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Abstract
In recent years, new classes of aquatic pollutants have received growing concerns
from the environmentalists due to their unclear effects and increasing release into
the water environment. Generally, before entering the aquatic ecosystem, many of
these emerging contaminants are deemed safe active ingredients in the
commercial products. This may lead to the underestimation of their potential
impacts to the environment, once these substances were drained into the natural
waters. So far, a wide range of emerging contaminants are still not well studied.
In this thesis work, the environmental behaviors for two typical groups of
emerging contaminants, which are frequently used in personal care products, are
systematically probed in the aquatic ecosystem. One is the hydrophilic
compounds – artificial sweeteners and the other one is the moderate hydrophobic
compounds – ultraviolet (UV) filters.
Acesulfame and sucralose are two of the most commonly used artificial
sweeteners, which are a newly recognized class of emerging contaminants due to
their widespread occurrence and extreme persistence in water environment. To
date, however, their environmental behaviors, fates as well as long term
ecotoxicological contributions in our water resources still remain largely
unknown. In this work, a photodegradation investigation with UV/TiO2 was
performed on these two artificial sweeteners, which projected their potential
impacts under prolonged exposure to intensive solar irradiation. Real-time
observation of the degradation profiles in both sweeteners illustrated that
formation of new photo by-products under prolonged UV irradiation is highly
viable. For the first time, acute toxicity for the degradates of these two sweeteners
were measured and the enhancement in their ecotoxicity has been observed
during the irradiation. In an attempt to neutralize this prolonged environmental
threat, the feasibility of UV/TiO2 as an effective mineralization process in
wastewater treatment was evaluated for both sweeteners. As a result, relatively
higher removal efficiencies for acesulfame and sucralose were achieved in this
study.
For UV filters, a comprehensive investigation on their environmental behaviors
and impacts was described in this thesis, covering the occurrence study in surface
water and biota, environmental fate and their ecological risks. In the first step, an
analytical method based on ultra performance liquid chromatography-tandem
mass spectrometry (UPLC-MS/MS) was developed for the simultaneous
determination of twelve UV filters in the environmental waters, which achieved
good sensitivity to sub-ng/L levels. To monitoring their occurrence in local
marine environment, the regional distribution of these sunscreen compounds was
monitored along the coastline of Hong Kong. At the same time, considering the
intensive consumption of sunscreen products in hot weathers, seasonal variation
of UV filters between summer and winter was taken into consideration in our
occurrence study. Additionally, we also monitored their occurrence in the
drinking water supply system of Hong Kong, including the source water in
Dongjiang, raw water in local reservoirs and tap water collected from urban
communities, to support a good management on the reliable water supply.
Furthermore, the distribution results indicated that the incomplete removal of UV
filters in the effluents could be a major source for their release into the
environmental waters. Aiming to achieve the complete removal of such
ii

compounds, a powerful technique of ozonation was employed in this study and
the preliminary operational conditions were further provided. Secondly, in order
to gain a better understanding of their environmental fate in surface water, a
simulative catalytic photodegradation study with UV/TiO2 were performed to
investigate the photostability, phototoxicity and the transformation pathways of
seven selected UV filters. During the photodegradation, several transformation
products were primarily identified. Thirdly, since lipophilic sunscreens were
easily accumulated in the biota, we also made efforts to monitor their occurrence
in marine organisms of different species, including farmed fish, wild mussels,
prawns and sea urchin, which were collected from local offshore areas. Last but
not the least, according to the measured concentrations of UV filters in Hong
Kong marine environment, we further performed the ecological risk assessment
with the approach specific to the marine aquatic compartment, so as to provide
the overall understanding on the environmental impacts of these UV filters.

iii
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Chapter 1 Introduction

1.1 Emerging contaminants
In recent years, environmental contaminants with emerging concerns have been
posing great challenges to the environmentalists and governmental agencies due
to their numerous types, lower detectable levels, wide spreading and potential
toxic effects. Plenty of research work and scientific efforts have been contributed
to these substances in the past decade, with the aims of gaining more awareness
from the public and calling for government actions to establish guidelines for
better environmental protection. Three kinds of targets can be generally defined
as “emerging contaminants” in scientific researches, including i) new compounds
and molecules recently appeared that were not known before, ii) existed
contaminants with undiscovered environmental issues or emerging interests, iii)
new information on their environmental risks challenging our understanding of
some legacy contaminants (Sauvé and Desrosiers, 2014). Currently, extensive
array of emerging contaminants have been increasingly probed, including
pharmaceuticals and personal care products, disinfection/treatment by-products
(DBPs), perfluorinated compounds (PFCs), fragrances, hormones, plasticizers,
flame retardants, nanoparticles, algal toxins and so on. Obviously, these
chemicals can be found everywhere in our daily life and also applied worldwide
with huge consumption. Although they are bringing us great convenience and
benefits, we have to bear the risks resulting from their growing applications.
Potential carcinogenicity, reproductive dysfunction and endocrine disrupting
influences are some major adverse effects on human health, associated with the
emerging contaminants such as PFCs (Elcombe et al., 2010; Fei et al., 2009;
Klaunig et al., 2012), DBPs (Righi et al., 2012; Villanueva et al., 2015),
nanoparticles (Ema et al., 2010; Schilling et al., 2010), plasticizers (Nagel and
Bromfield, 2013) and some personal care products (Fent et al., 2005). Beyond the
health concerns, these substances are entering the environment inevitably, not
only sourced from the daily use but also from the fields of healthcare, industry,
transport, agriculture and so on (Lei et al., 2015). As a result, the impacts of
1

emerging contaminants to the ecosystem are raising more environmental
concerns.
Nowadays, more and more classes of emerging contaminants have been found in
the aquatic environment all over the world, such as pharmaceuticals and personal
care products. Most of these emerging contaminants are released into the
environmental waters mainly because of their incomplete removal in the sewage
effluent via the wastewater treatment plants (WWTP). The determined
concentrations of most emerging contaminants in surface water are generally
ranging from under ng/L to thousands of µg/L levels (Petrie et al., 2015). Such
lower concentration may sometimes lead to the underestimation of their
environment impacts. However, it has been reported that some of these organic
compounds showed strong persistence after released into the environmental
waters. On the other hand, photodegradation and hydrolysis of some pollutants
may also occur in surface water under natural conditions, such as solar irradiation
and the dissolved organic matters. Additionally, it is still largely unknown about
their transformation mechanisms and also the adverse effects of the generated
products. More than in the aqueous phase, some emerging contaminants have
been found to easily adsorb or accumulate in the sediment and biota.
Consequently, bioamplification of such compounds and their harmful effects may
take place through the food web. Meanwhile, metabolism of these substances can
be observed in the aquatic organisms. From a long-term perspective, the
ecotoxicity of the metabolites should be taken into consideration.

2

1.2 Current status of studies in aquatic environment
Since countless types of emerging contaminants with their own features are
ubiquitous in the water environment, it is impractical to review all into detail.
However, there are still common characteristics in current studies of these organic
chemicals. So far, the following five aspects are mainly involved in the current
research interests of emerging contaminants in aquatic ecosystem, including: (i)
monitoring their occurrence in environmental water and sediment along with
development of analytical approaches; (ii) exploring their environmental fate in
surface water under natural conditions; (iii) evaluating the ecotoxicity using
model organisms at different trophic levels combined with the ecological risk
assessment; (iv) extending the occurrence monitoring to the aquatic organisms so
as to probe the possibilities of bioaccumulation and bioamplification; (v)
developing advanced techniques in sewage treatment to achieve the efficient
elimination of these contaminants. It is noticeable that these research branches are
closely related to each other and jointly providing a comprehensive knowledge of
the emerging contaminants in the aquatic environment.
Looking into the occurrence studies of various emerging contaminants in natural
waters, they are more usually found in the surface water of rivers and offshore
marine areas other than lakes and creeks in the remote regions. For example,
pharmaceuticals are some of the typical groups that are frequently detected in the
surface water due to their good water solubility (Godoy et al., 2015; Verlicchi et
al., 2012). For some contaminants with slightly higher lipophilicity, such as flame
retardants, accumulation in the sediment are often observed. (Drage et al., 2015;
Zhang et al., 2015) At the same time, the regional distribution is always
investigated in the occurrence study of numerous emerging contaminants with the
aims of pointing out their emission sources or the influence factors on their
ongoing existence in aquatic environment. Additionally, seasonal variation is also
investigated in the occurrence studies of some emerging contaminants with
periodic features. For instance, higher concentrations of sunscreen agents were
observed in recreational beaches in Japan during hot season due to the intensive
consumption of these personal care products in summer (Sankoda et al., 2015).
Since the majority of the emerging contaminants found in natural waters are
non-regulated pollutants, standard methods for their determination in the
3

environmental samples are not available yet. At present, HPLC-MS/MS is the
most widely employed analytical approaches for the identification and
quantification of these organic chemicals, which is able to simultaneously provide
high accuracy and good sensitivity (Farré et al., 2012). Moreover, besides SPE,
lots of extraction and preconcentration methods focusing on the emerging
contaminants have been developed with good efficiencies, including liquid-liquid
extraction, solid-phase microextraction, stir bar sorptive extraction and so on
(Pedrouzo et al., 2011).
Considering the worldwide occurrence of emerging contaminants in aquatic
ecosystems, it is also important to understand their environmental fate under
natural conditions. Firstly, the half-life of one compound in water environment is
usually studied to evaluate its persistence against the natural attenuation. In river
water, the half-lives of four commonly detected estrogens (estriol, estrone,
17β-estradiol, and 17α-ethinylestradiol) were evaluated as 2-3 hours at
environmentally relevant concentrations (Lin and Reinhard, 2005). Longer
half-lives of 1.5 to 82 days were observed for eight pharmaceuticals
(acetaminophen, atorvastatin, caffeine, carbarnazepine, levofloxacin, sertraline,
sulfamethoxazole, and trimethoprim) in surface water (Lam et al., 2004). In
general, hydrolysis, photolysis and aerobic biodegradation are frequently
observed for the emerging contaminants in surface waters (Khanal et al., 2006;
Mezcua et al., 2006; Richardson, 2008). As they decay, lots of by-products
(including the intermediate products, transformation products, degradation
products and excreted metabolites) are generated (Farré et al., 2008). With the
detection techniques of high resolution mass spectrometry, 19 transformation
products of 52 pesticides, biocides, and pharmaceuticals were identified in seven
representative surface water samples (Kern et al., 2009). Furthermore, the
environmental impacts of the generated by-products are remained largely
unknown and thus causing increasing study interests. Although presenting at the
limited concentrations in the water environment, these by-products may exhibit
even more harmful effects to the aquatic system compare to their parent
compounds. Increment of toxicity was observed during the degradation of 15
emerging contaminants in the real effluent wastewater tested via Vibrio
fisheri (Klamert et al., 2010). Additionally, for many emerging contaminants,
4

sorption onto the suspended solids can easily happen once they are discharged
into the environmental waters (Daughton, 2004).
As study continues, it is necessary to know the aquatic ecotoxicity of the
emerging contaminants as much as possible in order to evaluate their
environmental impact reasonably. In practice, ecotoxicity tests usually involve
assays of acute and chronic toxicity using indicator species from different trophic
levels including: algae, bacteria, crustaceans and fish. Vibrio fischeri, Daphnia
magna, and Danio rerio as well as some microalgae are the most common and
representative aquatic organisms with standard methods available. Effective/no
effect concentrations of the tested compound are calculated according to the
different toxicological responses of the species. For example, a series of toxicity
data for an antimicrobial, triclosan, tested with different trophic groups including
invertebrate (D. magna), fish (P. promelas) and algae (P. subcapitata) were
reported as 390, 260 and 0.53 µg/L, respectively (Orvos et al., 2002; Yang et al.,
2008). In addition, based on the obtained ecotoxicity results of a substance, such
as EC50 and LOEC, the value of PNEC can be subsequently calculated and then
it is important to perform the ecological risk assessment of this compound to fill
the gaps in this research area. The calculated risk quotient (RQ) > 1 indicates a
potential risk could be expected to the aquatic ecosystem (Brausch and Rand,
2011).
As soon as they are emitted into the water environment, some lipophilic
contaminants readily accumulate in aquatic organisms. UV filters have been
worldwide detected both in marine and freshwater organisms, including whitefish
and prawns in Norway (Langford et al., 2015), farmed snappers in China (Peng et
al., 2015) as well as mussels in France (Groz et al., 2014) , with a wide
concentration range from <1.0 up to thousands of ng/g. Therefore, new problems
arise because of the bioaccumulation of these emerging contaminants, such as
endocrine

disruption effects

and

food

contamination.

Meanwhile, the

bioconcentration factors (BCF) of some substances have been evaluated to
provide a better understanding of their environmental behaviors. For example, a
BCF level of under 100 was calculated for benzodiazepines using marine mussels
(Gromez et al., 2012). Moreover, bioamplification of these chemicals is likely to
occur through the food wed in aquatic ecosystem. Higher concentrations of
5

benzotriazole UV stabilizers had been reported in the species at higher trophic
levels, such as hammerhead sharks and coastal birds when compared with those
in the tidal flat organisms (oyster and clam) and shallow water species (crab and
shrimp) in Japan (Nakata et al., 2009). As the result, the presence of emerging
contaminants in aquatic biota is showing a long-term impact to ecological
circulation.
It has reached broad consensus that the incomplete removal of emerging
contaminants in the effluent discharges is becoming one of the major sources for
these chemicals releasing into the aquatic environment. Therefore, the efficient
elimination of these substances in WWTPs should play a significant role to
restrain their extending in aquatic environment and also make a great effort to
improve their environmental management. At this stage, many advanced
oxidative processes aiming at the emerging contaminants have been developed
including catalytic photoirradiation (UV/TiO2), ozonation as well as solar
application in conjunction with varied oxidizer, such as H2O2, hypochlorite and
fenton reagents (Sang et al., 2014). In many studies, high removal efficiencies
were always achieved. Four different parabens received 62-92% elimination in a
UV/H2O2 system and similar efficiencies were also obtained when using
photo-fenton (Lucas and Peres, 2015). Removal efficiencies up to 73-91% for
three types of pharmaceuticals: diclofenac, sulfamethoxazole and carbamazepine
were observed in the ozonation and combined ultrasound/ozonation treatments
(Naddeo et al., 2015). However, there is still a long way to explore more powerful
and environmental friendly techniques as effective barriers against a wide range
of micropollutants all together.
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1.3 Target compounds in this thesis work
Among a wide range of emerging contaminants, the environmental behaviors for
two classes of chemicals mainly used in the personal care products have been
taken into consideration in this study. One is hydrophilic compounds—artificial
sweeteners and the other one is the moderate hydrophobic compounds—UV
filters. Herein we introduce the chemical properties and using features of these
two target groups to provide some essential information for further study.
1.3.1 Artificial sweeteners
Artificial sweeteners are being used as sugar substitutes in considerable and
increasing amounts in food and beverages, especially for those who are diabetic
and/or obese. They have also been used in other personal care and pharmaceutical
products (Zygler et al., 2009) such as toothpastes. Although, from the beginning
of their use, there has been controversies over their risk as potential carcinogens
(Weihrauch and Diehl, 2004), these sweetener compounds are generally
considered to be safe for use in foodstuffs (Kroger et al., 2006; Cohen et al.,
2008). Some of the low-calorie sweeteners currently approved by different
international authorities as direct food additives include acesulfame, aspartame,
cyclamate, saccharin and sucralose (US FDA, 2006; EU, 2003). Other flavorings
are continually begin developed and are increasingly commonly used in
foodstuffs, especially because they confer longer shelf-life. Just as these
compounds are metabolically inert to human, they are also inert to the
environment. Outstanding chemical stability in these sweeteners means they are
passed out mainly unchanged into the domestic wastewater treatment system,
with the intact compounds enter the aquatic environment almost directly.
Common mechanical and secondary microbial digestion can only partially
mineralize and remove sweetener pollutants. Ironically, these chemical and
biological recalcitrance compounds have been valued as ideal marker properties
for tracing the influence of wastewater in the environment (Buerge et al., 2009).
Now, that attitude is shifting, as concern for their ecological effects are
considered, due to such long-term existence.
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1.3.2 UV filters
Organic UV filters, as the active ingredients in the sunscreen products, are able to
prevent the solar radiation by absorbing UV-A (320-400 nm) and UV-B (280-320
nm) (Nakata et al., 2009). These sunscreen compounds have aromatic moieties
and the substitutions at the aromatic ring are the key elements for the UV
spectroscopic properties. An increase in the number of resonance structures
stabilizes the excited state, thus leading to stronger absorption (Osterwalder et al.,
2014). Currently, the frequently applied UV filters in the personal care products
mainly include: benzophenone derivatives, salicylates, cinnamates, camphor
derivatives, p-aminobenzoic acid and its derivatives, etc. (Sánchez-Quiles and
Tovar-Sánchez, 2015). Unfortunately, some of these ingredients are reported to
exhibit adverse effects in animal tests. Displaying effects on mammalian and
amphibian cells

similar to

natural

estrogen, these

chemicals

disrupt

estrogen-receptor signaling (Klann et al., 2005) and eventually alter physiological
and developmental processes through antagonisms towards the androgen and
progesterone receptors (Schreurs et al., 2005). For this reason, in the laudable
effort to protect consumers, several international bodies have filed regulations on
the use of UV filter compounds. The European Union (EU) currently certifies 16
compounds for use as sunscreen agents while the United States Food and Drug
Administration (US FDA) and the Pharmaceutical Affairs Law (PAL) in Japan
(Chisvert and Salvador, 2007) permit 17 and 27, respectively. At the same time,
the concentration limits of organic UV filters that can be added in sunscreen
products range from 2 to 20 % according to worldwide regulations
(Sánchez-Quiles and Tovar-Sánchez, 2015). Combining such high content with
their massive consumption, these chemicals are inevitably drained to aquatic
environment sourced from daily water use and activities. So far, various types of
UV filters, such as BP-3, 4-MBC, EHMC, OC and OD-PBAB, have been
detected in environmental matrices. In consequence, their potential impacts on the
aquatic ecosystem need to be explored and the environmental concerns related to
their lipophilicity, ecotoxicity and the endocrine disruptive effects attract research
interests as well.
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1.4 Objectives of this thesis work
This thesis is going to probe the environmental fate of two groups of emerging
contaminants, namely artificial sweeteners and UV filters, in aquatic ecosystem,
as well as evaluate their ecological impacts on water environment.
Firstly, to establish analytical method based on UPLC-MS/MS, targeting twelve
UV filters in environmental matrices, including surface water and aquatic
organisms.
Secondly, to investigate their environmental occurrence in local aquatic
ecosystem, as well as study the regional distribution and seasonal pattern of these
contaminants, in order to explore the factors that affect their occurrence in water
environment.
Thirdly, to study the photostability of two artificial sweeteners and seven UV
filters in aqueous phase, and monitor their possible transformation pathways and
the by-products.
Fourthly, also to study their phototoxicity in aquatic ecosystem in order to gain
more knowledge about their long-term impacts on water environment.
Finally, to evaluate their ecological risk to the aquatic ecosystem, and therefrom
compare the distinct impacts of these emerging contaminants on freshwater
environment versus marine aquatic compartment.

9

1.5 References
[1] Brausch J.M., Rand G.M., 2011. A review of personal care products in the
aquatic

environment:

Environmental

concentrations

and

toxicity.

Chemosphere 82, 1518-1532. DOI: 10.1016/j.chemosphere.2010.11.018
[2] Buerge I.J., Buser H.-R., Kahle M., Müller M.D., Poiger T., 2009. Ubiquitous
occurrence of the artificial sweetener acesulfame in the aquatic environment:
an ideal chemical marker of domestic wastewater in groundwater. Environ.
Sci. Technol. 43, 4381-4385. DOI:10.1021/es900126x
[3] Chisvert A., Salvador A., 2007. UV filters in sunscreens and other cosmetics.
Tanning and whitening agents. Regulatory aspects and analytical methods, in
Chisvert A., Salvador A. (Eds), Analysis of cosmetic products. Elsevier, pp.
83-120.
[4] Cohen S.M., Arnold L.L., Emerson J.L., 2008. Safety of saccharin. Agro
Food Ind. Hi-Tech. 19, 24.
[5] Daughton C.G., 2004. Non-regulated water contaminants: emerging research.
Environ. Impact Assess. Rev. 24, 711-732. DOI:10.1016/j.eiar.2004.06.003
[6] Drage D., Mueller J.F., Birch G., Eaglesham G., Hearn L.K., Harrad S., 2015.
Historical trends of PBDEs and HBCDs in sediment cores from Sydney
estuary,

Australia.

Sci.

Total

Environ.

512,

177-184.

DOI:10.1016/j.scitotenv.2015.01.034
[7] Elcombe C.R., Elcombe B.M., Foster J.R., Farrar D.G., Jung R., Chang S.C.,
Kennedy G.L., Butenhoff J.L., 2010. Hepatocellular hypertrophy and cell
proliferation in Sprague-Dawley rats following dietary exposure to
ammonium perfluoroocranoate occurs through increased activation of the
xenosensor nuclear receptors PPARα and CAR/PXR. Arch. Toxicol. 84,
787-798. DOI:10.1007/s00204-010-0572-2
[8] Ema M., Kobayashi N., Naya M., Hanai S., Nakanishi J., 2010. Reproductive
and developmental toxicity studies of manufactured nanomaterials. Reprod.
Toxicol. 30, 343-352. DOI:10.1016/j.reprotox.2010.06.002
[9] EU, 2003. European Parliament and Council Directive 2003/115/EC of 22
December 2003 amending Directive 94/35/EC on sweeteners for use in
10

foodstuffs.
[10] FarréM., Kantiani L., Petrovic M., Pérez S., BarcelóD., 2012. Achievements
and future trends in the analysis of emerging organic contaminants in
environmental samples by mass spectrometry and bioanalytical techniques. J.
Chromatogr. A 1259, 86-99. DOI:10.1016/j.chroma.2012.07.024
[11] Farré M., Pérez S., Kantiani L., Barceló D., 2008. Fate and toxicity of
emerging pollutants, their metabolites and transformation products in the
aquatic

environment.

Trac-Trends

Anal.

Chem.

27,

991-1007.

DOI:10.1016/j.trac.2008.09.010
[12] Fei C.Y., McLaughlin J.K., Lipworth L., Olsen J., 2009. Maternal levels of
perfluorinated chemicals and subfecundity. Hum. Reprod. 24, 1200-1205.
DOI:10.1093/humrep/den490
[13] Fent K., Weston A.A., Caminada D., 2005. Ecotoxicology of human
pharmaceuticals.

Aquat.

Toxicol.

76,

122-159.

DOI:10.1016/j.aquatox.2005.09.009
[14] Godoy

A.A.,

ecotoxicological

Kummrow
effects

P.,
and

Pa,plin
risk

P.A.Z.,

assessment

2015.
of

Occurrence,

antihypertensive

pharmaceutical residues in the aquatic environment – A review. Chemosphere
138, 281-291. DOI:10.1016/j.chemosphere.2015.06.024
[15] Gomez E., Bacheot M., Boillot C., Munaron D., Chiron S., Casellas C., Fenet
H., 2012. Bioconcentration of two pharmaceuticals (benzodiazepines) and
two personal care products (UV filters) in marine mussels (Mytilus
galloprovincialis) under controlled laboratory conditions. Environ. Sci. Pollut.
Res. 19, 2561-2569. DOI:10.1007/s11356-012-0964-3
[16] Groz M.P., Bueno M.J.M., Rosain D., Fenet H., Casellas C., Pereira C.,
Maria V., Bebianno M.J., Gomez E., 2014. Detection of emerging
contaminants (UV filters, UV stabilizers and musks) in marine mussels from
Portuguese coast by QuEChERS extraction and GC-MS/MS. Sci. Total
Environ. 493, 162-169. DOI:10.1016/j.scitotenv.2014.05.062
[17] Kern S., Fenner K., Singer H.P., Schwarzenbach R.P., Hollender J., 2009.
Identification of transformation products of organic contaminants in natural
11

waters by computer-aided prediction and high-resolution mass spectrometry.
Environ. Sci. Technol. 43, 7039-7046. DOI:10.1021/es901979h
[18] Khanal S.K., Xie B., Thompson M.L., Sung S., Ong S.-K., van Leeuwen J.,
2006. Fate, transport, and biodegradation of natural estrogens in the
environment and engineered systems. Environ. Sci. Technol. 40, 6537-6546.
DOI:10.1021/es0607739
[19] Klamerth N., Rizzo L., Malato S., Maldonado M.I., Agüera A.,
Fernández-Alba A.R., 2010. Degradation of fifteen emerging contaminants at
µgL-1 initial concentrations by mild solar photo-Fenton in MWTP effluents.
Water Res. 44, 545-554. DOI:10.1016/j.watres.2009.09.059
[20] Klann A., Levy G., Lutz I., Müller w., Hildebrandt J.P. 2005. Estrogen-like
effect of ultraviolets screen 3-(3-methylbenzylidene)-camphor (Esuolex 6300)
on cell proliferation and gen induction in mammalian and amphibian cells.
Environ. Res. 97, 274-281. DOI:10.1016/j.envres.2004.07.004
[21] Klaunig J.E., Hocevar B.A., Kamendulis L.M., 2012. Mode of action
analysis of perfluorooctanoic acid (PFOA) tumorigenicity and human
relevance.

Reprod.

Toxicol.

33,

410-418.

DOI:10.1016/j.reprotox.2011.10.014
[22] Kroger M., Meister K., Kava R., 2006. Low calorie sweeteners and other
sugar substitutes: a review of the safety issues. Compr. Rev. Food. Sci. Food
Saf. 5, 35-47.
[23] Langford K.H., Reid M.J., Fjeld E., Øxnevad S., Thomas K.V., 2015.
Envieonmental occurrence and risk of organic UV filters and stabilizers in
multiple

matrices

in

Norway.

Environ.

Int.

80,

1-7.

DOI:10.1016/j.envint.2015.03.012
[24] Lei M., Zhang L., Lei J., Zong L., Li J, Wu Z., Wang Z., 2015. Overview of
emerging contaminants and associated human health effects. Biomed Res. Int.
2015, article ID 404796. DOI: 10.1155/2015/404796
[25] Lam M.W., Young C.J., Brain R.A., Johnson D.J., Hanson M.A., Wilson C.J.,
Richards S.M., Solomon K.R., Mabury S.A., Aquatic persistence of eight
pharmaceuticals in a microcosm study. Environ. Toxicol. Chem. 23,
12

1431-144. DOI: 10.1897/03-421
[26] Lin A.Y.-C., Reinhard M., Photodegradation of common environmental
pharmaceuticals and estrogens in river. Environ. Toxicol. Chem. 24,
1303-1309. DOI:10.1897/04-236R.1
[27] Lucas M.S., Peres J.A., 2015. Removal of emerging contaminants by fenton
and UV-driven advanced oxidation processes. Water Air Soil Pollut. 226: 273.
DOI:10.1007/s11270-015-2534-z
[28] Maipas S., Nicolopoulou-Stamati p., 2015. Sun lotion chemicals as endocrine
disruptors. Horm.-Int. J. Endocrinol. Metab. 14, 32-46.
[29] Mezcua M., Ferrer I., Hernando M.D., Fernández-Alba A.R., 2006.
Photolysis and photocatalysis of bisphenol A: identification of degradation
products

by

liquid

chromatography

with

electrospray

ionization/time-of-flight/mass spectrometry (LC/ESI/ToF/MS).Food Addit.
Contam. 23, 1242-1251. DOI:10.1080/02652030600889541
[30] Naddeo V., Uyguner-Demirel C.S., Prado M., Cesaro A., Belgiorno V.,
Ballesteros F., 2015. Enhanced ozonation of selected pharmaceutical
compounds by sonolysis. Environ. Technol. 36, 1876-1883. DOI:
10.1080/09593330.2015.1014864
[31] Nagel S.C., Bromfield J.J., 2013. Bisphenol A: a model endocrine disrupting
chemical with a new potential mechanism of action. Endocrinology 154,
1962-1964. DOI:10.1210/en.2013-1370
[32] Nakata H., Murata S., Filatreau J., 2009. Occurrence and concentrations of
benzotriazole UV stabilizers in marine organisms and sediments from the
Ariake

Sea,

Japan.

Environ.

Sci.

Technol.

43,

6920-6926.

DOI:10.1021/es900939j
[33] Orvos D.R., Versteeg D.J., Inauen J., Capdevielle M., Rothenstein A.,
Cunningham V., 2002. Aquatic toxicity of triclosan. Environ. Toxicol. Chem.
21, 1338-1349. DOI:10.1002/etc.5620210703
[34] Osterwalder U., Sohn M., Herzog B., 2014. Global state of sunscreen.
Photodermatol.

Photoimmunol.

DOI:10.1111/phpp.12112
13

Photomed.

30,

62-80.

[35] Pedrouzo M., Borrull F., MarcéR.M., Pocurull E., 2011. Analytical methods
for personal-care products in environmental waters. Trac-Trends Anal. Chem.
30, 749-760. DOI:10.1016/j.trac.2011.01.009
[36] Peng X., Jin J., Wang C., Ou W., Tang C., 2015. Multi-target determination of
organic ultraviolet absorbents in organism tissues by ultrasonic assisted
extraction and ultra-high performance liquid chromatography-tandem mass
spectrometry.

J.

Chromatogr.

A

1384,

97-106.

DOI:10.1016/j.chroma.2015.01.051
[37] Petrie B., Barden R., Kasprzyk-Hordern B., 2015. A review on emerging
contaminants in wastewaters and the environment: Current knowledge,
understudied areas and recommendations for future monitoring. Water Res.
72, 3-27. DOI: 10.1016/j.watres.2014.08.053
[38] Richardson S.D., 2008. Environmental mass spectrometry: Emerging
contaminants

and

current

issues.

Anal.

Chem.

80,

4374-4402.

