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Abstract

BACKGROUND: The photocatalytic treatment of the artificial sweetener saccharin
(SAC), an emerging environmental contaminant, was investigated. UVA irradiation was
provided by an environmentally friendly light-emitting diode (UV-LED), whose efficiency
was compared to a conventional blacklight fluorescent lamp (UV-BL).

RESULTS: The effect of the initial SAC concentration (2.5-10 mg/L), TiO2 concentration
(0-500 mg/L), water matrix (absence/presence of humic acids), and treatment time on
process efficiency was evaluated. At the best conditions assayed ([SACJo=2.5 mg/L,
[TiO2]=250 mg/L), SAC was degraded within 20 and 90 min under UV-LED and UV-BL
irradiation, respectively. Liquid chromatography-high resolution mass spectrometry
(LC-HR/MS) revealed that SAC degradation proceeds via hydroxylation of the phenyl
ring, cleavage of C-N bond and further oxidation reactions. Finally, UV-LED was found

to be up to 16 times more energy efficient than UV-BL.

CONCLUSIONS: In all cases, UV-LED achieved higher photocatalytic efficiency, in
terms of organic degradation, and found to be significantly more energy and cost efficient
than conventional UV-BL irradiation source, thus rendering LED-photocatalysis a

sustainable technology for the treatment of persistent contaminants.

Keywords: Advanced oxidation processes; photocatalysis; wastewater treatment; UV-LED;

humic acids; artificial sweeteners; energy consumption
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INTRODUCTION

Acrtificial sweeteners (ASs) have been recently recognised as emerging micro-contaminants
due to their increasing consumption, environmental persistence and widespread detection in
the water cycle. * ASs are high production volume chemicals used worldwide to sweeten
beverages, personal care products and pharmaceuticals. 22 Municipal wastewater effluents are
the main entrance pathway of ASs in the aquatic environment and among them, saccharin
(SAC), acesulfame (ACE) and sucralose (SUC) are widely detected, at trace level
concentrations, in groundwater, surface and drinking water. 147 The unawareness of ASs’ long-
term ecotoxicological effects and their reported formation of toxic by-products during natural
attenuation, raise some important environmental concerns >® and further call for the

development of highly efficient treatment methods.

TiO2-mediated photocatalysis, an advanced oxidation process with well-proved efficiency in
degrading recalcitrant, non-biodegradable compounds 9, has been recently studied for the
degradation of SUC, ACE and SAC and the obtained results are encouraging. 2 In principle,
photocatalytic oxidation is initiated upon UV illumination of TiO; highly reactive species,
mainly hydroxyl radicals (HO"), are then formed and non-selectively attack organic pollutants,
which are subsequently mineralized into CO and harmless inorganic products. 314 Blacklight
(BL) fluorescent UV lamps are commonly used as irradiation source in photocatalytic
applications. Nevertheless, these are energy intensive devices and pose environmental hazards
due to their content in toxic chemicals (i.e. mercury and lead). ° As a result, high operational
cost and increased environmental impact hinder the large-scale application of photocatalytic
process. 1® On this basis, UV light-emitting diodes (UV-LEDs) attract considerable attention
as eco-friendly alternatives to UV-BL lamps. LEDs’ energy efficiency, extended lifetime and

less toxic nature (i.e. mercury and lead-free) can lower the cost and improve process
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sustainability 1”18 while their small footprint, directional light output and narrow band emission

spectra allow for flexible design and development of compact water treatment units. °

UV-LEDs were firstly employed by Chen et al. (2005) for the photocatalytic treatment of
perchloroethylene % and since then LED-photocatalysis has been proved feasible for the
treatment of a wide range of contaminants. Development of LED photocatalytic reactors has
attracted increasing attention recently. UV and visible LEDs of different irradiation
wavelengths have been tested, in various configurations (i.e. flexible LED strips, LED arrays,
single LEDs, etc.) and reactor set-ups (i.e. LEDs placed above, wrapped around, mounted on,
immersed in the reactor, etc.). 21-% Several studies have also compared the efficiency of LEDs
with germicidal and blacklight lamps in photocatalytic applications. 2°2® However, the
comparison has been usually made between irradiation sources of different electrical power or
at reactor geometries optimised for U shaped lamps, without considering LEDs’ optical
characteristics. The directivity of LEDs’ affects dramatically the irradiation uniformity 2* and
when integrated within the reactor in a close distance from catalyst the non-uniform irradiation
of the latter results in lower oxidation rates compared to blacklight lamps, as has been
previously reported by Levine et al (2011). 2 Therefore, a study evaluating a UV-LED
relatively to a UV-BL at a set-up providing uniform irradiation, at the same spectral irradiance,
electrical power and reactor geometry, in terms of organic removal, energy consumption and

under a variety of photocatalytic conditions is still missing from literature.

As a result, the aim of the present study is the investigation of photocatalytic degradation of
SAC, the forerunner of ASs with the most diverse uses (i.e. additive in piglet feed ° and
brightener in nickel plating %), under UVA irradiation emitted from either a UV-LED or UV-

BL lamp. For this purpose, a UV-LED and a UV-BL fluorescent lamp of the same electrical
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power and peak emission wavelength were tested in parallel experimental series, under
identical photocatalytic conditions (i.e. initial SAC concentration, TiO2 concentration and
water matrix). The influence of key operational parameters, such as the initial SAC
concentration, TiO2 concentration, water matrix, treatment time and irradiation source on
photocatalytic performance was assessed. The main transformation products (TPs) under UV-
LED and UV-BL irradiation were identified and possible degradation pathways were
elucidated. Finally, the energy efficiency of both irradiation sources was evaluated and a
comparative study was carried out. To the best of the authors’ knowledge, this is the first study

employing LEDs for the photocatalytic treatment of ASs.

