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ABSTRACT

Among the most typical artificial sweeteners, acesulfame (ACE) is now ubiquitously detected
in aquatic environments. The degradation of ACE by ultraviolet (UV)-activated peroxymono-
sulfate (PMS) process was systematically investigated. ACE degradation via UV/PMS fits the
pseudo-first-order kinetics. 97.63% degradation of ACE (4.78 uM) was achieved after 24 min of
treatment with 25 uM PMS. Compared with the neutral pH condition (pH = 7.17), an acidic pH
(pH = 2.75 or 5.03) weakly promoted the degradation of ACE, whereas an alkaline condition
(pH = 10.90) significantly promoted it. Inorganic anions had varied effects on ACE degradation,
with promoting effect of NO; and inhibitory effects of HCO; and CI". ACE degradation was also
reduced by the presence of humic acid and fulvic acid. Inhibitory effect on ACE degradation was
also observed when the experiment was carried out in natural water. Four degradation by-prod-
ucts of ACE were identified and the degradation mechanisms were proposed. Hydroxyl radicals
were identified as the primary contributor to ACE degradation based on quenching experiments.
UV/PMS was more favorable than UV/H,O, considering the degradation and mineralization

efficiencies of ACE, although it was inferior to that of UV-activated peroxydisulfate.
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1. Introduction

Artificial sweeteners (ASs), a class of emerging pollut-
ants, are widely utilized as dietary supplements due to their
high sweetness and low calories [1]. After ingestion, certain
ASs pass through the human metabolism largely unaffected
and can reach the domestic wastewater environment [2].
Several commonly used ASs exist in aquatic environments,
such as acesulfame (ACE), sucralose, and saccharin [3]. Of
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these, ACE has been frequently detected in various water
environment. For example, ACE was detected at 0.0013 uM
(0.22 pug L7) in an open coastal system at an estuarine/
marine junction in Hong Kong, China [4], at 0.016 uM
(2.60 pg L) in tap water from Switzerland [2], and about
0.25 uM (40 pg L) in influents of two German sewage treat-
ment plants [5].

ASs have received increasing attention due to their
environmental persistence and harmful effects [6-8]. For
example, Sang et al. [4] measured the acute toxicity of
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ACE metabolites (with photo treatment) to V. fischeri and
demonstrated that the biotoxicity of ACE metabolites
was significantly amplified to 125.5 mg L with a mea-
surable magnification factor of 575 compared with the
parent compound. Atrayee et al. [9] evaluated the geno-
toxic potential of ACE by comet assay in the bone marrow
cells of mice, and found ACE can cause DNA damage. As
conventional treatments may not substantially remove
ASs, radical-based advanced oxidation processes (AOPs)
can be a viable alternative [10]. Persulfate exhibits a high
aqueous solubility, long lifetime, high stability in subsur-
face applications, and low cost [11,12]. Peroxydisulfate
(PDS), activated by energy or a catalyst, is commonly used
to produce sulfate radicals (SO;") and has been widely
studied [13]. Peroxymonosulfate (PMS) is an unsym-
metrical oxidant that can be activated to generate both
hydroxyl radicals (*OH) and SO;~ [Eq. (1)] [14-16].

HSO, —>S0; + "OH )

Similar to *OH (2.74 V), SO; has comparable redox
potential (2.5-3.1 V) [17,18]. It is also a strong oxidizing
radical [19], and can initiate a series of radical chain reac-
tions that degrade organic compounds [11]. What's more,
SO;" has wider operating pH range [20], functions in milder
reaction conditions, and often leads to an increased mineral-
ization degree [21].

