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Abstract

UV filters as emerging contaminants are of greaitceon and their wide detection in aquatic
environments indicates their chemical stability gedsistence. This review summarized the
photolytic and photocatalytic degradation of UMéik in contaminated water. The findings
indicated that limited research has been condumtettie photolysis and photocatalysis of UV
filters. Photolysis of UV filters through UV irraalion in natural water was a slow process,
which was accelerated by the presence of photdssrsie.g. triplet state of chromaphoric
dissolved organic mattefGDOM*) and nutrients but reduced by salinity, dissd organic
matter (DOM) and divalent cations. UV Photocataysi 4-methylbenzylidene camphor and
2-phenylbenzimidazole-5-sulfonic acid was very @ffee with 100% removal within 30 min
and 90 min using medicated T#B,0, and TiQ, respectively. The radiation source, type of
catalyst and oxygen content were key factors. leutesearch should focus on improved

understanding of photodegradation pathways andrbgyats of UV filters.

Keywords. Photodegradation products; Photocatalysis; BP-34BRMBC



41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

1. Introduction
Different classes of UV filters (Table Al), exteraly and increasingly used in recent years,
are vital formulations of sunscreens products [1tB] filters have unique properties as they
can absorb, reflect and/or scatter UV radiation dredeby protecting our health. They are
also used as sun-blocking agents for the protectionaterials such as plastics, adhesives and
rubber [2, 3]. UV filters are gaining growing inést due to their increased production and
consumption [4], and are considered emerging contams due to their increasing
concentrations in the aquatic environment and fdsanknown risks associated with their
presence [5-7]. The main concern about these congsouis their potential toxicity and
adverse effects, namely as xenohormone affectipgpdeictive activity [8-11]. For example,
camphor derivative 4-MBC, as well as benzophenonerivative 2-hydroxy-4-
methoxybenzophenone (BZ-3) and 3,3,5-trimethyltielgyl salicylate (Homosalate) have
shown multiple hormonal activities including eseag: and antiestrogenic effects [12].
Although recreational activities are direct inpathpvays of UV-filters into the environment,
they can also come from washing, showering, rubt@ftioths, and subsequent laundering.
The occurrence of UV filters has been detected iverrwater, lake and sea water,
groundwater, sediments and even biota [13-26]. ddreentrations of different organic UV
filters such as benzophenone-3 (BP-3), octocrylerayl-dimethyl-p-aminobenzoic acid
(ODPABA), 4-methylbenzylidene camphor (4-MBC), dctyethoxycinnamate, and butyl
methoxydibenzoyl methane are presented in Tab®[L |

Different methods have already been applied forrémeoval of UV filters. For example,
adsorptive removal of tert-butil-4’-methoxydibenzoylmethane (avobenzone), bealate,
4-MBC, ODPABA, octocrylene and 2-ethylhexyl 4-methicinnamate (EMC) (I0gow > 4.0)
onto primary sludge showed 30-70% removal effidesnc[16,28,29]. Coagulation and
flocculation were not found to be effective methodsr the removal of 2,4-

dihydroxybenzophenone (BP-1) and 2-hydroxy-4-meyhdeenzophenone-5-sulfonic acid
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(BP-4) [16, 17]. Balmer et al. [30] showed modertdelower concentrations of 4-MBC,
octocrylene and EMC in the effluent after mechanidaological, chemical and sand
filtration. Liu et al. [28] investigated 6 UV filts (BP-3, 4-MBC, EMC, UV-326, UV-329,
octocrylene) in a full-scale municipal wastewateatment plant (WWTP) which consisted of
primary sedimentation and secondary activated sludgatment in South Australia; after
extended period of application they observed thmoral efficiencies of 5-82% [29].
Disinfection process also showed poor removal iefficies (17-25%) of BP-3, 4-MBC, EMC
and octocrylene [31]. Ozonation of BP-3 generatdes intermediate products (Figure Al)
[32]. Further, chlorination process was not effitien removing most compounds from
wastewater [16, 17]. Moreover, halogenation of BBA8 BP-4 generated halogenated by-
products which may be of additional concern (FigA® [33, 34]. In comparison, reverse
osmosis showed the highest efficiencies (> 99%Yyeimoving some UV filters [16,17].
Membrane bioreactor showed excellent removal of3BB-96%) and octocrylene (67-96%)
with a hydraulic retention time of 26 h and sludgention time of 88 days [35].