MATERIALS AND METHODS

Chemicals

All chemicals in this study were of analytical grade and used without further modification.
SAC (CAS No: 81-07-2) was purchased from Acros. Leonardite humic acid IHSS standard
was used and a stock solution was prepared by dissolving the proper amount of HA in 0.1 M
NaOH and further diluting it in deionised water. Aeroxide TiO2 P25, supplied by Evonik
Industries, was used as the photocatalyst because of its higher photocatalytic efficiency among

other commercial catalysts, as was found also in our previous study. 2

Photocatalytic experiments

Experiments were conducted in a batch-operated slurry photoreactor, applying a working
volume of 150 mL. For LED driven photocatalysis, a UVA emitter (Amax=365 nm; LZ4-
00U600, LED Engin) was employed and mounted onto a heat sink to prevent radiant flux
decrease due to temperature rise. The LED assembly (Schematic 1) was placed directly above
the reactor and a quartz protective plate was placed between them. The second irradiation

5
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source was a UV-BL fluorescent lamp (Amax=365 nm; PLS G23, Casell Lighting), housed in a
quartz tube and, for the sake of comparison, positioned on top of the photoreactor, at the same
height as UV-LED. Both set-ups were covered with an aluminium shield to prevent any light
diffusion out of the reactors and to minimise penetration of ambient light. The quartz glasses
were used to protect the lamps from water spills. UV-LED and UV-BL irradiation sources were

driven by electrical power of 11W and were connected in series to a DC power supply.

Schematic 1

In a typical run, SAC solution (2.5-10 mg/L) was loaded in the photoreactor and the desired
amount of catalyst was added. The slurry solution in the reactor was continuously stirred at 500
rpm with a magnetic stirrer to promote uniform dispersion of the photocatalyst powder and
dissolved oxygen. At the beginning of each experiment, the solution was stirred in the dark for
30 min to ensure adsorption-desorption equilibrium of SAC on TiO» surface. The UV source
was then switched on and at regular time intervals samples were withdrawn and filtered through
0.45 um syringe filters to separate catalyst particles and further analysed in terms of their SAC
concentration. All experiments were conducted at room temperature and at the natural pH of
SAC solutions (~ 4.6). After 45 min of treatment, solution’s temperature was found to increase

by 3° C (from 21 °C to 24 °C) under both irradiation sources.

Analytical techniques

SAC concentration in filtrate samples was measured by a high performance liquid
chromatography (HPLC) system (S200 Pump, S225 Autosampler, Perkin Elmer) coupled with
a diode array detector (S200 EP, Perkin Elmer) with a limit of detection (LOD) and limit of

quantification (LOQ) of 0.005 and 0.1 mg/L, respectively. Separation was performed on a
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reverse phase C18 analytical column (Luna® Phenomenex 5u, 250 x 4.6 mm). HPLC method
for SAC was obtained from Trandafil et al. (2009) 3! and was appropriately modified. The
mobile phase consisted of 85 vol. % 0.02 M KHzPOsand 15 vol. % CH3CN fed at a flow rate
of 1 mL/min. The elution was isocratic and the injection volume was 40 pL. The detection

wavelength was at A=216 nm.

The photon flux emission of the irradiation sources was determined by potassium ferrioxalate
actinometry, as described by Murov 2, and found to be 3.32x10° and 3.15x107 Einstein/s for
UV-LED and UV-BL lamp, respectively. The spectral distribution of UV-LED and UV-BL
was measured by a Labsphere E1000 spectral irradiance receiver with a concentrator area of 1

cm? and are presented in Figure 1.

Figure 1

A Bruker micrOTOF Focus Il interfaced to a Dionex (Thermo Scientific) Ultimate 3000
UHPLC system was used for the identification of SAC TPs. The chromatographic separation
was performed using a Thermo Scientific Acclaim ™ RSLC 120 C18 column thermostated at
30° C. The mobile phase consisted of LC-MS grade water-0.01% formic acid (A) and LC-MS
grade acetonitrile (B) with a flow rate of 0.25 ml/min. The following elution was adopted: A/B:
99/1 (0 min), A/B: 1/99 (15 min), A/B: 99/1 (17 min), A/B: 99/1 (18 min). The micrOTOF
Focus Il was operated in negative ionization mode. Dry gas at 8 L/min, nebulizer press at 2.4

bar, dry heater at 200° C, hexapole RF at 100 Vpp and capillary were adjusted at 4200 V.

Energy consumption
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The energy consumption of artificial lighting constitutes a major fraction of the operating costs
in UV photocatalysis. Bolton et al. (2001) introduced the electric energy per order, Eeo, defined
as the energy required for 90% degradation of a pollutant per cubic meter of contaminated
water. 32 Eeo (kWh/m3/order), for a batch-operated reactor, is calculated from the following

equation:

P xtx1000

Eon =
FO TV x 60 x log(C;/Cr)

(1)

where P is the electrical power of the irradiation source (kW), t is the irradiation time (min), V
is the volume of the treated effluent (L), and Cj and Cs are the initial and the final pollutant

concentrations (mg/L), respectively.