PMS can easily be activated by various methods, includ-
ing ultraviolet (UV) irradiation [22], heat [23], ultrasound
[24], nanostructured carbons [25], transition metals [26,27],
and ozone [8]. Of these methods, UV/PMS is considered a
benign and economical technology [14]. Several attempts to
degrade ACE based on *OH and SO;~ have been employed.
Li et al. [28] found that UV/PDS has advantages over UV/
H,O, in degrading ACE under the same experimental con-
ditions. The degradation of ACE by UV/H,O, was four
times slower than that by UV/PDS in pure water. The deg-
radation rate of ACE reduced in secondary effluent by both
UV/PDS and UV/H,O,, but reduced less by UV/PDS than
that by UV/H,O,, indicating the greater applicability of UV/
PDS to real wastewater conditions. Recently, Wang et al.
[29] investigated the removal performance of ACE (30 uM)
under strong acid condition (pH = 3.0) by UV-LED (265 nm)
activated PMS, the degradation rate of ACE after 120 min
was 76% when PMS concentration was 188 uM.

Therefore, UV/PMS technology was adopted to degrade
ACE under various pH conditions in this study. Initially,
the reaction kinetics of ACE degradation by UV/PMS were
established. Subsequently, the effects of operating param-
eters, including the initial concentration of ACE, the dos-
age of PMS, solution pH, inorganic ions, humic acid (HA),
fulvic acid (FA), and water quality on the removal of ACE
were studied. The transformation by-products of ACE were
determined and the degradation mechanisms were revealed.
The relative contributions of *OH and SO;~ during ACE
degradation were calculated based on quenching exper-
iments. Finally, the ACE degradation and mineralization
efficiencies of UV/PMS were compared with that of UV/
PDS and UV/H,0,. The experimental results can help to
guide the practical application of UV/PMS technology for
treating ACE-containing water.

2. Experimental methods
2.1. ACE degradation methods

The degradation reaction of ACE (C,HKNO,S,
Analytical-grade, TCI Huacheng Industrial Development
Co., Ltd., Shanghai, China) was conducted in a photo-
chemical reactor (PL-01, Beijing Prince Technology Co.,
Ltd., China), a mercury lamp (500 W) with a main emission
wavelength of 365 nm and light intensity of 100 mW cm™
was used as light source. The quartz tubes containing 40 ml
mixed solution of ACE and PMS (Analytical-grade, Sigma-
Aldrich, USA) were evenly distributed around the light
source. The initial concentration of ACE was set about 5 uM,
unless otherwise stated. More information about the pho-
tochemical reactor can be found in our previous study [30].
During the ACE degradation reaction, two parallel samples
(0.5 mL) were periodically withdrawn for further analysis.
The ACE concentration in the samples was immediately
analyzed using HPLC after filtration with a 0.22 um mem-
brane. When required, HA, FA, NaHCO,, NaCl, NaNO,,
H,SO,, NaOH, methanol (MeOH) and tert-butanol (TBA)
were mixed with ACE before the reaction occurred.

2.2. ACE degradation in natural water

Surface water (SW) was sampled from the Xinlicheng
Reservoir in Changchun, China, and the samples were fil-
tered through a 0.45 pm nitrocellulose membrane and
stored at a temperature of 4°C before use. The pH of the
SW was 8.04, and the dissolved organic carbon content was
11.25 mg L. ACE in SW was determined by high-perfor-
mance liquid chromatography (HPLC), and no ACE was
detected.

2.3. Analysis methods

AnHPLC (1200 Series, Agilent, USA) was used to measure
the ACE concentration in the treated solution. A Symmetry
C18 column (5 pm, 4.6 mm x 150 mm, Waters, USA) was
used with a 230 nm wavelength of a variable wavelength
detector. The mobile phase was an 18:82 mixture of methanol
and ammonium acetate solution (0.02 mol L?). The flow rate
was 0.5 mL min™, and the injection volume was 10 uL.

The byproducts produced during ACE degradation
process were determined by ultrahigh-performance liquid
chromatography time-of-flight mass spectrometry (UPLC/
TOF-MS). The total organic carbon (TOC) was determined
by using a TOC-Vcph analyzer (Shimadzu, Japan). Detailed
analysis methods for ACE and its degradation products,
TOC, and pH value during ACE degradation were iden-
tical to our previous study [31]. The consumption of PMS
during the degradation of ACE was determined by refer-
ring to previously reported method [32]. Each experiment
was conducted twice, and the mean values with error
bars were calculated and reported.

