculated properly in this case. 

Interestingly, SITA degraded faster in WWTP effluent than in UPW in 
UV experiments when the pH of the solutions was not adjusted. Hermes 
et al. reported that SITA showed pH-dependent removal kinetics during 
ozonation (Hermes et al., 2020). To explain the faster degradation of 
SITA in WWTP effluent compared to UPW during UV irradiation, the pH 
dependency of SITA was studied and a clear change in degradation rate 
was observed (Fig. S1A-B). The rate constant of the consumption 

reaction of SITA increased with increasing pH for both UV photolysis 
and photooxidation (Fig. S1A-B). The UV absorption spectrum of SITA 
around 254 nm did not show pH dependency (Fig. S2). Instead, the 
reason for the faster degradation was that hydroxide ions replaced one of 
the F atoms attached to aromatic rings in a nucleophilic aromatic pho-
tosubstitution reaction (Wubbels et al., 2008). Experiments conducted 
in dark for 24 h showed that the substitution reaction did not occur in 
the absence of UV light. The logarithm of the concentration of hydroxide 
ions is directly proportional to the pH. The pH of the WWTP effluent was 
around 7.8 that was considerably higher than that of the SITA solution 
prepared in UPW (pH ~ 6.8). However, the measured pseudo-first order 
rate constants in UPW at pH 8 were 1.9 and 1.3 times larger than in 
WWTP effluent for UV photolysis and photooxidation, respectively 
(Table S3). This way, the matrix effect of the WWTP effluent had to be 
considered as a slowing effect that was counteracting the degradation 
rate-accelerating effect of the elevated pH. The main inorganic ion 
constituents of WWTP effluents such as SO4

2− , NO3
− , HCO3

− , Na+, K+, 
Ca2+ have practically zero photon absorption at 254 nm (Duca et al., 
2017). None of these ions act as a hydroxyl radical scavenger, except for 
HCO3

− which scavenges a small portion (8.5%) of the total hydroxyl 
radical content (Duca et al., 2017). This led to the conclusion that 
although the elevated pH of the WWTP effluent increased the degra-
dation rate of SITA, the organic constituents counteracted and slowed it 
by acting as photon and/or hydroxyl radical scavengers. 

Depletion of SITA by (V)UV irradiation in WWTP effluent was slower 
than in UPW (Table 1). In this case, SITA was depleted within 4 min in 
WWTP effluent compared to almost complete depletion within 1 min in 
UPW (Fig. 1). 

The decrease of TOC content was also monitored during each 
experiment. Because of the small TOC content of 5 × 10− 6 M SITA so-
lution in UPW, these experiments were conducted with samples con-
taining SITA in 5 × 10− 5 M concentration. Higher mineralization of SITA 
by (V)UV photolysis and photooxidation compared to UV irradiation 
indicated that hydroxyl radicals (Eqs. (1) and (2)) played an important 
role in the mineralization. Although significant differences in reaction 
kinetics could not be observed between (V)UV photolysis and photo-
oxidation, substantially higher mineralization was observed for (V)UV 
photooxidation compared to (V)UV photolysis (Fig. S3A). This meant 
that on average 89% and 50% of the TOC content was depleted within 
30 min irradiation time (Fig. S3A). This could be explained by the for-
mation of ozone from oxygen via reactions Eqs. (6) and (7) (Bu et al., 
2016). Ozone as well as O (3P) (Eq. (6)) are strong oxidizing agents that, 
similarly to hydroxyl radicals, can effectively mineralize a wide range of 
organic compounds. 

Fig. 1. Percentage degradation of sitagliptin (A) and linear regressions (B) as a function of irradiation time under different experimental conditions.  

Table 1 
Kinetic parameters for UV and (V)UV degradation of sitagliptin.   

