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Abstract We studied the direct and indirect photochemical
reactivity of artificial sweeteners acesulfame, saccharin,
cyclamic acid and sucralose in environm entally relevant di-
lute aqueous solutions. Aqueous solutions of sweeteners were
irradiated with simulated solar radiation (>290 nm; 96 and
168 h) or ultraviolet radiation (UVR; up to 24 h) for assessing
photochemical reactions in surface waters or in water treat-
ment, respectively. The sweeteners were dissolved in
deionised water for examination of direct photochemical re-
actions. Direct photochemical reactions degraded all sweet-
eners under UVR but only acesulfame under simulated solar
radiation. Acesulfame was degraded over three orders of mag-
nitude faster than the other sweeteners. For examining indirect
photochemical reactions, the sweeteners were dissolved in

surface waters with indigenous dissolved organic matter or
irradiated with aqueous solutions of nitrate (1 mg N/L) and
ferric iron (2.8 mg Fe/L) introduced as sensitizers. Iron en-
hanced the photodegradation rates but nitrate and dissolved
organic matter did not. UVR transformed acesulfame into at
least three products: iso-acesulfame, hydroxylated acesulfame
and hydroxypropanyl sulfate. Photolytic half-life was one year
for acesulfame and more than several years for the other
sweeteners in surface waters under solar radiation. Our study
shows that the photochemical reactivity of commonly used
artificial sweeteners is variable: acesulfame may be sensitive
to photodegradation in surface waters, while saccharin,
cyclamic acid and sucralose degrade very slowly even under
the energetic UVR commonly used in water treatment.
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SCL sucralose
SI Supporting Information
SIM single ion monitoring
t1/2 (photolytic) half-life
TOF MS time-of-flight mass spectrometer
TQ MS triple quadrupole mass spectrometer
tR retention time
UV ultraviolet
UVR ultraviolet radiation

Introduction

Acesulfame (ACS), saccharin (SAC), cyclamic acid (CYC)
and sucralose (SCL) are used as artificial sweeteners.
These sweeteners enter to environment through wastewater
and have been detected in aquatic environment and drink-
ing water (Berset and Ochsenbein 2012; Buerge et al.
2009; Mawhinney et al. 2011; Perkola and Sainio 2014;
Müller et al. 2011; Scheurer et al. 2009; van Stempvoort
et al. 2011). This has caused concerns about their persis-
tence and effects in the environment (Eriksson Wiklund et
al. 2012; Hjorth et al. 2010; Hugget and Stoddard 2011;
Soh et al. 2011).

Photochemical reactions can potentially be an important
pathway for degradation of artificial sweeteners in water treat-
ment and in the surface waters. In water treatment, ultraviolet
radiation (UVR; <290 nm) can degrade ACS directly
(Coiffard et al. 1999; Nödler at al. 2013; Scheurer et al.
2014), whereas degradation of SCL requires photocatalytic
conditions (Keen et al. 2013; Sang et al. 2014).

Those artificial sweeteners absorbing photolytic radiation
themselves can potentially undergo direct photochemical re-
actions in water treatment (Coiffard et al. 1999; Nödler et al.
2013; Scheurer et al. 2014, Zepp and Cline 1977). In surface
waters, the direct photochemistry of sweeteners is likely low,
because the sweeteners are colourless and may also absorb
solar ultraviolet radiation (>290 nm) poorly (Coiffard et al.
1999).

Even if the sweeteners do not absorb solar radiation, they
may undergo indirect photochemical transformations with
transients (e.g. hydroxyl radicals) produced by sensitizers. A
primary sensitizer of surface waters is chromophoric part of
dissolved organic matter (DOM;Hoigne et al. 1988; Paul et al.
2004). Surface water contains also nitrate, which produces
hydroxyl radicals with an apparent quantum yield of 0.017
(Machado and Boule 1995). Ferric iron, Fe(III), is a versatile
sensitizer. It can form complexes e.g. with DOM or organic
pollutants and increase absorption of solar radiation (Maloney
et al. 2005; Shapiro 1966; Xiao et al. 2015). UVR reduces
complexed Fe(III) to ferrous iron, Fe(II), and can oxidize the
organic ligand down to CO2 through ligand-to-metal charge
transfer reactions (Sun and Pignatello 1993). The oxidation of

Fe(II) by O2 or H2O2 (the latter is the Fenton reaction) regen-
erates Fe(III) for another catalytic cycle and generates hydrox-
yl radicals, which can potentially react with artificial sweet-
eners (Zepp et al. 1992).