3. Results and discussion
3.1. Role of PMS dosage and ACE concentration

It is commonly assumed that in activated PMS sys-
tems, the increase of the relative amount of PMS would
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result in subsequent elevated generation of radicals, and
thus could enhance the degradation rate of contaminants
[33]. Fig. 1 demonstrates that the degradation of ACE
was enhanced as the initial PMS concentration increased.
As shown in Table 1, k increased from 0.0271 to 0.3509 min™!
when PMS concentration increased from 5 to 100 pM.
This was because more SO;~ and ‘OH could be produced
(Eq. (1)) from high concentration PMS by UV activation,
thus promoted the degradation of ACE. This was consis-
tent with previous studies [34]. It was reported that when
the PMS dosage exceeded the optimal dose, it may inhibit
the degradation of pollutants, due to the self-quenching of
SO;~ and *OH by PMS [35]. However, within the PMS con-
centration range (5-100 uM) used in this experiment, the
above phenomenon has not been observed. 97.63% ACE
was degraded after 24 min of treatment with 25 pM of
PMS. Therefore, 25 uM PMS was chosen for the following
experiments, unless otherwise stated.

The PMS concentration was fixed at 25 pM, and the
ACE degradation was investigated at various ACE concen-
trations (from 4.78 to 48.89 uM). Fig. 2 demonstrated that
an increasing initial concentration of ACE significantly
reduced its degradation. As shown in Table 1, k decreased
from 0.1469 to 0.0297 min™ when ACE concentration
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Fig. 1. Degradation of ACE by UV/PMS at different PMS dosage
(average [ACE], = 4.85 + 0.014 uM, PMS/ACE molar ratios was
about 1-20).
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increased from 4.78 to 48.89 uM. This occurred because
the amount of SO;” and *OH was constant at given PMS
concentration. Thus, ACE degradation was reduced when
increasing initial ACE concentration due to fewer radicals
available per ACE molecule. In addition, high concentra-
tion of ACE resulted in increased formation/concentration
of intermediates which in turn lowered the reaction rate
of radicals towards ACE [15].

As shown in Table 1, ACE degradation at various
initial PMS and ACE concentrations fits well with the
first-order reaction kinetics (R? > 0.9). k increased with
the increasing PMS concentration, but decreased with the
increasing ACE concentration. Finally, 25 uM of PMS and
4.78 uM of ACE were regarded as optimal experimental
condition, the ACE degradation rate was 0.1469 min™.
Wang et al. [29] reported that the ACE degradation rate
by UV/PMS was 0.012 min™ under strong acid condi-
tion (pH = 3.0) when ACE and PMS concentration was
30 and 188 pM. After the degradation of ACE (24 min),
the residual PMS concentration was 15.20 pM, indicat-
ing that PMS was excessive and only 39.20% of PMS was
consumed. Of note, when 25 uM of PMS and 4.78 uM
of ACE were mixed together and placed in the dark
for 1 h (without UV), almost no loss of ACE (<1%) was
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Fig. 2. Degradation of ACE by UV/PMS at different ACE con-
centration ([PMS]; = 25 uM) (PMS/ACE molar ratios was about
0.5-5.0).

Table 1

Kinetic parameters of ACE degradation by UV/PMS
ACE concentration (uM) PMS concentration (uM) k (min™) t,, (min) R?
4.80 0 0.0170 40.77 0.9985
4.95 5 0.0271 25.58 0.9981
491 10 0.0529 13.10 0.9403
4.78 25 0.1469 4.72 0.9303
4.81 50 0.2395 2.89 0.9127
4.85 100 0.3509 1.98 0.9537
10.12 25 0.0878 7.89 0.9658
24.50 25 0.0536 12.93 0.9407
48.89 25 0.0297 23.34 0.9821
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observed. Therefore, the loss due to dark reaction can be
neglected.