Thus, it can be stated that different physical biadbgical processes may not be effective
to remove UV filters from contaminated water. A feaview articles on UV filters have been
published which mainly focused on the occurrenakfate of the UV filters in different water
[6, 29, 36-39]. However, no comprehensive reviewtba photolytic and photocatalytic
degradation of UV filters has been conducted. Ithisrefore necessary to understand the
photolytic and photocatalytic degradation mechamdraV filters in contaminated water. In
this review we assess recent findings on the remalv@V filters through photolytic and
photocatalytic degradation, focusing on the degradapathways and effectiveness in

removing UV filters from contaminated water togettth future perspectives.
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2. Photolytic and photocatalytic degradation of UV filters
Photodecomposition is one of the most importanbtabprocesses affecting the fate of UV
absorbing compounds in the aquatic environmentpdiodocatalysis has been suggested as an
effective method to degrade UV filters [40]. HowevaV filters transformation appears to be
a complex process, barely addressed to date aslésgyned not to be degraded in UV light.
The photodegradation of UV filters may produce $farmation products which pose
additional environmental stress. The mechanismghotodegradation of UV filters include
() direct or indirect photolysis by the dissoomatiof adsorbing molecule and produced free
radicals or reactive fragments, and (ii) photo-isazation which yields species that probably
absorb less UV light than the parent species [27].

Among different classes of UV filters, photodegrzmta and photo-stability of
benzophenone derivatives UV filters has been stueigensively using OH40, 41]. Typical
surface-water conditions, direct photolysis andtieas withOH and*CDOM* would be the
main processes of BP-3 photo-transformation. Tlaetien with OH would prevail at low
dissolved organic carbon (DOC) concentration, dirphotolysis at intermediate DOC
concentration (5 mg L), and reaction with excitefCDOM* at high DOC concentration.
Furthermore, two methylated derivatives were terght identified which were probably
produced by reactions between BP-3 and fragmergm@rfrom photodegradation [42]. In
another study, other intermediates such as beramd (maximum concentration ~10% of
initial BP-3) and benzaldehyde (1%) were identif[8d]. Gago-Ferrero et al. [40] reported
that after 24 h of UV irradiation, BP-3 was not fdaegraded but BP-1 was readily
photodegraded. Similarly, Rodil et al. [41] obseregh stability of BP-3, which was further
confirmed under UV and artificial solar light [43]iu et al. [43] also observed solar radiation
exposure of 50 days resulted in 8% loss of BPuire water; however, the loss was almost
31% in solution containing 50 mg'Lof humic acid. They identified one major photoprod

as 2,4-dimethylanisole, formed by the loss of hyglrcand benzoyl groups (Figure A3).
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Laboratory-scale irradiation experiments revealeat {photodegradation of benzophenones
[benzophenone (BP), 4-hydroxybenzophenone (4H-BP)3, BP-1 and 2,2'-dihydroxy-4-
methoxybenzophenone (BP-8)] followed pseudo-firsieo kinetic models withyk of 17-99 h
[44]. They also found that the photolytic behaviamirbenzophenone UV filters differed
significantly between natural water. The photodiigbof benzophenone UV filters after 24 h
exposure in distilled water ({C, in percentage) followed the order: BP-8 > BP-3H>BP >
BP > BP-1 (Figure 1la). UV filters can undergo pldegradation reactions under the
influence of sunlight due to direct or indirect pblgsis [44]. Direct photolysis of
benzophenones from natural water with DOM, bicadbennitrate, nitrite and chloride can
react with target pollutants in surface waters aaftects their photolysis rate and
environmental half-life. Lake and surface waternoas containing DOM, nutrients, salinity
and pH also affect the direct photolysis (Table .A2alinity and high DOM concentration
were found to reduce the direct photolysis of thbs@azophenones while nutrients (e.g.
nitrates) in lake water increased the photolysisndusolar irradiation (Table A2) [44]. The
kinetic rate constant ang:tof benzophenones under solar photolysis in lakiemfallowed
the order: BP-8 (0.207 % 3.35 d) > BP-1 (0.153 % 4.53 d)> BP-3 (0.074 9.38 d) > 4H-
BP (0.073 &, 9.52 d) > BP (0.057'4 12.2 d). Photosensitisers (e.g. DOM) in naturaiens
may compete with the target UV filters acting a$ltar hindering light transmission and
reduced photolysis in seawater. Lake water wasdaienbe positive effect on the solar
photolysis followed by deionized water and seawptdf. Finally, the catalysis of BP-3 was
studied [45] using a hybrid Cu-Mn-O catalyst witltleemical composition of GuMn; O,
along with other two catalysts M@, and MnOs, with the highest degradation (81.5%) being
observed for BP-3 after 240 min of experiments.ylimentioned that degradation was mainly
related to presence of hydroxyl radicals but thielyribt perform the experiments under UV
light. So photocatalytic degradation can be a gatkalternative and fast removal process for