UPW 

UV irradiation (V)UV irradiation 

Photolysis Photooxidation Photolysis Photooxidation 

t1/2 (s) 533.19 ±
32.81 

355.46 ± 23.70 n.c. n.c. 

k (10− 3 

s− 1) 
1.30 ± 0.08 1.95 ± 0.13 n.c. n.c.  

WWTP effluent 
UV irradiation (V)UV irradiation 

Photolysis Photooxidation Photolysis Photooxidation 

t1/2 (s) 362.90 ±
17.48 

298.77 ± 20.61 72.96 ±
3.53 

76.76 ± 3.57 

k (10− 3 

s− 1) 
1.91 ± 0.09 2.32 ± 0.16 9.50 ± 0.46 9.03 ± 0.42 

Abbreviations: k = pseudo-first order rate constant; n.c. = not calculated; t1/2 =

half-life; UPW = ultrapure water; WWTP = wastewater treatment plant. 
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O2 + hν (<190 nm) → O(3P) + O(3P)                                                (6)  

O(3P) + O2 + M → O3 + M                                                             (7) 

For spiked WWTP effluent, a small decrease of 28% could be 
observed (Fig. S3B). In these experiments, less than 20% of the TOC 
content originated from spiking the WWTP effluent with SITA and the 
TOC content of the WWTP effluent consisted mainly of natural organic 
matter. Natural organic matter has a high degree of oxidation and thus, 
it is less prone to further oxidation and degradation. Moreover, fluoride 
ions were determined in >mg/L concentration in the solutions after 
mineralization experiments. This also confirms the substitution of 
fluoride atoms in the structure of SITA during irradiation. 

3.2. Identification of transformation products 

A total of 14 transformation products (TPs) were identified by liquid 
chromatography – high resolution mass spectrometry in UPW under UV 
and (V)UV irradiation (Table 2). Experiments were carried out in both 
the presence and absence of oxygen. The TPs that were detected and 
identified were most probably formed in a series of photochemical re-
actions and were stable in the absence of light after irradiation. The 
further oxidized, smaller species that could have been formed specially 
in photooxidation experiments were probably unstable, consequently, 
their concentration in the solutions were not high enough to detect them 
with our methodology. Therefore, photolysis and photooxidation ex-
periments are not discussed separately in this section. SITA and most TPs 
could be detected in both positive and negative electrospray ionization 
mode, but positive mode yielded higher intensities and was used for all 
investigations. In (V)UV experiments, only the main TPs could be 
detected because of the rapid degradation as discussed in Section 3.1. A 
comprehensive summary of all TPs can be found in Table 2. 

The MS2 spectrum of SITA in positive ionization mode has been 
discussed in several publications (Gumieniczek et al., 2019; Hermes 
et al., 2020; Vishnuvardhan et al., 2014). In the first step, the protonated 
molecule either loses NH3 (m/z 408.13 → m/z 391.10) or splits into two 
parts. In the latter case, fragments containing the triazole-piperazine 
moiety of SITA (m/z 235.08 and m/z 193.07; see Fig. S4 for the 
different moieties) or the phenyl moiety (m/z 174.05) were produced 
depending on the place of the positive charge in the structure. Several 
other smaller fragments were also identified (Fig. S5). 

Based on the exact mass of TP 421, it contained one more oxygen 
atom and two less hydrogen atoms compared to SITA. The double bond 
equivalent (DBE) or degree of unsaturation of TP 421 increased by one, 
suggesting the formation of a new π bond. The presence of m/z 174.05 in 
the MS2 spectrum suggested that the phenyl side of the molecule was not 
changed (Fig. S6). Fragment ion m/z 207.05 was identified as the 
oxygenated form of the m/z 193.07 fragment of SITA. In another study, 
three isomers with the same molecular formula were proposed (Hermes 
et al., 2020). TP 421 of our study shows similar fragment ions to one of 
the isomers that was presented by Hermes et al. (TP 421b). We propose 
that the piperazine ring of SITA reacted with a hydroxyl radical forming 
this TP. The exact place of the hydroxyl radical attack could not be 
verified. 