RESULTS AND DISCUSSION

Effect of initial SAC concentration

Initial SAC concentration in the range of 2.5-10 mg/L was applied to assess its effect on
photocatalytic performance, in the presence of 125 mg/L TiOz. In both cases, the pseudo-first-
order reaction model was found to describe well the photocatalytic removal of SAC (Table 1).
As seen in Figure 2, increase in the initial SAC loading resulted in decreased removal
efficiency. Specifically, increase of SAC concentration from 2.5 to 10 mg/L led to removal
decrease from 99.9 to 86.1% (with k=0.198-0.043 min™) during UV-LED photocatalysis
(Figure 2a) and 71.2 to 35.1% (with k=0.030-0.010 min™) under UV-BL irradiation (Figure
2b). Increase in the initial organic substrate concentration, at a fixed catalyst concentration,
lowers the ratio of oxidant species to substrate and further results in decreased degradation
yields 3, thus explaining the findings presented above. According to the results, UV-LED

could completely degrade up to 5 mg/L of SAC within 30 min of photocatalytic treatment
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(Figure 2a). On the other hand, SAC, even at the lowest (2.5 mg/L) concentration, could not be

degraded after 45 min of treatment under UV-BL irradiation (Figure 2b).

Table 1

Figure 2

Effect of catalyst concentration

Control experiments (i.e. photolysis and exposure under darkness in the presence of catalyst)
were performed to assess the effect of catalyst on process efficiency and its adsorption capacity.
As presented in Figure 3, photocatalysis was shown to be the main removal mechanism, since
SAC concentration remained almost unchanged after 45 min of photolysis or treatment in the
dark.

The effect of catalyst concentration on process efficiency was then investigated by applying
various catalyst concentrations (i.e. 125, 250 and 500 mg/L), at 5 mg/L initial SAC
concentration. Figure 3a shows that 99.9% degradation of SAC took place within 30 min under
UV-LED irradiation, in the presence of all the tested catalyst concentrations and it becomes
evident that increase in catalyst concentration beyond 125 mg/L did not further improve the
process efficiency. Similarly, as depicted in Figure 3b, catalyst concentration did not affect
notably SAC removal under UV-BL irradiation, either. In principle, increase of TiO>
concentration enhances organic substrate’s oxidation by offering more photoactive surface area
for adsorption and generation of a greater amount of oxidizing species. However, at higher
TiO2 concentrations removal efficiency becomes independent of catalyst mass, as it was

observed in the present study, due to agglomeration of TiO> particles and subsequent reduction
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in available surface area, as well as, due to increased opacity and light scattering that further
reduce the light passage through the solution. 3

Unlike catalyst concentration, irradiation source had a profound effect on process efficiency.
SAC removal was only about 60% after 45 min of treatment under UV-BL irradiation, making
it clear that UV-LED was more efficient (i.e. total SAC degradation achieved after 30 min of

treatment) in terms of organic removal.

Figure 3

Effect of water matrix

5 and 8 mg/L of humic acids (HA) were added to SAC/TiO> system to examine the effect of
water matrix on SAC removal and the results are presented in Figure 4. The addition of HA
was found to be inhibitory for SAC photocatalytic oxidation, under both types of irradiation,
resulting in removal rates up to 3.6 times lower than in the respective SAC/TiO2 systems. In
particular, addition of 8 mg/L HA reduced by 73% the removal rate of SAC, regardless of the
light source. Specifically, SAC removal percentages decreased from 99.9% to 27% and 55.1%
to 15% under UV-LED and UV-BL irradiation, respectively. The observed removal efficiency
may be attributed to a partial expenditure of oxidizing radicals for the degradation of HA by
UV/TiO, %% that lowers the ratio of oxidant species to SAC molecules and further limits SAC

oxidation.

Figure 4

TPs and reaction pathways

10
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For the identification of TPs, additional experiments were conducted at an increased SAC
concentration (15 mg/L) in the presence of 250 mg/L TiO- for both systems. Accurate mass
measurements in negative ionization mode (Table 2) revealed the formation of seven and five
TPs during SAC degradation under UV-LED and UV-BL irradiation, respectively. Based on
the mass spectra data (m/z [M-H] ions) and the elemental composition of the deprotonated
ions obtained by the mass instrument software as well as the kinetic profiles of the TPs, possible
structures and degradation pathways are proposed and shown in Figure 5. According to the
results, the photocatalytic transformation of SAC under both irradiation sources, starts by the
hydroxylation of the molecule giving rise to the formation of three isomers (TP4, TP5, TP6).
The hydroxylation mechanism proposed in the present study is consistent with previous work
that reported relatively high reactivity of hydroxyl radicals towards the studied sweetener and
proposed that the oxidation mechanism involves the addition of hydroxyl radicals in the
aromatic ring, resulting in hydroxylated products %’

Hydroxylation of phenyl ring as well as N atom can be considered. Sequential hydroxylation
of the above-mentioned TPs results to di- and tri-hydroxy derivatives (TP7 and TP1). The
sequential steps of hydroxylation are also confirmed by the evolution profiles of TPs (Figure
6) revealing that TP7 and TP1 peak concentrations are recorded in longer irradiation times than
that of monohydroxylated TPs.

Based on the fact that mono-hydroxylated TPs attained their maximum concentration within
the first stages of the process, they can be characterized as primary TPs. TP7 and TP1, di-
hydroxylated and tri-hydroxylated products, are recorded in longer irradiation times
simultaneously with the slower degradation of mono-hydroxylated derivatives, proving the
sequential steps of hydroxylation. Their rapid disappearance can be associated with the
formation of ring opening products and the favored cleavage of the molecule after successful

hydroxylation. TP5 is the most abundant mono-hydroxylated product identified during the

11
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photocatalytic degradation of saccharin and shows a slower degradation rate during the process
and a prolonged irradiation time for its complete removal.