benzophenone UV filters.
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Photochemical behaviour pfaminobenzoic acids derivatives such as ODPABA was
studied by Sakkas et al. [46] using xenon lightrse@nd under natural sunlight conditions in
sea water, swimming pool water and distilled wafBney observed several derivative
products due to the loss of methyl groups, throagdition of two chlorine atoms and
addition of OH group in the aromatic ring (Figut@) .2t is notable from Figure 2a that methyl
functional P-amino functional group in benzyl ring had beenaeed with hydrogen ion (no
carbon bond cleavage) and different derivative pctgl were produced along with
halogenated derivatives. The stability of ODPABAsvedso studied by Gackowska et al. [47]
using a medium-pressure mercury lamp (TQ 150 Weunt radiation (for 3 h) and using
sodium hypochlorite. They identified three degrageaducts namely (i) ethylhexyl alcohol
(m/z 130, 112, 98, 57); (i) octyl para-aminobenzoicdda¢m/z 249, 137, 120); (iii)
octylmethyl-para-aminobenzoic acidvg 263, 151, 134). Hence the demethylation reactions
of amino group occurred in the presence of UV taaha(Figure 2b). Sodium hypochlorite
application produced nine degraded products inodchlorinated products after 3 h
application [47]. On the removal of UV filtgramino benzoic acid, it was found that DOM
(such as fulvic and humic acids) inhibits the phatis due to light screening effect, energy
transfer, electron transfer and proton abstraatiechanism [48].

Cinnamates derivatives UV filter such as EMC phgisl was carried out with and
without UV radiation exposure equipped with medipnessure mercury lamp and sample
was irradiated for 180 min. It was observed thdl or6% degradation occurred after 180
min, although a maximum of ~24% occurred within timst 30 min exposure to UV
irradiation. The change in the percentage of degia was due to isomerisation of EMC
[49].

The application of hybrid system such as chlororatand photolysis with sodium
hypochlorite was studied for the degradation ofedinyl methane derivative such as

avobenzone (4ert-butil-4’-methoxydibenzoylmethane), with 25 transfed compounds
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being identified although their toxicities remaiginargely unknown [50] (Figure A4).
Although avobenzone was stable in organic solventer UV irradiation, photochemical
degradation in water was occurred with the fornrmatmf two pairs of corresponding
substituted benzoic aldehydes and acids. The lowgsrthe irradiation, the higher were the
levels of these products. UV-C was found to be &éfgctive.