TP 405A appeared in the chromatogram with three different peaks. 
The exact mass of the protonated molecule indicated that one of the F 
atoms was missing and a new hydroxyl group was attached to the 
molecule. The MS2 spectra of the three isomers were almost identical 
(Fig. S7). Similarly to the MS2 spectrum of SITA, m/z 235.08 and m/z 
193.07 were present in the spectra of TP 405A. These fragment ions, and 
m/z 172.06 clearly suggested that changes in the structure took place in 
the phenyl moiety of SITA. This was in accordance with the above- 
mentioned findings that hydroxide ions can replace F atom(s) in the 
structure by means of nucleophilic aromatic photosubstitution. All of the 
identified TPs in this study were detected in UV experiments. In the case 
of TP 405A, the loss of F atoms by direct photolysis was not possible 

because the average bond energy of a C–F bond is ~485 kJ/mol while 
the energy of a UV photon with wavelength of 254 nm is ~469 kJ/mol. 
Nucleophilic aromatic photosubstitution was further confirmed by 
irradiating 2-fluorophenethylamine under identical circumstances. The 
formation of 2-hydroxyphenethylamine from 2-fluorophenethylamine 
was confirmed by mass spectrometry (Fig. S8). 

The lowest singlet and triplet states of SITA correspond to the tran-
sition of the electron mainly inside the trifluorophenyl ring with a 
considerably contribution from the β-alkylamino group. This way the F 
atom, in the form of F− becomes a better leaving group in the nucleo-
philic attack of a hydroxide ion. Moreover, the rate of the nucleophilic 
aromatic substitution of the F atom is expected to increase with the 
number of other halogen atoms attached to the phenyl ring. According 
to our view, F− leaves together with the proton of the hydroxide ion, 
resulting in a phenolate anion in the corresponding ortho, meta or para 
position. All are immediately stabilized by proton abstraction from 
water, however the oxygen atom of the ortho-phenolate group may also 
add to the carbon atom of the carbonyl group (as can be seen for TP 405B 
where a new benzoxepane ring was formed). In the latter case, the 
resulted alcoholate will also be stabilized by proton abstraction from the 
solvent. TP 405B is a structural isomer of TP 405A and it was one of the 
most predominant TPs in both UV and (V)UV irradiations. Its MS2 

spectrum completely differed from that of TP 405A (Fig. S9A-B). Based 
solely on the MS2 spectrum, a structure could not be proposed for this 
compound. TP 405B was extracted by HPLC on a semipreparative 
chromatographic column and further analyzed by IR and NMR spec-
troscopy. The IR spectra of SITA and TP 405B (Fig. S9C) clearly showed 
that the intense carbonyl stretching bands (1668 cm− 1 and 1425 cm− 1, 
almost at the same position as for the structurally similar 1-acetylpiper-
idine that has the two bands at 1640 cm− 1 and 1440 cm− 1) of SITA 
disappeared in the spectrum of TP 405B. This meant that the carbonyl 
group was modified in TP 405B. Based on the acquired 1H, 13C and 19F 
NMR spectra (Fig. S9D-H), a new ring formation was identified. The F 
atom in the ortho position was substituted by an O atom and a phenyl 
ether bond was formed between the fluorophenyl ring and the C atom in 
the γ position. Crosspeaks of the NOESY spectrum of TP 405B (Fig. 2) 
strongly indicated that the originally meta proton (C15) of the phenyl 
ring had a spatial proximity (less than 5 Å) with the protons connected to 
the C20 and C21 positions of the tetrahydropyrimidine ring, as it was 
expected in the case of the suggested ring formation. 