The aim of our study was to examine photochemical trans-
formation of ACS, SCL, SAC and CYC in environmentally
relevant low concentrations under conditions found in the sur-
face waters and in water treatment by UVR.

Material and methods

Standards and reagents

The analytical native and mass-labelled (acesulfame-d4 potas-
sium, 13C6-saccharin, cyclamic acid-d11 and sucralose-d6)
standards of acesulfame potassium salt, saccharin, cyclamic
acid and sucralose were purchased from Toronto Research
Chemicals Inc. (North York, Ontario, Canada). Liquid chro-
matography–mass spectrometry (LC-MS) grade methanol and
ammonium acetate used in the LC eluents were manufactured
by Fluka Analytical (Buchs, Switzerland). The iron(III) sul-
fate (Fe2(SO4)3 · 5H2O; 97 %) and potassium nitrate (KNO3;
99 %, p.a.) used in the photolysis test solutions were
manufactured by Aldrich (Steinheim, Germany) and Merck
(Darmstadt, Germany), respectively.

Sample collection

The surface waters used in the simulated solar irradia-
tion study were collected into 1-L polypropylene bottles
from Lake Päijänne (62.14°N 25.77°E; June 2011) and
River Tuusula (60.33°N 24.92°E, August 2011). Lake
Päijänne is a large lake in central Finland, with low
organic content (chemical oxygen demand 7.8 mg/L).
River Tuusula is a small, eutrophic river in southern
Finland. The pH, conductivity, turbidity and the concen-
tration of nitrate were 7.0, 6.7 mS/m, 1.3 FNU and
77 μg of N/L, respectively, in the lake sample. In river
water sample, the corresponding values were 7.4,
20 mS/m, 10 FNU and 220 μg of N/L, respectively.
The water samples were stored frozen, and thawed and
filtered with GF/A 1.6-μm glass fibre filters (Whatman,
Kent, UK) before the irradiation experiments.

Absorption spectra

For absorption measurements, CYC, SCL, ACS and SAC
were dissolved in deionised water at concentrations 1.0, 1.5,
1.6 and 2.0 g/L, respectively. The absorption spectra were
scanned with a Shimadzu UV-2550 UV–vis spectrophotome-
ter from 200 to 800 nm at 1-nm intervals with 2-nm slit width
in 1- or 10-cm quartz cuvettes against deionised water blank.
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The natural logarithms of absorption coefficients (m−1) were
calculated as:

Absorption coefficient ¼ 2:303Að Þl−1 ð1Þ
where 2.303 converts the 10-based logarithm of absorption to
natural logarithm,A is the absorbance, and l is the length of the
light path, 0.01 or 0.1 m.

The molar absorptivity (ε; L/mol cm) of each compound
was derived from the absorbance spectrum:

ε ¼ A clð Þ−1 ð2Þ
where c is the molar concentration (mol/L) and l is a path
length of 1 cm.

Irradiation experiments

For irradiation experiments, the solutions of artificial sweet-
eners were enclosed in 13-mL quartz or glass tubes without
headspace closed with ground glass stoppers. Quartz tubes
(irradiation samples) were irradiated at horizontal position in
a deionised water bath at 20 °C. Glass tubes were covered with
aluminium foil and stored in a refrigerator (4 °C; unexposed
samples) or in the water bath (dark control samples).