The recent studies of photocatalysis have showmbe very effective in the removal
of UV filters [51-53]. The photocatalysis and idénation of intermediate compounds of 4-
MBC in the presence of medicated }iB,0, was studied by Sakkas et al. [52]. They pointed
out that the transformation of 4-MBQmfz 254) occurred in three different steps as
demethylation of the bridged structure, hydroxgatof the methylbenzylidene moiety, and
bihydroxylation/demethylation reaction. The comeldisappearance of the initial compound
occurred within 30 min of irradiation [52]. The spes formed during the reformations were
identified (Figure 2b). Similarly, Soto-Vazquez at [53] studied the photocatalaytic
degradation of 2-phenylbenzimidazole-5-sulfonicdaasing zinc-oxide-nanoparticles and
detected very effective degradation. The photogttahctivity of the calcined zinc oxide
nanoparticles proved to be very high since moren tl99% of degradation of 2-
phenylbenzimidazole-5-sulfonic acid reached af&f tin of reaction time (Figure 1b). The
effects of different factors (i.e. radiation soyrogygen source, and catalyst) on the catalytic
reaction were evaluated, which were all requireddiosynergistically in the photodegradation
process [53]. They observed the degradation oféhphenzimidazole-5-sulfonic acid was
~1%, ~1%, ~18% under white light in the absenceoxfgen, catalysis by nZnO in the
absence of light, and photolysis under white ligith no catalyst, respectively after 180 min
of application. On the other hand, Pang et al. f®hd 100% catalytic degradation of 2-
phenylbenzimidazole-5-sulfonic acid within 3-30 musing modified LaCo® catalysts
(Figure 1b). They observed eight intermediate petlwf this UV filter and proposed a

catalytic degradation pathway (Figure A5). Ji et &013) observed very effective
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photocatalytic  degradation of  2-phenylbenzimidaZokulfonic acid using Ti®
photocatalyst under high pressure UV irradiatiolPH125W, Heraeus) [55], with the
complete disappearance of the compound and itemetliates being observed within 90 min
irradiation, in addition to significant reductiori tal organic carbon content. The possible
degradation pathway is shown in Figure 3, with kiyelroxyl radical as the predominant
reactive species. The photodegradation reactiond-gienylbenzimidazole-5-sulfonic acid
followed the pseudo-first-order kinetics [55]. Hendhe photocatalytic degradation of UV

filters is very effective with potential for widgglications.

3. Futureresearch priorities
So far eleven different groups of UV filters werdetted in different water, among them only
a few (BP-1, BP-3, BP-4, ODPABA, 4-MBC) were inugated for photodegradation.
Further research is needed to:
= Compare photocatalysis of different classes of Ukeérs using different catalysts.
= Develop new photocatalyst to increase their peréoree, selectivity and longevity.
= Focus more on utilizing solar irradiation facilgdtvisible light photodegradation.
= Study the fate of UV filters as a mixture in thevieonment.
= Evaluate different treatment technologies such dsomtion, biodegradation,
membrane filtration, along with photocatalysis ftrV filters removal from
contaminated water.
= |dentify photodegradation pathways and products.
= Improve understanding of mechanistic role of fragicals in the photodegradation of

UV filters.
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4. Conclusions
This review summarized the current literature anghotolytic and photocatalytic removal of
UV filters in contaminated water, which has notrb@aedely researched up to now. Photolytic
degradation was found to be a very slow processevgiotocatalysis far more efficient. UV
filter compounds should be further researched tntifly their environmental fate, key
transformation processes and by-products, and paiteisks from the parent and degradation
products, in contaminated water. To minimize tleevironmental impact, better control and
removal technologies are needed with improved iefiity, selectivity, energy demand, and
environmental quantum yield. The mechanisms inwblire photolysis and photocatalysis

processes, in particular radicals, should be feNgluated.

References

[1] A.J.M. Santos, D.M. Crista, M.S. Miranda, |&lmeida, J.P.S., Silva, P.C. Costa, M.H.
Amaral, P.A. Lobao, J.M.S. Lobo, J.C.E. da SilvegEadation of UV filters 2-ethylhexyl-4-
methoxycinnamate and tért-butyl-4'-methoxydibenzoylmethane in chlorinated tava
Environ. Chem. 10 (2013) 127-134.

[2] *A. Gackowska, M. Przybytek, W. Studigki, J. Gaca, Experimental and theoretical
studies on the photodegradation of 2-ethylhexyl ethoxycinnamate in the presence of
reactive oxygen and chlorine species, Open CherfRd®4) 612-623.