TP 403A was detected with two peaks in the chromatograms. Its 
exact mass indicated two F displacements by hydroxide ions. Similarly 
to the case of TP 405A, m/z 235.08 and m/z 193.07 in the MS2 spectrum 
indicated that the trifluoromethyl group attached to the triazole moiety 
of SITA was not changed (Fig. S10). Fragment ions m/z 170.06, m/z 
153.05, m/z 150.06, m/z 132.05 and m/z 125.04 were all assigned to the 
phenyl ring of the molecule and indicated that the two F atoms were 
replaced on the phenyl ring. 

TP 403B is a structural isomer of TP 403A, similarly to the relation of 
TP 405A to TP 405B. The same fragmentation pattern was observed for 
TP 403B as for TP 405B, but the mass-to-charge ratio of all fragment ions 
was lower by 1.996, corresponding to a further substitution of a F atom 
with a hydroxyl group (Fig. S11). 

Substitution of a third F atom could also occur. However, a structure 
corresponding to TP 401A could not be observed, and only TP 401B 
could be detected. Its MS2 spectrum showed a similar pattern to TP 405B 
and TP 403B (Fig. S12). 

The protonated molecule of TP 388 had an odd nominal mass, and 
this indicated an even number of nitrogen atoms in the structure. Its 
exact mass also suggested the loss of ammonia and substitution of a F 
atom as discussed earlier. Based on the MS2 spectrum, the triazole- 
piperazine moiety did not change (m/z 193.07) (Fig. S13). 

TP 387 suffered a F loss and contained only five F atoms. Fragment 
ions m/z 235.08 and m/z 193.07 were detected in the MS2 spectrum 
(Fig. S14). This indicated that the F loss happened on the phenyl ring. 

TP 385 had a similar MS2 spectrum to that of TP 387, a loss of F was 
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identified. Moreover, based on fragment ion m/z 152.05, a F atom was 
replaced by a hydroxyl group (Fig. S15). 

In case of TP 383, structure proposal was mainly based on TPs 387 
and 385 and the presence of fragment ion m/z 193.07 in the MS2 

spectrum. Only two fragment ions were detected because this compound 
was present only in traces (Fig. S16). 

The difference between TP 383 and TP 381 was two H atoms 
(Fig. S17). Taking into consideration that the piperazine-triazole moiety 

Table 2 
Identified transformation products of the UV and (V)UV degradation of sitagliptin.  

Name and molecular formula [M + H+] Retention time (min) Accurate mass [M + H+]  
(mass accuracy) 

DBE [M+H]+ Structure Levela 

SITA 
C16H16F6N5O 

7.8 408.1255 (0.35) 9.5 1 

TP 421 
C16H14F6N5O2 

11.0 422.1061 (3.5) 10.5 3 

TP 405A 
C16H17F5N5O2 

4.7, 5.7, 7.5 406.1302 (1.3) 9.5 3 

TP 405B 
C16H17F5N5O2 

7.2 406.1288 (− 2.2) 9.5 2 

TP 403A 
C16H18F4N5O3 

2.9, 3.3 404.1337 (− 0.81) 9.5 3 

TP 403B 
C16H18F4N5O3 

4.1 404.1345 (1.2) 9.5 3 

TP 401B 
C16H19F3N5O4 

2.8 402.1383 (− 0.16) 9.5 3 

TP 388 
C16H14F5N4O2 

12.2 389.1032 (0.15) 10.5 3 

(continued on next page) 
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of the molecule did not change (m/z 193.07), a benzoquinone structure 
was proposed for TP 381. 

TP 359 showed losses of two F and one C atoms. Based on its frag-
ment ions these losses took place on the phenyl ring and the triazole- 
piperazine moiety was not changed (Fig. S18). 