Environmental photochemistry was assessed by irradiating
the sweeteners for 96 or 168 h with simulated solar radiation
generated by an Atlas Suntest CPS+ solar simulator equipped
with a xenon arc lamp and a UV-filter cutting off the wave-
lengths below 290 nm. Solar simulator emitted 302 W/m2 at
the spectral band from 290 to 500 nm, which is 11-times more
than the mean annual irradiance at sea level over the entire
planet Earth (27.3 W/m2 at the same spectral band; Chu and
Liu 2009; Vaalgamaa et al. 2011). Therefore, the 96- and 168-
h irradiations corresponded to 44.2 and 77.4 days of average
solar radiation on the surface of Earth. For assessing direct
photochemical reactions, ACS, SAC, CYC and SCL were
dissolved in deionised water as a mixture, where the concen-
tration of each sweetener was 87, 110, 84 and 460 μg/L,
respectively. The same mixture dissolved in Fe(III) solution
(2.8 mg/L of Fe) or in surface water (lake and river water) was
used to assess the indirect photochemistry mediated by Fe and
indigenous sensitizers including DOM, respectively (Wang et
al. 2008).

UVR irradiation was performed with the same instrument
after the removal of the UV-filter and the replacement of the
xenon arc with a 15-W low-pressure mercury lamp (UV-
technik Speziallampen GmbH, Wolfsberg, Germany), which
emitted mainly at 254 nm like many lamps used in water
treatment (UVC Low-Pressure Lamp Fact Sheet). The sam-
ples were irradiated typically for 24 h, but a shorter period
from 1 to 240 min was also used for ACS. In order to study
the potential phototransformation products of sweeteners,
each sweetener was dissolved separately to the concentrations

of 220 μg/L (ACS), 87 μg/L (SAC), 86 μg/L (CYC) and
440 μg/L (SCL). The sweeteners were dissolved in deionised
water for assessing direct photoreactions. Indirect photoreac-
tions were examined in Fe(III) solution (2.8 mg/L of Fe) or in
nitrate (1 mg/L of N, i.e. 4.4 mg/L of NO3

−) solution. All
experiments included reaction solutions without sweeteners
as blank samples.

Estimation of half-lives

Reaction rate constants (k) were calculated as

k ¼ ln
C0

Ct

� �
t−1 ð3Þ

where t is the irradiation time in seconds, C0 is the initial and
Ct the final concentration of the compound after irradiation. In
the simulated solar irradiation tests, the rate constants were
calculated as an average of the irradiations (96 and 168 h),
except 96 h alone was used for Fe(III) experiment.

Photolytic t1/2 representative for global surface waters at
the depth of 0 m was calculated as

t1=2 ¼ ln2� t lnC0 − lnCtð Þ−1 ð4aÞ

where t represents 44.2 or 77.4 days of average sunshine re-
ceived during 96- and 168-h irradiation with the solar
simulator.

If the concentration of sweetener in the irradiated sample
was not statistically different from that in the corresponding
dark control, the photodegradation of the sweetener was un-
detectable, i.e. below the precision of our analytical method
defined as standard deviation (SD) of replicated samples. If
any photodegradation took place, the potential minimum con-
centration of sweetener in the irradiated sample at time t (Ct)
was C0-SD. In this case, the potential minimum photolytic t1/2
was:

t1=2 ¼ ln2� t lnC0 − ln C0−SDð Þð Þ−1 ð4bÞ

The SDs for the measurement of the replicated samples
prepared for irradiation experiments (n = 11–12) were
4.2 μg/L or 5 % (CYC), 18 μg/L or 4 % (SCL), 6.3 μg/L or
6 % (SAC) and 4.4 μg/L or 5 % (ACS).

Analytics

Prior to instrumental analysis, each sample was filtered with
nylon filters (ø25 mm, pore size 0.2 μm; Corning, NY, USA).
The filtrates received surrogate standards to final concentra-
tions of 300 ng/mL for acesulfame-d4 potassium, 400 ng/mL
for 13C6-saccharin, 300 ng/mL for cyclamic acid-d11 and
2000 ng/mL for sucralose-d6.
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Samples were analysed with liquid chromatography–tan-
dem mass spectrometry (LC-MS/MS). Separation was per-
formed with an Acquity Ultra Performance LC (Waters,
Milford, MA, USA) in an Acquity BEH C18 analytical col-
umn (1.7 μm, 2.1×50 mm). The analytes were eluted with a
gradient consisting of 2 mM ammonium acetate in water and
in methanol during a 3.0-min run. The gradient started with
0.1 % of eluent methanol, followed by an increase to 99.9 %
methanol over 2 min. The column was flushed with 99.9 %
methanol for 0.3 min, after which the initial conditions were
applied in 0.1 min, and the column was stabilized for 0.6 min.
Eluent flow rate was 0.4 mL/min. The column temperature
was set to 40 °C and the sample temperature to 7 °C.
Injection volume was 7.5 μL. The samples were quantified
with a Xevo Triple Quadrupole (TQ) MS (Waters) using neg-
ative electrospray ionization (ES−). Multiple reaction moni-
toring mode (resolution (R) = 0.75 Da) was applied with spe-
cific mass transitions for each sweetener (Table S1 in
Supporting Information; SI). The MS method is described in
detail elsewhere (Perkola and Sainio 2014).