3.2. Effect of solution pH

The pH value of the mixing solution (4.78 uM of ACE
and 25 uM of PMS) was 5.03, and it was adjusted by sulfu-
ric acid or sodium hydroxide. As can be seen from Fig. 3,
compared with the neutral condition (pH = 7.17), both, the
acidic (pH = 2.75 or 5.03) and alkaline (pH = 10.90) con-
ditions, promoted ACE degradation. Liang and Su [36]
reported that the predominant radical was SO; under acidic
conditions; and SO;” has a higher redox potential under
acidic conditions [37]. Therefore, ACE degradation was
promoted under acidic conditions. While the predominant
radical became ‘OH under a strong alkaline pH, and ACE
was more reactive with *OH [10]. Therefore, the promot-
ing effect under alkaline conditions was particularly sig-
nificant. Guan et al. [38] reported that the apparent molar
absorption coefficient of PMS increased with pH from 13.8
to 149.5 M7 cm™ in the pH range of 6-12. Therefore, more
*‘OH and SO;~ can be generated under alkaline conditions,
and ACE degradation was enhanced.

3.3. Relative contributions of reactive species

MeOH is an effective quencher of SO;~ and *OH, and
TBA is a quencher of *OH, so they were used to distinguish
the roles of SO;~ and *OH [39]. Roles of MeOH and TBA on
ACE degradation are shown in Fig. 4. ACE degradation was
significantly reduced with the presence of TBA, suggesting
the great contribution from *OH. However, no obvious dif-
ference in ACE degradation was observed in UV/PMS sys-
tem with the presence of MeOH and TBA, indicating neg-
ligible role of SO;~. UV photolysis also contributed to ACE
degradation, because ACE can absorb the ultraviolet light
emitted by the light source used in this experiment. (Fig. 5).
Such phenomenon is in agreement with the findings of our
previous study on UV/PDS degradation of ACE [30]. Toth
et al. [10] found that *OH was more reactive with ACE than

c/c,
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Fig. 3. Degradation of ACE by UV/PMS at different initial
pH values (The average initial concentration of ACE was
4.79 +0.019 uM and [PMS] =25 uM).

that of SO;~ based on the measurement of rate constants
of ACE with *OH and SO;-, which was (3.80 + 0.27) x 10°
and <2 x 107 respectively.

3.4. Effects of HA and FA

HA and FA are ubiquitous components in natural waters
that can influence the photochemical behaviors of organic
pollutants. The roles of HA and FA at various concentrations
on the removal of ACE by UV/PMS were evaluated, and
the results are displayed in Fig. 6. ACE degradation by UV/
PMS was reduced with the presence of HA or FA, and the
inhibitory effect on ACE degradation with high concentra-
tion HA and FA was more significant. This is because HA
and FA could serve as filters/screens to absorb/scatter UV
radiation rather than the UV photons’ being absorbed by
PMS for radical generation or by ACE for direct photoly-
sis [40,41]. Furthermore, HA and FA have been reported
to be *OH and SO;" scavengers [42]. Giannakis et al. [18]
suggested that *OH reacted with dissolved organic matter
at a rate around 2.8 x 10°M™s™, while SO;~ had relatively
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Fig. 4. Roles of MeOH and TBA on ACE degradation (the average
initial concentration of ACE was 4.80+0.013 uM, [PMS] =25 uM,
and [MeOH] = [TBA], =5 mM).
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Fig. 5. The absorption spectra of ACE and the relative intensity
of the light source used in the experiment (e: molar absorption
coefficient of ACE).
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Fig. 6. UV/PMS degradation of ACE in the presence of HA (a) and FA (b) (a: average initial concentration of ACE was 4.64 + 0.021 uM
and [PMS], =25 uM; b: average initial concentration of ACE was 4.38 + 0.072 uM and [PMS] = 25 uM).

different rate with dissolved organic matter which was
about 7.8 x 10? M s, Thus, the presence of HA and FA
reduced ACE degradation, which was similar with that
obtained during ACE degradation by UV/PDS [30].