TP 208 (Fig. S19) and TP 192 (Fig. S20) were detected in all ex-
periments. TP 192 was probably formed after photolytic cleavage of 
SITA. The formation of TP 192 from most of the other TPs could also be 
possible. This compound was previously identified in stressed acidic and 
basic conditions or thermal degradation (Gumieniczek et al., 2019; 
Salim et al., 2014; Sonune and Mone, 2013; Vishnuvardhan et al., 2014), 
after ozonation (Hermes et al., 2020) and biological transformation 
during wastewater treatment (Henning et al., 2019). TP 192 is also 
known as an impurity of SITA (Sonune and Mone, 2013). TP 208 was a 
hydroxylated product of TP 192 (Fig. S19) with similar fragment ions 
(m/z 191.05, m/z 138.03, m/z 108.02 and m/z 72.05). The exact 

location of the hydroxyl group could not be identified. 

3.3. Degradation pathway 

The proposed degradation pathway of SITA (Fig. 3) is the same for 
photolysis and photooxidation because only the ratios of the TPs were 
different in those experiments. Degradation of SITA was initiated by 
series of nucleophilic aromatic photosubstitution reactions. In the first 
step, F displacement in the phenyl ring of SITA took place (TP 405A). 
The F atoms in all three positions on the phenyl ring may be substituted 
with the meta position being the least favored. Based on the reaction 
that followed the first F substitution, we differentiated between Routes 
1A and 1B. In the former case, the first F substitution was followed by a 
second (TP 403A). Replacement of the third F atom in the phenyl ring 
was also probable (TP 401A), but such TP could not be detected in any of 
the experiments. In the competitive Route 1B, the ortho F substitution 

Table 2 (continued ) 

Name and molecular formula [M + H+] Retention time (min) Accurate mass [M + H+]  
(mass accuracy) 

DBE [M+H]+ Structure Levela 

TP 387 
C16H15F5N5O 

14.1 388.1197 (1.5) 10.5 3 

TP 385 
C16H16F4N5O2 

8.9 386.1241 (1.7) 10.5 3 

TP 383 
C16H17F3N5O3 

1.4 384.1285 (1.8) 10.5 3 

TP 381 
C16H15F3N5O3 

5.7 382.1130 (2.2) 11.5 3 

TP 359 
C15H18F4N5O 

5.7 360.1444 (0.56) 8.5 3 

TP 208 
C6H8F3N4O 

1.7 209.0646 (0.61) 4.5 3 

TP 192 
C6H8F3N4 

0.9 193.0694 (− 0.81) 4.5 2  

a Identification confidence level in high resolution mass spectrometric analysis as proposed by Schymanski et al., (2014). 
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occurred together with a concerted intramolecular cyclization (TP 
405B), resulting in a seven-membered ring (a benzoxepane derivative). 
Substitution of the other two F atoms in the phenyl ring of TP 405B in 
consequent reactions was also observed (TP 403B and TP 401B). 

In Route 2, photolytic cleavage of the amide bond of SITA resulted in 
the formation of TP 192. Oxidation of TP 192 gave TP 208. TP 192 could 
be formed from all the other TPs identified in this study. When photo-
lytic cleavage of the amide bond happens, other fragments containing 
the phenyl moiety are formed besides TP 192. However, these fragments 
could not be detected in any case which could be due to 1) high insta-
bility and fast degradation of these TPs, 2) low sensitivity and poor 
ionization, especially in case of a further amine loss. 

The detailed mechanism for the formation of TP 387 is not known. 
According to our views, the alkyl amino group of SITA in excited state 
has a δ+ charge, thus most probably, it may form an intramolecular 
complex where the ortho F is in the close proximity of the aminoalkyl 
group. Consequently, F− may leave from the ortho position from the 
charge transfer conformer together with the proton of the nearby 
methyne (C17). In a concerted reaction, the ring can gain a proton from 
the neighboring methylene group (C16) and the remaining structure can 
stabilize as TP 387 (Route 3). Photosubstitution of the two F atoms on 
the phenyl ring of TP 387 was also observed (TP 385 and TP 383). 
Further oxidation resulted in a 1,2-benzoquinone-like structure (TP 
381). 