The chemical composition of phototransformation prod-
ucts was studied with an orthogonal time-of-flight mass spec-
trometer (TOFMS) Micromass LCT Premier XE (Micromass
MS Technologies, Manchester, UK). The potential elemental
compositions of the tentative phototransformation products
were calculated by MassLynx software (Waters) (Nurmi et
al. 2012). The analysis was performed in a W optics mode
with both negative and positive ES. The LC conditions were
the same as with Xevo TQ MS. The mass resolution of the
instrument was >11,000 full width at half-maximum height
(FWHM), and the measured mass range (m/z) was 50–600
in a centroid mode. The mass accuracy was at least ±5 mDa
(Nurmi et al. 2012). Capillary voltages were 3000 and 2600–
3000 V for ES+ and ES−, respectively. Desolvation gas (N2)
flow was 800 L/h and temperature 350 °C. The temperature of
ionization source was 120 °C. After the tentative
phototransformation products were identified with TOF MS,
the changes in their concentrations during irradiations were
analysed based on peak area with TQ MS in a single ion
monitoring (SIM) mode (R=1.0 Da FWHM), and their frag-
mentation was studied with a product ion scan (R= 2.9–
15.0 Da FWHM). To be able to compare the areas of the
transformation products from different LC-MS runs, they
were normalised to original parent compound peak area in a
sample that was not irradiated.

Results and discussion

Absorbance at 200–800 nm

ACS and SAC absorbed primarily in the UVC-region of the
spectrum but also above 290 nm (Fig. S1 and Table S2, SI).

This indicates that they could potentially undergo direct pho-
tochemical reactions when exposed to UVR or even to sun-
light. CYC and SCL did not absorb in the solar UV region.
Therefore, direct photochemical reactions were not expected
for CYC and SCL under solar radiation. We used molar ab-
sorptivities (Eq. 2, Fig. S1, Table S2) to calculate the absorp-
tion coefficients of sweeteners at 254 nm at the concentrations
used later in the UVR irradiation experiments. The absorption
coefficients at 254 nm for ACS (220 ng/L), SAC (87 ng/L),
CYC (86 ng/L) and SCL (440 ng/L) were 0.76 m−1, 0.14 m−1,
2.6×10−5 m−1 and 6.2×10−4 m−1, respectively (Table S2, SI).
Based on these values, the potential for direct photolysis at
254 nm was highest for ACS and SAC and lowest for CYC
and SCL.

Photolysis with simulated solar radiation

Simulated solar radiation reduced the concentration of
ACS in deionised water with the rate constant of
2.2×10−7 s−1 (Fig. 1 and Table 1) indicating photochem-
ical transformation through direct reactions. Simulated
solar radiation did not mediate the photolysis of SAC,
SCL and CYC in deionised water (Table 1). These re-
sults indicate that solar radiation can photodegrade ACS
bu t no t SAC, SCL and CYC th rough d i r ec t
photoreactions.

When the sweeteners were irradiated in lake and river
water, their photodegradation rates were similar to that
in deionised water (Fig. 1 and Table 1). The similarity
of rate constants indicates that the indigenous sensitizers
such as DOM of nitrate in our surface water samples
did not promote indirect photoreactions, and direct
photolysis was the primary removal mechanism for
ACS. This is supported by a study of Soh et al.
(2011) where the addition of natural organic matter did
not affect the phototransformation of ACS.