(Reactive chlorine and oxygen species decreasedphin¢dostability of 2-ethylhexyl 4-
methoxycinnamate)

[3] T. Kupper, C. Plagellat, R. Brandli, L. De Alastro, D. Grandjean, J. Tarradellas, Fate
and removal of polycyclic musks, UV filters and &istes during wastewater treatment, Water
Res. 40 (2006) 2603-2612.

[4] D.L. Giokas, A. Salvador, A. Chisvert, UV fille from sunscreens to human body and the

environment, TrAC Trends Anal. Chem. 26 (2007) 364@-

10



245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

[5] *K.H. Langford, M.J. Reid, E. Fjeld, S. @xneda K.V. Thomas. Environmental
occurrence and risk of organic UV filters and dtabrs in multiple matrices in Norway,
Environ. Int. 80 (2015) 1-7.

(Studied the potential risk of UV filters in suraevater and predicted that UV filters will
potentially accumulate through the trophic foodioha

[6] **S. Ramos, V. Homem, A. Alves, L. Santos, Adweas in analytical methods and
occurrence of organic UV-filters in the environmerat review, Sci. Total Environ. 526
(2015) 278-311.

(Reviewed the occurance, fate and detection metfuwdgV filters in different water as well
as sediments, soils and biota)

[7] J.L. Liu, M.H. Wong, Pharmaceuticals and peedarare products (PPCPs): a review on
environmental contamination in China, Environ.36t(2013) 208-224.

[8] K. Bester, Personal care compounds in the enuient: Pathways, fate and methods for
determination, John Wiley & Sons, 2007.

[9] **D. Kaiser, A. Sieratowicz, H. Zielke, M. Oeth, H. Hollert, J. Oehlmann,
Ecotoxicological effect characterisation of widelged organic UV filters, Environ. Pollut.
163 (2012) 84-90.

(Explained the toxic effect of three organic UMdils on aquatic organisms, focussing on
infaunal and epibentic invertebrates)

[10] A. Sieratowicz, D. Kaiser, M. Behr, M. Oetkeh,Oehlmann, Acute and chronic toxicity
of four frequently used UV filter substances forsBwmdesmus subspicatus and Daphnia
magna, J. Environ. Sci. Health Part A 46 (2011)1133109.

[11] *C.J. Weisbrod, P.Y. Kunz, A.K. Zenker, K. RenEffects of the UV filter
benzophenone-2 on reproduction in fish, ToxicolpApPharmacol. 225 (2007) 255-266.
(Reported significant estrogenic effects of the own UV filter BP-2 on vitellogenin

induction, secondary sex characteristics, gonag\aldpment, and reproduction in fish)

11



271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

[12] M. Schlumpf, P. Schmid, S. Durrer, M. ConscenK. Maerkel, M. Henseler, M.
Gruetter, |. Herzog, S. Reolon, R. Ceccatelli, Eamohee activity and developmental toxicity
of cosmetic UV filters—an update, Toxicol. 205 (20Q13-122.

[13] P. Gago-Ferrero, M.B. Alonso, C.P. BertozziMarigo, L.r. Barbosa, M. Cremer, E.R.
Secchi, A. Azevedo, J. Lailson-Brito Jr, J.P. Teyr€irst determination of UV filters in
marine mammals. Octocrylene levels in Franciscaol@hths, Environ. Sci. Technol. 47
(2013) 5619-5625.

[14] *P. Gago-Ferrero, N. Mastroianni, M.S. Diaai€r D. Barcelo, Fully automated
determination of nine ultraviolet filters and tréorsnation products in natural waters and
wastewaters by on-line solid phase extraction-tiguthromatography—tandem mass
spectrometry, J. Chromatogr. A 1294 (2013) 106-116.

(Validated a fully automated method based on oe-lsolid phase extraction—liquid
chromatography—tandem mass spectrometry, for thermdmation of UV filters and
transformation products)

[15] K. Grabicova, G. Fedorova, V. Burkina, C. 8temch, H. Schmidt-Posthaus, V. Zlabek,
H.K. Kroupova, R. Grabic, T. Randak, Presence offllters in surface water and the effects
of phenylbenzimidazole sulfonic acid on rainbowutr¢Oncorhynchus mykiss) following a
chronic toxicity test, Ecotox. Environ. Safe. 9613) 41-47.