As mentioned above, in its excited state, SITA may have a conformer 
where the NH2 group is in the proximity of the ortho F atom. The acidic 
F, when substituted by a hydroxide ion, may leave together with the NH2 
group (basic character), resulting in the structure of TP 388 (Route 4). 

Route 5 consisted solely of the formation of TP 421. This TP could not 
be directly connected to any of the other routes but could have possibly 
underwent similar reactions as SITA itself. 

TP 359 suffered losses of two F and one C atoms, its formation is 
unknown and was designated as Route 6. This TP was observed only in 
traces. 

3.4. Kinetic profile of the transformation products 

Kinetic profiles of photolysis (Fig. S21) and photooxidation (Fig. 4) 
experiments were very similar in each case. Degradation of SITA was 
primarily driven by nucleophilic aromatic substitution reactions. Routes 
1A and 1B were the most dominant in case of UV irradiation in spiked 
UPW (Fig. 4A and Fig. S21A). In UV experiments, photolytic cleavage 
and the formation of TP 192 through Route 2 was more relevant in 
spiked WWTP effluent (Fig. 4B and Fig S20B). In case of photolysis, all 
compounds were detected in spiked UPW (Fig. S21A), however, TP 
401B, TP 383 and TP 381 could not be detected in spiked WWTP effluent 
(Fig. S21B). In photooxidation experiments, one (TP 385) and six com-
pounds (TP 403A, TP 401B, TPs 385A, TP 383, TP 381) could not be 
detected in UPW and WWTP effluent, respectively (Fig. 4A and B). Only 
seven compounds (TP 421, TPs 405A/B, TPs 403A/B, TP 208 and TP 
192) were detected in (V)UV photolysis and photooxidation (Fig. 4C–D 
and Fig. S21C-D). TP 421, TP 208 and TP 192 were identified as most 
recalcitrant TPs that could not be completely eliminated even after 60 
min of (V)UV photooxidation in WWTP effluent. Overall, TP 421, TP 
405A, TP 405B, TP 208 and TP 192 are the most significant TPs that 
were produced in the largest quantity. 

Although complete abatement of all TPs of SITA could not be ach-
ieved by any of the four treatment conditions (UV photolysis, UV 
photooxidation, (V)UV photolysis and (V)UV photooxidation) in WWTP 
effluent, the sum of all peak areas was generally one order of magnitude 
lower for (V)UV photolysis and photooxidation compared to UV 
photolysis and photooxidation, respectively. Moreover, replacement of 
F atom to hydroxyl group increases biodegradability of SITA by bacteria. 
This makes (V)UV irradiation a useful method for the removal of SITA or 
other micropollutants from WWTP effluent. 

4. Conclusions 

It is well known that SITA can be detected in WWTP effluents and 
river water (Boulard et al., 2020; Hermes et al., 2018; Ibáñez et al., 

Fig. 2. The NOESY spectrum of TP 405B recorded in acetone-d6 with contact time of 500 ms.  

D. Krakkó et al.                                                                                                                                                                                                                                 



Chemosphere 288 (2022) 132393

9

2017; Krakkó et al., 2019b; Martín et al., 2012). If UV disinfection is 
applied in a WWTP before discharging the effluent, degradation of this 
compound can be expected. Solar degradation can also play a significant 
role in the attenuation of SITA, although further studies are needed to 
prove this hypothesis. In conclusion, it is important to monitor not only 
the parent compound itself but its main TPs in treated and disinfected 
WWTP effluents and in surface water. In our study, 14 TPs were iden-
tified during conventional UV and more powerful (V)UV irradiation in 
both UPW and WWTP effluent in batch-scale experiments. Twelve TPs 

were reported for the first time. TP 421, TP 405A, TP 405B, TP 208 and 
TP 192 are the most significant TPs that we propose to be monitored 
along with SITA in environmental samples. 
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Dániel Krakkó; : Investigation, Writing – original draft, Visualization. 
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