Cleavage of the C-N bond of sulfonamide group and further oxidation leads also to the
formation of TP2 and TP3, bearing amine and/or carboxylic acid functional groups. As
depicted in Figure 6, under UV-LED irradiation all the TPs are completely removed between
30-120 min. On the other hand, some TPs remain at trace levels after 300 min of treatment
using UV-BL as irradiation source. Short-chain carboxylic acids, such as oxalic, formic, and
maleic acid is expected as end-products from the oxidative transformation of SAC primary TPs

using advanced oxidation processes as reported elsewhere.

Table 2

Figure 5

Figure 6

Effect of the irradiation source

It becomes obvious from the results presented so far that the irradiation sources, although
driven by the same electrical power and having the same Amax=365 nm, resulted in different
SAC degradation yields, with UV-LED leading constantly to higher oxidation rates than UV-
BL.

Catalysts’ activity depends strongly on photon energy (i.e. wavelength) and TiO. (P25) is
sufficiently photo-activated at A<380 nm. ! Figure 1 presents the spectral irradiance

distribution of the two light sources; as can be seen, UV-LED has a narrow band emission

12
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centred at about 370 nm so the catalyst can absorb all the incident radiation. However, the
broadband spectrum of the UV-BL lamp consists of a higher fraction of photons with A>380
nm that are beyond the action spectrum of catalyst, thus resulting in decreased oxidation rates
when compared to UV-LED.

The photon flux is another critical, and possibly the most important, parameter to be
considered. Increased photon flux can lead to the formation of more hydroxyl radicals and
therefore higher oxidation rates of organic substances. 3 As was revealed by potassium
ferrioxalate actinometry, the incident photon flux on reactant solution under UV-LED
irradiation (i.e. 3.32x10° Einstein/s) was an order of magnitude higher than that of the UV-BL
lamp (i.e. 3.15x107 Einstein/s), explaining the higher photocatalytic efficiency under UV-LED
irradiation. This tenfold gap is due to the different directionality of the light sources. UV-BL
lamp emits light in all directions, and even though aluminium foil is used to reflect the
irradiation back into the photoreactor, a fraction of the emitted photons is lost. On the other
hand, UV-LED produces a directional beam of light so there is no leak of UV light outside the
reactor.

Under a closer look, although the light intensity provided by the UV-LED is 10 times higher,
k values, during LED-photocatalysis, were 4-9 times higher than those of UV-BL, implying a
lower apparent photonic efficiency (i.e. ratio of reaction’s rate to the rate of incident photons)
than UV-BL. The reaction rate increases linearly with light intensity up to a point and then it
increases with the square root of the light intensity 3%4° due to the higher recombination of the
photogenerated electron-hole pairs. ** That means that increase in light intensity enhances to a
lesser extent the process efficiency, thus lowering the photonic efficiency. This tendency has
been also reported by Chen et al. (2007) and Coutts et al. (2011) “°#2 and highlights the need
for the right balance between removal efficiency and energy consumption when it comes to the

determination of light intensity.

13
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Energy consumption

The energy consumption, Eeo, of the two irradiation sources was estimated by Equation (1)
and the results are shown in Figure 7. It is observed that UV-LED requires significantly lower
Eeo values, compared to UV-BL, suggesting its higher sustainability. Specifically, the
maximum Egeopl/Eeo,Lep ratio (with values up to 16) was found at initial SAC concentration
<5 mg/L. For instance, during the photocatalytic treatment of 5 mg/L SAC in the presence of
125 mg/L TiO2, the Eeo was estimated at 8.2 kWh-m>-order™ and 134.4 kWh-m™3-order? under
UV-LED and UV-BL, respectively. In all cases, UV-LED was found to be more energy-
efficient than UV-BL photocatalytic treatment, since the first requires less treatment time to
achieve SAC removal than the latter.

A cost estimation of the two photocatalytic processes, based on their energy consumption, was
attempted. The average electricity price, which is 0.10 £-kWh 43, purchased by non-domestic
consumers in the United Kingdom was used. Under the best conditions assayed, UV-LED
treatment costs 0.72 £-m=>-order™. The corresponding cost for SAC removal, under UV-BL
irradiation, is 3.3 £m3order?, rendering UV-LED more cost-efficient than UV-BL

photocatalysis.

Figure 7

CONCLUSIONS
The photocatalytic treatment of saccharin (SAC), an emerging persistent contaminant, was
investigated. Two different UVA irradiation sources, an eco-friendly light-emitting diode (UV-

LED) and a conventional blacklight fluorescent lamp (UV-BL), were employed and their

14
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photocatalytic performance was compared. The effect of operating parameters, namely initial
SAC concentration, TiO2 concentration, and water matrix on process efficiency was assessed.
In addition, intermediate transformation products (TPs) were identified for both irradiation
sources and potential degradation pathways were proposed. The conclusions drawn are

summarised below.

SAC conversion increases with the initial SAC concentration decrease; however, TiO>
concentration does not largely affect the process efficiency.

- The presence of humic acids (HA) in the reactant solution decreases considerably SAC
degradation, under both irradiation sources, indicating the significance of the effect of
water matrix on process efficiency.