DOI:10.1021/ac800660d
[39] Righi E., Bechtold P., Tortorici D., Lauriola P., Calzolari E., Astolfi G.,
Nieuwenhuijsen M.J., Fantuzzi G., Aggazzotti G., 2012. Trihalomethanes,
chlorite, chlorate in drinking water and risk of congenital anomalies: a
population-based case-control study in Northern Italy. Environ. Res. 116,
66-73. DOI: 10.1016/j.envres.2012.04.014
[40] Sánchez-Quiles D., Tovar-Sánchez., 2015. Are sunscreens

a new

environmental risk associated with coastal tourism? Environ. Int. 83, 158-170.
DOI:10.1016/j.envint.2015.06.007
[41] Sang Z, Jiang Y. Tsoi Y.-K., Leung K.S.-Y., 2013. Evaluating the
environmental impact of artificial sweeteners: A study of their distributions,
photodegradation

and

toxicities.

Water

Res.

52,

260-274.

DOI:

10.1016/j.watres.2013.11.002
[42] Sankoda K., Murata K., Tanihata M., Suzuki K., Nomiyama K., Shinohara R.,
2015. Seasonal and diurnal variation of organic ultraviolet filters from
personal care products used along the Japanese coast. Arch. Environ. Contam.
Toxicol. 68, 217-224. DOI: 10.1007/s00244-014-0106-7
14

[43] Sauvé S. and Desrosiers M., 2014. A review of what is an emerging
contaminant. Chem. Cent. J. 8:15. DOI: 10.1186/1752-153X-8-15
[44] Schilling K., Bradford B., Castelli D., Dufour E., Nash J.F., Pape W., Schulte
S., Tooley I., van den Bosch J., Schellauf F., 2010. Human safety review of
‘nano’ titanium dioxide and zinc oxide. Photochem. Photobiol. Sci. 9,
495-509. DOI:10.1039/b9pp00180h
[45] Schreurs R.H.M.M., Sonneveld E., Jansen J.H.J., Seinen W., van der Burg B.,
2005. Interaction of polycyclic musks and UV filters with the estrogen
receptor (ER) androgen receptor (AR), and progesterone receptor (PR) in
reporter

gene

bioassays.

Toxicol.

Sci.

83,

264-272.

DOI:10.1093/toxsci/kfi035
[46] US FDA, 2006. Artificial sweeteners: no calories…sweet! FDA Consumer
Magazine 40(4), 27-28.
[47] Villanueva C.M., Cordier S., Font-Ribera L., Salas L.A., Levallois P., 2015.
Overview of disinfection by-products and associated health effects. Curr.
Environ. Heal. Rep. 2, 107-115. DOI:10.1007/s40572-014-0032-x
[48] Verlicchi P., Al Aukidy M., Zambello E., 2012. Occurrence of pharmaceutical
compounds in urban wastewater: Removal, mass load and environmental risk
after a secondary treatment – A review. Sci. Total Environ. 429, 123-155.
DOI:10.1016/j.scitotenv.2012.04.028
[49] Weihrauch M.R., Diehl V., 2004. Artificial sweeteners-do they bear a
carcinogenic

risk?

Ann.

Oncol.

15,

1460-1465.

DOI:

10.1093/annonc/mdh256
[50] Yang L.-H., Ying G.-G., Su H.-C., Stauber J.L., Adams M.S., Binet M.T.,
2008. Growth inhibition effects of 12 antibacterial agents and their mixture
on the freshwater microalgae Pseudokirchneriella subcapitata. Environ.
Toxicol. Chem. 27, 1201-1208. DOI: 10.1897/07-471.1
[51] Zhang Z.-W., Sun Y.-X., Sun K.-F., Xu X.-R., Yu S., Zheng T.-L., Luo X.-J.,
Tian Y., Hu Y.-X., Diao Z.-H., Mai B.-X., 2015. Brominated flame retardants
in mangrove sediments of the Pearl River Estuary, South China: Spatial
distribution, temporal trend and mass inventory. Chemosphere 123, 26-32.
15

DOI:10.1016/j.chemosphere.2014.11.042
[52] Zygler A., Wasik A., Namiesnik J., 2009. Analytical methodologies for
determination of artificial sweeteners in foodstuffs. Trac-Trends Anal. Chem.
28, 1082-1102. DOI: 10.1016/j.trac.2009.06.008

16

Chapter 2 Photodegradation and Ecotoxicity Study of
Artificial Sweeteners

2.1 Introduction
While having a long tradition as safe food additives, artificial sweeteners are a
newly recognized class of environmental contaminants due to their extreme
persistence and ubiquitous occurrence in various aquatic ecosystems. Resistant to
wastewater treatment processes, they are continuously introduced into the water
environments. Widespread occurrence of artificial sweeteners such as
acesulfame and sucralose have been recorded from nano- to microgram levels in
various rivers and lakes of European countries (i.e. Switzerland, Germany,
Austria, Sweden, Serbia, Spain, UK, Belgium, Netherland, France, Italy and
Norway) and North America (Loos et al., 2009; Mead et al, 2009, Torres et al.,
2011). To date however, their environmental behaviors, fates as well as long term
ecotoxicological contributions in our water resources still remain largely
unknown.
Artificial sweeteners degrade at varying rates under different environmental
conditions. Incubated in aerobic soils for a period of 1-3 months, acesulfame and
sucralose showed signs of slow degradation, suggesting even the most persistent
sweeteners are not necessarily inert to microbial actions (Buerge et al., 2011). In
addition, positive observation of photo-induced decomposition and initial
by-product identification in sucralose (Calza et al, 2013), indicated another
probable course of natural elimination after prolonged exposure to sunlight.
These findings significantly highlight another critical issue: namely, the formation
and accumulation of potentially more deleterious by-products from natural
degradation of artificial sweeteners. Indeed, there have been well-documented
examples involving various other persistent organic pollutants including
polyaromatic hydrocarbons (PAHs), pharmaceuticals, pesticides and personal care
products, in which the enhancement in degradation toxicity, especially
phototoxicity, has clearly implied unforeseen environmental consequences over
the long term (Petersen and Dahllof, 2007; Klamerth et al., 2010). For instance,
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under natural sunlight, sulfonamides increased as much as 16.5-fold in toxicity.
Because these compounds are so commonly used, they pose a continuous threat
(Jung et al., 2008). In contrast, little attention has been paid to the degradation
fate of artificial sweeteners, until only recently a new study has measured the
photo-induced toxicity for sucralose subsequent to catalytic degradation. By
comparing the activity of marine bioluminescence bacteria in irradiated sucralose
samples, a real-time experiment revealed an observable elevation in toxicity due
to the production of photo-transformation intermediates (Calza et al., 2013). The
increase in toxicity was not quantified in that study; however, its relative results
signal the importance of further investigation to verify, quantify and characterize
these phototoxic effects. On a further note, current environmental safety standards
in total unawareness of their degradation fate and phototoxic effect are likely to
underestimate the actual impact of artificial sweeteners, which the field with the
present state of knowledge is still unable to comprehend.
Given these situations and needs, a comprehensive environmental study should be
undertaken to evaluate and characterize the environmental fate of artificial
sweeteners. To compensate for blind spots in existing environmental impact
reviews on these chemicals, we studied the photo-degradation of persistent
acesulfame and sucralose to determine their transformation profile and
intermediate products, as well as to systematically evaluate any short-term marine
toxicity induced by UV irradiation. To our knowledge, this is the first time that
the phototoxicity of acesulfame and sucralose were systematically quantified and
compared. In long term to alleviate the threat from and sustain a safer use of
artificial sweeteners, the application of a more efficient retention/removal barrier
in wastewater treatment becomes a necessary task. Nowadays, photo-disinfection
by means of UV irradiation has already received recognition in wastewater and
drinking water purification works. It is also important to remark that with the use
of oxidants, photocatalytic treatment is an increasingly promising way to cope
with refractory organic pollutants (Chong et al., 2010). For this reason, the
present study explored the feasibility of TiO2-assisted photocatalysis to achieve
complete mineralization. Results from this aspect of our study offer a practical
solution for the problem of developing effective pollution control of artificial
sweeteners.
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2.2 Experimental
2.2.1 Chemicals and reagents
Chemical standards for the artificial sweeteners sucralose and acesulfame
potassium were purchased from Sigma-Aldrich (MO., USA). Titanium dioxide (≥
99.5%) with Aeroxide® P25 specifications (i.e., a c.a. 21 nm particle size and a
35-65 m2/g surface area) was used, as supplied by Sigma Aldrich. Milli-Q water
(Millipore, Blilerica, MA, USA) of 18.2 ΩM∙cm was used to prepare all aqueous
solutions. For chromatographic separation and analyses, HPLC grade methanol
(Tedia, OH, USA) was used as the mobile phases. Reagents for Microtox
bioassays, including lyophilized bacteria, reconstitution solution, diluent (2%
NaCl), and osmotic adjusting solution (22% NaCl), were purchased from SDIX
(Newark, DE, USA). 100 μL/L phenol used as the method control was obtained
from Thermo Scientific (Waltham, MA, USA).
2.2.2 Photodegradation profiling
To evaluate the degradation toxicity of sucralose and acesulfame, these two
sweeteners were firstly photo-degraded for toxicity screening. Photocatalytic
reaction was carried out in a lab-made irradiation chamber of dimensions 32
(W)×32(D)×36(H) cm3 and equipped with a concentric series of sixteen UV
germicidal lamps (Sankyo G8T5, Japan) emitting at 253.7 nm wavelength and
128 W total power. A calibrated time switch was also accessorized for precise
time control of the irradiation experiment.
To prepare photocatalytic reaction, accurately weighed TiO2 was suspended in a
25-mL sweetener solution with a sweetener:catalyst ratio=1:20 (m/m) in a 50 mL
Pyrex conical flask. Two initial concentrations of 400 mg/L (with 200 mg TiO2)
and 20 mg/L (with 10 mg TiO2) each sweetener were observed, looking for any
dependence of pathway on the kinetic parameter. At specific time intervals after
initiation of UV irradiation, 1-mL aliquots of the suspension were withdrawn,
filtered through 0.22 μm nylon and analyzed.
2.2.3 Instrumental analysis
An Acquity Ultra Performance LC system (Waters, MA., USA) was employed for
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all photo-degradation and removal studies of artificial sweeteners. It consisted of
an auto-injector with a 10-μL sample loop and a temperature controlled column
compartment. An injection volume of 5 μL was used for all samples. Two sets of
instrumental conditions using different columns and elution conditions were
specifically applied to retrieve photocatalytic degradation profiles of acesulfame
and sucralose.
To analyze irradiated samples of sucralose, an Acquity BEH C18 (2.1 i.d. × 50
mm 1.7μm, Waters) column was used with a C18 guard column. Deionized water
and methanol were applied as mobile phases A and B, respectively. No buffer salt
was added to minimize adduct formation that interferes detection and elucidation
of the photodegradation products. Separation was afforded under constant 0.4
mL/min flow rate with an 18-min gradient programme: 98% mobile phase A was
initially run for 1 min before linearly decreasing to 10% over 10 min, after which
it was held constant for another minute. Then the composition was rapidly
ramped back up to 98% and equilibrated for 5 min.
To separate acesulfame and its irradiation by-products, an Acquity BEH C8
column was used packed with (2.1 i.d. × 100 mm 1.7μm, Waters) with an inlet
filter. At a flow rate of 0.3 mL/min, the same mobile phases made up of deionized
water (A) and methanol (B) were used for a 13-min gradient: mobile phase A
initially ran for 1 min, was then decreased to 80% over 0.5 min, then further
brought down to 5% over 5.5 min; after 1-min at that level, the composition was
stepped back up to 98% mobile phase A over another minute and then finally
equilibrated.
The UPLC system was hyphenated to a Quattro Ultima triple quadrupole mass
spectrometer (Waters, MA., USA) with an electrospray interface operated in
negative ionization mode at -2.5 kV capillary voltage. The source and desolvation
temperatures were set at 150 °C and 300 °C, respectively. Nitrogen was used with
a cone gas flow of 150 L/hr for nebulization and of 600 L/hr for desolvation.
Instrument control, data acquisition and processing were performed using
MassLynx software.
2.2.4 Bioluminescent Microtox test
The phototoxicity of sucralose and acesulfame was evaluated by conducting acute
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toxicity screening in irradiated samples. According to the obtained degradation
profiles, degraded sweeteners were collected separately at the precise irradiation
time of peak breakdown. Collected samples were concentrated and lyophilized
with a freeze-dryer (Ilshin, Model FD 5512, Netherlands) to a dry powder. The
combined mass of degradates mixture was accurately weighed and reconstituted
with Milli-Q water for subsequent toxicity testing.
The acute toxicity bioassay was conducted using a Microtox Model 500 analyzer
(Modern Water, Guildford, UK) with the marine bacterium Vibrio fischeri as a
bioluminescent indicator. The toxicant-induced inhibition of luminescence of V.
fischeri was measured by recording the decay after 5 and 15 min of exposure to a
serial dilution of the sweetener’s degradates and comparing to a blank control,
which contained the same 2% sodium chloride reagent as other samples only
without the addition of degradates. The effective concentration at which the
irradiated sweetener caused 50% inhibition (EC50) was calculated using
MicrotoxOmni software. Parallel tests were performed in phenol as reference
toxicant for positive control with an EC50 criterion set in a typical 13-26 mg/L
range for quality assurance.
2.2.5 Removal treatment
The experimental arrangements (including irradiation parameters, catalyst
composition and hardware set-up) of the removal treatment for sucralose and
acesulfame were set up according to the photocatalytic conditions described in
section 2.2.2. Initial levels at 1 and 5 mg/L were respectively taken to evaluate
removal efficiencies of sucralose and acesulfame. Removal progress was
monitored at time intervals by withdrawing 1-mL aliquot to UPLC-MS/MS
analysis. A total irradiation time of 300 min was adopted as that time period had
proven sufficient for complete degradation of both sweeteners.
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2.3 Results and discussions
2.3.1 Degradation toxicity
Chemically designed to give no nutritional value and minimal respiratory
metabolic output, artificial sweeteners are highly stable and have been shown
resistant to breakdown during sewage treatment. In fact, extensive environmental
occurrence data worldwide has implied that the influence of their immutability on
their distribution and fate in the environment is monumental. Of the commonly
used artificial sweeteners, acesulfame and sucralose have been consistently
detected in untreated wastewaters and treated effluent plume (Scheurer et al.,
2010; Robertson et al., 2013), signifying a strong recalcitrance of the sweeteners
and a severe lack of removal efficiency through conventional wastewater
treatment processes. As they are discharged, these high stability sweeteners
continue to persist in the environment with half-life of up to several years (Lubick,
2008), such that acesulfame was still detected in a wastewater plume after a
residence time of about 1.5 years (Scheureret al., 2009). For this reason, ironically,
both acesulfame and sucralose have been valued as potential chemical markers
for tracing domestic wastewater in the aquatic environment (Buerge et al., 2009;
van Stempvoort et al., 2011; Oppenheimer et al., 2011). With this level of
persistence together with their tendency to disperse, these compounds are likely
to affect a much larger area within a body of water as they accumulate over time.
Yet, there is little scientific data revealing the fate and chronic effect of artificial
sweeteners on the environment.
Photo-enhancement of toxicity due to exposure to natural sunlight has been
widely documented in PAHs, antibiotics and other pharmaceutical products
(Petersen and Dahllof, 2007; Jung et al., 2008; Dantas et al., 2010; Klamerth et al.,
2010). This evidence implies that the natural irradiation is an important factor in
determining the actual consequences of unregulated persistent organic pollutants.
As we all know, the oxidative species in natural water, most notably HO, 1O2,
and CO3-, are generated by sunlight irradiation of photosensitizers, such as some
dissolved organic matters, and play an important role in the indirect
photo-transformation and decomposition of those decomposition (Vione et al.,
2013). To simulate this process in lab-scale, in this part of study, photocatalytic
22

experiments followed by initial toxicity tests were performed to assess the long
term hazard of photo-induced degradation of the persistent sweeteners acesulfame
and sucralose.
The present study was designed to simulate the photo-induced degradation that
occurs when sweeteners undergo prolonged exposure to UV irradiation. To
monitor the long reaction process in much shorter timeframe, irradiation
experiments were assisted by heterogeneous TiO2 catalyst which has been
commonly applied in the phototoxicity study of other organic compounds (Sousa
et al., 2012; Selli et al., 2008). Especially, for such applications as the removal
and degradation of estrone, carbofuran and methyl orange micropollutants, the
Aeroxide P25 with well-defined specifications (i.e. a 21 nm particle size, an
extensive 50 m2/g surface area and a rutile: anatase phase ratio about 3:2) is
earning increasing respect as a prototype catalyst to deliver exceptional
photosensitized oxidative efficiency over other larger sized rutile and anatase
composites (Fenoll et al., 2013, Han et al., 2012, Da Dalt et al., 2013). Formation
of superoxide and hydroxyl radicals at the water-semiconductor interface
promotes the degradation reaction of sweeteners as a consequence of light
absorption by TiO2 (Hoffman et al., 1995). The transformation profiles of the
parent compound as well as the product ions were followed real-time by
UPLC-ESI-MS analysis. In order to further verify any behavioral variation
specific to the starting concentration of the original compound, we have also
performed parallel experiments applying initial levels of 20 and 400 mg/L to
observe possible change in reaction pathways. Irradiated samples were
subsequently collected at a defined timestamp to quantify photo-enhanced
toxicity of both sweeteners with special focus on their ecological impact to
marine environment. To this end, marine bacteria V. fischeri was adopted in this
work based on the Microtox acute toxicity test standardized by ISO 11348-3 (ISO,
2007). By measuring the respiratory inhibition of the bioluminescent bacteria
induced by the original/irradiated samples, absolute EC50 (half maximal effective
concentration) values were obtained for toxicity comparison. To the best of our
knowledge, a comprehensive comparison between the photo-degradation toxicity
of sucralose and acesulfame has yet been investigated.
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2.3.1.1 Sucralose
Sucralose decomposition assisted by photocatalysis and thermal treatment has
been previously studied. Subjecting sucralose to dry heat reportedly led to
glycosidic bond cleavage by a different pathway and at a different dissociation
position than its non-chlorinated analogue sucrose (Rahn and Yaylayan, 2010). In
the presence of two electronegative chlorine atoms, degradation of sucralose
releases a fructose moiety whereas degradation of sucrose releases a
fructofuranosyl cation. Calza et al. (2013) have explained these degradation
results by an alternative route, namely by the photo-fenton reaction of sucralose.
However, unlike in thermal decomposition, the position of glycosidic bond
breakage mediated by homogeneously catalyzed reaction remained inconclusive.
These results strongly suggest that molecular transformation depends on the
mechanism and reaction conditions (e.g. presence of water and reactive radical
species) inducing it.
In the current study, we recreated a realistic simulation of sucralose’s
transformation simply by applying physical stimulants, namely photo irradiation.
MS analysis using negative ESI mode detected four UV/TiO2 photocatalytic
product ions with m/z ratios of 216, 411, 447, and 457 as shown in Fig-2.1b. A
major degradation intermediate with a molecular ion at m/z 216 could be
tentatively

identified

as

a

fructose

moiety,

namely

1,6-dichloro-1,6-dideoxyfructose of an empirical formula C6H10O4Cl2. This
observation was closely consistent with that in thermal degradation, which is that
bond cleavage occurs adjacent to the six-membered glycoside. If true, this
confirms an important detachment detail previously not reported in the
photo-fenton study. Furthermore, the inspection of the base peak at m/z 411
revealed the possibility of monohydroxylation to the parent molecule in our
photo-oxidative reaction, indicating a new transformation pathway which would
be absent in dry pyrolysis treatment. Our results also provide evidence showing
the presence of an even more complex reaction that may involve oxidation and
recombination, ultimately leading to the previously unreported formation of ions
with higher molecular masses.
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Figure-2.1 Photocatalytic degradation profiles of (a) sucralose at 20 mg/L and (b) its four product ions
monitored in real time

Real-time monitoring during our photocatalytic experiment revealed that all four
intermediates emerged upon initiation of UV irradiation. Due to the lack of
reference chemicals, it was not possible to perform absolute quantification; we
could only compare relative abundance among the parent and product ions. The
similarity of the abundance trends for the four product peaks as shown in Fig-2.1b
suggests that they were all primary degradation ions for which all transformation
reactions took place at comparable rates. The product ions were rapidly formed
while degradation of sucralose was observed roughly following a first-order
decay (Fig-2.1a). Accumulation of these ions peaked at approximately one-third
of the time it took for complete sucralose decomposition. After that point, all
products decayed rapidly, reaching flat-line shortly after sucralose. Comparison
of the degradation profiles between 20 and 400 mg/L revealed the same
transformation trend: the intermediate ions were short-lived and were degraded
twice as fast as the parent compounds. An identical set of degradation ions was
also present in similar proportions regardless of initial sweetener concentrations
of irradiation experiment; therefore the higher concentration (i.e. 400 mg/L) was
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selected for downstream phototoxicity evaluation of sucralose.
In order to measure the environmental impact consequent to photo-degradation,
Microtox experiments were carried out on irradiated samples with the maximum
concentration of the intermediate ions that would best reflect the phototoxicity of
sucralose. Irradiated samples were collected, lyophilized, accurately weighed to
obtain a set of absolute EC50 values for valid comparison. Based on the
evaluation of bioluminescent inhibition in V. fischeri, acute toxicity of sucralose
has been significantly enhanced from 2670 mg/L to 156.2 mg/L due to the
production of by-products. Toxic contribution by TiO2 catalyst was considered,
and the test therefore included TiO2 in a sweetener-free negative control sample
which showed no inhibition effect. This leads us to believe that the formation of
photo-degradates were solely responsible for the observed toxicity enhancement.
Although it could be argued that both sucralose and by-products with
experimental EC50 values >100 mg/L belong to the same category of “not
harmful” as defined by the European Union with regard to marine organisms
(European Commission, 1996), such magnification power in photo reaction
pushes irradiated sucralose close to the “harmful” (of a criterion of 10-100 mg/L)
category.
2.3.1.2 Acesulfame
Like sucralose, the extent of understanding the degradation of acesulfame is
currently limited to food chemistry. In acidic environments, acesulfame
undergoes

hydrolytic

decomposition

to

form

acetoacetamide

and

acetoacetamide-N-sulfonic acid (WHO Food Additive Series 16). Transformation
can also be achieved by ozone-based chemical treatment in wastewater. In the
presence of ozone, ring cleavage at the carbon double bond in the six-member
acesulfame ring has been reported; the reaction involves an aldehyde hydrate as a
major ozonation intermediate and produces acidic by-products (e.g. acetic acid,
formic acid and oxalic acid) (Scheurer et al., 2012). Yet, data was insufficient to
allow reasonable depiction for its natural degradation fate of acesulfame in
environmental waters.
Upon catalytic UV irradiation of acesulfame in our study, we were able to
identify a total of twelve base ion peaks based on full scan and SIM mode in mass
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spectrum analysis (Fig-2.2). According to their kinetic behavior during the
experiments these ions could be categorized into two groups with distinctive
transformation profiles. Group I, which comprised four ions with base peaks at
m/z 154, 180, 194 and 212 (Fig-2.2b), was characterized by rapid transformation:
highest abundance was recorded at around the half-life of acesulfame parent ion.
Among these four product ions, the presence of acetoacetamide-N-sulfonic acid
(m/z 180) due to ring breakage could be tentatively identified. Group II
comprised another group of molecular ions with m/z 82, 96, 136, 138, 215, 231
and 328 (Fig-2.2c) with much slower reaction response. The appearance of m/z
96 was consistent with aminosulfonic acid, an unreported hydrolytic fragment of
the broken ring structure. During the real-time irradiation study, Group II ions
reacted so slowly that we were unable to observe an exhaustion point within a
span of time 2 hours. Although the depletion rate of Group I ions was at least
twice that of Group II ions, there was not sufficient evidence to implicate a
sequential relationship between the groups. In contrast to the sweetener sucralose,
photo-degradation of acesulfame was shown to involve more complex
transformation processes which ultimately prolonged its persistence in form of its
degradation products. Evaluation of the risk led by these degradation residues
becomes meaningful in defining its long-term environmental safety.
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Figure-2.2 Photocatalytic degradation profiles of (a) acesulfame at 20 mg/L, of which twelve products ion
were monitored in real time in (b) Group I and (c) Group II.

The original acesulfame compound as a legally allowed food additive was proven
minimally toxic to a variety of aquatic biological models, including zebra fish,
golden orfe, D. magna, etc. The same conclusion could be drawn from our
Microtox screening with an EC50 value of 72190 mg/L. Primary findings of
current screening test also showed significantly elevated toxicity in irradiated
samples. After photo treatment, the acute inhibition effect in V. fischeri was
significantly amplified to EC50=125.5 mg/L, at a measureable magnification
factor of 575. Irradiated samples containing the maximum amount of degradation
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by-products were collected and tested after 19 hours of UV treatment. At this
point where >99.5% degradation of acesulfame was accounted for, the measured
toxicity enhancement has to be attributed to the accumulation of its degradates.
This number also represents an unusual finding when compared to other
persistent organic pollutants in which the enhancement factor is rarely over 20
times. At such level of elevation, several pharmaceutical products and pesticides
have already received much attention as pollutants in water environments (Jung et
al., 2008; Dantas et al., 2010). Data herein reveal even high toxicity elevation in
artificial sweeteners that signifies probably more serious ecological impact which
has been overlooked. The combination of degradation and toxicity data clearly
demonstrates that during prolonged irradiation, stable compounds much more
toxic than the parent acesulfame were formed, adding a new dimension to the
issue concerning the fate of artificial sweeteners. The traditional perspective
which focuses on their basic occurrence becomes inadequate to provide formal
assessment in environmental risk while scientific data strongly mandates more
considerations throughout transformation stages of the molecule.
In our studies, sucralose has decayed relatively slowly compared to acesulfame,
meaning a stronger resistance for sucralose to degradative stimuli. Worldwide
occurrence studies which documented higher detection frequency lead us to agree
with the notion that sucralose potentially poses greater hazard than other
sweeteners. Now we have numerical toxicity data and kinetic profiles that enable
direct comparison between sucralose and acesulfame. New evidence clearly
shows that acesulfame, which degrades into more persistent and toxic
by-products in exposure to sunlight, poses a longer-term ecological impact than
sucralose. How should WWTPs handle these threats? One possible measure is to
intercept artificial sweeteners before they enter the environment. Ideally, an
attenuation mechanism that can effectively mineralize artificial sweeteners in
domestic wastewater becomes urgently needed.
2.3.2 Removal treatment
Worldwide environmental researchers consistently agree that the stability of
sucralose and acesulfame sweeteners and their resistance to chemical and
biological degradation enable them to be tracking tools for wastewater
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contamination in surface waters. Sucralose and acesulfame have been reported to
be inert to partly degradable in conventional wastewater treatment processes.
Aerobic bioreactor showed no effects in degrading both persistent sweeteners
(Scheurer et al., 2010), while only less than 2.5% consumption of sucralose was
recorded in anaerobic experiments (Torres et al., 2011). Similarly, chemical
treatment with chlorine was proven not to work effectively with the two targets.
Under the most intensive chlorination at 100 mM for 96 hours, sucralose removal
up to 79% could be achieved, yet this level is difficult to realize in typical
treatment practice. Filtration by granular activated carbon (GAC) has been more
useful to decontamination other hydrophobic organic pollutants, and to a limited
extent, sucralose (Lange et al., 2012). However, massive sorbent waste
consequent to the use of GAC would create even more complicated disposal and
regeneration issues.
Several advanced methods employing more powerful mechanisms have been
evaluated. Ozonation is able to achieve partial removal for acesulfame at a rate of
18-60% and sucralose at 8-15% (Scheurer et al., 2010). Performance was
susceptive to slight changes in ozone contact times and dosage. Further, its
corrosive nature, high capital cost and energy consumption have made ozonation
a less ideal choice for treatment. UV irradiation that is commonly used for water
disinfection, on the other hand, presents a much milder and more economical
option. UV irradiation, without any use of catalytic reagent, has showed limited
effect on both stable sweeteners, with the best elimination rate recorded for
acesulfame as 35% (Torres et al., 2011; Soh et al., 2011). Based on our
observation in the current TiO2-assisted degradation study, complete degradation
under oxidative irradiation indicates that mineralization for both compounds is
highly feasible in the presence of a photocatalyst. In fact, solar application has
been working in conjunction with different oxidizers, including hydrogen
peroxide, hypochlorite, chlorine dioxide, as well as photo-sensitized TiO2 and
fenton reagents, in advanced oxidation processes which are increasingly viewed
as effective barriers against a wide range of micropollutants (Sichel et al., 2011;
Metz et al., 2011; Kurbus, et al, 2003; Bauer et al., 1999). In particular,
heterogeneous catalyst TiO2, which can be applied in immobilized or suspension
forms, offers unsurpassed advantages over other solution-based reagents in terms
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of easier post-treatment separation and regeneration (Bauer et al., 1999).
Preliminarily, the removal efficiency of sucralose in TiO 2 photocataysis has been
evaluated in a tentative study (Calza et al., 2013). Experimental work carried out
in long-wavelength (360 nm UVA range) condition with a low-power lamp (40 W)
has reportedly achieved mineralization after a 4-hour irradiation period. Results
without considering parallel germicidal application in wastewater treatment could
only provide a realistic depiction to a limited extent.
In this work, the efficiency and application feasibility of UV/TiO2 photocatalytic
treatment targeting sucralose and acesulfame were reviewed at environmentally
and technically relevant levels. Real-time removal tests were carried out under the
same physical condition as the photodegradation study: sweetener samples were
irradiated by 128 watts germicidal UVC lamps at 254 nm in a TiO2 suspension
(sweetener:catalyst ratio=1:20 m/m). As shown in Fig-2.3a, a solution of
acesulfame of catalytic radiation was able to achieve at least 99.9% removal
within 45 min, and up to 100% with an extra 15 min. For sucralose, due to its
stronger persistence, a longer time was required to reach complete degradation: it
took 120 min to remove 99.8% (Fig-2.3b). With the assistance of TiO2, this
photocatalytic approach presents a more powerful barrier to sweetener
micropollutants than irradiation treatment that is primarily intended for
disinfection purposes. In fact, the use of a catalyst and its applied ratio have
shown a kinetic influence on the production of reactive hydroxyl radical species,
and thus the rate of degradation reaction. To initially compare the dose effect of
catalyst, a preliminary experiment was performed using a lower a ratio at 1:10
which resulted in a significant delay of total acesulfame depletion beyond 120
min. Knowing that acesulfame is a less stable compound than sucralose, a much
longer time was expected in sucralose to completely mineralize at low catalytic
dose. To better model a real-life treatment application, future development of
photosensitized reaction is recommended to employ a catalyst dose equivalent to
or more than 1:20, at which a 20 to 30-min contact time is sufficient to fulfill a
minimal quality criterion at 84-97% removal for both sweeteners. In comparison
with other oxidative techniques such as ozone that only give <80% removal at
similar time allowance, this level of performance of UV/TiO2 is superior in
delivering a good efficiency in a reasonable period of time.
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Figure-2.3 Removal efficiencies of the sweeteners (a) 5 mg/L acesulfame and (b) 1 mg/L sucralose under
photocatalytic conditions