Fe(III) stimulated indirect phototransformation of ACS,
SAC and CYC under solar radiation (Table 1) indicating in-
direct photochemistry mediated by Fe. For example, the reac-
tion rate of ACS was more than twice higher in Fe(III) solu-
tion than in deionised water (Table 1). These results indicate
that solar radiation can photodegrade sweeteners (even poorly
reactive SAC and CYC) through Fe-mediated indirect reac-
tions in surface waters high in Fe.

The degradation rates of ACS and SAC in Fe(III)
solution decreased substantially after 96-h irradiation
(Fig. 1 and Fig. S2, SI). This may be explained by
the photochemical depletion of dissolved O2 during
prolonged irradiation with Fe (Miles and Brezonik
1981; Xie et al. 2004). In the absence of O2, photo-
chemically reduced Fe remains as Fe(II), and the pho-
tochemical catalysis based on O2 and the redox cycle of
Fe stops (Miles and Brezonik 1981; Zepp et al. 1992;
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Sun and Pignatello 1993). The depletion of O2 was
possible in our quartz tubes closed without headspace,
but is not relevant in natural surface waters, which re-
ceive a constant supply of O2 from the atmosphere.

Iron redox chemistry may explain also the results of
CYC, which showed an apparent reduction in the early
part of irradiation and recovery in the prolonged (168 h)
irradiation (Table S3, SI). The apparent reduction of
CYC may be explained by photochemistry-induced pre-
cipitation of Fe(III) oxides with concomitant complexa-
tion of CYC on them in the early part of irradiation
(von Wachenfeldt et al. 2008; Helms et al. 2013). In
the latter part of irradiation, the recovery of CYC may
be related to the reduction of Fe(III) to Fe(II) and

simultaneous release of CYC (Helms et al. 2013). It is
hard to assess of environmental relevance of these reactions,
but the co-precipitation of CYC with Fe(III) oxides can trans-
port it from water column to sediments, where reduction of
Fe(III) to Fe(II) may release it back to solution.

The photodegradation rates of sweeteners found under
solar simulator can be translated into rates found in the
surface waters under natural solar radiation by accounting
for the relative differences in the photolytic irradiance be-
tween the two sources of radiation (Eq. 4). Simulated
solar radiation decreased the concentration of ACS by
12–19 % in 168 h (Table S3, SI) which represents
77.4 days of average, latitude and season independent
sunshine on Earth. At the surface waters at the depth of
0 m, the photolytic t1/2 of ACS can be calculated (Eq. 4a)
to be 360 days (12 months) in lake water or 390 days
(13 months) in river water (Table 1). In a recent study,
significantly shorter near-surface summer t1/2 were sug-
gested for ACS, approximately 180 days in deionised wa-
ter at pH 7 and 17 days in filtered river water (pH 8)
(Gan et al. 2014). In that study, sterilization and filtration
decreased the degradation rate of ACS, and the near sur-
face summer t1/2 was even shorter, only 9 days, in unfil-
tered river water. Also, nitrate enhanced the solar
phototransformation of ACS (Gan et al. 2014). In our
experiments, the nitrate concentrations in river and lake
water (220 and 77 μg/L, respectively) did not provide a
sufficient amount of hydroxyl radicals to enhance the pho-
tolysis of ACS. In fact, the t1/2 were longer in natural
waters compared to deionised water. The different t1/2 of
ACS in surface water in our study and the study of Gan
et al. (2014) could be partly explained by the high nitrate
concentration in the Chinese river (9.5 mg/L in filtered
and 16 mg/L in unfiltered water, representing 2100 and
3600 μg N/L, respectively), and probably by the low mi-
crobial activity in our frozen and filtered surface waters.
In addition, t1/2 of our study represents the average
planetary phototransformation rates that are independent
on latitude, whereas the outdoor study of Gan et al.
(2014) was performed on latitude 39.13°N.