- Seven and five TPs were identified for the UV-LED/TiO2 and UV-BL/TiO> system,
respectively. The degradation of SAC occurs via (i) hydroxylation of the phenyl ring,
(i1) cleavage of the C-N bond and (iii) oxidation reactions.

- The irradiation source has a critical effect on process efficiency. In all cases, UV-LED
yielded higher removal rates than conventional UV-BL irradiation. The superior
performance of LED driven photocatalysis is attributed to the higher photon flux
reaching the reactant solution due to UV-LED’s directionality. Therefore, LED was
found to be significantly more energy and cost-efficient than BL photocatalysis.

Allinall, UV-LED/TIiO> photocatalytic oxidation is proved to be promising for water treatment.
Nevertheless, future efforts should focus on assessing the energy requirements and operating
costs of LED-based photocatalysis at real-scale and how this technology can be incorporated
into existing water treatment plants. Also, the ecotoxicity of the final effluent should be

quantified and comprehensively investigated before any further process scaling-up.

Acknowledgements

15



10

11

12

13

14

15

16

17

18

We would like to thank Mr John Fakidis from Li-Fi R&D Centre at the University of Edinburgh

for the measurements of the spectral irradiance of UV-LED and UV-BL.

References

1.

Lange FT, Scheurer M and Brauch H-J, Artificial sweeteners—a recently recognized
class of emerging environmental contaminants: a review. Anal Bioanal Chem 403:

2503-2518 (2012). DOI: 10.1007/s00216-012-5892-z.

Weihrauch MR and Diehl V, Artificial sweeteners—do they bear a carcinogenic risk?

Ann Oncol 15: 1460-1465 (2004). DOI: 10.1093/annonc/mdh256.

Zygler A, Wasik A and Namie$nik J, Analytical methodologies for determination of
artificial sweeteners in foodstuffs. TrAC, Trends Anal Chem 28: 1082-1102 (2009).

DOI: http://dx.doi.org/10.1016/j.trac.2009.06.008.

Scheurer M, Brauch H-J and Lange FT, Analysis and occurrence of seven artificial
sweeteners in German waste water and surface water and in soil aquifer treatment

(SAT). Anal Bioanal Chem 394: 1585-1594 (2009). DOI: 10.1007/s00216-009-2881-

Y.

Sang Z, Jiang Y, Tsoi Y-K and Leung KS-Y, Evaluating the environmental impact of
artificial sweeteners: A study of their distributions, photodegradation and toxicities.

Water Res 52: 260-274 (2014). DOI: http://dx.doi.org/10.1016/].watres.2013.11.002.

16


http://dx.doi.org/10.1016/j.trac.2009.06.008
http://dx.doi.org/10.1016/j.watres.2013.11.002

10

11

12

13

14

15

16

17

18

19

20

10.

11.

Scheurer M, Storck FR, Brauch H-J and Lange FT, Performance of conventional multi-
barrier drinking water treatment plants for the removal of four artificial sweeteners.

Water Res 44: 3573-3584 (2010). DOI: http://dx.doi.org/10.1016/].watres.2010.04.005.

Van Stempvoort DR, Roy JW, Brown SJ and Bickerton G, Artificial sweeteners as
potential tracers in groundwater in urban environments. Journal of Hydrology 401: 126-

133 (2011). DOI: http://dx.doi.org/10.1016/j.jhydrol.2011.02.013.

Li AJ, Schmitz OJ, Stephan S, Lenzen C, Yue PY-K, Li K, Li H and Leung KS-Y,
Photocatalytic transformation of acesulfame: Transformation products identification
and embryotoxicity  study. Water Res 89: 68-75 (2016). DOI:

http://dx.doi.org/10.1016/j.watres.2015.11.035.

Tijani J, Fatoba O and Petrik LF, A Review of Pharmaceuticals and Endocrine-
Disrupting Compounds: Sources, Effects, Removal, and Detections. Water, Air, Soil

Pollut 224: 1-29 (2013). DOI: 10.1007/s11270-013-1770-3.

Xekoukoulotakis NP, Drosou C, Brebou C, Chatzisymeon E, Hapeshi E, Fatta-
Kassinos D and Mantzavinos D, Kinetics of UV-A/TiOz photocatalytic degradation and
mineralization of the antibiotic sulfamethoxazole in aqueous matrices. Catal Today

161: 163-168 (2011). DOI: http://dx.doi.org/10.1016/j.cattod.2010.09.027.

Calza P, Sakkas VA, Medana C, Vlachou AD, Dal Bello F and Albanis TA,
Chemometric assessment and investigation of mechanism involved in photo-Fenton

and TiO2 photocatalytic degradation of the artificial sweetener sucralose in aqueous

17


http://dx.doi.org/10.1016/j.watres.2010.04.005
http://dx.doi.org/10.1016/j.jhydrol.2011.02.013
http://dx.doi.org/10.1016/j.watres.2015.11.035
http://dx.doi.org/10.1016/j.cattod.2010.09.027

10

11

12

13

14

15

16

17

18

19

12.

13.

14.

15.

16.

media. Applied Catalysis B: Environmental 129: 71-79 (2013). DOI:

http://dx.doi.org/10.1016/j.apcath.2012.08.043.

Davididou K, Hale E, Lane N, Chatzisymeon E, Pichavant A and Hochepied JF,
Photocatalytic treatment of saccharin and bisphenol-A in the presence of TiO>
nanocomposites tuned by Sn(lV). Catal Today 287: 3-9 (2017). DOI:

https://doi.org/10.1016/j.cattod.2017.01.038.