3.5. Effect of inorganic anions

Natural waters are complex and contain inorganic ions
such as HCO;, CI, and NO;. The effects of these ions on ACE
degradation by UV/PMS were investigated, and the results
are presented in Fig. 7. HCO; significantly reduced the deg-
radation of ACE, CI" slightly reduced ACE degradation,
and NO; was beneficial for the removal of ACE.

HCQO; is a kind of *OH and SO;~ scavenger, and less reac-
tive species CO;~ and HCO, could be produced [Egs. (2) and
(3)] [43] causing a substantial reduction in ACE removal.
The performance of HCO; in UV/PMS degradation of
ACE was similar to that in UV/PDS system [30].

HCO, + "OH - CO; +H,0 @)

HCO, +S0; — HCO;, +SO2 ®)

CI can also react with *OH and SO;~ producing chlo-
rine-containing radicals such as CIOH*, CI°, and Cl;~ with
varying rate constants according to Eqs. (4)—(6) [42,44,45].
Therefore, SO;” and *OH may be scavenged by CI resulting
in reduced ACE removal.

Cl" +"OH < CIOH™ k=3.04.3x10°M"s! 4)

Cl" +S0O; - CI" +S07" k=1.3-6.6 x 108M's! 5)

CI'+CI' > Cly k=65x10°M1s1-2.1 x 10°M's?  (6)
Of note, PMS can also directly react with chloride and

bicarbonate and produce HOCI and HCO; [Egs. (7) and (8)]

[43,46], which contributes to the reduced ACE removal.
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Fig.7.UV/PMS degradation of ACE with the presence of inorganic
ions (average initial concentration of ACE was 4.60 + 0.044 uM,
[PMS], =25 uM, and [HCO;], = [Cl'], = [NO;], = 1 mM).
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NQ; is a photosensitizer which can be photolyzed into
*OH under UV irradiation [47], resulting in enhanced ACE
degradation by UV/PMS. Meanwhile, NO; is also a nuc-
leophilic reagent that can activate PMS to generate more
reactive oxygen species, for example, *“OH [48], resulting in
enhanced ACE degradation by UV/PMS as well. The per-
formance of NO; in UV/PMS degradation of ACE was sim-
ilar to that in UV/PDS system [30].

3.6. Effect of water quality

To evaluate the feasibility of utilizing UV/PMS to treat
real ACE-contaminated water, ACE degradation were con-
ducted in both ultrapure water (UW) and SW. From Fig. 8,
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it can be seen that ACE degradation in SW was significantly
reduced compared with that in UW. SW absorbs UV and
can competitively absorb light. Therefore, ACE degradation
was inhibited. Additionally, components of SW (HA, FA,
and HCQO;) do not facilitate to ACE degradation. Overall,
the performance of ACE degradation by UV/PMS was
similar to the UV/PDS degradation of ACE [30].

3.7. Proposed ACE degradation mechanisms

In this section, high concentrations of PMS (250 uM) and
ACE (50 uM) were used to obtain high signal of by-prod-
ucts, and UV irradiation was also prolonged as 35 min.
Finally, four degradation products of ACE were identified
(Table 2). The corresponding ACE degradation mechanisms
were shown in Fig. 9.

Three by-products of ACE with m/z of 117, 165, and
170 were identical to our previous study on the degrada-
tion of ACE by UV/PDS [30], and the degradation path-
ways were also the same. In short, m/z 117, 165, and 170
were formed by oxidation, hydroxyl substitution, hydroly-
sis and hydration of ACE. In addition, another product m/z
106 was identified during the degradation of ACE by UV/
PMS. Firstly, a transformation intermediate m/z 196 was
formed via the oxidation of ACE, then it was oxidized to
form glycerin (m/z 92), and glycerin was further oxidized to
form glyceric acid (m/z 106). Punturat and Huang [49] also
detected m/z 106 during the electrochemical degradation
of ACE.
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0.0 1 1 1 1 | |

<
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=}
=
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Time {min)

Fig. 8. Degradation of ACE by UV/PMS in natural water (aver-
age initial concentration of ACE was 4.79 + 0.003 uM and
[PMS], =25 uM).