The photolysis of SAC, SCL and CYC was absent or
within the analytical precision (coefficients of variations of
6, 4 and 5 %, respectively) in deionised and surface wa-
ters. Their minimum t1/2 calculated based on the SDs
(n = 11 or 12; Eq. 4b) ranged from 2.4 years
(>860 days) of SAC to 3.6 years (>1300 days) of SCL
(Table 1). If the surface waters would have the same
stimulatory effect as our Fe(III) solution, the photolytic
t1/2 of SAC and CYC are 110 and 370 days (Table 1).
In some surface waters, such as nearly 20 % of water
samples collected from Finnish rivers (Xiao et al. 2015),
the concentration of total Fe exceeds that of Fe(III) solu-
tions used in our irradiation experiments. Even in the
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Fig. 1 Decrease of acesulfame in lake, river, deionised water and ferric
iron solution under simulated solar radiation. The lines represent
calculated concentrations at time t (hours) versus the concentration before
irradiation (Ct/C0), and the markers represent the measured values. The
measured value of Fe(III) solution at 168 h ignored for the first order
fitting (see text for details)

Table 1 Reaction rate constants (k, s−1) under simulated solar radiation
and photolytic half-lives in water surface layer (t1/2, day) for acesulfame
(ACS), saccharin (SAC), cyclamic acid (CYC) and sucralose (SCL) in
deionised water, ferric iron solution (Fe(III)) and filtered surface water
(river and lake)

ACS SAC CYC SCL

Deionised water k (s−1) 2.2 × 10−7 ND ND ND

t1/2 (day) 380 >860 >1000 >1300

Fe(III) k (s−1) 5.7 × 10−7 1.4×10−6 2.4 × 10−7 ND

t1/2 (day) 250 110 370 >1300

River k (s−1) 1.9 × 10−7 ND ND ND

t1/2 (day) 420 >860 >1000 >1300

Lake k (s−1) 2.3 × 10−7 ND ND ND

t1/2 (day) 380 >860 >1000 >1300

t1/2 represent the calculated half-life in the average radiation values in
Earth’s surface waters

The rate constants and t1/2 were calculated from 96- and 168-h irradiations
using Eq. 3, except Fe(III) which were calculated from the 96-h
irradiation

The photolytic t1/2 were calculated either using Eq. 4a or 4b. The relative
SDs of SAC, CYC and SCL were 6, 5 and 4 %, respectively

ND not determined. Photodegradation below the analytical precision
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presence of high Fe, the photolytic t1/2 of SAC, SCL and
CYC are long.

In perspective of the low photoreactivity of artificial
sweeteners in surface waters, they can indeed be used
as tracers of municipal wastewater in the environment
(Buerge et al. 2009; Mawhinney et al. 2011; Müller et
al. 2011; van Stempvoort et al. 2011; Wolf et al. 2012).
For ACS, the calculated photolytic t1/2 refers to the very
surface (depth of 0 m) in water column. In reality, the
t1/2 are much longer, because the highly water-soluble
sweeteners are expected to distribute evenly in the sur-
face mixing layer and are exposed only periodically to
the highest irradiances at the very surface. In addition,
the intensity of solar radiation and thus the t1/2 varies
by latitude, altitude and season.

Photolysis under UVR

The UVR irradiations with a low-pressure mercury lamp
reduced the concentrations of all the four sweeteners
dissolved in deionised water (Figs. 2 and S3, SI).
Photodegradation of ACS took place within minutes at
a rate constant (k) of 9.9×10−3 s−1 (Fig. 2, the first
‘deionised water’ row of Table 2). The degradation of
ACS followed first order kinetics (Fig. 2) which is typ-
ical for direct photolysis (Zepp and Cline 1977).
Assuming that the photochemical degradation on SAC,
CYC and SCL also followed first order kinetics, their
calculated rate constants were three to four orders of
magnitude lower than for ACS (the first ‘deionised wa-
ter’ row of Table 2). These results indicate that all the
artificial sweeteners were degraded by direct photoreac-
tions with UVR, but the rates were low except for ACS.