Herrmann J-M, Heterogeneous photocatalysis: fundamentals and applications to the
removal of various types of aqueous pollutants. Catal Today 53: 115-129 (1999). DOI:

http://dx.doi.org/10.1016/S0920-5861(99)00107-8.

Chatzisymeon E, Stypas E, Bousios S, Xekoukoulotakis NP and Mantzavinos D,
Photocatalytic treatment of black table olive processing wastewater. J Hazard Mater

154: 1090-1097 (2008). DOI: http://dx.doi.org/10.1016/j.jhazmat.2007.11.014.

Rasoulifard MH, Fazli M and Eskandarian MR, Performance of the light-emitting-
diodes in a continuous photoreactor for degradation of Direct Red 23 using UV-
LED/S;0g*" process. Journal of Industrial and Engineering Chemistry 24: 121-126

(2015). DOI: http://dx.doi.org/10.1016/j.jiec.2014.09.018.

Chatzisymeon E, Foteinis S, Mantzavinos D and Tsoutsos T, Life cycle assessment of
advanced oxidation processes for olive mill wastewater treatment. Journal of Cleaner

Production 54: 229-234 (2013). DOI: http://dx.doi.org/10.1016/j.jclepro.2013.05.013.

18


http://dx.doi.org/10.1016/j.apcatb.2012.08.043
https://doi.org/10.1016/j.cattod.2017.01.038
http://dx.doi.org/10.1016/S0920-5861(99)00107-8
http://dx.doi.org/10.1016/j.jhazmat.2007.11.014
http://dx.doi.org/10.1016/j.jiec.2014.09.018
http://dx.doi.org/10.1016/j.jclepro.2013.05.013

10

11

12

13

14

15

16

17

18

19

20

17.

18.

19.

20.

21.

22.

Davididou K, Monteagudo JM, Chatzisymeon E, Durdn A and Expésito AJ,
Degradation and mineralization of antipyrine by UV-A LED photo-Fenton reaction
intensified by ferrioxalate with addition of persulfate. Sep Purif Technol 172: 227-235

(2017). DOI: http://dx.doi.org/10.1016/j.seppur.2016.08.021.

Tokode O, Prabhu R, Lawton L and Robertson PJ, UV LED Sources for Heterogeneous
Photocatalysis, in Environmental Photochemistry Part 111, ed by Bahnemann DW and

Robertson PKJ. Springer Berlin Heidelberg, pp. 159-179 (2015).

Jo W-K, Park GT and Tayade RJ, Synergetic effect of adsorption on degradation of
malachite green dye under blue LED irradiation using spiral-shaped photocatalytic
reactor. Journal of Chemical Technology & Biotechnology 90: 2280-2289 (2015). DOI:

10.1002/jcth.4547.

Chen DH, Ye X and Li K, Oxidation of PCE with a UV LED Photocatalytic Reactor.

Chemical Engineering & Technology 28: 95-97 (2005). DOI: 10.1002/ceat.200407012.

Wang X and Lim T-T, Solvothermal synthesis of C—N codoped TiO2 and photocatalytic
evaluation for bisphenol A degradation using a visible-light irradiated LED
photoreactor. Applied Catalysis B: Environmental 100: 355-364 (2010). DOI:

http://dx.doi.org/10.1016/j.apcath.2010.08.012.

Natarajan K, Natarajan TS, Bajaj HC and Tayade RJ, Photocatalytic reactor based on
UV-LED/TIO, coated quartz tube for degradation of dyes. Chem Eng J 178: 40-49

(2011). DOI: http://dx.doi.org/10.1016/j.cej.2011.10.007.

19


http://dx.doi.org/10.1016/j.seppur.2016.08.021
http://dx.doi.org/10.1016/j.apcatb.2010.08.012
http://dx.doi.org/10.1016/j.cej.2011.10.007

10

11

12

13

14

15

16

17

18

19

23.

24,

25.

26.

27.

Hossaini H, Moussavi G and Farrokhi M, The investigation of the LED-activated
FeFNS-TiO2> nanocatalyst for photocatalytic degradation and mineralization of
organophosphate pesticides in water. Water Res 59: 130-144 (2014). DOI:

http://dx.doi.org/10.1016/j.watres.2014.04.009.

Wang Z, Liu J, Dai Y, Dong W, Zhang S and Chen J, CFD modeling of a UV-LED
photocatalytic odor abatement process in a continuous reactor. J Hazard Mater 215-

216: 25-31 (2012). DOI: http://dx.doi.org/10.1016/].jhazmat.2012.02.021.

Dominguez S, Rivero MJ, Gomez P, Ibafiez R and Ortiz I, Kinetic modeling and energy
evaluation of sodium dodecylbenzenesulfonate photocatalytic degradation in a new
LED reactor. Journal of Industrial and Engineering Chemistry 37: 237-242 (2016).

DOI: http://dx.doi.org/10.1016/j.jiec.2016.03.031.

Shie J-L, Lee C-H, Chiou C-S, Chang C-T, Chang C-C and Chang C-Y,
Photodegradation kinetics of formaldehyde using light sources of UVA, UVC and
UVLED in the presence of composed silver titanium oxide photocatalyst. J Hazard

Mater 155: 164-172 (2008). DOI: http://dx.doi.org/10.1016/j.jhazmat.2007.11.043.