Although TiO2-based photodegradation batch experiments has demonstrated good
application feasibility for enhancing removal of sweeteners, a vast majority of
studies focusing on more general organic pollutants have indicated major
constraints in adapting bench-top systems to the municipal treatment scale. One is
the challenge in providing a cost-effective solid-liquid separation for slurry-type
photocatalytic reactors (Chong et al, 2010). When considering the practicality of
photocatalytic water treatment technology, an effective process preferably takes
place in a continuous-flow configuration with the catalyst immobilized or
functionalized onto a fixed inert carrier; some recent examples are aluminum foil,
glass and quartz fibres, ceramic tiles, glass slides, luffa sponge, etc. (Botia et al.,
2012; Carbonaro et al., 2013; Devipriya et al., 2012). In lab-scale, immobilization
of TiO2 on transparent quartz fiber reportedly has permitted a better transmittance
of UV through the total reactor volume when compared to a suspension system
(Bauer et al., 1999). For the current photocatalytic removal technique to be scaled
up to a field-scale treatment unit targeting persistent sweeteners, a flow-through
simulation reactor must be built to work out the critical parameters controlling the
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photomineralization kinetics specifically for sweetener pollutants, such as catalyst
loading, surface morphology, light photon distribution, mass transfer on
photosensitized surface, etc. In addition, considering that the active reaction unit
in real operation must continuously accommodate a fresh stream of influent water,
a continuous-flow system instead of a circulated batch reactor should be
evaluated for deterioration, inhibition and deactivation of photocatalyst
(Carbonaro et al., 2013). Note that lab-simulation data based on pure standard
should require further assessment and verification in real waters (i.e. raw water,
wastewater). Naturally present organic matters and other water constituents have
been considered potential interferences to photodegradation (Yang and Ying,
2013). In order to potentiate an effective technical transfer, the impact of water
matrices influencing positively or negatively on the removal efficiency of
artificial sweeteners must be characterized. For a field application to sustain
heavy-duty continuous treatment that meets the emerging standards in
micropollutant control, future research will be directed towards polishing
regenerative strategies, extending catalyst longevity, and promoting a better solar
collecting technology in alternative solar-driven process for a more cost-effective
operation.
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2.4 Chapter summary
Refractory organic micropollutants such as artificial sweeteners have been
regarded as viable tracers of anthropogenically-sourced wastewater in inland
surface waters. Now the persistence and ubiquitous presence of these chemicals is
raising increasing concern because little is known about their behavior and fate.
Our photodegradation study which tracked the behavior of artificial sweetener
over extended pollution periods clearly illustrated that both acesulfame and
sucralose were substantially degraded under simulated natural UV conditions.
Real-time observation revealed that the photo-induced transformation of
acesulfame leads to a collection of more persistent by-products that are >500
times more toxic than the parent compound. Results implied that acesulfame is
significantly more phototoxic than other organic pollutants reported thus far. For
the first time, degradation toxicity of acesulfame and sucralose is directly
compared, and this comparison refutes the general assumption that sucralose is a
more environmentally endangering sweetener species because of higher
persistence of the parent compound.
With the aim of finding a way to reduce the environmental impact of these
sweeteners and their associated degradation products, our further investigation
was focused on the mineralization treatment in order to intercept their
environmental entrance. Photo-treatment integrates with advanced oxidation by
TiO2 catalyst is here suggested as a feasible cost-effective mechanism that is able
to promote total mineralization within 30 min. This level of performance is seen
to exceed other developing advanced oxidation treatments such as with ozone and
photo-fenton reagent. While it has been typically applied as a disinfection tool,
UV irradiation working along with TiO2 photocatalyst presents a powerful
solution for the control of persistent contaminants in effluents. This highlights the
need for an upgrade in the current irradiation processes to accomplish
decontamination in addition to disinfection.
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Chapter 3 A Comprehensive Occurrence Investigation of UV
Filters in Local Aquatic Environment and Their
Removal Treatment Study

3.1 Introduction
The growing concern over the risk associated with UV radiation exposure have
popularized the inclusion of organic UV filters in a wide array of personal care
products, such as sun creams, cosmetics, skin lotions, lipsticks, hair dyes and
shampoos. Many of these products contain as much as 10% active chemical
ingredients (Sánchez-Quiles and Tovar-Sánchez, 2015). However, these
ingredients were found capable of inducing various toxicological effects via
increased dermal absorption. Current toxicity information suggests widespread
application of these substances could be risky.
In recent years, UV filters are also causing environmental concerns because of
high consumption volumes and their endocrine disrupting potency. As a
consequence of their extensive use in a wide variety of commercial products,
these chemicals inevitably enter the aquatic environment, not only through water
recreational (i.e. swimming and bathing) activities, but also indirectly from
showering, laundry and even sewage, via WWTPs. It has been estimated that the
loadings of four commonly used UV filters, namely BP-3, EHMC, 4-MBC and
OC, in WWTPs are as high as 28-118 g per 10000 persons per day during high
consumption periods (Balmer et al. 2005). However, the elimination efficiencies
of these sunscreen compounds in sewage treatment plants were found to be
limited (Leal et al., 2010; Li et al., 2007; Tsui et al., 2014a). As a result, the
constant emission of UV filters could be a long term challenge to the water
environment.
In fact, active environmental monitoring campaigns targeting UV filters have
been taking place, mostly in Europe and USA. EHMC, BP-3 and OC were most
frequently found in rivers and lakes within a wide concentration range from
below tens to thousands ng/L levels (Poiger et al., 2004; Zenker et al., 2008; Fent
et al., 2010). Even higher levels of UV filters were found in seawater samples
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(Tarazona et al., 2010; Nguyen et al., 2011). Unfortunately, research activities
related to UV filters in Asia, especially in China, are limited. Japan, one of the
major UV filter-producing Asian countries, has made progress in documenting
the occurrence of benzotriazole-type UV stabilizers in marine animals and
sediment in Ariake Sea (Nakata et al., 2009). Similarly in Korea, a large scale
monitoring survey confirmed the presence of benzophenone derivatives in rivers,
ground soil and sediments (Jeon et al., 2006). Recently, twelve widely used UV
filters were detected in Hong Kong marine environment within the concentration
range of 24-6812 ng/L (Tsui et al., 2014b). Comparing reports from Asia and
Europe, differences in the distribution patterns of analytes, as well as the major
deviations in their data can highlight important correlations among the production,
usage and contamination profiles of UV filters on regional basis.
More than being detected in the effluent received rivers and seawater, UV filters
were also found in ground water and tap water in Spain at the concentration levels
up to hundreds ng/L (Díaz-Cruz et al., 2012; Gago-Ferrero et al., 2013; Rodil et
al., 2009). This may suggest the hazard of these contaminants has extended to the
drinking water supply system and threatened the health of human beings. Looking
back to Hong Kong, more than 80% of our drinking water is supplied from
Dongjiang, a tributary of the Pearl River. However, simultaneous urban
development in the Pearl River Delta region has caused deterioration in raw water
quality and imposed potential risk to the drinking water arriving in Hong Kong.
Until now, new class of xenobiotics, including organic UV filters, have not yet
been included in the routine quality control of both imported and renewed
drinking water sources. Hong Kong is awaiting original research evaluation on
local contaminations to supporting a good environmental management and
reliable water supply.
Chemical stability of sunscreen chemicals has become another core issue
concerning the removal efficiency of treatment processes. Inadequate elimination
of these chemicals in WWTPs through preliminary screening treatment and
chemically enhanced primary treatment had been previously reported (Li et al.,
2007; Tsui et al., 2014a). Consequently, more sophisticated processes are needed
to be further explored. Ozonation is the high-regarded tertiary treatment
processing by oxidative destruction of recalcitrant chemicals. Reportedly,
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ozone-treated reclaimed water still carries about 57-72% of the original BP-3,
4-MBC, EHMC and OC over into non-potable end-uses in Tianjin, China (Li et
al., 2007). Their study also indicated that un-optimized ozone treatment
conditions, including applied dosage and hydraulic residence time, as the major
reasons for poor removal of sunscreens. Besides, the removal efficiency of BP-3
higher than 84% was observed in a municipal wastewater treatment plant
equipped with full-scale post-ozonation (Hollender et al., 2009). Comparing with
some other advanced processes in sewage treatment, like UV irradiation and
visible light photocatalysis, ozonation was reported as the most efficient
technique in removal of non-polar pollutants in wastewater (Santiago-Morales et
al., 2013). Therefore, it is reasonable to believe that ozonation would be able to
provide a more powerful solution on the removal of UV filters in effluent, if the
appropriate operational conditions were found.
In this chapter, a comprehensive occurrence study in local water environment was
carried out to evaluate the characteristics and impacts of twelve UV filters, which
belong to some of the major groups, namely benzophenone (BP-1, BP-2, BP-3,
BP-8, 4-HB and 4-DHB), benzylidene camphor (4-MBC and 3-BC),
p-aminobenzoic acid (OD-PABA and Et-PABA), cinnamate (EHMC) and
octocrylene (OC). In the first step, analytical method based on SPE sample
clean-up and UPLC-MS/MS was validated to identify and quantify twelve UV
filters in the environmental water samples, including seawater and fresh water.
Occurrence profiles of detected sunscreen compounds in Hong Kong marine
environment in thirty sampling locations along the coast were determined.
Seawater samples were collected both in summer and winter. Accordingly, the
seasonal variation and regional distribution of target UV filters in local marine
was presented. At the same time, we also monitored the occurrence of these UV
filters in the drinking water supply system of Hong Kong, including the source
water from Dongjiang, raw water from the reservoirs both in Shenzhen and Hong
Kong, as well as the tap water collected from local dwellings. Finally, to achieve
a more efficient elimination, we studied the removal technique of ozonation
specific to these twelve UV filters, including the operational conditions,
individual decay kinetic and the removal efficiency of each analyte. Consequently,
the present study has provided basic knowledge of the sunscreen compounds in
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local environment and gained more awareness of emerging contaminants in
marine ecosystem. Additionally, we have also offered a practical solution for the
effective control of these contaminants.
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3.2 Experimental
3.2.1 Chemicals and reagents
Chemical standards for BP-1 (purity, 99%), BP-2 (97%), BP-3 (CRM), BP-8
(98%), 4-HB (98%), 4-DHB (99%), Et-PABA (CRM), 4-MBC (>99%), EHMC
(CRM) and OC (CRM) were obtained from Sigma-Aldrich (St. Louis, MO, USA);
OD-PABA (95%) was purchased from TCI (Shanghai, China); 3-BC (90-100%)
was obtained from MP Biomedical (Irvine, CA, USA). 1000 mg/L individual
stock solution of each UV filter was prepared in pure methanol and then stored in
the sealed amber glass vessel kept at 4℃. Then a mixture standard solution of
twelve UV filters at the concentration of 100 mg/L was prepared in methanol with
above stocks and daily diluted to 100 µg/L with Milli-Q water, for quantitative
measurement in occurrence study. At the same time, the working solutions of
twelve UV filters in mixture for ozonation study were also daily prepared in
Milli-Q water using above 100 mg/L mixture standard solution. Ascorbic acid
(CRM) employed as the chemical quencher for ozonation reaction was purchased
from Sigma-Aldrich (St. Louis, MO, USA).
Solvents including Milli-Q water (Millipore, Bedford, MA, USA), LC-MS grade
methanol (Duksan Pure Chemicals, Seoul, Korea), and formic acid (98% purity,
Merck, Rahway, NJ, USA) were used in this study.
Nitrogen gas (>99.99%) and ultra-high purity (UHP) oxygen (>99.997%) were
supplied by Linde HKO Limited (Hong Kong).
3.2.2 Sample locations and collection
3.2.2.1 Seasonal collection of seawater
Seawater samples were collected from thirty locations along the coastline of
Hong Kong (Fig-3.1) from east to west, in order to provide a comprehensive
distribution profile. The city of Hong Kong is located on the Southeastern coast
of China towards the northwest part of the South China Sea. Hong Kong depends
on the sea for navigation, recreation, seafood production and the supply of
flushing and cooling water, so keeping the marine environment clean is important
to the public. To regularly monitor the local marine water quality, ten Water
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Control Zones are officially divided covering the entire marine area of Hong
Kong, including in the open sea, semi-enclosed bays and typhoon shelters, and
there are total 94 sampling stations set in this programme for seawater collections
within the monthly quality monitoring (EPD, 2015). Therefore, this is an essential
reference for making a sampling plan aiming to monitor the occurrence of the
selected UV filters in Hong Kong marine environment. In practice, thirty
locations selected for seawater collection in this study are almost following the
sampling stations designated in ten Water Control Zones. Meanwhile, considering
the major ways for UV filters entering the aquatic environment, which are the
direct input via water recreational activities and the indirect release through
sewage discharge (Groz et al., 2014), the selected sampling locations should able
to reflect the influence of these two aspects. On one hand, parts of the sampling
locations are close to the public beaches as well as some seaside and water
recreational areas. For example, locations S1-3 in Sai Kung, S26-28 in south of
Hong Kong Island, along with S19-20 and S29 in Tuen Mun typically represent
the effects of water recreational activities as the direct input of UV filters entering
the environment. On the other hand, some sampling locations are designated
around the outfalls of the effluent tunnels, mainly including S6-12 in Victoria
Harbour, S23-25 in Tolo Harbour, S21-22 in west Tuen Mun, and S15 in
southwest of Hong Kong Island, which are highly affected by receiving the
treated sewage in a long period. Additionally, we also collected waters from the
remote areas far from the anthropogenic contamination and sewage discharges,
which were expected as the contrast samples with less pollution, such as locations
of S14 nearby Disneyland and S30 in Ha Pak Lai.
Seawater samples were collected from all locations in both winter (February) and
summer (August) in 2013, in order to capture the seasonal differences in
occurrence of UV filters in Hong Kong marine environment. During the sampling
period in winter, the temperature of seawater were measured as between 17.4 and
21.1℃, while it increased to the range of 26.0-30.4℃ in summer.
For each sampling location, 3 L of surface seawater was collected at 2-m depth
using a Van Dorn sampler and stored in opaque high-density polyethylene bottles
rinsed with methanol in advance. Collected samples were filtered through 0.2 µm
membrane and subject to immediate analysis. All samples were frozen and stored
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at -20℃ until used.

Figure-3.1 Map of Hong Kong coastline showing seawater sampling locations

3.2.2.2 Drinking water supply system of Hong Kong
In this study, sample collection in the drinking water supply system of Hong
Kong is consisted of three parts: the source river water of Dongjiang in
Guangdong, raw water in reservoirs located both in Shenzhen and Hong Kong,
and the treated tap water in urban area of Hong Kong.
River water samples from Dongjiang were collected in May 2014, at six locations
in Huizhou and Dongguan (Fig-3.2). Dongjiang is originated from Jiangxi
province flowing southwestwards across northeastern Guangdong and finally runs
into the Pearl River Delta. As major single source of raw water supply for Hong
Kong, Dongjiang water is delivered starting from 1960s up to now. The intake of
the raw water is located at the junction between Huizhou and Dongguan, and then
the extracted water is pumped to Shenzhen Reservoir for next transfer (WSD,
2015). Therefore, three sampling locations (DJ1, DJ2, and DJ3) were selected
along the main stream of Dongjiang passing through the urban district of Huizhou
from east to west, which were situated at upstream from the intake of the raw
water at Taiyuan Pumping Station. Location DJ1 is inside the Huizhou city and
DJ2 is nearby Boluo Bridge, while DJ3 is close to Taiyuan Pumping Station.
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Three pumping stations along Shima River, a tributary of Dongjiang
longitudinally passing through Dongguan, were selected as another three
sampling locations (DJ4, DJ5, and DJ6) southwards to Shenzhen Reservoir.
Location DJ4 is also close to Taiyuan Pumping Station but at downstream, while
DJ5 and DJ6 are nearby Qiling and Jinhu Pumping Stations, respectively.

Figure-3.2 Sketch map of Dongjiang-Shenzhen Water Supply Project showing river water sampling locations

Samples of impounded water were collected from Shenzhen Reservoir and
another two local reservoirs in Hong Kong, namely Kowloon Reservoir and Shek
Lei Pui Reservoir. As an important component of Dongjiang-Shenzhen Water
Supply Project and the last link in Shenzhen, Shenzhen Reservoir receives the
raw water pumped from Dongjiang, where the raw water is pretreated by
bio-nitrification and subsequently transported by pipelines across the border to
Hong Kong. For another two studied reservoirs in Hong Kong, Kowloon
Reservoir and Shek Lei Pui Reservoir are located in the New Territories and
mainly designed for rainfall catchment as the supplementary of drinking water
(WSD, 2015).
At the same time, tap water supplied for local dwellings and campus were
collected in two urban districts of Kowloon Tong and Kowloon City, for which
the processed water there were provided by Sha Tin Waterworks.
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Sampling for the freshwater above, three water samples with the volume of 3 L
were taken from each location. The storage and pretreatment were in the same
way previously described in section 3.2.2.1. Samples of tap water were freshly
collected within 1-2 hr before analysis.
3.2.3 Analytical method
An analytical method for simultaneous determination of twelve UV filters in real
water samples was developed by modifying the established method in previous
studies (Rodil et al., 2008; Negreira et al., 2009). Supelclean LC-18 SPE
cartridges (500 mg/3 mL, Supelco, PA, USA) were used for sample clean-up and
pre-concentration of 100 mL environmental water. The SPE cartridge was
conditioned with 3 mL × 3 of methanol follow by 3 mL × 3 of Milli-Q water.
Then the sample was loaded onto the cartridge with the speed of 1 drop/sec.
Afterward, 3 mL × 3 of Milli-Q water was added to wash the cartridge. Later, the
cartridge was kept drying for 30 min under the vacuum. In the end, the extracts
were eluted by 3 mL methanol/Milli-Q water (50/50, v/v) followed by 3 mL
methanol with the speed of 0.5 drop/sec. The eluent was subsequently transferred
into a round-bottom flask for rotary evaporation at 60℃ until less than 1 mL
liquid left and the solvent was then totally dried under a gentle nitrogen stream
with purity of 99.9%. Finally, the sample was reconstituted wit 1 mL
methanol/Milli-Q water (50/50, v/v) and filtered via 0.22 µm nylon membrane
(Grace, IL, USA) before instrumental analysis.
Matrix-matched calibration curves combined with standard addition quantitative
method for individually analyzing target UV filters were established. A five-point
calibration curve was prepared by spiking the standard solution of twelve UV
filters in mixture at a series concentration levels of 0, 0.25, 0.50, 0.75, 1.00 µg/L
into 100 mL water samples. This analytical method was validated before being
applied to the occurrence study. Linearity of the calibration curve for each UV
filter in range of 0-1.00 µg/L was tested in Milli-Q water. Method recoveries in
two concentration levels were evaluated by spiking 30 and 100 ng/L of standard
mixture in to water samples and triplicate measurements were carried out in order
to perform the repeatability of this analytical method. LOD and LOQ for twelve
UV filters defined as three and ten times of the signal-to-noise ratio of the analyte
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peak, were calculated to evaluate the method sensitivity.
3.2.4 Bench-scale ozonation experiments
The ozonation treatment of twelve UV filters was performed in laboratory
simulation and the experimental set-up (Fig-3.3) was based on slight modification
of previous works (Singh et al., 2008; Tiwari et al., 2008). Ozone gas was
generated by bench-top Quantum 5 ozone generator (Longevity Resources Inc.
BCID, Canada) using UHP grade oxygen and the output of ozone gas was
maintained as 1.19 mg/min in this study. Then the ozone gas was fed to the
bottom of a 150-mL cylindrical glass vessel through a bubble diffuser. Before the
starting of the ozonation treatment, 100 mL working solution (0.5% v/v methanol)
of twelve UV filters standards in Milli-Q water with the concentration of 0.5
mg/L was poured into the reaction vessel from the top. Since it was begun, the
bubbled ozone passed through the working solution from the bottom to the top
and finally destructed by an external ozone destructor (Longevity Resources Inc.
BCID, Canada). As the experiment going on, 2-mL aliquots sample solution were
withdrawn at specific time intervals and then quenched with 0.5 mL ascorbic acid
at the concentration of 1000 mg/L followed by 2.5 mL methanol added. After
well mixed by 30-sec hand shaking, 1 mL of this quenched solution was filtered
through 0.22 µm nylon membrane for instrumental analysis by UPLC-MS/MS.

Figure-3.3 Experimental set-up for ozonation treatment
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3.2.5 Instrumental analysis
Instrumental analysis for occurrence studies and ozonation treatment of twelve
UV filters was performed using an Acquity Ultra Performance LC system
hyphenated to a Quattro Ultima triple quadrupole mass spectrometer (Waters,
MA., USA). The UPLC system comprises an auto-injector with a 10-mL sample
loop and a temperature controlled column compartment. Chromatographic
analysis for UV filters was carried out with an Acquity BEH C18 column (2.1 i.d.
× 50 mm, 1.7 µm, Waters) as well as an injection volume of 10 µL was applied to
all samples. The mobile phases consisted of a mixture of Milli-Q water (A) and
LC-MS grade methanol (B), both with 0.05% (v/v) formic acid added. The
elution gradient was running from 20% of mobile phase B to 100% within 8 min
and holding for next 1 min then ramped down to initial condition in the following
3 min. The constant flow rate of 0.4 mL/min was applied throughout the elution
program.
MS/MS detection was performed with electrospray interface operated in positive
ionization mode (ESI+) at the capillary voltage of 2.8 kV. The source and
desolvation temperatures were set at 150℃ and 500℃, respectively. Nitrogen
was used with a cone gas flow of 150 L/hr nebulization and of 1000 L/hr for
desolvation. The quantitative analysis was performed in SRM mode. Two major
characteristic fragments of the protonated molecular ion [M+H]+ were monitored
for each analyte to enhance the sensitivity and selectivity. The detection
information for the UV filters including retention time (tR), SRM transition pairs,
cone voltages and collision energies are shown in Table-3.1. Instrument control,
data acquisition and processing were performed using MassLynx software.
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Table-3.1 SRM conditions used in UPLC-MS/MS determination of UV filters
Retention time
SRM transition
Cone voltage
UV filters
(min)
(m/z)
(V)
4-DHB
2.16
215.2 → 121.1
28
215.2 → 93.0
Et-PABA
2.17
166.1 → 138.1
20
166.1 → 94.0
BP-2
2.47
247.2 → 137.1
28
247.2 → 80.9
4-HB
3.14
199.2 → 121.1
28
199.2 → 105.1
BP-1
3.58
215.2 → 137.1
30
215.2 → 105.1
BP-8
3.82
245.2 → 151.0
28
245.2 → 121.0
BP-3
4.35
229.2 → 151.0
30
229.2 → 105.0
3-BC
4.98
241.3 → 105.1
30
241.3 → 97.1
4-MBC
5.30
255.3 → 105.2
28
255.3 → 97.1
OC
5.71
362.4 → 232.0
22
362.4 → 250.0
EHMC
5.79/5.93
291.3 → 161.1
14
291.3 → 179.1
OD-PABA
5.83
278.4 → 151.0
40
278.4 → 166.0
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Collision energy
(eV)
18
30
10
16
17
36
17
16
18
18
19
18
18
18
27
18
30
18
20
11
16
8
30
20

3.3 Results and discussions
3.3.1 Method validation
Validation results including linearity (R2), recoveries, repeatability (RSD), LOD
and LOQ for twelve UV filters are summarized in Table-3.2. In previous studies,
wide concentration ranges for UV filters detected in environmental waters had
been reported. For example, OC was measured at the level of 10-1049 ng/L in
seawater and also BP-3 was detected in range of 10-203 ng/L in the same study in
USA (Bratkovics and Sapozhnikova, 2011); EHMC was detected in rivers with
the concentration ranged from 18 to 1040 ng/L in Japan (Kameda et al., 2011).
Therefore, in order to meet this wide concentration range as much as possible, a
matrix-matched standard addition calibration curve covering the concentration
range of 0-1000 ng/L was validated. The method achieved good linearity with
correlation coefficients (R2) greater than 0.9950 for all targets. Recoveries for
twelve UV filters were tested by spiking the standard solutions at concentration
levels of 30 and 100 ng/L so as to ensure a high accuracy of the method when
being applied to a wide concentration range for each analyte. As shown in
Table-3.2, for all of the result, the satisfactory analyte recoveries in range of
85.3-114.7% were achieved. At the same time, triplicate tests were carried out for
both concentration levels and high repeatability of RSD ≤ 8% (n=3) for all target
compounds were exhibited. LOD and LOQ were calculated as 3 and 10 timed of
the signal-to-noise ratio which were in range of 2.12-9.17 ng/L and 6.41-27.79
ng/L, respectively. This is comparable to the results in previous literature (Rodil
et al., 2008; Pedrouzo et al., 2009; Rodil et al., 2009; Díaz-Cruz et al., 2012).
According to the validation results above, this analytical method was finally
applied to the quantitative analysis of the UV filters in the environmental waters,
including seawater, river water, as well as raw and processed drinking water
collected both in Hong Kong and Guangdong.
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Table-3.2 Summaries of the analytical method validation results
LOD
LOQ
UV filters
Linearity (R2)
(ng/L)
(ng/L)
BP-1
0.9957
3.68
11.15
BP-2
0.9987
8.13
24.64
BP-3
0.9968
2.12
6.41
BP-8
0.9970
4.79
14.52
EHMC
0.9997
3.25
9.85
OC
0.9988
3.03
9.19
4-MBC
0.9964
2.59
7.84
3-BC
0.9972
8.70
26.38
OD-PABA
0.9986
4.91
14.88
Et-PABA
0.9981
9.17
27.79
4-HB
0.9975
8.76
26.56
4-DHB
0.9961
8.70
26.37

Recovery (RSD %, n=3)
30 ng/L
100 ng/L
96.9%
(6.2)
92.2%
(4.0)
114.7%
(5.7)
91.5%
(5.7)
105.2%
(3.3)
94.3%
(6.6)
91.1%
(4.1)
91.5%
(3.5)
91.6%
(5.5)
114.4%
(2.8)
87.7%
(1.6)
104.6%
(4.3)
110.3%
(7.4)
85.3%
(3.1)
98.3%
(4.9)
87.6%
(7.0)
101.3%
(2.7)
111.2%
(4.2)
110.6%
(3.5)
110.2%
(5.3)
96.3%
(6.8)
91.6%
(4.4)
88.0%
(4.6)
86.0%
(5.9)

3.3.2 Environmental occurrence of UV filters in surface seawater
3.3.2.1 Occurrence in Hong Kong seawater
Based on the validated analytical method, the concentration levels of twelve UV
filters in surface seawaters collected from thirty sampling locations in Hong Kong
were determined, both in winter and summer, in order to reveal their distribution
profiles and seasonal variations. A summary of the measured concentrations of
detected UV filters is listed in Table-3.3A and B, including the results in winter
and summer, respectively. Out of twelve target UV filters, five were not detected
in all seawater samples of thirty locations in seasons, namely BP-2, Et-PABA,
3-BC, 4-HB and 4-DHB. Relatively lower concentration levels and detected
frequencies were found for BP-1, BP-8 and OD-PABA and sometimes
concentrations below LOQ were observed for these three analytes. OC, 4-MBC,
BP-3 and EHMC were detected in seawater samples collected from all thirty
sampling locations with moderate to high concentration levels comparing with the
other UV filters all year round.
Individually viewing the results in detail: EHMC was detected as the highest
concentration up to 191.67 ng/L among twelve target UV filters with the mean
values of 122.65 ng/L in winter and 139.36 ng/L in summer. BP-3, 4-MBC and
OC were detected at the comparable moderate levels in seawaters. Results in
winter showed the mean values of BP-3, 4-MBC and OC were measured as 33.31,
34.48 and 31.12 ng/L, respectively, and the concentration ranges were detected as
13.08-70.50 ng/L, 20.39-74.50 ng/L and 11.54-53.86 ng/L, respectively. Similarly
in summer, the mean values for these three UV filters were calculated as 42.44,
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35.17 and 36.23 ng/L, respectively, while their measured concentrations were in
ranges of 26.03-82.35 ng/L, 26.04-67.78 ng/L and 12.72-63.63 ng/L, respectively.
For OD-PABA, BP-8 and BP-1, concentrations below LOQ were frequently
detected and resulted in relatively lower measured levels among all target
compounds. In statistics, 33%, 33% and 73.3% of the results for these three UV
filters in winter were lower than LOQs, while 13.3%, 30% and 66.7% of the
corresponding results in summer were below LOQs. Similarly in OD-PABA and
BP-8, the mean values were measured as 19.19 and 17.61 ng/L in winter and
23.43 and 18.72 ng/L in summer. The determined concentrations for these two
analytes were ranging from below LOQs (14.88 and 14.52 ng/L, respectively) up
to 41.68 and 29.76 ng/L in winter, as well as 46.14 and 29.54 ng/L in summer. At
the bottom of the concentration levels, BP-1 was measured with the mean values
lower than LOQ in both winter and summer, whereas the detected concentration
ranges were up to 16.35 ng/L in winter and 17.96 ng/L in summer. To generally
summarize the measured levels of seven UV filters detected in surface seawater
all over Hong Kong coastal marine , a descending tendency can be observed as
EHMC > BP-3 ≈ 4-MBC ≈ OC > OD-PABA ≈ BP-8 > BP-1.
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Table-3.3A Concentrations (ng/L) ± S.D. (n=3) of UV filters detected in seawater in Hong Kong, winter
2013.
Sampling
location
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15
S16
S17
S18
S19
S20
S21
S22
S30
S23
S24
S25
S26
S27
S28
S29
S30

BP-1

BP-3

BP-8

EHMC

OC

4-MBC

OD-PABA

n.q.
n.q.
n.q.
13.91±1.12
16.35±1.04
n.q.
n.q.
n.q.
n.q.
15.18±1.41
n.d.
n.q.
n.q.
n.q.
n.q.
n.q.
n.q.
n.q.
n.q.
n.q.
15.07±1.36
n.q.
n.q.
n.q.
11.40±1.19
n.q.
16.00±1.55
13.19±1.24
15.17±1.35
n.q.
n.q.