Similarly to our study, ACS has been reported to de-
grade under low-pressure mercury lamp irradiations
(Scheurer et al. 2014; Sang et al. 2014; Soh et al.
2011). Our rate constant for ACS (Table 1) is similar to
the 6.3×10−3 s−1 determined in a recent study (Scheurer et
al. 2014), but twice as high as the 2.38×10−3 s−1 that has

been reported earlier (Soh et al. 2011). However, the latter
was based on a five-hour irradiation within borosilicate
bottles, which transmit only little UVR <350 nm (Schott
Borofloat 33 - Optical Properties) where ACS absorbs
(Fig. S1, SI). Our t1/2 for ACS (1.2 min) is shorter than
15 min obtained earlier by Coiffard et al. (1999). The
difference in t1/2 may be related to the spectrum and in-
tensity of the light source used but not reported by
Coiffard et al. (1999). Like in this study, SCL has been
reported rather persistent to direct photolysis at 254 nm
(and 350 nm) earlier (Soh et al. 2011; Torres et al.
2011). Our study extends the earlier observations of SCL
to CYC and SAC, which both photodegrade poorly via
direct photochemical reactions under UVR.

Nitrate solution did not stimulate additional indirect
photochemical transformation of any sweetener exam-
ined (Table 1 and Table S4, SI). In our experiments,
the absorption coefficient of nitrate (1 mg/L of N) at
254 nm was at the same level (0.34 m−1, Vaalgamaa
et al. 2011) as those of ACS and SAC solutions (0.76
and 0.14 m−1; Table S2, SI), and higher than those of
CYC and SCL (2.6 × 10−5, and 6.2×10−4 m−1; Table S2,
SI). Our results indicate that under conditions used in
our study, UVC irradiance nitrate does not produce suf-
ficient amount of hydroxyl radicals to effectively react
with sweeteners.

In the irradiated Fe(III) solutions, the degradation and
the rate constants of SAC, CYC and SCL roughly dou-
bled compared to those in the respective deionised wa-
ter solutions indicating that Fe(III) acted as a sensitizer
for phototransformations (Table 2 and Table S4, SI).
Irradiation of Fe(III) solution with dissolved O2 leads
to hydroxyl radicals generated by the Fenton reaction
(Zepp et al. 1992). Highly reactive hydroxyl radicals
react relatively non-selectively and can explain the in-
creased rates of degradation for the all sweeteners
(Table 2). The increase in rate constant was the fastest
for SAC (Table 2), which may form a complex with
Fe(III) (Yilmaz et al. 2001) and react additionally via
the ligand-to-metal charge transfer mechanism (Sun and

Table 2 The reaction rate constants (k; unit s−1) of acesulfame (ACS),
saccharin (SAC), cyclamic acid (CYC) and sucralose (SCL) in deionised
water, ferric iron (Fe(III)) and nitrate (NO3

−) solutions in the samples
irradiated with UVC

ACS SAC CYC SCL

Deionised water 9.9 × 10−3 9.2 × 10−6 3.6 × 10−6 4.7 × 10−7

Fe(III) - ≥6.8 × 10−5 1.0 × 10−5 8.4 × 10−7

NO3
− - 7.1 × 10−6 3.2 × 10−6 ND

B-^ indicates that rate was not calculated

ND not determined. Photodegradation below the analytical precision
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Pignatello 1993). Furthermore, a recent study showed
efficient phototransformation of SCL in the presence
of TiO2, another producer of hydroxyl radicals (Sang
et al. 2014). The earlier and our study indicate that
efficient producers of hydroxyl radicals (Fe(III), TiO2)
can enhance photodegradation of those sweeteners,
which react poorly through direct photoreactions.

In conclusion, the direct photochemical degradation
of ACS can be rapid under UVR, and germicidal UV
water treatment is a promising treatment to remove ACS

from drinking water and wastewater. Although SAC and
CYC were degraded under UVC irradiation in our
study, their photochemical transformation rate is low,
and direct photolysis of SAC and CYC would be inef-
fective during conventional UV water treatment. The
direct photolysis of SCL is too slow to significantly
occur during the UV treatment process. The photo deg-
radation of SAC, CYC and SCL under UVC and there-
fore during germicidal UV water treatment could be
improved with Fe(III). However, although the reactivity
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of the sweeteners with hydroxyl radicals is relatively
high, the organic material inhibits the oxidation reac-
tions (Toth et al. 2012). Therefore, the hydroxyl radical
enhanced photodegradation in water treatment might be
efficient only after removal of the organic material.