Kim SH, Lee SW, Lee GM, Lee B-T, Yun S-T and Kim S-O, Monitoring of TiO,-
catalytic UV-LED photo-oxidation of cyanide contained in mine wastewater and
leachate. Chemosphere 143: 106-114 (2016). DOI:

http://dx.doi.org/10.1016/j.chemosphere.2015.07.006.

20


http://dx.doi.org/10.1016/j.watres.2014.04.009
http://dx.doi.org/10.1016/j.jhazmat.2012.02.021
http://dx.doi.org/10.1016/j.jiec.2016.03.031
http://dx.doi.org/10.1016/j.jhazmat.2007.11.043
http://dx.doi.org/10.1016/j.chemosphere.2015.07.006

10

11

12

13

14

15

16

17

18

19

20

28.

29.

30.

31.

32.

33.

Levine LH, Richards JT, Coutts JL, Soler R, Maxik F and Wheeler RM, Feasibility of
Ultraviolet-Light-Emitting Diodes as an Alternative Light Source for Photocatalysis. J

Air Waste Manage Assoc 61: 932-940 (2011). DOI: 10.1080/10473289.2011.596746.

Buerge 1J, Keller M, Buser H-R, Muller MD and Poiger T, Saccharin and Other
Artificial Sweeteners in Soils: Estimated Inputs from Agriculture and Households,
Degradation, and Leaching to Groundwater. Environ Sci Technol 45: 615-621 (2011).

DOI: 10.1021/es1031272.

Bernardo EC, Fukuta T, Fujita T, Ona EP, Kojima Y and Matsuda H, Enhancement of
saccharin removal from aqueous solution by activated carbon adsorption with
ultrasonic  treatment.  Ultrason  Sonochem  13: 13-18 (2006). DOI:

http://dx.doi.org/10.1016/j.ultsonch.2004.12.007.

Trandafir I, Nour V and lonicd ME, Development and validation of an HPLC methods
for simulatneous quantification of acesulfame-K, saccharin, aspartame, caffeine and

benzoic acid in cola soft drinks. Scientific Study & Research X: 185-194 (2009).

Steven L. Murov IC, Gordon L. Hug, Handbook of Photochemistry, Second Edition.

CRC Press (1993).

James R. Bolton, Keith G. Bircher, William Tumas, and Chadwick A. Tolman Figures-
of-merit for the technical development and application of advanced oxidation
technologies for both electric- and solar-driven systems. Pure Appl Chem 73: 627-637

(2001).

21


http://dx.doi.org/10.1016/j.ultsonch.2004.12.007

10

11

12

13

14

15

16

17

18

19

20

34.

35.

36.

37.

38.

Dimitrakopoulou D, Rethemiotaki I, Frontistis Z, Xekoukoulotakis NP, Venieri D and
Mantzavinos D, Degradation, mineralization and antibiotic inactivation of amoxicillin
by UV-A/TiO> photocatalysis. J Environ Manage 98: 168-174 (2012). DOI:

http://dx.doi.org/10.1016/j.jenvman.2012.01.010.

Tsimas ES, Tyrovola K, Xekoukoulotakis NP, Nikolaidis NP, Diamadopoulos E and
Mantzavinos D, Simultaneous photocatalytic oxidation of As(l1) and humic acid in
aqueous TiO2 suspensions. J Hazard Mater 169: 376-385 (2009). DOI:

http://dx.doi.org/10.1016/j.jhazmat.2009.03.107.

Carra |, Sanchez Pérez JA, Malato S, Autin O, Jefferson B and Jarvis P, Performance
of different advanced oxidation processes for tertiary wastewater treatment to remove
the pesticide acetamiprid. Journal of Chemical Technology & Biotechnology 91: 72-81

(2016). DOI: 10.1002/jctb.4577.

Toth JE, Rickman KA, Venter AR, Kiddle JJ and Mezyk SP, Reaction Kinetics and
Efficiencies for the Hydroxyl and Sulfate Radical Based Oxidation of Artificial
Sweeteners in Water. The Journal of Physical Chemistry A 116: 9819-9824 (2012).

DOI: 10.1021/jp3047246.

Lin H, Wu J, Oturan N, Zhang H and Oturan MA, Degradation of artificial sweetener
saccharin in aqueous medium by electrochemically generated hydroxyl radicals.
Environmental Science and Pollution Research 23: 4442-4453 (2016). DOI:

10.1007/s11356-015-5633-x.

22


http://dx.doi.org/10.1016/j.jenvman.2012.01.010
http://dx.doi.org/10.1016/j.jhazmat.2009.03.107

10

11

12

13

14

15

39.

40.

41.

42.

43.

Ollis DF, Pelizzetti E and Serpone N, Photocatalyzed destruction of water

contaminants. Environ Sci Technol 25: 1522-1529 (1991). DOI: 10.1021/es00021a001.

Coutts JL, Levine LH, Richards JT and Mazyck DW, The effect of photon source on
heterogeneous photocatalytic oxidation of ethanol by a silica—titania composite. J
Photochem Photobiol A: Chem 225: 58-64 (2011). DOI:

http://dx.doi.org/10.1016/j.jphotochem.2011.09.026.

Sin J-C, Lam S-M, Mohamed AR and Lee K-T, Degrading Endocrine Disrupting
Chemicals from Wastewater by TiO> Photocatalysis: A Review. International Journal

of Photoenergy 2012 (2012). DOI: 10.1155/2012/185159.