46.20±4.80
41.09±4.38
48.90±3.09
53.51±5.62
30.34±3.25
70.55±4.17
55.65±3.77
41.32±4.37
13.08±1.27
21.08±2.24
21.59±2.18
24.21±2.32
29.72±3.16
20.19±2.09
35.42±2.69
31.03±3.11
19.86±1.72
26.20±2.97
45.86±1.75
26.39±2.20
30.35±2.93
23.74±1.85
32.47±3.30
22.19±2.43
21.63±2.32
23.66±2.12
38.94±2.17
29.23±3.11
40.82±4.60
33.94±3.32
32.47±3.30

15.49±1.42
19.29±1.77
21.70±1.86
24.47±1.93
29.76±2.10
26.47±2.22
n.q.
22.21±2.18
n.q.
n.q.
n.q.
18.10±1.76
15.31±1.12
14.70±1.30
17.24±1.51
n.q.
n.q.
n.q.
n.q.
24.56±2.32
16.15±1.11
n.q.
17.70±1.67
18.41±1.40
14.77±1.16
n.q.
28.86±1.99
22.05±1.96
25.72±2.39
16.71±1.29
17.70±1.67

152.81±12.69
167.72±12.40
95.15±10.49
131.75±12.06
163.64±12.16
99.67±9.78
85.42±9.12
133.42±10.87
163.56±12.68
112.74±9.92
135.57±10.48
124.52±7.14
144.06±12.41
90.43±9.92
135.43±10.73
154.45±14.94
126.48±10.84
109.25±8.31
120.63±10.45
150.60±11.66
115.27±10.18
118.49±8.73
34.15±6.51
148.81±11.21
121.81±12.40
119.28±8.28
153.63±14.30
121.45±11.54
114.54±9.67
34.71±6.73
34.15±6.51

53.86±5.50
49.55±4.81
50.76±5.02
22.53±2.27
40.99±3.00
35.24±3.68
40.11±4.37
20.15±2.38
36.67±3.55
37.63±3.18
19.38±2.16
20.13±1.69
43.55±4.29
43.95±3.55
44.68±4.20
39.59±3.72
30.44±2.85
18.10±1.37
47.81±4.45
38.35±3.48
11.54±1.06
14.53±1.33
29.04±2.65
16.77±1.19
19.87±1.38
12.69±1.11
25.15±2.24
17.51±1.49
13.50±1.38
39.53±3.24
29.04±2.65

31.22±3.12
31.30±4.12
25.93±2.33
29.16±2.42
27.85±3.19
66.77±4.34
74.50±5.57
37.75±4.63
47.89±5.74
51.39±4.69
22.54±2.15
31.33±3.72
24.06±2.29
20.39±1.66
68.18±6.70
33.84±4.05
23.62±1.74
27.71±3.25
32.10±3.21
26.90±2.53
41.89±4.31
26.56±2.21
29.10±3.38
25.49±2.30
29.31±3.09
30.64±2.24
30.79±2.26
26.69±1.68
24.38±1.75
35.16±4.04
29.10±3.38

27.49±2.51
22.15±1.87
17.95±1.63
n.q.
41.68±4.23
32.48±3.05
15.76±1.15
21.30±1.94
27.66±2.44
17.78±1.36
n.q.
n.q.
20.57±1.89
n.q.
20.83±1.87
n.q.
n.q.
n.q.
n.q.
16.54±1.44
25.42±2.11
22.38±1.73
18.54±1.44
15.70±1.28
16.08±1.16
n.q.
22.98±2.05
n.q.
30.70±3.17
21.23±1.89
18.54±1.44

Table-3.3B Concentrations (ng/L) ± S.D. (n=3) of UV filters detected in seawater in Hong Kong, summer
2013.
Sampling
location

BP-1

BP-3

BP-8

EHMC

OC

4-MBC

OD-PABA

S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15
S16
S17
S18
S19
S20
S21
S22
S23
S24
S25
S26
S27
S28
S29
S30

n.q.
n.q.
n.q.
16.13±1.32
13.75±1.47
n.q.
n.q.
11.58±1.16
11.92±1.03
16.45±1.93
n.q.
n.q.
n.q.
n.q.
n.q.
n.q.
n.q.
n.q.
n.q.
n.q.
15.09±1.66
n.q.
n.q.
n.q.
11.45±1.01
17.96±2.03
13.10±1.22
16.35±1.84
n.q.
n.q.

49.29±5.13
57.81±6.47
52.01±4.49
56.47±6.25
35.42±4.10
82.35±6.99
65.54±5.23
55.37±6.04
27.36±3.04
47.71±2.60
30.84±2.07
29.00±1.07
36.68±4.23
33.20±2.16
36.50±4.34
38.70±3.68
35.48±2.80
33.21±2.35
49.04±5.17
39.89±4.99
32.88±2.18
26.03±2.03
41.17±4.15
40.79±4.17
35.91±3.14
46.51±4.26
42.66±4.27
42.19±4.18
36.22±3.42
36.91±3.11

19.81±1.66
21.30±2.13
25.08±2.31
24.58±2.50
29.52±3.06
29.54±3.10
n.q.
23.82±2.36
n.q.
n.q.
n.q.
19.66±2.05
16.98±1.13
18.39±1.72
20.61±1.66
15.56±1.42
17.09±1.69
n.q.
n.q.
27.48±3.17
n.q.
n.q.
15.68±1.36
15.54±1.49
n.q.
21.97±2.22
18.74±1.96
27.56±3.03
21.23±2.06
21.47±2.08

163.77±14.10
178.54±16.36
134.73±12.41
136.46±11.35
191.67±17.11
132.31±11.21
99.05±10.42
159.32±11.26
168.52±14.11
120.51±10.37
176.43±11.23
127.51±10.31
167.04±13.64
112.82±10.98
139.56±11.25
182.12±15.59
149.03±13.48
131.73±12.19
149.49±10.61
153.91±14.11
121.22±10.60
130.52±11.16
124.35±10.76
127.31±11.27
121.17±10.47
134.40±12.25
137.57±11.18
125.49±11.20
102.64±10.88
81.64±10.65

63.63±7.73
55.73±6.92
54.05±5.20
24.06±2.15
47.60±4.34
36.45±4.13
50.80±3.77
21.44±1.12
38.70±4.22
37.07±2.76
30.56±1.33
12.72±1.26
46.44±5.46
41.15±3.80
49.84±3.08
42.48±4.40
36.60±1.20
21.82±2.49
50.25±5.91
40.97±4.13
14.49±1.16
15.93±1.59
44.41±4.57
39.11±2.43
27.70±2.29
32.06±3.38
18.84±2.11
15.50±1.24
44.30±4.14
32.30±3.09

34.23±3.91
36.96±3.00
34.43±2.36
34.72±2.89
30.15±2.02
32.79±2.67
51.99±4.34
38.61±3.40
44.13±4.40
67.78±3.05
28.95±2.47
27.57±1.26
31.25±3.73
27.26±1.97
38.72±3.88
37.15±1.92
33.19±2.81
29.67±2.07
35.23±4.63
28.43±3.47
46.26±4.89
29.18±3.29
37.92±1.88
27.54±2.43
34.34±3.32
34.79±3.43
28.36±2.45
26.04±2.46
35.40±2.81
31.99±2.67

32.75±3.60
22.43±2.33
21.31±2.06
n.q.
46.14±4.70
35.85±3.11
23.32±2.24
22.35±1.68
28.29±3.05
25.21±2.48
15.67±1.23
15.52±1.34
22.61±1.94
28.82±2.23
22.69±1.77
n.q.
18.87±1.52
16.31±1.48
n.q.
17.43±1.33
25.36±1.69
23.21±2.41
16.36±1.31
n.q.
24.81±2.51
24.50±2.22
26.15±2.46
29.90±2.33
45.16±3.66
18.45±1.70

winter: Feb., 2013
summer: Aug., 2013
n.d.: < LOD
n.q.: < LOQ
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Several reasons may contribute to the diversity in the environmental occurrence
of UV filters in surface seawater. First of all, the extent of application and
consumption for each UV filter is suggested as the predominant factor related to
their environmental release. Comparing the worldwide regulation of permitted
UV filters in legislations of eleven countries and economic communities,
including USA, Canada, China, Japan, Korea EU, ASEAN, MERCOSUR and so
on (Sánchez-Quiles and Tovar-Sánchez), EHMC, OD-PABA and BP-3 are widely
allowed in all of these eleven areas with the relatively higher maximum
concentrations in the personal care products in ranges of 7.5-20%, 8-10% and
5-10%, respectively. OC and 4-MBC are also admitted in ten and eight out of
eleven areas with the maximum concentrations in ranges of 10-12% and 4-6%,
respectively. However, limited application is found for BP-1, BP-2, BP-8 and
3-BC. BP-1 and BP-2 are only permitted in Japan and Korea with the maximum
concentration of 10%, whereas 3-BC and BP-8 are allowed in six to seven areas
with the rather lower maximum concentrations of 2% and 3%, respectively. As a
result, regulations for the maximum content of UV filters contained in the
personal care products worldwide lead to the different patterns of their
environmental behaviors in the aquatic compartment, since the tendencies of the
measured levels for target UV filters are generally in accordance with the
regulations in legislations all over the world. In practice, EHMC was detected in
59 (51%) commercial personal care products out of a total of 116 samples
including lipsticks, face creams, hand creams and sunscreens, with the
concentration up to 8.63%, as well as OC was found in 50 (43%) tested samples
in same study, with the concentration up to 9.86%, which were the most
frequently occurring UV filters compared to the others (Manová et al., 2013).
Therefore, the great consumption of some UV filters inevitably contributes to
their high environmental concentrations in aquatic ecosystem.
Secondly, physical and chemical properties of the sunscreen compounds are able
to influence their occurrence in surface water. On one hand, once released into the
water environment, hydrolysis and photodegradation for some of the target UV
filters may occur under long-term solar irradiation. Significant photodegradation
for OD-PABA had been found in water upon artificial solar irradiation (Sakkas et
al., 2003). Likewise, 4-MBC was completely degraded in aqueous phase during a
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photocatalytic process (Sakkas et al., 2009). In consequence, the environmental
concentrations of these compounds can be substantially reduced due to
degradation under natural conditions. On the other hand, good photostability for
BP-3 and OC were previously reported both in water and cosmetic matrix (Rodil
et al., 2009; Kockler et al., 2012). Thus, this characteristic may help with the
long-term existence of these UV filters in water environment and also have high
opportunities to result in their accumulation in aquatic system. The high
lipophilicity of some organic UV filters may affect their water solubility and
subsequently reduce the measured concentrations of these compounds in aqueous
phase. For instance, the log-Kow value of OC is as high as 6.88 (Kameda et al.,
2011), which renders it easier to adsorb and accumulate onto the insoluble
particles and the biota from the aqueous phase of environmental waters.
Last but not the least, the removal efficiency of every UV filter throughout the
sewage treatment processes is different, which may also affect their
environmental occurrence in seawater to some extent. It has been broadly
recognized that UV filters are not completely removed during wastewater
treatment (Li et al., 2007). Relatively lower removal efficiency (< 10%) for BP-3
was found during the coagulation-flocculation treatment in a wastewater
reclamation plant in Tianjin, the largest coastal city in north China, whereas OC
was obtained the highest removal efficiency in same study (Li et al., 2007). In
Hong Kong, relatively higher removal efficiency of 75% for OD-PABA was
observed in the primary treatment, comprising of screening and sedimentation,
compared with other UV filters (Tsui et al., 2014). Likewise, the higher
elimination rates for OC in range of 88->99% were reported in eight municipal
WWTPs located in Zurich (Balmer et al., 2005). Therefore, the higher elimination
for some UV filters in the WWTPs may assist to limit their release into aquatic
system and subsequently indirectly lead to the lower environmental occurrence.
3.3.2.2 Seasonal pattern
Based on evaluation of seasonal averages, it has been found that the
concentrations of seven detected UV filters in summer are as 3.2-27.4 % higher
than those in winter. Thus, the seasonal variation in occurrence of UV filters
revealing the higher measured concentrations in warmer months was observed in
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surface seawater in Hong Kong, which is in accordance with the previous
observations in the wastewater, surface waters and aquatic ecosystems in Europe
(Poiger et al., 2004; Balmer et al., 2005; Fent et al., 2010; Magi et al., 2013).
According to the functions of sunscreen agents, which is to prevent injury due to
UV exposure, increasing consumption of sunscreens and relevant personal care
products undoubtedly occurs during summer, not only in daily application but
also in the intensive water recreational activities during the hot and wet seasons.
As a result, it is inevitably leading to the increment in the environmental loading
of these screen compounds in hot seasons via the direct release and indirect
discharges from the WWTPs. In our results, the concentration levels for EHMC,
BP-3, OC and OD-PABA detected in summer were > 13% higher than those in
winter, whereas for 4-MBC, BP-8 and BP-1, the concentrations in summer were
<7% higher than the values measured in winter.
Reasons related to the climate factors and the physical/chemical properties of
target compounds may contribute to the variations and complexity in the
increment of the measured concentrations for each UV filter between summer and
winter. Firstly, the higher temperature and more fresh water in the hot and wet
season can highly increase the population size and activities of microorganisms
and other marine organisms, as well as promote the interactions of UV filters
between the aqueous phase and the biota, such as biodegradation and
bioaccumulation (Balmer et al., 2005; Gago-Ferrero et al., 2012). At the same
time, the stronger and prolonged solar irradiation in summer is able to introduce
an accelerated photodegradation of UV filters and further results in a more
complicated transformation pathway in surface water (Rodil et al., 2009; Sakkas
et al., 2009). However, Hong Kong has a monsoon-influenced humid subtropical
climate, where the summers are long and hot and winters are mild. For instance in
2013, the mean daily maximum air temperature higher than 25℃ (up to 33℃)
lasted from May to October and these statistics in winter (Dec. Jan. and Feb.)
were still in range of 19.1-22.1℃ (HKO, 2015). Consequently, the disparity in
seasonal occurrence of UV filters between summer and winter may be weakened
more or less due to the specific climate. Additionally, as the log-Kow values of
the studied UV filters are in range of 1.95-6.88 (Kameda et al., 2011),
sedimentation and adsorption of these organic compounds will take place from
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aqueous phase to the particles and other solid substances in marine (Tsui et al.,
2015), whereas the temperature increment is able to influence the equilibrium and
facilitate the desorption of UV filters releasing into water. In summary, when
discussing the seasonal pattern of UV filters in surface seawater in Hong Kong,
the much higher consumption of the relevant personal care products and
subsequent enhanced release into the water environment should be recognized as
the dominant issue in the hot months. Moreover, there are also various
climate-related factors and processes in the aquatic system such as
photodegradation, sedimentation, adsorption, biodegradation, bioaccumulation
etc. and these may have substantial impacts on their environmental occurrence in
aquatic system as well.
3.3.2.3 Spatial distribution in Hong Kong
Fig-3.4A and B show the spatial distribution of detected UV filters in total
amount, among thirty sampling locations along the coast of Hong Kong in winter
and summer, 2013. By the first glance in these figures, the variation involved in
the result of each location in winter (RSD = 17.7%) looks relatively higher than
that in summer (RSD = 13.3%), whereas the total concentrations of detected UV
filters among thirty locations in summer (305 ng/L) are generally higher than
those in winter (268 ng/L). However, when considering the direct and indirect
input ways for these organic contaminants entering the water environment, the
answers may be some complex viewing from this distribution results, since the
differences between the relevant sampling areas are narrow and further discussion
are required.
On one hand, viewing the sampling locations close to the public beaches and
water activity centers, Sai Kung (S1 and S2) exhibited relatively higher total
concentrations of detected UV filters among all thirty locations, and the values
detected in south of Hong Kong Island (S26-S28) and Tuen Mun (S19 and S20)
were also in the middle to upper mid-levels comparing to the other areas. At the
same time, an obvious increment in the total measured concentrations during
summer was observed in above three areas when compared with the results in
winter. For sampling locations S1-S3 in Sai Kung, the total concentrations of
detected UV filters in winter were in range of 250-350 ng/L and then increased to
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300-400 ng/L in summer. Similarly, for the locations of S27 and S28 in south of
Hong Kong Island as well as S19 and S20 in Tuen Mun, the total concentrations
grew from below 250-300 ng/L in winter to higher than this range in summer.
On the other hand, for the sampling locations nearby the outfalls of the effluent
tunnels, the total concentrations of detected UV filters in Tolo Harbour (S23-S25)
and west Tuen Mun (S21 and S22) were in the middle to below average levels
among thirty sampling locations in both winter and summer. However, the
circumstance in Victoria Harbour (S6-12) was a little complicated. Taken as a
whole, the total concentrations of detected UV filters in this area were generally
above average comparing to other sampling zones. Meanwhile, among the
locations from S6 to S12, the detected total concentrations revealed the tendency
of higher in east and lower in west along Victoria Harbour, which may related to
the intensity of the effluent outfalls in this area and emission amount.
Additionally, the highest total concentrations of detected UV filters among thirty
sampling locations were observed in Shek O Wan (S5), both in winter and
summer, whereas the lowest concentrations were found in Ha Pak Lai (S30), also
for both seasons. For location S5 which located on west coast of Hong Kong
Island, Shek O Wan is a popular resort for seaside recreational activities all year
round and several public beaches also gather around here. Meanwhile, an effluent
outfall of a preliminary/screening sewage treatment plant is nearby this area.
Therefore, the combination of the impacts from both direct and indirect input of
UV filters may result in the relatively higher concentrations in the seawaters
collected from this location. Conversely, the lowest concentrations of UV filters
found in the remote area of location S30 (Ha Pak Lai) may mainly due to the
sparse anthropogenic impacts as well as little effluent discharge there all year
round. Likewise, relatively lower concentrations of the UV filters were also
observed in location S14 both in winter and summer, which is close to
Disneyland and known as far from the pollution.
Furthermore, occurrence of the detected UV filters was also investigated in the
Outlying Islands, including locations of S16-18 which are near to Lantau Island
and Cheung Chau. For these areas, the less migration population and stable
residents composition there may contribute to a comparatively steady trend for
the emission of UV filters into the surrounding water environment all year round.
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As the results shown in Fig-3.4A and B for S16-S18, the inner differences in total
concentrations among these three locations generally remained constant between
winter and summer, and only an increment in overall results measured in S16-S18
was observed in summer.
As a consequence, the spatial distribution results of detected UV filters in Hong
Kong coast indicates the environmental occurrence of these sunscreen
compounds are highly related to the anthropogenic activities due to their specific
features in the personal care products. Also, the two emission pathways of organic
UV filters through direct water recreational activities and indirect effluent
discharge into surface waters are collaboratively affecting their environmental
distributions, especially for a coastal region like Hong Kong, a highly developed
international city with a dense population and the warm weathers. Moreover,
comparing with the direct release of these organic UV filters into the aquatic
ecosystem along with other ingredients in the formula, the indirect input of these
contaminants through effluent discharge may lead to relatively lower adverse
impacts on the water environment due to the removal processes in the sewage
treatment plants, even though the removal efficiencies for these pollutants have
not reached up to 100% yet. Therefore, further efforts should be extended to the
development of more efficient removal treatment processes for the emerging
contaminants like UV filters, which may help with reducing their environmental
emission and limiting their potential harmful effects to the aquatic ecosystem.
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Figure-3.4 Spatial distribution of detected UV filters in thirty sampling locations in the Hong Kong marine
environment during (A) winter and (B) summer, 2013
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3.3.3 Occurrence of UV filters in drinking water supply system
To fuel the growth in population and the economy, Hong Kong ever expands the
demand in plentiful clean water and sources. The importation of raw water supply
from Dongjiang has a history dated back to 1960 and to date still meets more than
80% of Hong Kong’s total demand. Therefore, the occurrence of organic UV
filters in the water resource of Dongjiang in Guangdong was investigated as a
guide to the quality of raw water supply for Hong Kong. The sampling locations
along the main stream and a tributary were previously described in section
3.2.2.2.
Among the target compounds, BP-2, 3-BC, Et-PABA, 4-HB and 4-DHB were
never detected in any water samples collected from six locations of Dongjiang.
As the results shown in Table-3.4, OD-PABA, BP-8 and BP-1 were only
occasionally observed in some locations with the measured concentrations all
below LOQ, whereas BP-3, OC and 4-MBC were mainly found in the main
stream of Dongjiang each within the concentration ranges from below LOQ up to
23.19, 19.23, and 18.86 ng/L, respectively. For EHMC, it was detected in the
water samples from all locations with the concentrations ranging from 14.55 to
38.23 ng/L and also calculated with the highest mean value of 23.66 ng/L
compared to the other UV filters. Generally viewing the distribution of detected
UV filters in Dongjiang, it can be found that relatively higher concentrations were
mainly measured in the locations close to urban areas of Huizhou (DJ1) and
Boluo (DJ2). This may also indicate the occurrence of UV filters in surface water
is related with the anthropogenic activities, just same as what we found in surface
seawater. Previous study in Europe, a similar investigation of UV filters was
performed in river Mero, which is supplying for drinking water, in which only
BP-3 was detected for once with the measured concentration of 27.3 ng/L out of
four target compounds (BP-3, 4-MBC, OC and OD-PABA) (Rodil et al., 2008).
This value is in accordance with the measured levels of UV filters detected in
Dongjiang. From other literature, concentration levels below LOD for these four
detected UV filters in our study (BP-3, 4-MBC, OC and EHMC) were also
observed in the water samples collected from the ground water in Adelaide,
Australia (Liu et al., 2011), as well as from a remote mountain lake in
Switzerland (Balmer et al., 2005).
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Table-3.4 Concentrations (ng/L) ±S.D. (n=3) of UV filters detected in Dongjiang in Guangdong, May 2014.
Sampling
location
DJ1
DJ2
DJ3
DJ4
DJ5
DJ6

BP-1

BP-3

BP-8

EHMC

OC

4-MBC

OD-PABA

n.d.
n.q.
n.d.
n.d.
n.d.
n.d.

19.64±1.10
20.38±2.09
23.19±2.73
15.92±1.03
n.q.
n.q.

n.q.
n.q.
n.q.
n.q.
n.d.
n.d.

30.85±1.28
38.28±2.22
14.55±1.32
25.61±2.16
14.83±1.14
17.81±1.16

15.73±1.45
19.23±1.94
n.q.
18.74±1.27
n.q.
n.q.

16.22±1.53
18.52±2.15
18.86±1.15
11.76±1.18
n.d.
n.d.

n.q.
n.q.
n.q.
n.d.
n.d.
n.d.

n.d.: < LOD
n.q.: < LOQ

In this study, none of the target UV filters was found in the water samples
collected from the reservoirs both in Shenzhen and Hong Kong as well as in any
tap water collected in local communities. To some extent, this observation
indicates a high quality of the drinking water in Hong Kong. However, several
commonly used UV filters were previously detected in tap waters collected from
Barcelona within a relatively higher concentration levels, where the raw water
were supplied by the Llobregat and Ter river in Spain (Díaz-Cruz et al., 2012). In
their study, BP-3 and 4-MBC were occasionally detected with concentrations up
to 259 and 35 ng/L, respectively, whereas OD-PABA, EHMC and OC were 100%
detected in all 26 tap water samples within the concentration ranges of <LOQ-115
ng/L, 2.9-256 ng/L, and 33-167 ng/L, respectively. However, limited
concentrations of UV filters were observed in the river water samples collected
from both the upper and lower part of Llobregat River in another study from same
research group (Gago-Ferrero et al., 2013b), in which 4-HB, 4-DHB, BP-2 and
Et-PBAB were never detected as same as our findings in surface waters in Hong
Kong, and BP-1, BP-3 and 4-MBC were infrequently detected with the
concentrations up to 7.54, 37.8 and 12.6 ng/L, respectively. Also, 4-MBC and
OD-PABA were found in the tap waters collected from private homes in Coruña,
Spain, with the concentrations of 18 and 2.3 ng/L, respectively (Rodil et al.,
2009). Another study in Brazil demonstrated none of BP-3, EHMC and OC was
observed in the drinking water supply system including raw river water, treated
water and the processed water after chlorination (da Silva et al., 2013).
It can be expected that Hong Kong possesses the high quality drinking water
compared with other areas worldwide mainly due to the effective water resource
protection together with the strict regulations and also the efficient purification
techniques in the water treatment works. However, the threats from the emerging
contaminants such as UV filters in the water environment have already extended
to the food chains and water resources, which are closely related with human
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health. Therefore, the development of the elimination treatments focused on these
organic pollutants are highly demanded in further study.
3.3.4 Removal treatment of ozonation
Worrying about the widespread occurrence of UV filters in the environmental
waters, it has been also widely recognized that the incomplete removal of these
contaminants throughout the sewage treatment processes contributed a lot to their
emission into the aquatic ecosystem. Therefore, advanced treatment techniques
conducting more powerful mechanisms which have potential to provide higher
removal efficiencies are greatly demanded. Ozone molecules have relatively
higher standard redox potential (2.07 V) among conventional oxidants (e.g. Cl2,
ClO2, H2O2, etc.) and are able to destroy a wider range of pollutants with less
contact time and fewer potentially harmful byproducts (Orge et al., 2011).
In this work, a dynamic ozonation process in which the bubbled ozone gas was
kept passing through 100-mL working solution for a certain period is employed to
perform a simulative removal treatment of UV filters in Milli-Q water. We
subsequently evaluated the efficiency and application feasibility of this method,
including the applied ozone dosage, treatment endpoint and some other
experimental conditions, with the purpose of complete mineralization of all
twelve target UV filters, since partial degradation may lead to formation of more
toxic intermediates (Calza et al., 2008; Jahan et al., 2008). The detail in
experiment was previously described in section 3.2.4. The concentration of the
UV filters working solution was maintained at 0.5 mg/L which was considered as
an environmentally and technically relevant level. After trials in practice, an
appropriate flow rate of ozone gas was set as 1.19 mg/min for further application,
which was the minimum output of the ozone generator. Before investigating the
mineralization of UV filters in ozonation, the matrix effects of the solution system
consisting of dissolved ozone, quencher (ascorbic acid) and cosolvent (methanol)
was evaluated by comparing the instrumentation signals between pre- and
post-spiking UV filters in. As a result, no matrix effect was found as affecting the
signal abundance of the targets during the oxidation process. At the same time,
the quenching for ozone residue was confirmed to be sufficient using the
potassium iodide-starch test papers, after the excess dosage of ascorbic acid was
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added followed by the additional 2.5 mL methanol, which was also applied for
scavenging hydroxyl radicals (MacManus-Spencer et al., 2011).
As a result, the removal efficiencies of target UV filters under ozonation are
shown in Fig-3.5. The complete removal was achieved for eleven of all twelve
UV filters within 2-3 min after beginning to supply ozone gas. The same decay
trend that a slower decline appeared in the first minute followed by a sharp
reduction within the second minute was observed for most of the studied UV
filters, except for OC. In other words, the removal efficiencies for these eleven
UV filters decreased from 100% to 72.4-92.3% within one-minute ozonation
treatment, and then rapidly dropped to almost 0.0% in another one minute. In
more details, BP-2, 4-HB and 4-DHB were completed degraded within 2-min
ozonation; while for BP-8, BP-1, Et-PABA, OD-PABA and EHMC, only less
than 1% were remained in 2 min and the complete removal were observed within
5 min; a little longer degradation time was found for 4-MBC, 3-BC and BP-3, for
which 2.2%, 5.0% and 5.8% were still detected at 2 min, respectively, but they
were finally completely removed within 5 min as well. Such higher reaction rates
in ozonation were also found for 4-MBC, BP-3 and EHMC in previous studies
which were performed in pure water matrix as well (Gago-Ferrero et al., 2013a;
Hernández-Leal et al., 2011). On the contrary, OC revealed a relatively higher
resistance to the ozonation treatment compared to other UV filters. A much
slower degradation of OC was observed from the beginning to 10 min and 14%
was still remained at that time. However, even more sluggish decay was found in
the prolonged time and the removal efficiency of 98.5% was lastly obtain for OC
within 30-min ozonation treatment. A similar observation for OC was previously
reported that it was the most refractory one to react with ozone in pure water
when compared to other common UV filters such as 4-MBC, BP-3 and EHMC
(Hernández-Leal et al., 2011). So far, the removal treatment of ozonation specific
to above twelve UV filters in milli-Q water was preliminarily investigated in
bench-scale. As a result, the rapid and complete removal was practically achieved
for all of the targets at this stage, which indicated the feasibility of ozonation as
the wastewater treatment techniques applied to the emerging contaminants, like
UV filters.
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Figure-3.5 Removal efficiencies of twelve UV filters in the treatment of ozonation