Table 2
Degradation by-products of ACE by UV/PMS
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3.8. Comparison with UV/PDS and UV/H,0,

The degradation rate and mineralization degree of
ACE by UV/PMS, UV/PDS, and UV/H,0O, are compared
in Figs. 10 and 11. Due to the low TOC analyzer detection
limit, the ACE concentration used in the mineralization
experiments was high (48.95 uM in average), and the oxi-
dant concentration was proportionally increased (250 uM).
The results showed that both UV/PDS and UV/PMS have
advantages over UV/H,O, in degradation and mineraliza-
tion of ACE, and the degradation ability of ACE by UV/PMS
was inferior to that by UV/PDS. By fitting to the first-order
reaction kinetics model, ACE degradation rate decreased
as follows: UV/PDS (0.1551 min™) > UV/PMS (0.1469 min-
) > UV/H,0, (0.0340 min™). Khan et al. [34] investigated
the degradation of atrazine and found that UV/PDS was
the most efficient process, followed by UV/PMS and UV/
H,O,. They ascribed this to the higher quantum yield of
reactive radicals from UV/PDS, that is, 1.8 compared to 1.04
for UV/PMS and 1.0 for UV/H,O, [41].

While, the order of the mineralization rate of ACE
was in the order of UV/PDS (0.0080 min?) > UV/PMS
(0.0047 min™) > UV/H,O, (0.0028 min™). Anipsitakis and
Dionysiou [26] also found a similar mineralization abil-
ity for 2,4-dichlorophenol, with the mineralization degree
in 4 h in the order of UV/PDS (82%) > UV/PMS (74%) >
UV/H,O, (67%), which is in accordance with ours. They
explained this by the fact that the UV absorption of these
oxidants followed the order of PDS > PMS>H,O,.

4. Conclusion

This work demonstrated that ACE can be substantially
degraded by the UV/PMS process. The degradation pro-
cess of ACE obeyed to the first-order kinetics equation.
The ACE reaction rate decreased with the increasing initial
concentration of ACE, but increased with increasing initial
concentration of PMS. Both acidic and alkaline conditions
were suitable for ACE degradation. The presence of HA
and FA reduced the degradation of ACE. Inorganic anions
had different effects on ACE degradation, with promoting
effect of NOj and inhibitory effects of HCO; and CI". In
natural water, ACE degradation was also inhibited. Four
degradation products of ACE were identified through the
UPLC/TOF-MS analysis, and the proposed major degrada-
tion mechanisms were oxidation, hydroxyl substitution,
hydrolysis, and hydration. *OH played a primary role in
ACE degradation by UV/PMS. UV/PMS was more favor-
able than UV/H,O, for the removal of ACE, although the
performance of UV/PMS in removal of ACE was inferior to
that by UV/PDS.

m/z Retention time (min) Molecular formula Relative peak intensity (%) Degradation pathways

106 2.78 CHO, 11.48 Oxidation

117 32.67 C,HNO, 38.70 Oxidation

165 1.49 C,H,NO,S 100.00 Hydroxyl substitution

170 8.31 C,H,NOS 20.93 Oxidation, hydrolysis, and hydration
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Fig. 9. ACE degradation mechanisms by UV/PMS (Intermediate products are shown in brackets).
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Fig. 10. ACE degradation by UV/PMS, UV/PDS, and UV/H,0O,
(average initial concentration of ACE was 4.78 + 0.007 uM and
[PMS], = [PDS], = [H,0,], =25 uM).
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Fig. 11. ACE mineralization by UV/PMS, UV/PDS, and UV/H,0O,
(average initial concentration of ACE was 48.95 + 0.43 uM and
[PMS], = [PDS], = [H,0,], = 250 uM).
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