Chen H-W, Ku Y and Wu C-Y, Effect of LED optical characteristics on temporal
behavior of o-cresol decomposition by UV/TiO2 process. Journal of Chemical

Technology & Biotechnology 82: 626-635 (2007). DOI: 10.1002/jctb.1718.

GOV.UK, Gas and electricity prices in the non-domestic sector.

https://www.gov.uk/government/statistical-data-sets/gas-and-electricity-prices-in-the-

non-domestic-sector [accessed 11 April 2015].

23


http://dx.doi.org/10.1016/j.jphotochem.2011.09.026
https://www.gov.uk/government/statistical-data-sets/gas-and-electricity-prices-in-the-non-domestic-sector
https://www.gov.uk/government/statistical-data-sets/gas-and-electricity-prices-in-the-non-domestic-sector

List and captions of Tables

Table 1. Removal percentage (R), reaction rate constant (k), and coefficient of linear regression
of data fitting (r?) for SAC photocatalytic degradation, under UV-LED and UV-BL irradiation.
Table 2. High resolution mass spectra data for SAC and identified TPs derived from mass

spectrometric analysis.
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Table 1

. o First-order reaction
Operating Irradiation

mg/L R, % model
parameter source _

k, min r2
2.5 99.9 0.198 0.996
UV-LED 5 99.9 0.159 0.995
N 7.5 98.4 0.069 0.989
Initial SAC 10 861  0.043 0.974
concentration? 2.5 71.2 0.030 0.988
UV-BL 5 55.1 0.018 0.993

7.5 427 0.014 0.981
10 35.1 0.010 0.960

125  99.9 0.159 0.995
_ UV-LED 250 99.9 0.170 0.991
TIO2 500  99.9 0.163 0.997

concentration® 125 55.1  0.018 0.993
UV-BL 250 61.0 0.022 0.990
500 58.6 0.018 0.964

Best operating UV-LED 99.9 0.303 0.998
conditions¢ UV-BL 85.5 0.044 0.991

2 [TiO2]=125 mg/L; irradiation time=45 min
b[SAC]o=5 mg/L; irradiation time=45 min

°[SAC]o=2.5 mg/L; [TiO2]=250 mg/L; irradiation time=45 min



Table 2

LED-driven photocatalytic removal of SAC

tr Code Elemental Theoretical Experimental A  RDBE
(min) name  Composition of m/z[m-H]" m/z [m-H]" (ppm)
deprotonated
molecule
1.6 TP1 C7H4NO6S 229.9765 229.9756 3.7 6.5
2.3 TP2 C7HsNOsS 231.9921 231.9917 1.8 55
3.3 TP3 CeHsNO4S 188.0023 188.0025  -0.9 4.5
3.7 TP4 C7H4NO4S 197.9867 197.9867 0 6.5
4.0 TP5 C7H4NO4S 197.9867 1979870  -1.9 6.5
4.1 TP6 C7H4NO4S 197.9867 197.9867 0 6.5
4.3 TP7 C7H4NOsS 213.9816 213.9815 0.3 6.5
4.7 SAC C7H4NOsS 181.9917 181.9920 -14 6.5
Photocatalytic removal of SAC under UV-BL
tr Code Elemental Theoretical Experimental A  RDBE
(min)  name  Composition of m/z[m-H]" m/z [m-H]" (ppm)
deprotonated
molecule

2.3 TP2 C7HeNO6S 231.9921 231.9925 -1.8 55
3.7 TP4 C7H4NO4sS 197.9867 1979871 -23 6.5
4.0 TP5 C7H4NO4sS 197.9867 197.9858 4.1 6.5
4.1 TP6 C7H4NO4S 197.9867 197.9858 4.1 6.5
4.3 TP7 C7H4NOsS 213.9816 213.9810 2.6 6.5
4.7 SAC C7H4NO3S 181.9917 181.9915 1.1 6.5
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List and captions of Schematics

Schematic 1. Schematic diagram of (a) UV-LED and (b) UV-BL photocatalytic reactors (1:
magnetic stirrer, 2: stirring bar, 3: glass reactor, 4: quartz plate, 5: LED emitter, 6: heat sink, 7:

cable connection to DC power supply, 8: BL lamp and 9: quartz sleeve).
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(b)

(a)

Schematic 1.
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List and captions of Figures

Figure 1. Relative spectral irradiance of UV-LED and UV-BL.

Figure 2. Effect of initial SAC concentration on its photocatalytic removal under (a) UV-
LED and (b) UV-BL irradiation. Experimental conditions: [TiO2]=125 mg/L.

Figure 3. Effect of catalyst concentration on SAC photocatalytic removal and control
experiments under (a) UV-LED and (b) UV-BL irradiation. Experimental conditions:
[SAC]o=5 mg/L.

Figure 4. Photocatalytic removal of SAC in the presence of different concentrations of HA
under UV-LED and UV-BL irradiation. Experimental conditions: [SAC]o=5 mg/L;
[TiO2]=125 mg/L; irradiation time=45 min.

Figure 5. Photocatalytic degradation pathways of SAC under UV-LED and UV-BL
irradiation.

Figure 6. Kinetic profiles of SAC TPs under (a) UV-LED and (b) UV-BL irradiation.
Experimental conditions: [SAC]o=15 mg/L; [TiO2]=250 mg/L.

Figure 7. Electrical energy per order (Eeo) under UV-LED and UV-BL irradiation for
different initial SAC concentrations. Experimental conditions: [TiO2]=125 mg/L; irradiation

time=45 min.

29



Figure 1
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Figure 2
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Figure 3
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