However, when being applied to treat the UV filter residues in wastewater
effluents, ozonation sometimes exhibited relatively lower removal efficiencies,
which were as low as < 25% for BP-3 and EHMC (Santiago-Morales et al., 2013).
Even worse, 4-MBC, BP-3 and EHMC detected in urban wastewater were
reported as completely refractory to ozone in Rosal’s study (Rosal et al., 2010).
Therefore, this may indicate that the removal efficiencies of UV filters in
ozonation are significantly affected by the different types of the water matrices. It
has been reported that the removal efficiencies of spiked micropollutants (10-100
ng/L) were much higher in Milli-Q than in treated effluent when using ozonation
(Hernández-Leal et al., 2011). In other words, with the same ozone consumption
to achieve the removal efficiency of higher than 90%, the capacity of UV filters
in pure water was 10-1000 times higher than that in wastewater. Viewing the
mechanisms of ozonation, there are two major processes namely direct and
indirect reactions. In the direct reaction O3 molecules directly attach the
unsaturated bonds in target compounds, whereas the hydroxyl radicals formed
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from O3 generally oxidized those more refractory substances during the indirect
reactions (Rosal et al., 2010). Thus, in some impure matrices, the indirect reaction
may be highly influenced by the presence of interfering materials and the reaction
with hydroxyl radicals may be inhibited by the dissolved organic matters
(Santiago-Morales et al., 2013). At the same time, the pH value of the system was
also reported to affect the reaction rate in ozonation. When the pH increased,
more hydroxyl radicals were generated from the decomposition of O3, so that the
reaction rate can be increased (Gago-Ferrero et al., 2013a). Therefore, to
potentiate an effective treatment, further characterization on wider scope of
influence factors and parameters in ozonation are still required for the removal
study of UV filters in real water samples (i.e. raw water and treated effluent),
such as the effects of dissolved organic matters as well as pH value of the
working solution. On the other hand, efforts should also be paid on monitoring
the by-products and intermediates generated during the ozonation process, which
may be harmful to the ecosystem.
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3.4 Chapter summary
As emerging contaminants, the ubiquitous presence and persistence occurrence of
UV filters are being intensively tracked in environmental waters worldwide. In
the present study, analytical method based on SPE followed by UPLC-MS/MS
was developed and validated for simultaneous determination of twelve UV filters
in environmental water samples, including marine water and freshwater. For
quantitative analysis, the matrix matched calibration curve of each target was
established and the linearity higher than 0.995 was achieved for all. Good method
recoveries in range of 86.0-114.7% were obtained for twelve analytes at the
spiked levels of 30 and 100 ng/L. Moreover, this analytical method also exhibited
high stability (RSD < 8%) and sensitivity with the LOD in range of 2.12-9.17
ng/L, which is feasible for further application on real water samples.
In the occurrence study, seawater samples were collected from thirty locations
along the coasts of Hong Kong, in both summer and winter. Out of the twelve
target UV filters, five were never detected, namely BP-2, Et-PABA, 3-BC, 4-HB
and 4-DHB; relatively lower concentration levels and detected frequencies were
found for BP-1, BP-8 and OD-PABA in both seasons and sometimes
concentrations below LOQ were observed for these three analytes; OC, 4-MBC,
BP-3 and EHMC were detected in all thirty sampling locations with moderate to
high concentration levels. In aspect of the seasonal patterns of detected UV filters,
the concentration levels in summer were 3.2-27.4 % higher than those in winter.
The intensive consumption of relevant personal care products in hot season
comes to be the predominant causes for the heavier pollution of these chemicals
in marine environment. The regional distribution of UV filters in Hong Kong
suggests that the direct emission of these sunscreen compounds through water
recreational activities and indirect effluent discharge are the two major sources
for these pollutants entering the water ecosystem. In other word, their
environmental occurrence were highly related to the anthropogenic activities,
since the lowest levels were observed in locations of Ha Pak Lai and Disneyland,
which were sparsely populated and remote from urban areas.
At the same time, we also monitored the occurrence of UV filters in drinking
water supply system of Hong Kong, including raw water in Dongjiang and
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reservoirs both in Shenzhen and Hong Kong, as well as tap water collected from
local dwellings. The results showed a relatively lower levels of these compounds
in river water: BP-2, 3-BC, Et-PABA, 4-HB and 4-DHB were never detected;
OD-PABA, BP-8 and BP-1 were only occasionally found in some locations with
the measured concentrations all below LOQ; BP-3, OC, 4-MBC and EHMC were
mainly found in the main stream of Dongjiang with the concentrations up to
23.19, 19.23, 18.86 and 38.23 ng/L, respectively. Additionally, none of the target
UV filters was found in the water samples collected from the reservoirs both in
Shenzhen and Hong Kong as well as in any tap water collected in local
communities, which indicated a high quality of the drinking water in Hong Kong.
Finally, with the aim of reducing the environmental impacts of these UV filters,
the removal technique of ozonation was performed on twelve UV filters. As a
result, the rapid and complete removal was practically achieved for all, which
indicated the feasibility of ozonation as the wastewater treatment techniques
applied to these sunscreen compounds.
To sum up, the present study provided a comprehensive investigation on the
occurrence of UV filters in Hong Kong water environment as well as proposed an
advanced oxidation process namely ozonation on their removal treatment, which
is able to gain more awareness of the emerging contaminants and support a good
environmental management.
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Chapter 4 Photodegradation and Ecotoxicity Study of UV
Filters

4.1 Introduction
In recent years, the ecotoxicity of UV filters is causing growing attentions, since
they are continuously discharged into the aquatic ecosystem and consequently
their widespread occurrence in environmental waters have been intensively
reported worldwide. Plenty of ecotoxicology data in terms of LC50 and EC50
values for UV filters were acquired via the acute and chronic toxicity tests
conducting various aquatic species covering different trophic levels, such as fish
(e.g. rainbow trout and medaka), mollusk (e.g. M. galloprovincialis), crustacean
(e.g. D. magna), algae (e.g. D. subspicatus and I. galbana), and bacteria (e.g. V.
fischeri and P. phosphoreum) (Coronado et al., 2008; Fent et al., 2010;
Sieratowicz et al., 2011; Parades et al., 2013; Zhuang et al., 2013; Liu et al.,
2015). Generally, the tested results for UV filters are mainly at lower-mg/L levels
which are considered as harmful to the aquatic ecosystem. For example, most
benzophenone-type UV filters were toxic to aquatic organism namely D. japonica,
with the acute toxicity of 48 hr LC50 values less than 10 mg/L (Li, 2012).
Nowadays, however, as researches in ecotoxicity of these emerging contaminants
continues, the long-term environmental fate and impacts of UV filters have raised
more concerns, when considering the joint results of many external factors
reacted in the water environment, especially in the surface water, such as the
dissolved organic matters and solar irradiance (Díaz-Cruz et al., 2008). On one
hand, once entering the water environment, UV filters were able to degrade and
transformation products were always formed. Photodegradation of EHMC and
OD-PABA were clearly observed with the degradation rates of 0.0327 and 0.0342
hr-1, respectively, under the artificial sunlight irradiation in solutions. At the same
time, the degradation products resulted from dealkylation and methylation of
OD-PABS as well as photoisomerazation and dimerization of EHMC were both
detected (Rodil et al., 2009; MacManu-Spencer et al., 2011). Photodegradation of
BP-3 was proven under typical surface-water conditions and the main processes
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were recognized as the direct photolysis and hydroxyl radical oxidation (indirect
reaction), in which benzoic acid, benzaldehyde and some methylated derivatives
were identified as the transformation products (Vione et al., 2013). However, OC
was measured with relatively higher photostability comparing to others, since 100%
recovery of OC was observed after 120 min of irradiation (Kockler et al., 2012;
Rodil et al, 2009; Gaspar and Campos, 2006). On the other hand, ecotoxicity of
UV filters may also change during the degradation process in water environments.
Some degradation products of 4-MBC were detected during the photolysis in
aqueous solution, which were identified as derivatives of demethylation and
hydroxylation, and their toxicity expressed as the inhibition percentage tested via
V. fischeri along the irradiation increased first and then fell to less than 1% after
24 hr of irradiation (Sakkas et al., 2009). So far, the studies of photostablity and
phototoxicity in aqueous phase have focused on several well-known UV filters,
such as BP-3, EHMC, 4-MBC, OD-PABA and OC (Santos et al., 2012). The
knowledge on the environmental behaviors of many other UV filters in aquatic
ecosystem still remains largely unknown. Consequently, further studies are highly
demanded to fill the gaps in this area and complete the database on the
environmental impacts of UV filters.
In this chapter, a simulative catalytic photodegradation study with the assistance
of UV/TiO2 was performed in aqueous solutions to investigate the photostability,
phototoxicity and the transformation pathways of seven selected UV filters,
namely Et-PABA, 3-BC, BP-1,BP-2, BP-8, 4-HB and 4-DHB, which are rarely
studied in relevant research areas. UV irradiation for each target compound was
carried out in a lab-designed illumination chamber. The degradation profiles of
seven UV filters were plotted individually targeting to achieve the complete
degradation for all targets. Meanwhile, identification of transformation products
derived from each UV filter as well as tracing their transformation profiles along
the irradiation have also been presented based on the detection techniques of
tandem mass spectrometry. Additionally, the phototoxicity of these UV filters
during the irradiation were evaluated using Microtox acute toxicity assay and
expressed in the bioluminescence inhibition percentage emitted by the marine
bacterium

V.

fischeri.

Combining

the

photodegradation

profiles

and

transformation pathways of seven selected UV filters along with their
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phototoxicity in aqueous solution, the findings are able to provide a preliminary
insight on the environmental behaviors of these UV filters and found basis for
further studies in aquatic environment.

79

4.2 Experimental
4.2.1 Chemicals and reagents
In photodegradation study, chemical standards for BP-1 (purity, 99%), BP-2
(97%), BP-8 (98%), 4-HB (98%), 4-DHB (99%), and Et-PABA (CRM) were
obtained from Sigma-Aldrich (St. Louis, MO, USA); 3-BC (90-100%) was
purchased from MP Biomedical (Irvine, CA, USA). Structure of each compound
above is shown in Fig-4.1. Individual stock solution of each UV filter was daily
prepared in pure methanol or Milli-Q water and then stored in the sealed amber
glass for single use immediately. For every photodegradation experiment, the
stock solutions were further diluted with Milli-Q water to obtain the working
solutions with the designed concentrations. As the photocatalyst, titanium dioxide
(≥ 99.5%) with Aeroxide ® P25 specifications (i.e. a c.a. 21 nm particle size and a
35-36 m2/g surface area) was used, as supplied by Sigma-Aldrich (St. Louis, MO,
USA).
Solvents including Milli-Q water (Millipore, Bedford, MA, USA) LC-MS grade
methanol and acetonitrile (Duksan Pure Chemicals, Seoul, Korea) were employed
for chromatographic analyses in this study.

Figure-4.1 Chemical structures of seven studied UV filters in photodegradation study
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4.2.2 Photodegradation
Photocatalytic reaction was carried out in a lab-made irradiation chamber (Fig-4.2)
of dimensions 32(W)×32(D)×36(H) cm3 and equipped with a concentric series of
sixteen UV germicidal lamps (Sankyo GT85, Japan) emitting at 253.4 nm
wavelength and 128 W total power. A calibrated time switch was also
accessorized for precise time control of the irradiation experiment. Before the
experiment, the lamps were turned on preliminarily for 30 min for stabilization.

Figure-4.2 Lab-made irradiation chamber for photodegradation (A) exterior; (B) interior

To prepare photocatalytic reaction, accurately weighed TiO2 was suspended in a
25-mLworking solution with a analyte:catalyst molar ratio of 1/20 and contained
in a 50-mL Pyrex conical flask. Methanol, as the cosolvent, was added in the
working solutions with the percentage of 0-1.1% (v/v) to increase the solubility of
some UV filters in aqueous solutions. Table-4.1 gives the experimental conditions
in details for seven studied UV filters, including the initial concentration, content
of colsolvent and the degradation time. At a specific time intervals after initiation
of UV irradiation, 1-mL aliquots of the suspension were withdrawn and filtered
through 0.22 µm nylon membranes before instrumental analysis.
Table-4.1 Experimental conditions for photodegradation of seven UV filters

UV filters
Methanol %
Initial molar
concentration / µM
Degradation time / hr

Et-PABA

3-BC

4-HB

4-DHB

BP-1

BP-2

BP-8

0 / 0.74

0.2

0

0

1.1

1.1

1.1

50

25

25

50

20

20

20

8 / 345

30

6

10

26

10

26
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4.2.3 Instrumental analysis
An Acquity Ultra Performance LC system hyphenated to an Acquity photo diode
array detector coupled with a Quattro Ultima triple quadrupole mass spectrometer
(UPLC-PDA-ESI-MS/MS)

(Waters,

MA.,

USA)

was

employed

for

photodegradation profiling and degradation products identification of all seven
UV filters. The UPLC system comprises an auto-injector with a 10-mL sample
loop and a temperature controlled column compartment. Chromatographic
analysis for UV filters was carried out with an Acquity BEH C8 column (2.1 i.d.
× 100 mm, 1.7 µm, Waters) as well as an injection volume of 5 µL was applied to
all samples. Milli-Q water (A), LC-MS grade methanol (B) and acetonitrile (C)
were used as the mobile phases within the different elution programs depending
on each studied analyte. No buffer salt was added to minimize adduct formation
that interferes the detection and elucidation of photodegradation products. A flow
rate of 0.4 mL/min was maintained in all chromatographic analysis. Three sets of
elution conditions were specifically applied to retrieve the photocatalytic
degradation profiles and products identification for Et-PABA, 3-BC and the
BP-group UV filters. To analyze the irradiated samples of Et-PABA, a 14-min
gradient elution started with 95% of mobile phase A (5% of mobile phase B)
which kept running for 1 min then decreased to 0% within next 7 min; after
holding for 2 min, it returned to 95% in following 1 min and finally the initial
conditions were reached in next 3 min. An 8-min isocratic elution program was
applied to analyze the irradiated samples of 3-BC with the composition of 40%
mobile phase A and 60% mobile phase C. To separate BP-group UV filters
including 4-HB, 4-DHB, BP-1, BP-2 and BP-8 as well as their degradation
products, the isocratic elution with the run time of 7 min was employed and the
mobile phase was consisted of 55% mobile phase A and 45% mobile phase B.
Multi-technique detection conducting PDA coupled with MS/MS was employed
to elucidate the degradation pathways of each UV filter as well as identify the
structures of their degradation products. In UV detection, the maximum
absorption wavelengths of UV filters were selected for mother compound
detection, while UV spectra scanning from 210-400 nm were adopted for
searching the degradation products. MS/MS detection was performed with
electrospray interface operated in positive ionization mode (ESI+) at the capillary
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voltage of 1.6 kV. The source and desolvation temperatures were set at 150℃
and 500℃, respectively. Nitrogen was used with a cone gas flow of 150 L/hr
nebulization and of 1000 L/hr for desolvation. The degradation profile of each
UV filter was performed in selected reaction monitoring mode (SRM). Two major
characteristic fragments of the protonated molecular ion [M+H]+ were monitored
for each analyte to enhance accuracy. The detection information for the UV filters
including the selected wavelengths and the SRM transition pairs are shown in
Table-4.2. In aspect of products identification, full scan mode, single ion
monitoring (SIM) mode, SRM and daughter-ion scan mode were unitedly
operated so as to elucidate the chemical structures and the transformation
pathways of the degradation products as clearly as possible. Instrument control,
data acquisition and processing were performed using MassLynx software.
Table-4.2 Detection information of seven UV filters

UV filters

Molecular mass

λmax (nm)

SRM transitions (m/z)

Et-PABA

165.19

287/219

3-BC

240.34

290

4-HB

198.22

294/225

4-DHB

214.22

295/230

BP-1

214.22

293

BP-2

246.22

292/241

BP-8

244.25

285/327

166 → 138
166 → 94
241 → 105
241 → 94
199 → 121
199 → 105
215 → 121
215 → 93
215 → 137
215 → 105
247 → 137
247 → 81
245 → 121
245 → 151

4.2.4 Bioluminescent Microtox test
The acute toxicity bioassay was conducted using a Microtox Model 500 analyzer
(Modern Water, Guildford, UK) with the marine bacterium Vibrio fischeri as a
bioluminescent indicator. Reagents for this bioassay, including the lyophilized
bacteria, reconstitution solution (diluted water), diluent (2% NaCl) and osmotic
adjusting solution (22% NaCl), were purchased from SDIX (Newark, DE, USA).
100 µL/L phenol used as the positive method control was obtained from Thermo
Scientific (Waltham, MA, USA).
The phototoxicity of studied UV filters was evaluated by conducting acute
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toxicity screening in irradiated samples which was expressed as the
toxicant-induced inhibition percentage of luminescence emitted by the V. fischeri.
According to the obtained degradation profile of each UV filter, a series of
degraded sample solutions were collected at the precise irradiation time intervals
and cautiously filtered through 0.22 µm nylon membranes for subsequent testing.
The operation procedures were referenced to the standardized method (ISO
11348-3, 2009). After 15-min incubation, the reading of luminescence was
recoded and the percentage of inhibition caused by the degraded UV filters was
calculated as follow:


Inhibition% = (1 −



KF =

ITt

) × 100%

IT0 × KF

ICt
IC0

Where, ITt and IT0 were the luminescence value of test sample at 15min and 0min,
respectively; while ICt and IC0 were the readings of sample-free control at 15 min
and 0min. KF is served as the correction factor (Parvez et al., 2006). This toxicity
test was also carried on the blank control solutions without UV filters added
which were irradiated in the same way as the sample solutions did, in order to
eliminate the toxicity effect introduced by the matrix during the irradiation. At the
same time, the original acute toxicity of seven UV filters were measured which
was represented by the value of 50% effective concentration (EC50) calculated
using the MicrotoxOmni software.
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4.3 Results and discussions
4.3.1 Ethyl p-amino benzoic acid (Et-PABA)
4.3.1.1 Catalytic photodegradation profiles
In the current study, a UV/TiO2 photocatalytic simulation experiment was
performed to investigate the degradation profile of Et-PABA. A 25-mL aqueous
working suspension containing 50 µM Et-PABA and 1000 µM TiO2 catalyst was
irradiated under UVC light. In most studies on the UV filters, organic solvent, for
example methanol, was commonly used as the cosolvent to increase their
solubility in the aqueous solution. In this study, 0.74% (v/v) methanol was
contained in the working solution and underwent the irradiation process. However,
due to the good water solubility of Et-PABA, the same treatment was also
performed on the pure aqueous working solution which did not have any organic
solvent in it, so as to probe the effect of the organic solvent during the
photocatalytic degradation of UV filters. In preliminary photocatalytic
experiment, some other effects including adsorption, hydrolysis and direct
photolysis that may take place were also studied to evaluate their contribution to
the degradation of Et-PABA: (i) adsorption of the analyte on the particles was
investigated by keeping the working solution with TiO2 in dark; (ii) hydrolysis of
the analyte was evaluated by maintaining the working solution in dark without
TiO2; (iii) and direct photolysis of Et-PABA was studied by irradiating the
working solution without TiO2. As shown in Fig-4.3, comparing the signal
abundance from the beginning to the end throughout the whole irradiation, no
significant reduction in signal of Et-PABA was observed from the adsorption
effect, hydrolysis and direct photolysis for the studied compound. Therefore, the
degradation profiles of Et-PABA in Fig-4.3 absolutely represent the effect of
UV/TiO2 photocatalytic oxidation.
Fig-4.3A displays the degradation profile obtained from the working solution
containing 0.74% (v/v) of methanol, while Fig-4.3B presents the degradation
profile acquired from the aqueous working solution without any methanol. The
degradation profiles were plotted according to the signal abundance of Et-PABA
in SRM mode (m/z 166→138) over the irradiation time (hr). It can be drawn from
both Fig-4.3A and B, the complete degradation of Et-PABA were accomplished
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within the observation period and this photocatalytic degradation was roughly
followed the first-order decay with or without the present of methanol. However,
obvious difference was found between the irradiation times when the complete
degradation were achieved in both working solutions. In the aqueous working
solution (Fig-4.3B), the complete degradation of Et-PABA was accomplished
within 10 hr, whereas it took about 345 hr to reach the complete degradation with
same concentration of Et-PABA in the working solution containing 0.74% (v/v)
methanol (Fig-4.3A). It has been documented that the direct photolysis and the
indirect photolysis may take place simultaneously during the photocatalytic
process (Ji et al., 2013a). Photochemical transformation of the target compound
via direct photolysis is accepted as an important degradation pathway, such as
bond cleavage, isomerization and dimerization (MacManus-Spencer et al., 2011).
Indirect photolysis of organic substances mediated by HO radicals is usually
carried out combined with catalysis using TiO2. Hydroxylation is expected as the
main pathway providing a high reactivity and nonselevtivity during the indirect
catalytic photolysis (Vione et al., 2013). In many studies, alcohols such as
methanol, ethanol and tert-butanol are usually reported as the diagnostic tools of
HO radicals mediated mechanisms (Chen et al., 2005; MacManus-Spencer et al.,
2011) since they are able to compete for HO radicals with the target analytes and
subsequently used as the HO radicals scavengers in some photocatalysis
researches (Behnajady et al., 2004; Daneshvar et al., 2004). Therefore, it can be
inferred if the catalytic photolysis is dominated via the HO radical oxidation, the
reaction rate will noticeably decline because of the present of alcohols, such
methanol (Ji et al., 2013b). Viewing the degradation results in Fig-4.3A and B, the
half-life time of Et-PABA obtained from the aqueous working solution is around
4 hr, whereas this value is prolonged to more than 160 hr due to the existence of
0.74% (v/v) methanol in the irradiated solutions. Therefore, strong inhibitive
effect of methanol on the photocatalytic degradation is observed in this study. As
a result, it suggests that the indirect photolysis mediated by HO radical plays the
predominant role in the photocatalytic degradation of Et-PABA.
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Figure-4.3 Degradation profiles of Et-PABA
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4.3.1.2 Identification of photodegradation products and their transformation
profiles
Four degradation products were preliminarily detected during the photocatalytic
oxidation of Et-PABA in this study. The structural identification and
transformation profiles for the detected products were elucidated based on
multiple techniques including chromatography, UV-absorption spectroscopy, and
tandem mass spectrometry. Identification of the degradation products in the
irradiated sample solutions was started with UPLC separation within 6 min and
UV spectroscopic characterization scanning from 210 to 400 nm. At the same
time, the full scan mode in MS/MS was applied to collect all the possible
information associated with molecular mass of each degradation products.
Subsequently, the identification of the degradation products were preliminarily
confirmed according to their structural fragments obtained in the daughter-ion
scan mode in MS/MS. Finally, the transformation profiles of the degradation
products were plotted based on the signal abundance detected with the SRM
mode, except for Product-D for which only the detection information of UV
spectrum was observed. For all the four degradation products of Et-PABA, the
detection information are summarized in Table-4.3, including the retention time,
SRM transition pairs in MS/MS, and the maximum absorption wavelength in UV
spectra.
The transformation profiles of four degradation products are shown in Fig-4.4. As
introduced above, for Product-A, B and C, the curves were plotted according to
the signal abundance detected with MS/MS, whereas the transformation profile of
Product-D was plotted only based on its maximum absorption wavelength in UV
spectrum. Since the photodegradation of Et-PABA can be easily and fast achieved
within 10 hr which was carried out in the aqueous solution, the irradiation
experiment for seeking the degradation products was also performed in the
working

solution

without

methanol.

Therefore,

when

comparing

the

transformation profiles of four degradation products in Fig-4.4 with the
degradation profile of the mother compound in Fig-4.3B, it reveals that (i) all the
products were generated instantly upon the irradiation started as well as the
mother compound began to degrade; (ii) as the mother compound kept degrading,
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the amount of each product was increasing first to the maximum and then
declined; (iii) at the end, four products decayed to complete degradation within 10
hr, just as the mother compound did. Moreover, viewing from Fig-4.4, the
maximum amounts of Product-A, B and D were similarly observed around the
irradiation time of 4 hr which was near the half-life time of the mother compound.
However, for Product-C, the highest abundance was detected at about 2 hr which
was earlier than the other products and then the signal was kept decreasing until
disappeared before 10 hr. As a consequence, conclusions can be summarized from
the transformation pathways of the degradation products generated from
Et-PABA. Firstly, all the detected products were generated immediately once the
mother compound undergoing irradiation and their amount sustained growing
until the peak levels and then end up with complete disappeared. However, the
climbing and dropping rates for the degradation product were slightly different
from each other. Secondly, it can be inferred that the transformation pathway
occurred during the photocatalytic degradation of Et-PABA may not be very
complicate since the interaction and interconversion between the degradation
products was not observed based on the preliminary experiment results.
Additionally, there was no secondary product detected throughout the whole
study. Thirdly, no more persistent product than the mother compound was
generated within the degradation, because all the four products were completely
degraded no later than the total degradation of Et-PABA.
Table-4.3 Detection information for the degradation products of Et-PABA
Degradation products

Retention time / min

SRM transitions

Products-A

3.24

182 → 120

UV λmax
295

182 → 138
Products-B

198 → 120

3.58

295

198 → 138
Products-C
Products-D

4.42

182 → 154

305

5.42

182 → 136
-

260
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/ nm

Figure-4.4 Transformation profiles for four degradation products of Et-PABA

The chemical structures of the degradation products were elucidated mainly based
on the daughter ions fragmented from the molecular ion of each product along
with their maximum absorption wavelengths in UV spectra. For all of the four
degradation products, it has been observed that they were eluted earlier than the
mother compound with the shorter retention times during the chromatographic
separation, which indicated the polarities of the products may be higher than that
of Et-PABA and enable them the better water solubility. For Product-A and C,
same molecular ion m/z of 182 was detected at the different retention times.
Comparing with the molecular ion m/z of Et-PABA which is 166, the hydroxyl
substitution was firstly assumed to occur for both degradation products. Then, the
fragments m/z of 120 and 138 were detected for Product-A, while dissimilar
fragments m/z of 154 and 136 were detected for Product-C, respectively. The
above information of the detected fragments for both Product-A and C indicated
the hydroxyl substitution took place on the benzene ring. Moreover, red-shift of
the λmax for both products were observed when compared with the mother
compound (λmax = 287 nm). The λmax were red-shifted to 295 nm and 305nm for
Product-A and C, respectively. At the same time, considering the difference in
their polarities that Product-A (3.24 min) was eluted earlier than Product-C (4.42
min), the hydroxyl substitution on the different position of the benzene ring may
be expected for these two degradation products. As a result, Product-A was
identified as the ortho-substituted hydroxylated product of Et-PABA and
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Product-C was identified as the meta-substituted hydroxylated product. For
Product-B, the molecular ion m/z of 198 was obtained as well as two fragments
m/z of 120 and 138 were detected. Therefore, dihydroxylation on the benzene
ring of the mother compound can be inferred. However, it is not available for us
to exactly provide the substituted positions based on our current techniques.
Unfortunately, since only UV signal was obtained for Product-D in this study,
further effort is still needed for the identification of its chemical structure. To sum
up, hydroxylation was observed as the main transformation pathway for the
photocatalytic degradation of Et-PABA in our preliminary study and the
degradation products were identified as the hydroxylated and dihydroxylated
substitution on the benzene ring. The proposed structures of the degradation
products along with their transformation pathway are summarized in Fig-4.5.