Phototransformation products

In the deionised water solutions of ACS irradiated with UVR,
ES− TOF MS detected three transformation products (m/z
155.001, 161.987 and 179.998; Fig. S4–S8, SI). The largest
ions were only detected in irradiated samples, but the ion m/z
155.001 was also detected in dark control samples. The peak
area of m/z 155.001 was over three times higher (area=55) in
the 120-min irradiated sample than in the 168-h dark control
sample (area = 16), and was not detected in the unexposed
sample that had been stored in refrigerator (Fig. S7). In other
words, the ion appeared at 20 °C without irradiation and is
therefore not solely a photochemical product of ACS, but
UVR enhanced its formation. Phototransformation products
at m/z 50–600 were not found for SAC, CYC or SCL in the
UVC-irradiated samples after 24 h (data not shown). This
could be caused by the fact that some compounds did not
decompose enough resulting in only small amounts of trans-
formation products. It is also possible that our analytical
methods failed to detect transformation products. The ability
of the C18 analytical column to retain polar compounds is
limited, and very polar transformation products could not be
concentrated in the column. Also, the ionization of the trans-
formation products may be low in ESI. In addition, some
product ions might have been under m/z 50 and thus outside
our mass range.

The measured masses of ACS transformation products (m/z
155.001, 161.987 and 179.998) are close to the monoisotopic
masses of C3H7SO5 (155.0014 Da), C4H4SNO4 (161.9861 Da)
and C4H6SNO5 (179.9967 Da), respectively. In TQ MS, the ion
m/z 155.001 fragmented into m/z 59 and 137 (Fig. 3a). The ion
m/z 161.987 broke into two fragments (m/z 98 and 119; Fig. 3b),
while m/z 179.998 fragmented into two major ions (m/z 96 and
137; Fig. 3c). The predicted tentative molecular structures ofm/z
155.001, 161.987 and 179.998 are hydroxypropanol sulfate, iso-
ACS and hydroxylated ACS, respectively (Fig. 3). When high
concentrations of ACS have been irradiated, two of the MS
fragmentation ions, m/z 96 (or amidosulfonic acid) of hydroxyl-
ated ACS and m/z 137 of hydroxypropanyl sulfate have been
found (Sang et al. 2014; Scheurer et al. 2014).

The kinetics of the photodegradation of ACS dissolved in
deionised water and the formation of transformation products
was examined in a separate irradiation experiment with UVR,
where irradiation produced hydroxylated ACS (m/z 179.998)
within the first minutes (Fig. 4). On the basis of the relative
peak areas compared to the area of ACS in the unexposed
sample (AACS, i), the concentration of hydroxylated ACS

began to decrease after ten minutes when measured as an
m/z 180 ion with the TQ MS (Fig. 4), and was not detected
after 24 h (Fig. S9, SI). Irradiation generated iso-ACS (m/z
162) at relatively slow rate and resulted in a rather stable
concentration from 60 to 240 min (Fig. 4). Also,
hydroxypropanyl sulfate (m/z 155) concentration increased
slowly during the irradiation (Fig. 4) and was still detectable
after 24-h UVC irradiation (Fig. S9, SI). Hydroxypropanyl
sulfate and hydroxylated ACS were also detected in the sam-
ples irradiated with solar simulator for 168 h, although both
ions were disturbed by the matrix compounds in the surface
water samples (Fig. S10–S11, SI). The proposed molecular
structures, hydroxypropanyl sulfate and iso-ACS, have no
chromophores making them resistant to UVR, whereas the
ketone group of the hydroxylated ACS can absorb photons
and result in phototransformation.

All the three transformation products found in our study
were detected in recently published studies as well. Sang et al.
(2014) reported ten product ions including m/z 180 and 154
under photo catalytic reaction, whereas Scheurer et al. (2014)
detected five product ions including m/z 161.9867 and
179.9972 with conventional UVC irradiation, and Gan et al.
(2014) ten major intermediates includingm/z 180. We applied
lower, more environmentally relevant ACS concentrations
compared to other groups and conclude that the most preva-
lent transformation products are iso-acesulfame, hydroxylated
acesulfame and hydroxypropanyl sulfate.
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