Figure-4.5 Proposed transformation pathways of Et-PABA and the associated chemical structures of the
degradation products

To the best of our knowledge, this is the first study on the photocatalytic
degradation of Et-PABA as well as the identification of its hydroxylation products.
Although there is little information about the degradation of Et-PABA available
for reference, some previous literature provided knowledge on the degradation
pathways and relevant products of several compounds that have similar chemical
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structures with Et-PABA, including PABA and OD-PABA. When irradiated by
the simulated solar, PABA, also a sunscreen agent, was 99% degraded in four
hours (Mao et al., 2011). Meanwhile, it has been found that PABA was attacked
by HO radicals and subsequently the hydroxyl substitution occurred on the
benzene ring to produce the hydroxylated degradation products in their study,
even with the present of nitrate ions, bicarbonate and some different types of
natural organic matters. This observation was partly in accordance with our
findings. Additionally, hydroxylation of PABA was also reported in other aquatic
photodegradation study, in which di-polymerization and tri-polymerization was
also detected (Zhou et al., 2013). For another UV filter, early study reported the
degradation rate constant of OD-PABA was 2.12 min-1 and its half-life time was
measured as 3287 min for 32.5 µM dissolved in ethanol (Vanquerp et al., 1999).
Degradation of OD-PABA was also observed by Rodil and the degradation
products were generated via the dealkylation of OD-PABA corresponding to the
loss of the methyl groups attached to anilino group. Meanwhile, methylation on
the benzene ring of OD-PABA was also detected due to the cosolvent of methanol
in the irradiation solutions (Rodil et al., 2009). Similar to our results, degradation
of OD-PABA followed first-order kinetics was reported in the photolysis study
carried out in different water matrices including distilled water, swimming pool
water and seawater (Sakkas et al., 2003). At the same time in this research, the
signals of the identified degradation products of OD-PABA began to growing also
at the early steps of the photolysis, which was just as same as the profiles
observed in the photocatalytic degradation of Et-PABA in our study. Degradation
products resulted from the hydroxylation on benzene ring and dealkylation of
OD-PABA were both found in Sakkas’s study. Combining the results in previous
studies along with our findings, it can be summarized for the photolysis of the
UV filters which were commonly derivated from the basic structure of PABA that
degradation following the first-order kinetics can be observed mainly based on
the HO radicals mediated mechanism as well as the hydroxylated products can
always be identified during the degradation.
4.3.1.3 Phototoxicity evaluation
Since several photolysis degradation products of Et-PABA were first observed in
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this study, their environmental impacts still remained large unknown. Thus, the
ecotoxicity throughout the photolysis of Et-PABA in aqueous solution was
evaluated using the Microtox acute toxicity test. The phototoxicity was expressed
as the inhibition percentage of the luminescence emitted by the V. fischeri.
Sample solutions collected at different irradiation periods of 0, 1, 3, 6, 8, and 10
hr were tested, as well as the blank controls with the same irradiation periods
were also taken into test in order to eliminate the interference in the toxicity that
might be introduced by the matrix along the UV/TiO2 irradiation. Besides, the
acute toxicity of Et-PABA in aqueous solution was previously tested as the value
of EC5015min in range between 3.2-4.2 mg/L in Microtox assay, which presented a
significant hazard effect on the ecosystem (EC, 1996). The result of phototoxicity
during the degradation of Et-PABA is shown in Fig-4.6. As we can see, the
inhibition percentage of each irradiated sample solution were kept decreasing
from 22.28% at 0 hr falling to below zero (-2.90%) in the end. This indicated the
phototoxicity of sample solution was reduced along the degradation of Et-PABA
throughout the irradiation, and finally complete detoxification was accomplished
in this photolysis study since there was no significant toxicity detected in the end
of the degradation. Meanwhile, no toxic inhibition was observed for the blank
controls during the irradiation, which means there was no interference affecting
the test results sourced from the matrix. Therefore, it can be concluded that the
toxicity of the sample solution mainly came from Et-PABA and detoxification
was finally observed as the degradation going on in this photolysis study.
Moreover, the degradation products may be less toxic than the mother compound
or even non-toxic to the water environment. At this stage, this study has
preliminarily proven the relative safety of the environmental fate of Et-PABA.
However, the environmental risks were mainly sourced from the continuous
release of Et-PABA into aquatic ecosystem. As a result, the effective removal
treatments of these emerging contaminants are highly demanded.
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Figure-4.6 Phototoxicity of inhibition (%) of Et-PABA as a function of irradiation time

4.3.2 3-Benzylidene camphor (3-BC)
4.3.2.1 Catalytic photodegradation profile
Like Et-PABA, the understanding for the degradation of 3-BC is also limited in
the environmental chemistry. Thus, similar UV/TiO2 photocatalytic degradation
experiment was also performed on 3-BC to imitatively study its environmental
fate in aquatic ecosystem. A 25-mL working suspension containing 25 µM 3-BC
and 500 µM TiO2 catalyst was irradiated under UVC light. However, due to the
lipophilic property of 3-BC, 0.2% (v/v) methanol was added in the working
solution in order to increase the water solubility and enhance the steady of 3-BC
in aqueous solution. The effects of adsorption, hydrolysis and direct photolysis
were studied in the preliminary experiments for 3-BC with the similar process as
Et-PABA described in section 4.3.1.1 and no significant interference to the
degradation was observed. The degradation profile of 3-BC is shown in Fig-4.7,
which was plotted according to the signal abundance of 3-BC in SRM mode (m/z
241→105) over the irradiation time (hr). As we can see, higher than 99%
degradation of 3-BC was obtained within 30 hr, while the complete degradation
was final achieved in 50-hr irradiation. The half-life of 3-BC was observed
around 8 hr. This profile may suggest that the photocatalytic degradation of 3-BC
roughly followed the pseudo-first-order decay within a certain concentration
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range of the analyte. Comparing the degradation profiles of 3-BC (Fig-4.7) and
Et-PABA (Fig-4.3A), both in the existence of methanol with the percentage of
0.20% and 0.74%, respectively, Et-PABA was expected to be more resistant to the
UV/TiO2 photocatalytic treatment than 3-BC. For 3-BC, it took about 50 hr to
reach the complete degradation, whereas it spent nearly 350 hr for Et-PABA to be
totally degraded under the comparable conditions. Therefore, it can be inferred
that 3-BC may not be as persistent as Et-PABA in aquatic environment, even
though it is higher lipophilic.

Figure-4.7 Degradation profile of 3-BC

Up to now, the study on degradation of 3-BC was still very limited. However,
there were some literature on degradation mechanisms and profiles available for
reference associating to another UV filter named 4-MBC, which has similar
chemical structure with 3-BC. According to an early study, in which the
photolysis of 35.4 µM 4-MBC was performed in aqueous solution containing
ethanol as cosolvent, half-life of 888 min was detected and the degradation rate
constant was calculated as 7.54 min-1 (Vanquerp et al., 1999). When comparing
with

other

UV

filters

namely

OD-PABA,

BP-3

and

butyl

methoxydibenzoylmethane in their study, 4-MBC exhibited the weakest stability
and was easily degraded during the photolysis. In another photodegradation study,
however, a high stability for 4-MBC was observed during the irradiation period of
72 hr (Rodil et al., 2009). The mechanisms for photocatalytic degradation of
4-MBC was demonstrated as mainly due to the hydroxyl radical oxidation and
TiO2 displayed a strong effect during the degradation (Sakkas et al., 2009). The
above information could provide the dependable references for further study on
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the degradation mechanisms of 3-BC.
4.3.2.2 Identification of photodegradation products and their transformation
profiles
Several degradation products were preliminarily found during the photocatalytic
irradiation of 3-BC in this study. The structural identification and transformation
profiles for the detected products were elucidated basing on the multiple
techniques including chromatography, UV-absorption spectroscopy, and tandem
mass spectrometry. The identification strategies were similar to those of Et-PABA
and previously described in section 4.3.1.2. For all the degradation products of
3-BC, the detection information are summarized in Table-4.4, including the
retention times, SIM molecular ion and SRM transition pairs in MS/MS, and the
maximum absorption wavelength in UV spectra, as well as their proposed
transformation pathways.
A degradation product with the same molecular ion of m/z=241 as 3-BC was
detected using the full scan mode in the mass spectrometry. Meanwhile, fragment
ions as same as those detected from 3-BC were also observed in the daughter-ion
scan mode in MS/MS. Thus, completely same SRM transition pairs of 241→105
and 241→94 as 3-BC were found for Product-A, which indicated it may have the
very similar chemical structure with the mother compound. However, the only
difference between Product-A and 3-BC was in their retention times, since
Product-A was eluted out just a little later than 3-BC during the chromatographic
separation. In aspect of the chemical structure, 3-BC can exist as a Z or E isomer
due to the exocyclic carbon-carbon double bond, just like 4-MBC (Santos et al.,
2012). In commercial sunscreens, 3-BC is present in the E form, which was
recognized as the mother compound in this study using the standard chemicals. It
has been proven, E isomer is able to convert fast into Z isomer under the
irradiation, which have been previously reported in the photolysis study of
4-MBC (Rodil et al., 2009). Therefore, Product-A was subsequently identified as
the Z isomer of 3-BC and the photo-isomerization was recognized as one of the
transformation pathways during the photocatalytic degradation of 3-BC. For
Product-B and C, same molecular ion m/z of 255 was detected at the different
retention times. Comparing to the molecular ion m/z of 3-BC which is 241, the
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methyl substitution was firstly assumed to occur for both degradation products,
since 0.2% (v/v) methanol was existed in the working solution during the
irradiation. In previous study, the transformation pathway of methylation was
similarly observed in the photolysis of OD-PABA, in which methanol was also
employed as the cosolvent (Rodil et al., 2009). Then the molecular ion m/z of 255
was subsequently scanned for searching the daughter ions. The fragment m/z of
109 was finally found both for Product-B and C, which indicated the bridged
structure in the camphor moiety was preserved. Therefore, we may suggest that
the methylation didn’t occur on the camphor moiety for both Product-B and C.
However, the exact substituted positions of these degradation products should be
further confirmed. For Product-D, only the molecular ion with m/z of 273 was
detected and no more fragment ion was found in MS/MS. Comparing to the
molecular ion m/z of 3-BC which is 241, the dihydroxylation of the mother
compound is suspected for Product-D even though the detection information was
limited in this study, because this is not the first time for this molecular ion to be
found in the photolysis study. As we know, 4-MBC is the methylated derivatives
of 3-BC with a methyl group substituted on the p-position of the aromatic ring. In
a previous photocatalytic study, the molecular ion m/z of 273 was identified as
the transformation product of 4-MBC through the pathway of demethylation
followed by dihydroxylation (Sakkas et al., 2009). According to the above
information, therefore, in aqueous solutions the hydroxylation was highly
expected to occur during the photolysis of the substances associated with the
chemical structure of benzylidene camphor. Viewing the signals obtained from
the UV absorption spectra, another two peaks found in the chromatogram may be
preliminarily suspected as the Product-E and F. For these two products, the only
available detection information was from their common λmax in UV absorption
which was 245 nm, whereas there was no relevant signal in MS/MS that can be
found for them. In comparison with 3-BC (λmax = 290 nm), the λmax of 245 nm
may imply the benzylidene as the basic structure of the mother compound was not
broken, but further confirmation is still needed.
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Table-4.4 Detection information for the degradation products of 3-BC
Degradation
products

Retention time /
min

Identification

Transformation
pathway

Products-A

7.24

SRM

Products-B

6.13

SRM

241 → 105

Z-isomer

Photo-isomerization

Products-C

5.32

SRM

255 → 109

-CH3

Methylation

255 → 109

-CH3

Products-D

5.64

Methylation

Products-E

3.94

SIM

273

-OH

Dihydroxylation

UV

Products-F

1.25

UV

245 nm
245 nm

Detection information

Unknown
Unknown

The transformation profiles for six degradation products of 3-BC are shown in
Fig-4.8. Based on the different detection techniques, the profiles for Product-A, B
and C were plotted according to their signal abundance detected with SRM mode
in MS/MS, and the profile for Product-D was plotted in term of the signal
abundance detected with SIM mode in MS/MS, whereas the transformation
profiles of Product-E and F were performed only based on their maximum
absorption wavelengths in UV spectra. When compared to the transformation
profiles obtained in degradation of Et-PABA, the circumstance in degradation of
3-BC seemed a little more complicate, not only because more products were
observed but also considering their multiple transformation pathways. As the
Z-isomer of 3-BC possessing very similar chemical structure and properties to the
mother compound, Product-A was generated immediately as soon as the
irradiation began and reached the maximum amount rapidly within 1 hr. Then it
turned to go down and the reduction rate was very similar to the decline trend of
the mother compound. Similar to 3-BC also, higher than 95% of Product-A
decayed around 20 hr and it finally degraded completely within the investigation
period. Therefore for Product-A, once being generated and reaching the highest
amount rapidly, it showed a consistent degradation trend with the mother
compound due to the similar chemical structure formed. For the remaining five
degradation products, they were detected at the initial stage of the irradiation and
then grew up to the maximum amount with different increasing rate. For
Product-B, D and E, the highest amounts were observed before 10 hr which
approximated the half-life of the mother compound, whereas the maximum
amounts for Product-C and F were detected around 20 hr and it was close to point
for the complete degradation of 3-BC. After the maximum amount, Product-B
and E dropped gently and finial disappeared within 50 hr. For Product-C, D and F,
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even the reduction were also observed in the next hours, however, the complete
degradation for them were not achieved and these products still can be detected in
the end of 50-hr irradiation. As a result, this may indicate the degradation
products with higher resistance against the catalytic photolysis than the mother
compound have been generated during the irradiation which are considered to be
more persistent than 3-BC in the aquatic environment. At the same time,
concerning the complexities observed in the transformation profiles of all the
degradation products can be subsequently assumed, including the different
changing rates and the timing for reaching the maximum, the interaction and
conversion between each product. But more evidences and studies are still
needed.

99

Figure-4.8 Transformation profiles for six degradation products of 3-BC
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Considering the complexities of the photodegradation of 3-BC, in which several
transformation

pathways

of

photo-isomerization,

methylation

and

dihydroxylation were observed and lots of degradation products were detected, as
well as some of them exposing the persistent properties, 3-BC is suspected to
pose the potential risks to the water environment. Additionally, the acute toxicity
of 3-BC expressed in the value of EC5015min was previously tested in range of
17.05-21.69 mg/L in our study using the Microtox test, and this result suggested a
harmful effect of 3-BC on the ecosystem. Until now, the phototoxicity of 3-BC
under natural conditions still remain large unknown and it is necessary to carry
out the assessment on their environmental risks. However, since methanol was
added in the working solution as the cosolvent to increase the water solubility of
3-BC, it has brought a serious interference to the evaluation of phototoxicity
during the irradiation, when the V. fischeri was employed in the Microtox test.
Thus, other toxicological tests should be considered in further study.
4.3.3 Benzophenone group
4.3.3.1 Catalytic photodegradation profiles
Photocatalytic degradation of benzophenone group compounds including BP-1,
BP-2, BP-8, 4-HB and 4-DHB was preliminarily studied in this chapter.
Considering their similar chemical structures, BP group compounds were firstly
photodegraded in a mixture in order to get a grasp of their general degradation
status. Thus, a 25-mL mixed working solution containing 20 µM of each
benzophenone compound and total 2000 µM TiO2 catalyst was irradiated under
UVC light. 1.1% (v/v) methanol was added so as to increase the water solubility
and enhance the steady of these organic compounds in aqueous solution. The
irradiation was prolonged to 150 hr as the end. The effects of adsorption and
hydrolysis were also investigated in the similar process described in section
4.3.1.1 and no significant interference to the degradation was observed. The
degradation profiles of five target analytes are shown in Fig-4.9, which were
plotted according to their degradation percentage in terms of the irradiation time
so that a parallel comparison can be clearly caught. As we can see, the
degradation trends of five studied BP-group compounds can be obviously divided
into two types: the rapid decay and complete degradation was observed for BP-1,
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BP-2 and BP-8; while the gradual degradation has been found for 4-HB and
4-DHB, which were not entirely degraded within the irradiation period of 150 hr.
The speediest degradation was obtained for BP-2 and the complete degradation
was achieved around 10-12 hr. Comparable decay rates were detected for BP-8
and BP-1, for which the complete degradation were accomplished within the
irradiation period of 30 hr. Herein, the tendencies of readily degradation have
been found for the general BP-type compounds (BP-1, BP-2 and BP-8). When
comparing to the former degradation studies of 3-BC and Et-PABA, these three
BP-group compounds revealed the similar persistence with 3-BC whereas they
were not as resistant as Et-PABA against the photolysis in aqueous. However,
4-HD and 4-DHB showed the extraordinarily gentle degradation trends distinct to
the other three BP-type compounds, that there were still around 30% and 10% of
4-HD and 4-DHB remained after 150-hr irradiation, respectively. As well known,
4-HD and 4-DHB were not only used as BP-type UV filters but also acted as the
precursors of some BP-type compounds (Asimakopoulos et al., 2014), for which
there was no substitution at ortho-position of benzene rings and thus were
differential from the general BP-type compounds like BP-1, BP-2 and BP-8. At
this stage, however, no relationship can be pointed out between this structural
difference and the distinct degradation rates of the general BP-type compounds
and 4-HB/4-DHB. Therefore, since the complete degradation of 4-HB and
4-DHB were not achieved in a mixture solution during the preliminary
photocatalytic degradation study, the individual photolysis for these two
compounds were subsequently performed in order to provide a clear observation
on their degradation profiles.
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Figure-4.9 Degradation profiles of BP-group compounds in a mixture with 1.1% methanol
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At the same time, it has been tested under laboratory conditions that the water
solubility of 4-HB and 4-DHB are able to reach up to 6 mg/L and 12.8 mg/L,
respectively, with the assistance of sonication. Therefore, the individual
photodegradation of 4-HB and 4-DHB were carried out in 25 mL aqueous
solution without methanol added. The concentrations for 4-HB and 4-DHB were
set as high as 25 µM and 50 µM, respectively, in order to maintain the stability of
their detection signals. 20 times in molar ratio of TiO2 as catalyst was added into
the working solution of each target compound. As a result, the degradation
profiles of 4-HB and 4-DHB are shown in Fig-4.10A. As we can see, higher than
98% degradation of both 4-HB and 4-DHB were readily achieved in the aqueous
solution. Within the observation period, 4-HB rapidly decayed to 1.9% after being
irradiated for 6 hr, and 4-DHB degraded to 1.7% with a relatively slower speed in
irradiation time of 10 hr. Viewing the degradation behaviors of three UV filters in
aqueous conditions which were 4-HB and 4-DHB as well as Et-PABA in former
study, comparable degradation rates of these three analytes can be summarized.
For 4-HB, Et-PABA and 4-DHB, the complete degradation was accomplished in
6 hr, 8 hr, and 10 hr, respectively. Combining all the degradation results of the
seven studied UV filters above, it can be circuitously proven that Et-PABA, 4-HB
and 4-DHB revealed the potential of more persistent than 3-BC, BP-1, BP-2 and
BP-8 throughout the photocatalytic degradation in aqueous conditions. In
previous literature, the most frequently studied UV filter of BP-type compounds
was BP-3. It was reported with the relatively higher photostability when
compared to OD-PABA and 4-MBC (Vanquerp et al., 1999). Similarly, significant
stability of BP-3 in aqueous solution under both UV and sunlight was also
reported by Rodil and Liu (Rodil et al., 2009; Liu et al., 2011), in which 100 µg/L
of BP-3 was exposed to the artificial sunlight for 72 hr and no obvious
degradation was observed throughout the irradiation. So far, we have
systematically demonstrated and evaluated the photostability of three types of UV
filters in aqueous solutions, including benzophenones (BP-3, BP-1, BP-2 and
BP-8), p-amino benzoic acids (OD-PABA and Et-PABA) and benzylidene
camphors (4-MBC and 3-BC), not only through the simulative irradiation
experiments but also combing the relevant literature. The outcomes in this study
provide a better understanding on the environmental behaviors of these sunscreen
agents in the aquatic ecosystem and form the basis for further exploring of their
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environmental fate.

Figure-4.10 Photodegradation results of 4-HB and 4-DHB in aqueous solution without methanol, including
(A) Degradation profiles, and (B) Phototoxicity of inhibition percentage

4.3.3.2 Phototoxicity evaluation
Since the acceptable water solubility of 4-HB and 4-DHB was obtained in our
previous study, it is able to evaluate their phototoxicity via the Microtox acute
toxicity test. Sample solutions of 4-HB collected at different irradiation period of
0, 1, 3 and 6 hr were tested, and the irradiated sample solutions of 4-DHB were
collected at 0, 0.5, 4 and 10 hr. For reference, the acute toxicity of 4-HB and
4-DHB were tested conducting the Microtox assay. The initial results showed the
EC5015min values of 4-HB and 4-DHB were around 13.8 and 14.7 mg/L,
respectively, which belong to the category of “harmful” (of a criterion of 10-100
mg/L) (Sang et al., 2013). The phototoxicity results of 4-HB and 4-DHB acquired
along the photodegradation are shown in Fig-4.10B. It is obvious that the trends
of reduction in the phototoxicity can been seen for both 4-HB and 4-DHB. For
4-HB, the measured inhibition percentage of each irradiated sample solution was
kept decreasing from 21.1% at 0 hr falling to 7.4% after being irradiated for 6 hr,
which means more than 98% of 4-HB was degraded within this period. Likewise,
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the inhibition percentages determined in the irradiated sample solutions of 4-DHB
were also sustained to decline from the beginning of the 10-hr irradiation to the
end which was from 15.8% dropping to 3.3%, in other words, more than 98% of
4-DHB was degraded. As a result, it suggested that the ecotoxicity of 4-HB and
4-DHB can be significantly deduced during the photolysis process, and it
subsequently implied that the potential impact sourced from the release of 4-HB
and 4-DHB into the aquatic environment may be limited, which is in accordance
with the findings in our previous photocatalytic study of Et-PABA.
4.3.3.3 Degradation products of BP-type UV filters
The preliminary investigation for the degradation products of BP-type UV filters
was studied in a mixture solution following the experiment described in section
4.3.3.1. The initial recognition of the degradation products was based on the
detection techniques of tandem mass spectrometry in terms of their molecular
ions m/z. In full scan mode, the molecular ions with the m/z ratios characterized
as 290, 274, 246 and 230 were firstly detected in the irradiated mixture solution.
Then in the daughter-ion scan mode, the fragment ions of m/z 122 and 106 were
acquired from above molecular ions. As we know, these two fragments are the
basic structures of the BP-type compounds and identified as hydroxybenzoyl
group and benzoyl group, respectively. As a result, these four molecular ions with
the m/z of 290, 274, 246 and 230 were preliminarily identified as the likely
degradation products generated during the catalytic photolysis of BP-type
compounds in aqueous solution. At the same time, the detected daughter ions
fragmented from the products may indicate that benzophenone is probably
maintained as the main structures of the degradation products. However, the
products generated from the bond cleavage of the basic structures of
benzophenone during the photolysis in solutions were also reported in previous
studies of another BP-type UV filter, which is BP-3, and the identified products
were including 2,4-dimethylanisole, benzoic acid and benzaldehyde (Liu et al.,
2011; Vione et al., 2013). Meanwhile, with the methanol in solution, the
methylated products of BP-type compounds were possibly produced during the
irradiation, and similar products were detected in the photodegradation study of
BP-3 under typical surface water conditions (Vione et al., 2013). Although the
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photodegradation of BP-type UV filters was presented in an initial stage and only
limited information about the products identification was provided, this study is
still a good start for exploring the photochemical behaviors of this kind of
contaminants in aquatic environment, and it has already offered some basic
information on the catalytic photodegradation of five common BP-type UV
filters.
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4.4 Chapter summary
UV/TiO2 assisted photodegradation of seven UV filters namely Et-PABA, 3-BC,
BP-1, BP-2, BP-8, 4-HB and 4-DHB were investigated in aqueous phase, as well
as the phototoxicity and the degradation products of these UV filters generated
along the irradiation were subsequently studied with the purpose of providing a
better understanding on the environmental fate and ecotoxicity of these emerging
contaminants in aquatic ecosystem.
The degradation study of Et-PABA was performed in aqueous solutions both with
and without methanol, so as to confirm that the hydroxyl radical oxidation played
a predominant role in this catalytic photolysis process. Thus, the degradation
profiles of Et-PABA obtained both with/without methanol were plotted. As a
result, the complete degradation of Et-PABA was observed around the irradiation
period of 345 hr and 8 hr, in the working solutions with/without methanol,
respectively. Comparably, the complete degradation of 4-HB and 4-DHB were
accomplished within 10-hr irradiation in aqueous phase, whereas it took more 150
hr to reach the degradation percentage of 70% and 90% for 4-HB and 4-DHB,
respectively, in the working solution containing methanol. In a different behavior,
however, a rapid photodegradation have been found for 3-BC, BP-1, BP-2 and
BP-8 which were irradiated in a working solution containing 0.2% (v/v) methanol.
For these four UV filters, the complete degradation were observed within 30 hr.
Consequently, the photostability of some UV filters from three common groups
namely p-amino benzoic acids, benzylidene camphors and benzophenones in
aqueous phase can be compared in this study and further applied to estimate their
persistence in aquatic environment.
The ecotoxicity sourced from the irradiation of Et-PABA, 4-HB and 4-DHB were
measuring using the Microtox acute toxicity test. The consistent results of
continual decline in toxicity for these three UV filters were obtained during the
irradiation. Moreover, Et-PABA was entirely detoxified in the observation period
of 12 hr. This indicated that the adverse impacts of these three UV filters in the
water environment may be limited, in some extent.
Additionally, several degradation products have been detected during the catalytic
photolysis of Et-PABA and 3-BC. Some of them were initially identified as the
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products derived from the hydroxylation, methylation and photo-isomerization of
their mother compounds. The transformation profiles of detected products were
also plotted along the irradiation. It has been found that all the degradation
products of Et-PABA were totally degraded in the same way like the mother
compound within the observation period, whereas three out of six degradation
products of 3-BC were found as more persistent than the mother compound since
they were still detected after being irradiated for more than 50 hr. Therefore, the
long-term existence of 3-BC in aquatic ecosystem may call for more concerns on
their environmental fate and potential risks in further research.
To sum up, this simulative photodegradation study has filled the gaps in the
photostability and environmental behaviors of some less concerned UV filters, as
well as firstly provided the knowledge on their phototoxicity in the aquatic
ecosystem.

109

4.5 References
[1] Asimakopoulos A.G., Thomaidis N.S., Kannan K., 2014. Widespread
occurrence of bisphenol acid esters (parabens), benzophenone type-UV filters,
triclosan, and triclocarban in human urine from Athens, Greece. Sci. Total
Environ. 470-471, 1243-1249. DOI:10.1016/j.scitotenv.2013.10.089
[2] Behnajady M.A., Modirshahla N., Shokri M., 2004. Photodestruction of Acid
Orange 7 (AO7) in aqueous solutions by UV/H2O2: influence of operational
parameters. Chemosphere 55, 129. DOI:10.1016/j.chemosphere.2003.10.054
[3] Chen Y., Yang S., Wang K., Lou L., 2005. Role of primary active specis and
TiO2 surface characteristic in UV-illuminated photodegradation of Acid
Orrange

7.

J.

Photochem.

Photobio.

A

172,

47-54.

DOI:10.1016/j.jphotochem.2004.11.006
[4] Coronado M., De Haro H., Deng X., Rempel M.A., Lavado R., Schlenk D.,
2008. Estrogenic activity and reproductive effects of the UV-filter
oxybenzone

(2-hydroxy-4-methoxyphenyl-methanone)

in

fish.

Aquat.

Toxicol. 90, 182-187. DOI:10.1016/j.aquatox.2008.08.018
[5] Daneshvar N., Salari D., Khataee A.R., 2004. Photocatalytic degradation of
azo dye acid red 14 in water on ZnO as an alternative catalyst to TiO2. J.
Photochem.

Photobio.

A

162,

317-322.

DOI:10.1016/S1010-6030(03)00378-2
[6] Díaz-Cruz M.S., Llorca M., Barceló D., 2008. Organic UV filters and their
photodegradates, metabolites and disinfection by-products in the aquatic
environment.

Trac-Trend

Anal.

Chem.

27,

873-887.

DOI:10.1016/j.trac.2008.08.012
[7] EC, 1996. Technical Guidance Documents in Support of Directive
96-67-EEC on Risk Assessment of New Notified Substances and Regulation
(EC) No. 1488/94 on Risk Assessment of Existing Substances (Parts I, II, III
and IV). EC catalogue numbers CR-48-96-001, 002, 003, 004-EN-C. Office
for Official Publications of the European Community, 2 rue Mercier, L-2965
Luxemburg.
[8] Fent K., Kunz P.Y., Zenker A., Rapp M., 2010. A tentative environmental risk
110

assessment

of

the

UV-filters

3-(4-methylbenzylidene-camphor),

2-ethyl-hexyl-4-trimethoxycinnamate, benzophenone-3, benzophenone-4 and
3-benzylidene

camphor.

Mar.

Environ.

Res.

69,

S4-S6.

DOI:10.1016/j.marenvres.2009.10.010
[9] Gaspar L.R. and Campos P.M.B.G.M, 2006. Evaluation of the photostability
of different UV filter combinations in a sunscreen. Int. J. Pharm. 307,
123-128. DOI:10.1016/j.ijpharm.2005.08.029
[10] Inui M., Adachi T., Takenaka S., Inui H., Nakazawa M., Ueda M., Watanabe
H., Mari C., Iguchi T., Miyatake K., 2003. Effect of UV screens and
preservatives on vitellogenin and choriogenin production in male medaka
(Oryzias

latopes).

Toxicology

196,

43-50.

DOI:10.1016/S0300-483X(03)00340-8
[11] ISO 11348-3, 2009. Water quality – Determination of the inhibitory effect of
water samples on the light emission of Vibrio fischeri (Luminescent bacteria
test) – Part 3: Method using freeze-dried bacteria. British standard
[12] Ji Y., Zhou L., Zhang Y., Ferronato C., Brigante M., Mailhot G., Yang X.,
Chovelon J.-M., 2013a. Photochemical degradation of sunscreen agent
2-phenylbenzimidazole-5-sulfonic acid in different water matrices. Water
Res., 47, 5865-5875. DOI:10.1016/j.watres.2013.07.009
[13] Ji Y., Zhou L., Ferronato C., Salvador A., Yang X., 2013b. Degradation of
sunscreen

agent

2-phenylbenzimidazole-5-sulfonic

acid

by

TiO2

photocatalysis: Kinetics, photoproducts and comparison to structurally
related

compounds.

Appl.

Catal.

B-Environ.

140-141,

457-467.

DOI:10.1016/j.apcatb.2013.04.046
[14] Kim S. and Choi K.., 2014. Occurrences, toxicities, and ecological risks of
benzophenone-3, a common component of organic sunscreen products: A
mini-review. Environ. Int. 70, 143-157. DOI:10.1016/j.envint.2014.05.015
[15] Kockler J., Oelgemöller M., Robertson S., Glass B.D., 2012. Photostability
of

sunscreens.

J.

Photoch.

Photobio

C

13,

91-110.

DOI:10.1016/j.jphotochemrev.2011.12.001
[16] Kunz P.Y., Fent K., 2006a. Multiple hormonal activities of UV filters and
111

comparison

of

in

ethyl-4-aminobenzoate

vivo

and

in

fish.

in

vitro

Aquat.

estrogenic
Toxicol.

activity
79,

of

305-324.

DOI: 10.1016/j.aquatox.2006.06.016
[17] Kunz P.Y., Galicia H.F., Fent K., 2006b. Comparison of in vitro and in vivo
estrogenic activity of UV filters in fish. Toxicol. Sci. 90, 349-361.
DOI:10.1093/toxsci/kfj082
[18] Li M.-H., 2012. Acute toxicity of benzophenone-type UV filters and paraben
preservatives to freshwater planarian, Dugesia japonica. Toxicol. Environ.
Chem. 94, 566-573. DOI:10.1080/02772248.2012.655695
[19] Liu H., Sun P., Liu H., Yang S., Wang L., Wang Z., 2015. Acute toxicity of
benzophenone-type UV filters for

Photobacterium

phosphoreum

and

Daphnia magna: QSAR analysis, interspecies relationship and integrated
assessment.

Chemosphere

135,

182-188.

DOI:10.1016/j.chemosphere.2015.04.036
[20] Liu Y.-S., Ying G.-G., Shareef A., Kookana R.S., 2011. Photostability of the
UV filter benzophenone-3 and its effect in the photodegradation of
benzotriazole in water. Environ. Chem. 8, 581-588. DOI:10.1071/EN11068
[21] MacManus-Spencer L.A., Tse M.L. Klein J.L., Kracunas E., 2011. Aqueous
photolysis of the organic ultraviolet filter chemical octyl methoxycinnamate.
Environ. Sci. Technol. 45, 3931-3937. DOI:10.1021/es103682a
[22] Mao L., Meng C., Zeng C., Ji Y., Gao S., 2011. The effect of nitrate,
bicarbonate and natural organic matter on the degradation of sunscreen agent
p-aminobenzoic acid by simulated solar irradiation. Sci. Total Environ. 409,
3576-5381. DOI:10.1016/j.scitotenv.2011.09.012
[23] Parvez S., Venkararaman C., Mukherji S., 2006. A review on advantages of
implementing luminescence inhibition test (Vibrio fischeri) for acute toxicity
prediction

of

chemicals.

Environ.

Int.

32,

265-268.

DOI:10.1016/j.envint.2005.08.022
[24] Paredes E., Perez S., Rodil R., Quintana J.B., Beiras R., 2013.
Ecotoxicological evaluation of four UV filters using marine organisms from
different trophic levels Isochrysis galbana, Mytilus galloprovincialis,
112

Paracentrotus lividus, and Siriella armata. Chemosphere 104, 44-50.
DOI:10.1016/j.chemosphere.2013.10.053
[25] Rodil R., Moeder M., Altenburger R., Schmitt-Jansen M., 2009.
Photostability and phytotoxicity of selected sunscreen agents and their
degradation mixtures in water. Anal. Bioanal. Chem. 395, 1513-1524.
DOI:10.1007/s00216-009-3113-1
[26] Sakkas V.A., Giokas D.L., Lambropoulou D.A., Albanis T.A., 2003. Aqueous
photolysis of the sunscreen agent octyl-dimethyl-p-aminobenzoic acid
Formation of the disinfection byproducts in chlorinated swimming pool water.
J. Chromatogr. A 1016, 211-222. DOI:10.1016/S0021-9673(03)01331-1
[27] Sakkas V.A., Calza P., Azharul Islam M., Medana C., Baiocchi C.,
Panagiotou K., Albanis T., 2009. TiO2/H2O2 mediated photocatalytic
trandformation of UV filter 4-methylbenzylidene camphor (4-MBC) in
aqueous phase: Statistical optimization and photoproduct analysis. Appl.
Catal. B-Environ. 90, 526-534. DOI:10.1016/j.apcatb.2009.04.013
[28] Sang Z., Jiang Y., Tsoi Y.-K., Leung K.S.-Y., 2013. Evaluating the
environmental impact of artificial sweeteners: A study of their distributions,
photodegradation

and

toxicities.

Water

Res.

52,

260-274.

DOI:10.1016/j.watres.2013.11.002
[29] Santos A.J.M., Miranda M.S., Esteves da Silva J.C.G, 2012. The degradation
products of UV filters in aqueous and chlorinated aqueous solutions. Water
Res. 46, 3167-3176. DOI:10.1016/j.watres.2012.03.057
[30] Schlumpf M., Schmid P., Durrer S., Conscience M., Maerkel K., Henseler M.,
Gruetter M., Herzog I., Reolon S., Ceccatelli R., Faass O., Stutz E., Jarry H.,
Wuttke W., Lichtensteiger W., 2004. Endocrine activity and developmental
toxicity of cosmetic UV filter-an update. Toxicology 205, 113-122.
DOI:10.1016/j.tox.2004.06.043
[31] Sieratowicz A., Kaiser D., Behr M., Oetken M., Oehlmann J., 2011. Acute
and chronic toxicity of four frequently used UV filters substances for
Desmodesmus subspicatus and Daphia magna. J. Environ. Sci. Heal. A 46,
1311-1319. DOI:10.1080/10934529.2011.602936
113

[32] Vanquerp V., Rodriguez C., Coiffard C., Coiddard L.J.M., 1999.
High-performance liquid chromatographic method for the comparison of the
photostability of five sunscreen agents. J. Chromatogr. A 832, 273-277.
DOI:10.1016/S0021-9673(98)00928-5
[33] Vione D., Caringella R., Laurentiis E. D., Pazzi M., Minero C., 2013.
Phototransformation

of

the

sunlight

filter

benzophenone-3

(2-hydroxy-4-methoxybenzophenone) under conditions relevant to surface
water.

Sci.

Total

Environ.

463-464,

243-251.

DOI:10.1016/j.scitotenv.2013.05.090
[34] Zhou L., Ji Y., Zeng C., Zhang Y., Wang Z., Yang X., 2013. Aquatic
photodegradation of sunscreen agent p-aminobenzoic acid in the presence of
dissolved

organic

matter.

Water

Res.

47,

153-162.

DOI:10.1016/j.watres.2012.09.045
[35] Zhuang R., Zabar R., Grbovic G., Dolenc D., Yao J., Tisler T., Trebse P.,
2013.

Stability

and

Toxicity

of

Selected

Chlorinated

Benzophenone-type UV Filters in Waters. Acta Chim. Slov. 60, 826-832.
WOS:000329194200014

114

Chapter 5 Occurrence Study of UV filters in Marine
Organisms and Their Ecological Risk Assessment
in Hong Kong Marine Environment

5.1 Introduction
Preliminary animal tests have indicated that at least a few commonly used UV
filters such as BP-3, 4-MBC, 3-BC and EHMC (Inui et al., 2003; Kunz and Fent,
2006; Kunz et al., 2006a; Schlumpf et al., 2004) can disrupt endocrine function.
Current toxicity information suggests widespread application of these substances
could be risky to the aquatic ecosystem. Moreover, due to their high lipophilicity,
UV filters are readily concentrated and accumulated in living aquatic organisms,
such as fish and mussels, which has been documented by several research groups
in Europe (Gago-Ferrero et al., 2015; Gomez et al., 2012; Fent et al., 2010).
Bioaccumulation of EHMC and OC has been observed in Gomez et al.’s study
(Gomez et al., 2012). With the exposure concentrations of around 11.0 µg/L,
EHMC was accumulated in the soft tissue of marine mussels (Mytilus
galloprovincialis) from 15 ng/g (dw) to 38 ng/g (dw) over investigation period of
48h, and OC was accumulated from < 2ng/g (dw) (below LOD) to 60 ng/g (dw).
Another study found that when P. promelas, a type of minnow, was exposed to
3-BC for 21 days, an average bioconcentration factor was found up to 313 (Kunz
et al., 2006b). In the long term, UV filters could bring even greater damage to
aquatic ecosystem since their exceptional bioavailability may magnify their
environmental impact as these xeno-estrogens accumulate along the aquatic food
web (Fent et al., 2010; Gago-Ferrero et al., 2015).
As far as we know, knowledge of occurrence for UV filters in biota samples is
still limited, especially in Asia. 4-MBC was firstly involved in the occurrence
study focusing on various marine organisms collected from the Ariake Sea, in
Japan, but their results showed 4-MBC was not detected in any samples (Nakata
et al., 2009). Recently in South China, BP-3, 4-MBC and OP-PABA were
detected in the marine fish and other wild organisms, which were collected from
the Pearl River Estuary, within a concentration range of 0.1 - 41.5 ng/g (dw),
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while EHMC and OC were not detected in this study (Peng et al., 2015). In
Europe, by contrast, relatively ampler studies and information of UV filters found
in aquatic organisms were reported. BP-3, EHMC, OC and OD-PABA are the
predominant sunscreen compounds that frequently detected in the marine
organisms collected along the coasts of Norway, Portugal and France, with much
higher concentration levels up to > 800-1000 ng/g (dw); these organisms mainly
include cod, shrimp, mussels etc (Bachelot et al., 2012; Groz et al., 2014;
Langford et al., 2015). Besides in marine organisms, EHMC, OC, BP-3 and
4-MBC have also been detected in aquatic organisms collected from rivers and
lakes, mostly in Spain and Switzerland (Balmer et al., 2005; Buser et al., 2006;
Fent et al., 2010; Gago-Ferrero et al., 2015), albeit with relatively lower
concentrations (mainly below 700 ng/g (lipid weight)) compared to those in
marine organisms. Additionally, OC was once detected in the liver tissue of
Franciscana dolphins – a kind of aquatic mammals collected in Brazilian coast,
within the concentration range of 89 – 782 ng/g (lipid weight) (Gago-Ferrero et
al., 2013). Combining the environmental risks of UV filters along with the limited
information of their occurrence associated with aquatic organisms in Asia, a
comprehensive study is necessary so as to support good environmental
management, both in Hong Kong and worldwide.
To deliver a constructive investigation, the objectives of this study are to (i) make
an investigation on the occurrence of seven UV filters in marine organisms,
namely BP-3, BP-8, 4-MBC, 3-BC, OD-PABA, EHMC and OC; (ii) perform
their spatial distribution in farmed fish, wild mussels and other organism samples
collected in Hong Kong coastal environment; and (iii) evaluate the ecological
risks of the present UV filters pose to the marine aquatic environment.
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5.2 Experimental
5.2.1 Chemicals and reagents
Chemical standards for BP-3 (CRM), BP-8 (98%), 4-MBC (>99%), EHMC
(CRM) and OC (CRM) were obtained from Sigma-Aldrich (St. Louis, MO, USA);
OD-PABA (95%) was purchased from TCI (Shanghai, China); 3-BC (90-100%)
was obtained from MP Biomedical ( Irvine, CA, USA). 1000 mg/L individual
stock solution of each UV filter was prepared in pure methanol and then stored in
sealed amber glass vessels at 4℃. A mixture of standard solutions of seven UV
filters at the concentration of 10 mg/L was prepared daily and diluted to 1 mg/L
for spiking when needed.
Solvents including Milli-Q water (Millipore, Bedford, MA, USA) LC-MS grade
methanol, dichloromethane (DCM), ethyl acetate (AcEt) (Duksan Pure Chemicals,
Seoul, Korea), absolute ethanol (Uni-Chem, Orientalab, China) and formic acid
(98% purity, Merck, Rahway, NJ, USA) were employed in this study.
Diatomaceous earth and cellulose filter papers (19.8 mm) were purchased from
Dionex (Sunnyvale, CA, USA).
5.2.2 Sample collection and preparation
Farmed fish, wild mussels and some other wild organisms (including prawns,
conch and sea urchin) were collected in June to July 2015, from seven local
mariculture farms located around the coast of Hong Kong. The farms were
selected such that they geographically represent the entire mariculture area of this
region. Hong Kong is situated on the southern coast of China; it is surrounded by
sea on three sides. Currently, there are 26 mariculture zones distributed on the
eastern and southern coasts of the city (AFCD, 2006). In all of these zones,
mariculture farms are usually and preferably placed in sheltered areas, far from
pollution sources. The seven sampling locations are shown in Figure-5.1, namely
Sham Wan (1-SW), Yim Tin Tsai (2-YTT), Tai Tau Chau (3-TTC), Tung Lung
Chau (4-TLC), Sok Kwu Wan (5-SKW), Cheung Sha Wan (6-CSW) and Ma Wan
(7-MW).
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Figure-5.1 Map of Hong Kong showing sampling locations of seven local mariculture farms

Among these locations, 1-SW and 4-TLC are the most remote from urban areas;
while 2-YTT and 3-TTC are located in Tai Mei Tuk and Sai Kung, respectively,
which are two areas famous for seaside and water recreational activities. 5-SKW
is close to the pier on Lamma Island, near a popular tourist fishing village with a
population of more than 6000 residents. 7-MW is also near a small traditional
fishing village on the shore near Tuen Mun but the fishery there is on the wane.
6-CSW is situated in a secluded bay on the southeastern corner of Lantau Island,
the largest inland in Hong Kong.
The farmed fish samples collected from these seven locations were: mangrove
snappers (Lutjanus argentimaculatus) from 1-SW, 2-YTT and 4-TLC; white
blotched snappers (Lutjanus stellatus) from 5-SKW and 6-CSW; and sabah giant
groupers (Epinephelus lanceolatus) from 3-TTC and 7-MW. For each location,
three samples of fish reared in different floating rafts were randomly collected
(except 3-TTC and 7-MW, where only two fish from each could be caught) with
the body length between 30-40 cm; triplicate measurements were carried out for
each fish sample. Most of these cultured fish are mainly fed with moist or dry
pellet feed; trash fish are also sometimes used as feed. The wild mollusk species
including green mussels (Perna viridis) and clams (Mactra antiquata and
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Corbicula sp.) were collected in five locations (i.e., all except 5-SKW and
7-MW). A mixture of 15 individuals with similar body length (5-8 cm) was
regarded one complete sample, representative for one location. Triplicate analyses
of one complete mussel sample (15 individuals) were carried out for each location
as well. Other wild marine organisms were also collected occasionally such as
tiger prawns (Penaeus monodon), conch (Babylonia sp.) and purple sea urchin
(Anthocidaris crassispina), since it was not always possible to find them. Totally,
there were 28 marine samples collected in this study.
Samples were individually packaged in single-used plastic bags and kept in a
portable insulated container with ice packs to maintain the organisms alive and
fresh during the one-hour transportation from the field to the laboratory.
Treatment of samples was begun as soon as they arrived in the laboratory. For
fish samples, evisceration and removal of skin, tail, head, fins and bones was
carried out, such that only filets were used for testing. Mussels and other
non-scaly marine organisms were cleaned of sedimentary materials and deshelled
so that the soft tissues of the whole body were used. Filets and soft tissues were
then homogenized individually and stored at -20℃/-80℃ for no less than 24h
before lyophilization. After that, the totally dried samples were ground into fine
powder that was individually packed in zip-lock bags and placed in an opaque
desiccator for further use
5.2.3 Analytical procedures
The biota samples were extracted by Accelerated Solvent Extraction (ASE 200,
Dionex Corporation, Sunnyvale, CA, USA). 1 g dried sample powder was
accurately weighed and put into a 22-mL stainless steel cell with one cellulose
filter paper lace at the bottom; the cell was then filled with diatomaceous earth.
DCM/AcEt (1:1) was used as the extracting solvent and the extraction program
was set as 2 cycles of 5min static time at 100℃ under the pressure of 1500 psi.
Before finished, the cell was purged with 100% extraction solvent for 60 sec.
Then the extracts was transferred into a 100 mL round-bottom flask for rotary
evaporation at 60℃ until totally dried. 2.5 mL ethanol was added to redissolve
the extracts twice followed by dilution with Milli-Q water to the total volume of
50 mL. Afterward, the solution was thoroughly mixed using a vortex mixer for 30
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sec before SPE loading. This extraction method described here is modified from
the procedures published in Gago-Ferrero’s work (Gago-Ferrero et al., 2013).
The sample solution was further purified using Supelclean LC-18 SPE cartridges
(500 mg/3 mL, Supelco, PA, USA). Each cartridge was conditioned with 3 mL ×
3 of methanol follow by 3 mL × 3 of Milli-Q water. Then the sample solution was
loaded onto the cartridge at the speed of 1 drop/sec. After drying for 30 min under
vacuum, the extracts were eluted with 3 mL methanol followed by two aliquots of
2.5 mL ethanol at a rate of 1 drop/2 sec. Finally, the eluent was evaporated under
a gentle nitrogen stream with purity of 99.9% until totally dried and then
reconstituted with 1 mL methanol. Before instrumental analysis, the reconstituted
eluent was syringe-filtered via 0.22 µm PTFE (Grace, IL, USA).
5.2.4 Instrumental analysis
Instrumental analysis was performed using an Acquity Ultra Performance LC
system hyphenated to a Quattro Ultima triple quadrupole mass spectrometer
(Waters, MA., USA). The UPLC system comprises an auto-injector with a 10-mL
sample

loop

and

a

temperature-controlled

column

compartment.

Chromatographic analysis for UV filters was carried out with an Acquity BEH
C18 column (2.1 i.d. × 50 mm, 1.7 µm, Waters); an injection volume of 4 µL was
used for all samples. The mobile phases consisted of a mixture of milliQ water (A)
and LC-MS grade methanol (B), both with 0.1% (v/v) formic acid added. The
elution program protocol entailed a total run time of 5.5 minutes as follows:
elution started with 65% of mobile phase B for 0.5 min, followed by 100% for 1.7
min; elution gradient was held at 100% for 1 minute, then returned to 65% for 0.3
minutes, and initial conditions were reached in the final 2 min. The constant flow
rate of 0.4 mL/min was applied throughout the elution program.
MS/MS detection was performed with electrospray interface operated in positive
ionization mode (ESI+) at the capillary voltage of 1.6 kV. The source and
desolvation temperatures were set at 150℃ and 500℃, respectively. Nitrogen
was used with a cone gas flow of 150 L/hr nebulization and of 1000 L/hr for
desolvation. The quantitative analysis was performed in SRM mode. Two major
characteristic fragments of the protonated molecular ion [M+H]+ were monitored
for each analyte to enhance the sensitivity and selectivity. The detection
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information for the UV filters including retention times (tR), SRM transition pairs,
cone voltages and collision energies are shown in Table-5.1. Instrument control,
data acquisition and processing were performed using MassLynx software.
Table-5.1 SRM conditions used in UPLC-MS/MS determination of UV filters
UV filters
Retention time
Molecular
SRM transition
Cone voltage
(min)
mass
(m/z)
(V)
BP-8
0.89
244.24
245.08 → 121.00
24
245.08 → 151.03
BP-3

1.34

228.25

229.09 → 151.03

20
26

229.09 → 105.04
3-BC

1.79

240.34

241.18 → 91.01

2.01

254.37

255.15 → 105.02

26

2.25

361.47

362.25 → 250.13

26

2.33

277.40

EHMC

2.38

290.40

278.18 → 150.97

24

291.18 → 161.00

8
20

30

278.18 → 166.09
291.18 → 179.11

30
18

362.25 → 232.10
OD-PABA

36
18

255.15 → 97.01
OC

20
20

241.18 → 97.01
4-MBC

Collision energy
(eV)
18

30
22

12

8
18

5.2.5 Analytical method validation
Five-point standard calibration curves were plotted within the concentration range
of 0-100 ng/g, by spiking the standard solutions of UV filters into the sample-free
blank solutions comprising 5 mL ethanol and 45 mL Milli-Q water before SPE.
The linearities were calculated using the least square method. Recovery test was
performed by spiking UV filter standard solutions at three concentrations, namely
8, 40 and 400 ng/g (dw), in the market samples, and the sample-free blanks as
well as triplicate tests were carried out to test repeatability. Recoveries were
expressed as the ratio of concentrations calculated from the spiked samples to
spiked blanks. LOD and LOQ were determined by spiking the UV filter standard
solutions into the sample-blanks and then using the signal-to-noise ratios of 3
times and 10 times for calculations.
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5.3 Results and discussions
5.3.1 Method validation results
5.3.1.1 Validation results
Validation results including linearity (R2), recovery, repeatability (RSD), LOD
and LOQ for each UV filter are summarized in Table-5.2. In previous studies,
wide concentration ranges for UV filters detected in aquatic organisms have
sometimes been reported. For example, Peng et al. reported 0.11-1.52 ng/g (dw)
of BP-3 in wild marine organisms (Peng et al., 2015), while Fent et al. reported
up to 151 ng/g lipid, also in marine organisms (Fent et al., 2010). OC was
detected in mussels in a wide concentration range of <2-7112 ng/g (dw) (Bachelot
et al., 2012). Therefore, in order to accommodate as wide a variation as possible,
three standard calibration curves covering the low (0-100 ng/g (dw)), medium
(0-500 ng/g (dw)) and high (0-1000 ng/g (dw)) concentration ranges were
validated. In our study, most of the detected UV filters were in a low
concentration, a five-point standard calibration curve with a total linear range of
0-100 ng/g (dw) and points at 0, 25, 50, 75, 100 ng/g (dw) were adopted. R2 >
0.995 was obtained for all targets. Recovery was tested by spiking the standard
solutions at three concentration levels which were 8 (low), 40 (medium) and 400
(high) ng/g (dw) so as to ensure a high accuracy of the method when being
applied to assess unknown samples with a potentially wide concentration range
for each analyte. For all of the analytes, recoveries were in the range of
80.4-114.8% and the variation was determined to be random, which means no
bias was observed in any of the UV filters at the three concentrations. Also in this
step, triplicate measurements were performed for these three concentration levels.
Good repeatability of RSD ≤ 8% (n=3) for all was obtained. LOD was calculated
as 3 times the signal-to-noise ratio, and found to be in the range of 0.9-1.9 ng/g
(dw), while LOQ was calculated as 10 times the signal-to-noise ratio and found to
be in the range of 2.9-6.2 ng/g (dw). These results are comparable to those
reported in previous studies (Gago-Ferrero et al., 2015, 2013; Groz et al., 2014),
and it is reasonable to apply this method for the analysis of actual samples.
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Table-5.2 Summaries of the analytical method validation test results
UV filters
EHMC

OD-PABA

BP-8

OC

BP-3

4-MBC

3-BC

Linearity (R2)
(range: 0-100 ng/g dw)

LOD
(ng/g dw)

LOQ
(ng/g dw)

0.9975

1.2

4.0

0.9976

0.9968

0.9985

0.9958

0.9989

0.9975

1.9

0.9

1.4

0.9

1.8

1.8

6.2

3.0

4.5

2.9

6.0

6.0
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Recoveries (RSD%)
Spiked levels
(ng/g dw)
8

96.9% (1.7)

93.7% (6.7)

92.7% (4.3)

40

94.6% (5.9)

80.4% (3.5)

112.3% (7.3)

400

99.8% (5.5)

82.1% (2.5)

112.2% (2.4)

8

89.2% (5.9)

90.0% (3.1)

94.4% (5.6)

Fish

Mussels

Prawns

40

108.2% (2.8)

88.8% (4.1)

111.4% (2.9)

400

110.0% (8.0)

109.80% (3.0

99.3% (0.5)

8

97.6% (1.8)

93.5% (2.3)

91.0% (5.3)

40

88.1% (1.9)

89.9% (5.1)

89.7% (4.7)

400

91.2% (2.4)

95.7% (0.7)

102.4% (0.7)

8

94.6% (6.3)

98.0% (4.7)

95.7% (7.4)

40

110.3% (7.5)

86.6% (6.2)

106.8% (7.0)

400

113.1% (7.4)

83.7% (8.0)

96.1% (6.9)

8

96.4% (1.1)

95.5% (1.0)

98.3% (2.0)

40

113.0% (3.4)

102.9% (1.5)

92.2% (3.9)

400

94.8% (4.2)

99.0% (3.2)

114.8% (2.4)

8

88.6% (6.0)

95.0% (3.5)

94.8% (4.8)

40

91.5% (7.2)

94.0% (4.9)

111.4% (7.5)

400

96.4% (5.7)

90.9% (1.7)

113.8% (1.9)

8

91.4% (1.1)

90.9% (1.6)

96.6% (6.5)

40

88.6% (5.2)

95.5% (6.3)

114.3% (7.9)

400

86.6% (5.0)

89.6% (0.7)

94.5% (2.5)

5.3.1.2 Matrix effect study
Due to the complexity of the organisms’ matrices, which may affect the analytical
performance of the developed method, evaluation of the matrix effect was carried
out using imported frozen aquatic products brought from the local market, namely
fish of red bigeye (Priacanthus macracanthus), blue mussels (Mytilus edulis) and
tiger prawns (Penaeus monodon). The matrix effect of the marine organisms on
each procedure throughout the whole analytical method was investigated step by
step, including ASE extraction, SPE purification and instrumental analysis.
Standard solution of UV filters at a concentration of 400 ng/g (dw) was pre- and
post-spiked into the market samples and into the sample-free controls for each
investigated analytical procedure. The matrix effects were expressed as the ratio
of the pre-spiked signal abundance to relevant post-spiked signal abundance.
Afterwards, the results were compared with those obtained from the sample-free
controls (e.g. sample[pre-ASE spiked/post-ASE spiked] vs. sample-free[pre-ASE
spiked/post-ASE spiked]), and the calculated values <1 or >1 represented the
signal suppression or enhancement, respectively, caused by the matrix effects
corresponding to each analytical step.
The results indicated that the matrices of fish, mussels and prawns had no
significant influence on the extraction efficiencies of ASE. At the same time, the
signal suppression and enhancement in the instrumental analysis (UPLC-MS/MS)
caused by the matrix effects of the three species was acceptable, ranging from
81.2% to 118.4%. However, with respect to the matrix effects on SPE purification
efficiencies,

the

recoveries

for

three

species

calculated

as

pre-SPE

spiking/post-SPE spiking of OD-PABA, EHMC and OC were < 78% and
generally lower than the values for the other UV filters. To solve this, the
standard calibration curves were finally created by spiking the relevant
concentrations into 50-mL solvent blanks (5 mL ethanol and 45 mL Milli-Q water)
and subsequently loading those solutions onto the SPE cartridges using the same
process for the sample solutions.
During the measurement of real samples, three groups of fishes including
mangrove snappers, white blotched snappers and sabah giant groupers were
collected from seven local mariculture farms and were further analyzed to present
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the spatial distribution of seven UV filters in Hong Kong marine environment.
Thus, it is necessary to evaluate the matrix effects sourced from three different
fishes, since it is not always available to collect same species during the sampling.
Standard solutions of UV filters were spiked into the fish samples and the
sample-free controls before ASE. After analysis, the signal abundances for all
seven UV filters obtained from each group of fish were compared to those from
the sample-free controls. As the result, the variation ranged from 88-117% for
three fishes collected from all seven locations, and no bias was found for any UV
filters. Therefore, it is reasonable to use the measurement of our fish samples to
present the distribution of target UV filters.
5.3.2 Environmental occurrence of UV filters in marine organisms
5.3.2.1 Concentrations in marine organisms
Generally in this study, almost none of the seven targets UV filters were detected
in the other wild organisms that occasionally collected (including prawns, conch
and sea urchin), except EHMC, OD-PABA and BP-8 were only once detected in a
conch, at the concentration levels below LOQ. For the fish and mussels, five
sunscreen compounds namely EHMC, OD-PABA, BP-8, OC and BP-3 were
commonly detected in the collected samples, whereas 4-MBC and 3-BC were
rarely found (Specifically, 4-MBC was only detected in one mussel sample at the
concentration below LOQ and 3-BC was never observed in this study.). Among
all the UV filters studied, EHMC was determined at the highest concentrations
both in fish and mussels, and it had the highest detection frequency of 75% in all
samples (see Tables-5.3A and B). The concentration range of EHMC from the
mean value to the maximum detected in fish was 4.2-12.7 ng/g (dw) and in
mussels it was measured as 21.9-51.3 ng/g (dw) (detection frequency of 100% for
mussels). OD-PABA was also measured at relatively higher concentrations
compared to other UV filters; specifically, it was detected in a range of 14.2-24.1
ng/g (dw) in mussels, while from below LOQ to 10.3 ng/g (dw) in fish. Lower
concentrations were similarly observed for BP-8, OC and BP-3, which were as
high as 4.9, 5.4 and 3.1 ng/g (dw) in fish and 14.4, 11.6 and 12.4 ng/g (dw) in
mussels, respectively. However, for these three UV filters, the mean values were
all measured below LOQ in fish, while they were calculated as 8.2, 5.1 and 5.9
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ng/g (dw), respectively, in mussels. Beyond that, the detection frequencies for
BP-8 in both fish and mussels were as high as those of OD-PABA, namely 73.4%
and 83.3%, respectively, and they were much higher than the detection
frequencies of OC and BP-3. In general, the concentrations of each UV filter in
both fish and mussels showed the same descending order of concentration, as
EHMC > OD-PABA > BP-8 > OC ≈ BP-3.
EHMC was the most frequently detected UV filter in environment samples (such
as wastewater, surface water, seawater, sediment and biota) and was always found
to be at high concentration levels (Tsui et al., 2014a; Zenker et al., 2008; Tsui et
al., 2014; Tsui et al., 2015; Gago-Ferrero et al., 2015; Gago-Ferrero et al., 2013a).
These high concentrations are likely due to its chemical properties—EHMC has
good stability and high lipophilicity—as well as to the high consumption of
products containing it and the failure of WWTPs to remove it (Li et al., 2007;
Balmer et al., 2005). The concentration limits of EHMC contained in cosmetics
and personal care products are as high as 10-20% depending on the different
regulations worldwide, which are the highest limitations among all the organic
UV filters (Sánchez-Quiles and Tovar-Sánchez, 2015). Moreover, the percentage
of the personal care products containing EHMC reached 90% in China (Zhang et
al., 2008; Tsui et al., 2015). At the same time, much higher loading of EHMC in
WWTPs (as high as 2.3-119 g per 10000 persons per day) was reported in Zurich,
when compared to other commonly used UV filters (Balmer et al., 2005).
Furthermore, it has been reported that the removal efficiencies of EHMC in most
WWTPs in Hong Kong were mainly below 60% (Tsui et al., 2014a). Therefore,
the large consumption in daily life along with the limited removal efficiencies in
the WWTPs contribute to the massive amount of EHMC discharged into the
environmental waters. In our previous study on the occurrence of UV filters in the
seawaters in Hong Kong, EHMC was detected at the highest concentration of all
filter studied, namely 191.67 ng/L in coastal water (Sang, 2016; Table A2). In
addition, its relatively higher lipophilicity—with log-Kow value of 5.80 (Kameda
et al., 2011)— makes it much easier for biota to absorb and accumulate this UV
filter from the aqueous phase. As a result, high concentrations of EHMC were
observed in marine organisms.
Similar to EHMC, OD-PABA also has a high log-Kow value (5.77) and is
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permitted at high contents in commercial products. Formulations with
concentrations as high as 8% are permitted in Europe and China, while up to 10%
are allowed in Japan. Moreover, the detection frequencies higher than 75% for
OD-PABA along with a concentration up to 224 ng/L in the effluents of WWTPs
in Hong Kong indicated the incomplete elimination of this compound and its
inevitable emission into the local water environment (Tsui et al., 2014a). Thus,
the relatively higher concentrations of OD-PABA measured in the marine
organisms in this study may be related to its high usage and its higher log-Kow
value (Kameda et al., 2011) as well. It has been reported that EHMC and
OD-PABA are the predominant UV filters in sediments in Hong Kong (Tsui et al.,
2015).
In contrast, OC, which is also frequently detected in environmental waters, also
has high lipophilicity and good stability, and is also widely used in personal care
products, was not found in high concentrations in marine organisms in this study.
The reasons for this phenomenon remain unclear at this stage and further studies
are still needed. Coincidentally, similar circumstance for OC was also observed in
Tsui’s study (Tsui et al., 2015), in which lower concentrations of OC was detected
in the sediment samples collected in marine of Hong Kong when compared to the
other UV filters with similar log-Kow values. An observation of extremely low
detection frequencies for OC in the influents and effluents of five local WWTPs
(Tsui et al., 2014a) may imply a rather lower emission of this compound into the
environmental water. Moreover, Bachelot has indicated that OC may be not as
persistent as EHMC when investigated in mussels collected from French coastal
regions (Bachelot et al., 2012). He reported that OC was detected up to more than
1000 ng/g (dw) in June to August in mussel samples, while dropping to as low as
total absence in September and November; in contrast, EHMC remained present
in mussels even after the summer. Therefore, to acquire better knowledge on the
environmental behaviors of these sunscreen compounds in aquatic biota, further
studies on their uptake, metabolism and excretion mechanisms in the organisms
are highly demanded.
BP-3 is another UV filter, widely detected in environmental waters, widely
consumed and with a high content in personal care products and cosmetics—up to
10% allowed by regulations in both Europe and China (Sánchez-Quiles and
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Tovar-Sánchez, 2015). However, due to its lower log-Kow value of 3.52 (Kameda
et al., 2011), meaning it is less lipophilic than other UV filters, the concentrations
of BP-3 detected in the biota samples were not as high as those in environmental
waters compared with EHMC and OD-PABA. Another aspect to consider is the
metabolism of this UV filter. Many studies have proved that BP-3 is readily
metabolized (Kunz and Fent, 2006). As a major metabolic product of BP-3, BP-8
has a higher log-Kow value of 4.31 and higher bio-concentration factor
(BCF=524) compared to its parent compound (BCF=502) (Kim and Choi, 2014).
This high lipophilicity could explain why BP-8 is often found in the sediments.
To the best of our knowledge, 3-BC has never been detected in marine organisms.
4-MBC was often reported as not detected or in extreme low concentrations in
aquatic organisms for those previous studies in USA, Spain and Japan
(Gago-Ferrero et al., 2015; Mottaleb et al., 2009; Nakata et al., 2009).
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Table-5.3A Concentrations ±S.D. of UV filters detected in marine organisms (ng/g d.w.), triplicate measurements (n=3) with RSD ≤ 8 %
Sampling
location
1-SW

2-YTT

3-TTC

4-TLC
5-SKW
6-CSW

Species

EHMC

fish
mussel
conch
fish
queen clam
sand clam
fish
mussel
prawn
fish
mussel
fish
sea urchin
fish
mussel
fish

n.d.
N.Q.
N.Q.
5.5±0.2
24.6±0.6
33.1±0.7
9.3±0.2
51.3±1.5
n.d.
n.d.
N.Q.
8.8±0.2
n.d.
n.d.
17.5±0.3
N.Q.

7-MA
n.d. : < LOD
N.Q. : < LOQ
- : no sample collected

OD-PABA
n.d.

N.Q.

6.2±0.3

N.Q.

12.7±0.2

-

n.d.

N.Q.

6.4±0.1

N.Q.

4.1±0.1

N.Q.

5.1±0.1

-

n.d.
N.Q.
N.Q.
6.4±0.2
18.7±0.4
22.6±0.6
7.2±0.2
24.1±0.8
n.d.
n.d.
n.d.
7.1±0.2
n.d.
n.d.
16.2±0.3
7.3±0.2

BP-8
n.d.

N.Q.

N.Q.

N.Q.

10.3±0.2

-

N.Q.

n.d.

9.7±0.2

N.Q.

N.Q.

N.Q.

6.8±0.1

-

N.Q.
N.Q.
N.Q.
4.2±0.1
10.7±0.4
13.5±0.4
4.8±0.1
14.4±0.4
n.d.
n.d.
n.d.
3.8±0.1
n.d.
N.Q.
8.9±0.2
4.1±0.2

OC
n.d.

n.d.

4.9±0.1

N.Q.

N.Q.

-

n.d.

n.d.

4.7±0.2

N.Q.

N.Q.

3.2±0.1

N.Q.

-

n.d.
n.d.
n.d.
5.4±0.1
N.Q.
11.6±0.5
N.Q.
8.8±0.3
n.d.
n.d.
n.d.
N.Q.
n.d.
n.d.
N.Q.
n.d.

BP-3
n.d.

n.d.

N.Q.

N.Q.

N.Q.

-

n.d.

n.d.

N.Q.

n.d.

n.d.

N.Q.

4.7±0.1

-

n.d.
n.d.
n.d.
N.Q.
9.7±0.3
12.4±0.5
3.1±0.1
10.3±0.4
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
N.Q.
n.d.

4-MBC
n.d.

n.d.

n.d.

n.d.

N.Q.

-

n.d.

n.d.

3.0±0.1

n.d.

n.d.

n.d.

N.Q.

-

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
N.Q.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

3-BC

n.d.

n.d.

n.d.

n.d.

n.d.

-

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

-

Table-5.3B Detection frequencies of detected UV filters in marine organisms
Sample size

EHMC

OD-PABA

BP-8

OC

BP-3

4-MBC

3-BC

All samples (28)

75.0% (21/28)

71.4% (20/28)

71.4% (20/28)

46.4% (13/28)

32.1% (9/28)

3.6% (1/28)

0.0% (0/28)

Fish (19)

73.7% (14/19)

73.7% (14/19)

73.7% (14/19)

47.4% (9/19)

26.3% (5/19)

0.0% (0/19)

0.0% (0/19)

Mussels and clam (6)

100% (6/6)

83.3% (5/6)

83.3% (5/6)

66.7% (4/6)

66.7% (4/6)

16.7% (1/6)

0.0% (0/6)

Others organisms (3)

33.3% (1/3)

33.3% (1/3)

33.3% (1/3)

0.0% (0/3)

0.0% (0/3)

0.0% (0/3)

0.0% (0/3)
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n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

-

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

-

5.3.2.2 Spatial distribution in Hong Kong
Seven sampling locations along the coastline of Hong Kong were briefly
introduced in section 5.2.2. Figures-5.2 shows the spatial distributions of the UV
filters detected in the fish and mussels, respectively, with regard to the local
mariculture farms from which the samples were taken. The maximum total
concentrations of seven investigated UV filters in the farmed fish were observed
at the location 3-TTC, followed by 5-SKW and 2-YTT (Figure-5.2A). The
mussels showed the same concentration pattern (Figure-5.2B), with the highest
concentrations of all detected UV filters being reported at 3-TTC. Relatively
higher levels were also detected in sand clams and queen clams both collected in
2-YTT. Relevant information for 5-SKW was absent since no mollusk species
was collected there. In contrast, the lowest concentration levels of the target
compounds were found at 4-TLC and 1-SW for both fish and mussels. Especially
at 4-TLC, only EHMC and OD-PABA were occasionally detected there at
concentrations even lower than LOQ. Additionally, the median levels of UV
filters measured in the marine organisms were observed at 7-MW and 6-CSW.
Since all the sampling locations in this study were at official mariculture farms in
Hong Kong, they were as far away from sewage discharge outlets as possible in
order to avoid pollution via the effluent of WWTP. Thus, any indirect input of UV
filters from incomplete treatment in the WWTP may not be a focus of concern in
this study. Even so, there is always some chance of indirect input, and this should
not be ignored. Nevertheless, assuming that input is negligible, further discussion
here will focus on the direct input of UV filters into the ecosystem. As previously
described, 4-TLC and 1-SW, where the minimum concentrations of UV filters
were detected, are remote from urban areas and sparsely populated. As a result,
the anthropogenic activities and influence there is less intensive compared to the
other locations and thus the pollution caused by the directly input of UV filters
should be limited. Conversely, 3-TTC, 2-YTT and 5-SKW, where the relatively
larger amounts of UV filters were measured, are famous places for intensive
recreational activities such as water sports, seaside leisure activities and tourism,
not only in summer but all year round. These activities represent enormous
opportunities for the substances contained in personal care products such as UV
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filters to enter the ecosystem directly and easily. We did indeed find a positive
correlation between the measured concentrations and the anthropogenic activities;
from this it can be inferred that the direct input of the UV filter compounds
related to the anthropogenic activities significantly affects the their occurrence in
marine organisms. Such direct input could result in rapid and even serious effects
compared to indirect input way because the substances might directly and rapidly
interact with the biota once entering the ecosystem.
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Figure-5.2 Distribution of detected UV filters in (A) fish and (B) mussels and clams along the coast of Hong
Kong
SW, TTC, TLC and CSW: Mussels
YTT-A: Queen clams
YTT-B: Sand clams
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5.3.2.3 Global comparison
So far, many studies have focused on the occurrence of UV filters in
environmental waters especially coastal water, rivers, lakes, and WWTP effluent
(Tsui et al., 2014a; Zenker et al., 2008; Tsui et al., 2014; Tsui et al., 2015). Studies
of the occurrence of UV filters in the marine organisms, however, are very few.
Up to now, most of the studies have come from Europe, with only a few Asia.
In Europe, BP-3, EHMC, OC and OD-PABA are the predominant UV filters
detected, and they were reportedly determined in coastal biota samples collected
from Norway, France and Portugal at concentrations higher than thousands ng/g
(dw) (Langford et al., 2015; Bachelot et al., 2012; Groz et al., 2014). In Osloford,
Norway, the concentration levels and detection frequencies of BP-3, OC and
EHMC were found to be higher in cod liver than in shrimp. BP-3 and OC were
measured at levels as high as 1037 and 11875 ng/g (ww), whereas EHMC was
determined at comparatively lower concentrations, in the range of 30-36.9 ng/g
(ww). None of the UV filters were detected in any wild shore crab samples in this
study (Langford et al., 2015). In France, in a study of mussels collected both from
the coastal regions of the Atlantic and Mediterranean, 100% of the samples had
quantifiable EHMC, ranging from 3 to 256 g/g (dw), whereas 55% of the samples
had detectable, ranging from <2 to 7112 ng/g (dw). In other words EHMC was
the most frequently detected UV filter while OC was at its highest concentration
in mussels. Interestingly, OD-PABA was never detected in this study (Bachelot et
al., 2012). Also in mussels collected from the coasts of Portugal, OC was
measured at the maximum concentration of 3992 ng/g (dw), while EHMC and
OD-PABA reached levels up to 1765 and 833 ng/g (dw), respectively (Groz et al.,
2014). Viewing the studies in freshwater biota, all the UV filters mentioned above
(BP-3, EHMC, OC and OD-PABA) together with 4-MBC were detected at the
comparable or a little lower concentration levels in the aquatic organisms
sampled from the rivers and lakes, mainly in Switzerland and Spain
(Gago-Ferrero et al., 2015; Fent et al., 2010; Zenker et al., 2008; Buser et al.,
2006). Another similar study on fish samples collected from rivers and creeks in
USA reported non-detectable levels of 4-MBC and OC (Mottaleb et al., 2009).
Additionally, in the Brazilian coast, OC was detected at the concentrations from
89 to 782 ng/g (lipid weight), in the liver tissue of dolphins (Gago-Ferrero et al.,
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2013).
In contrast, even less information on the occurrence of UV filters in marine biota
was available for Asia. In the Ariake Sea, Japan, 4-MBC was not found in any of
55 marine organisms nor in sediments (Nakata et al., 2009). In south China, BP-3
and OD-PABA were detected in farmed fish and wild marine organisms collected
from the Pearl River Estuary at extremely low levels, within ranges of
0.106-1.520 ng/g (dw) and 0.239-0.360 ng/g (dw), respectively. Surprisingly, the
highest concentration of 4-MBC, up to 14.7 ng/g (dw), was measured in the filets
of the farmed fish. However, EHMC and OC were never detected in this study
(Peng et al., 2015). In our study in Hong Kong, which is geographically located
adjacent to the Pearl River Estuary, six UV filters were detected in marine fish
and mussels with frequencies from 3.6% to 75% in the concentration range of <
6.0-50 ng/g (dw).
Comparing the occurrence in marine organisms in Europe and Asia, in general,
the measured total concentrations of UV filters in East Asia are lower than those
in Europe by at least 1-2 orders of magnitude and the detection frequencies are
also much lower. Probably the differences in habits associated with the skin-care
regimen between two studied areas are the most important and the main reason
for this observation. It has been reported that a much higher consumption of
sunscreens was observed in Europe than Asia, in which the average regional
consumptions in Europe was 52 mL in 2012, while the value in Asia Pacific was
only 4 mL (Osterwalder et al., 2014). As the result of extremely high
consumption, UV filters would inevitably enter the aquatic ecosystem as well as
accumulate in aquatic organisms. Another contributing factor could be the higher
annual average temperature in East Asia, especially in South China, when
compared with Europe. Higher temperature may lead to the acceleration of the
degradation and metabolism for the UV filters in the aquatic ecosystem and even
inside the organisms’ bodies. More investigations are needed to determine the
underlying reasons. Even so, there are some similarities between the two regions.
The UV filters that predominate in both Europe and Asia are EHMC, BP-3 and
OD-PABA. The occurrence of OC differs in these two areas, it was detected at
relatively higher frequencies and concentrations in Europe whereas it was rarely
detected, or detected only at limited levels, in East Asia. Additionally, to the best
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of our knowledge, this study is the first anywhere to report the occurrence of
BP-8 in marine organisms.
5.3.3 Ecological risk assessment
According to the Technical Guidance Document (TGD) of European Commission
on risk assessment (EC, 2003), the basic approaches to risk assessment for marine
aquatic environments are very similar from those for freshwater environments;
there are numerous common principles and objectives. Beyond that, the
modification specific for the assessment of the marine environment is focusing on
the assessment factor (AF) (10-10000). However, the ecotoxicity data of
compounds specific to the marine organisms are sometimes limited and not
always available. Then, the ecotoxicity data derived from freshwater species are
used (EC, 2003).
In this study, the measured environmental concentrations (MECs) of several UV
filters detected in marine environment of Hong Kong are adopted to perform the
risk assessment using approaches for both inland aquatic compartment and
marine aquatic environment. The aim was to compare the differences in the
assessment results derived from two series of AFs, and also in the ecological risks
of UV filters posed to the freshwater and marine aquatic systems. The median and
maximum MECs of BP-3, 4-MBC, EHMC and OC were used to calculate the
RQgeneral and RQworst, respectively. For these four detected UV filters, the
ecotoxicity information according to the aquatic species in one to three tropic
levels both in freshwater and seawater are collected to get the predicted no effect
concentrations (PNECs) via being divided by the AFs which are depended on the
relevant data of ecotoxicity for each substance. Results and related information
for the ecological risk assessment are given in Tables-5.4A and B.
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Table-5.4A Ecotoxicological information from three trophic levels of freshwater and saltwater organisms of UV filters and the risk assessment for marine aquatic environment
UV
filters

Ecotoxicity data for marine organismsd (mg/L)

Ecotoxicity data for freshwater organisms (mg/L)

AF

NOEC
(mg/L)

0.711

1000

0.014

0.854

0.193

1000

3.118

0.284

0.199

-

-

-

Algaea

Invertebratesa

Fish

Autotrophs

BP-3

0.560

1.670

0.191b

0.014

3.473

3.280

4-MBC

0.210

0.100

-

0.171

0.587

EHMC

0.240

0.040

10000c

0.075
-

OC

-

-

10000

c

Herbivores

MECmax
(ng/L)

MECmedian
(ng/L)

RQworst

RQgeneral

13.87

82.35

36.07

5.94

2.60

0.100

100

74.50

33.32

0.75

0.33

1000

0.040

40

191.67

131.74

4.79

3.29

10000

10000

1000000

63.63

36.64

<0.001

<0.001

Carnivores

PNEC
(ng/L)

Table-5.4B Ecotoxicological information from three trophic levels of freshwater organisms for UV filters and the risk assessment for freshwater environment
UV
filters

Ecotoxicity data for freshwater organisms (mg/L)
a

a

AF

PNEC
(ng/L)

MECmax
(ng/L)

MECmedian
(ng/L)

RQworst

RQgeneral

Algae

Invertebrates

BP-3

0.560

1.670

0.191b

100

0.191

1910

82.35

36.07

0.04

0.02

4-MBC

0.210

0.100

-

100

0.100

1000

74.5

33.32

0.07

0.03

EHMC

0.240

0.040

10000c

100

0.040

400

191.67

131.74

0.48

0.33

c

1000

10000

10000000

63.63

36.64

<0.001

<0.001

OC

-

-

Fish

NOEC
(mg/L)

10000

a. IC10 of D.subspicatus, EC50 and NOEC of D.magna, (Sieratowicz et al., 2011).
b. NOEC of D.rerio, (Kinnberg et al., 2015).
c. LC50 of B.rerio and L.idus, (Brooke et al., 2008).
d. EC50 of I.galbana, M.galloprovincialis, P.lividus and S.armata, (Paredes et al., 2014).
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Table-5.4A gives the results of ecological risk assessment for the marine aquatic
environment. The ecotoxicity data with the highest sensitivity tested via the
freshwater and saltwater organisms were used and the AFs of 1000 for BP-3,
4-MBC and EHMC while 10000 for OC are used respectively for the risk
assessment specific to marine system. The calculated RQgeneral’s of four UV filters
are as follows: (a) RQgeneral of OC < 0.001. This means, at the measured
concentrations, OC poses an extremely low risk to the marine aquatic system. (b)
RQgeneral of 4-MBC is 0.33.

This is between 0.1-1, which means, at the

measured concentrations, 4-MBC poses a medium potential risk to the marine
environment. (c) RQgeneral of BP-3 is 2.60, while RQgeneral of EHMC is 3.29.
Values >1 indicates that both these UV filters are highly suspected of having an
adverse effect on the marine aquatic environment (Hernando et al., 2006;
Rodrí
guez et al., 2015). Considering its widespread occurrence and relatively
high measured concentrations in the environmental waters as well as its stronger
ecotoxicity, EHMC may present the highest environmental risk to the marine
aquatic system compared with the other tested UV filters.
In Table-5.4B, the same ecotoxicity data from the freshwater organisms and the
same MECs of four UV filters are used for the risk assessment on freshwater
environment, in which the AFs of 100 for BP-3, 4-MBC and EHMC while 1000
for OC are employed respectively for calculation. As the result shows, all the
RQgeneral values of the four UV filters are < 1, which means all these tested UV
filters do not show the significant potential risk to the freshwater environment
according to the assessment methodologies generally used for the inland aquatic
compartment. For BP-3, 4-MBC and OC, the RQgeneral values are even lower than
0.1 which indicate only slight potential risk to the inland aquatic system, whereas
only for EHMC the RQgeneral value is between 0.1-1 which indicates only slightly
higher potential risks to the freshwater environment.
These results are similar in both evaluation methodologies in that EHMC always
shows relatively higher potential risks than the other three UV filters, and OC
shows the lowest RQgeneral values (< 0.001). However, comparing the evaluation
criteria with those for marine aquatic environment, the RQgeneral values of four
tested UV filters are one to two orders of magnitude lower when using inland
aquatic environment assessing methods. For example, for BP-3 in particular the
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RQgeneral value in freshwater risk assessment is 0.02 (< 1, no significant potential
risk) while in marine risk assessment it is 2.60 (> 1, adverse effect).

In other

words, the prediction is totally different based on the same MECs. Thus, the
potential risks posed to the marine aquatic environment of the detected UV filters
could be largely underestimated when simply using inland aquatic environment
methodologies. Underestimating potential risks can mislead both scientists and
legislative bodies seeking to protect water resources; further studies may not be
done and appropriate safeguards may not be enacted. As a result, it may not be
able to get sufficient attention and controls for the substances which are
potentially harmful to the marine aquatic environment, such as the emerging
contaminants contained in the personal care products with quite large
consumptions.
Another difference in the ecotoxicity to each level of organisms may also reflect
that UV filters pose the environmental risks to the marine aquatic system distinct
from those to the freshwater environment. Comparing the ecotoxicity data of
marine organisms and fresh water organisms, it can be seen that the lowest EC50
values for three UV filters tested via marine organisms are all reported from the
alga Isochrysis galbana (Paredes et al., 2014), whereas in freshwater organisms
this is not true. For 4-MBC and EHMC in freshwater, the lowest ecotoxicity data
are the no observed effect concentrations (NOECs) tested in the freshwater flea,
Daphnia magna, rather than in an alga (Desmodesmus subspicatus) (Sieratowicz
et al., 2011), while for BP-3 in freshwater, the lowest ecotoxicity data are
observed from the zebrafish (Danio rerio) (Kinnberg et al., 2015). This may
indicate that organisms at lower trophic levels such as alga might be the most
affected species due to the existence of UV filters in marine ecosystems, whereas
in freshwater systems the organisms at higher trophic levels may be more
sensitive to UV filters than the alga species. Therefore, UV filters are likely to
express inconsistent ecotoxicities in different ecosystems, such as marine versus
freshwater, and thus it is unreasonable to assess their ecological risks by simply
using general criteria without any specific adjustment.
In previous reports, the RQ values for BP-3 and OC detected in surface waters in
Norway were calculated as < 1 and their risks were reported as low (Langford et
al., 2015). Similarly, the occurrence of BP-3 and several other UV filters found in
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the urban groundwater in Barcelona posed no acute risk according to their risk
assessment, in which the RQs were all below 4 × 10

-3

(Molins-Delgado et al.,

2016). For the study in Gran Canaria Island, Spain, the risk assessment was
performed on BP-3, 4-MBC and EHMC with the RQ values of 0.0-6.6, 0.1-10.4
and 0.4-18.9, respectively (Rodríguez et al., 2015). Significant adverse effects
were found for 4-MBC and EHMC, consistent with the fact that RQ values higher
than 10 were reported for both compounds. Lower potential risk for BP-3 was
obtained. The RQ values of BP-3, 4-MBC and EHMC were also calculated as
higher than 1 using the MECs of the UV filters detected in the seawater samples
collected in Hong Kong (Tsui et al., 2014), indicating the potential risks to the
aquatic ecosystem posed by UV filters are becoming both significant and
ubiquitous.
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5.4 Chapter summary
The present report describes the occurrence study of seven UV filters in farmed
and wild marine organisms. It is based on a study of organisms collected in Hong
Kong coastal fish farms. The report not only provides information on the
occurrence and regional distribution of these filters, but also provides a global
comparison of these figures with similar figures from East Asia and Europe.
Higher concentrations were universally detected in wild mussels than in farmed
fish collected from the same locations. The highest total amount of UV filters
were found in samples from Sai Kung, reflecting the direct impact of
anthropogenic activities on their occurrence in aquatic environments. Comparison
of these results with those from studies in Europe indicates that the predominant
UV filters detected in aquatic organisms are almost same worldwide; these filters
are EHMC, OD-PABA and BP-3. Compared with Europe, however, whereas the
concentrations measured in Hong Kong are much lower. Additionally, risk
assessment indicates that long-term persistence of these UV filters at present
levels poses significant potential risks to the marine aquatic environment. These
risks may be amplified through the food chain and ecological cycle. Therefore,
further study, possibly further controls, and alternative chemicals should all be
explored as approaches to the environmental management of these emerging
contaminants.
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Chapter 6 Conclusions and Outlook of Environmental
Research

6.1 Thesis summary
A compilation of occurrence, environmental fate and ecological toxicity results
presented in this thesis is going through critical discussions to explore some
current issues and to pinpoint solutions for a better control in the emerging
contamination of artificial sweeteners and UV filters in the aquatic environment.
The collective efforts of four chapters above wish to fill the gaps in our
understanding of new aquatic pollutants and gain awareness of their potential
risks to our environment.
In Chapter 2, photodegradation study which tracked the environmental
behaviors of artificial sweeteners clearly illustrated that both acesulfame and
sucralose were substantially degraded under simulated natural UV conditions.
Real-time observation revealed that the photo-induced transformation of
acesulfame led to a collection of more persistent by-products that were >500
times more toxic than the parent compound. By contrast, lower toxicity
enhancement factor of 17.1 for the photodegradates of sucralose was measured.
This comparison refutes the general assumption that sucralose is a more
environmentally endangering sweetener species because of higher persistence of
the parent compound. Furthermore, photo-treatment integrates with advanced
oxidation by TiO2 catalyst is here suggested as a feasible cost-effective
mechanism that is able to promote total mineralization of both sweeteners within
30 min.
A comprehensive occurrence investigation of twelve UV filters in local water
environment was elucidated in Chapter 3. In the first step, simultaneous
determination method based on SPE followed by UPLC-MS/MS was established
with remarkable accuracy, stability and sensitivity. Based on this analytical
approach, seven UV filters out of twelve targets were detected at lower-ppt levels
in the marine water of Hong Kong. The results of seasonal variation revealed the
concentration levels of detected compounds in summer were up to 27.4 % higher
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than those in winter. At the same time, the regional distribution of UV filters in
30 sampling locations along the coastline of Hong Kong suggested that the direct
emission of these sunscreen compounds through water recreational activities and
indirect effluent discharge were the two major sources for these pollutants
entering the water ecosystem. Viewing from the overall results, environmental
occurrence of detected UV filters is highly related to the anthropogenic activities.
Additionally, none of the target UV filters was found in the raw water samples
collected from the reservoirs both in Shenzhen and Hong Kong as well as in any
tap water collected in local communities, which indicated a high quality of the
drinking water in Hong Kong. With the aim of reducing the environmental
impacts of these UV filters, the removal technique of ozonation was performed
and complete removal was practically achieved for all twelve sunscreen
compounds.
For further study of their environmental behaviors in surface water, in Chapter 4,
UV/TiO2 mediated photodegradation of seven UV filters, namely Et-PABA, 3-BC,
BP-1, BP-2, BP-8, 4-HB and 4-DHB were firstly investigated together with their
phototoxicity and the degradation products generated along the irradiation. It has
been proven by adding methanol as scavenger that the hydroxyl radical oxidation
played a predominant role in the catalytic photolysis of these UV filters.
Comparing the degradation profile of each target, their photostability in water
environment can be generally summarized as Et-PABA > 4-HB and 4-DHB >
3-BC, BP-1, BP-2 and BP-8. At the same time, detoxification of Et-PABA, 4-HB
and 4-DHB in pure water were observed during the irradiation. This indicated
that the adverse effects of these three UV filters might be limited to the water
environment. Additionally, degradation products derived from hydroxylation,
methylation and photo-isomerization of Et-PABA and 3-BC had been initially
identified during the catalytic photolysis. Since more persistent degradation
products of 3-BC were detected, this compound may exhibit long-term risks to
the water environment.
Due to the relatively higher lipophilicity of some UV filters, they are easily
accumulated in aquatic biota. In Chapter 5, a feasible analytical method for
simultaneous determination of seven more hydrophobic UV filters (BP-3, BP-8,
4-MBC, 3-BC, OD-PABA, OC and EHMC) was optimized to monitor their
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occurrence in marine organisms collected from the offshore areas in Hong Kong
and subsequently providing the global comparison between East Asia and Europe.
Our results showed, between different species, higher concentrations were
universally detected in wild mussels than in farmed fish. When comparing local
occurrence with those in Europe, the predominant UV filters detected in aquatic
organisms were almost same worldwide (i.e. EHMC, OD-PABA and BP-3),
whereas the measured concentrations were much lower in Hong Kong.
Additionally, the ecological risk assessment specific to the marine aquatic
environment was carried out. The risk quotient values of EHMC and BP-3 were
calculated as 3.29 and 2.60, respectively, indicating these two UV filters may
pose significant risks to the marine aquatic environment.
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6.2 Future needs
So far, in the environmental research areas, the exploration of emerging
contaminants is still in its infancy. Our understanding of those new aquatic
pollutants is currently lacking, both in breadth and depth. Therefore, it requires
extensive research efforts to support better environmental management.
On one hand, analytical approaches based on advanced techniques, which are
simple, fast and reliable, are highly demanded for the occurrence investigation of
emerging contaminants in environmental samples. This is the essential basis for
further tracing the environmental behaviors and fates of many other classes of
emerging contaminants in aquatic ecosystem, such as nanoparticles and
chlorinated disinfection by-products.
On the other hand, it is also important to evaluate the ecological toxicity (e.g.
phototoxicity) of emerging contaminants and their transformation products, using
indicator species covering different trophic levels so as to provide comprehensive
information in this area. Furthermore, apart from their ecotoxicity, additional
toxicological assessments related to the health of biota and human, such as
genotoxicity, cytotoxicity, and carcinogenicity, are also needed to estimate the
potential impacts of emerging contaminants across their complete life cycle
presenting in aquatic ecosystem.
Additionally, viewing the effluent discharges as a major pollution source of
emerging contaminants entering the water environment, it is significate to further
develop the effective treatment techniques with higher removal efficiencies for a
wider range of emerging contaminants, in order to provide a better environmental
management. Moreover, it is also important that the advanced wastewater
treatment processes should be environmental friendly and low energy
consumption. Therefore, the enhanced solar application may be a new idea.
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