[16] **M.M. Tsui, H. Leung, P.K. Lam, M.B. MurphySeasonal occurrence, removal
efficiencies and preliminary risk assessment of tiplel classes of organic UV filters in
wastewater treatment plants, Water Res. 53 (208-4)/5

(Reverse osmosis effectively eliminated UV filtersd benzophenon-3 and 2-ethyl-hexyl-4-
trimethoxycinnamate from wastewater).

[17] *M.M. Tsui, H. Leung, T.C. Wai, N. Yamashit&, Taniyasu, W. Liu, P.K. Lam, M.B.
Murphy, Occurrence, distribution and ecologicak rassessment of multiple classes of UV

filters in surface waters from different countriggater Res. 67 (2014) 55-65.

12



297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

(First report on the occurrence of organic UV fdten the Arctic)

[18] P.P. Zhang, Z.G. Shi, Q.W. Yu, Y.Q. Feng, Avngevice for magnetic stirring-assisted
dispersive liquid—liquid microextraction of UV fts in environmental water samples,
Talanta 83 (2011) 1711-1715.

[19] M. Moeder, S. Schrader, U. Winkler, R. Rodii-line microextraction by packed
sorbent-gas chromatography—mass spectrometry #rd#termination of UV filter and
polycyclic musk compounds in water samples, J. @atogr. A 1217 (2010) 2925-2932.

[20] Y.C. Ho, W.H. Ding, Soliebhase Extraction Coupled Simple @me Derivatization Gas
Chromatography—-Tandem Mass Spectrometry for therBwbation of Benzophenottgpe
UV Filters in Aqueous Samples, J. Chinese Chem. S®¢2012) 107-113.

[21] A. Jurado, P. Gago-Ferrero, E. Vazquez-Sui€adrera, E. Pujades, M.S. Diaz-Cruz, D.
Barceld, Urban groundwater contamination by resdofeUV filters, J. Hazard. Mater. 271
(2014) 141-149.

[22] E. Baron, P. Gago-Ferrero, M. Gorga, |. Rutipl®. Mendoza, A.M. Zapata, S. Diaz-
Cruz, R. Barra, W. Ocampo-Duque, M. Paez, Occugeaidydrophobic organic pollutants
(BFRs and UV-filters) in sediments from South AnsariChemosphere 92 (2013) 309-316.
[23] *H. Amine, E. Gomez, J. Halwani, C. Casella$, Fenet, UV filters, ethylhexyl
methoxycinnamate, octocrylene and ethylhexyl diplg8#ABA from untreated wastewater in
sediment from eastern Mediterranean river transitiod coastal zones, Marine Pollut. Bull.
64 (2012) 2435-2442.

(Reported costal sediment contamination by UV rlte

[24] N. Bluthgen, N. Meili, G. Chew, A. Odermatt, Kent, Accumulation and effects of the
UV-filter octocrylene in adult and embryonic zelisaf[Danio rerio), Sci. Total Environ. 476
(2014) 207-217.

[25] *V. Christen, S. Zucchi, K. Fent, Effects ohet UV-filter 2-ethyl-hexyl-4-

trimethoxycinnamate (EHMC) on expression of geneslved in hormonal pathways in

13



323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

fathead minnows (Pimephales promelas) and linkitellegenin induction and histology,
Aquat. Toxicol. 102 (2011) 167-176.

(EHMC dispalyed low but multiple hormonal activgien fish)

[26] S. Kim, D. Jung, Y. Kho, K. Choi, Effects oebzophenone-3 exposure on endocrine
disruption and reproduction of Japanese meddBeyzias latipes)—A two generation
exposure study, Aquat. Toxicol. 155 (2014) 244-252.

[27] **Diaz-Cruz, M.S., Llorca, M., Barcelo, D., @anic UV filters and their
photodegradates, metabolites and disinfection bgymts in the aquatic environment, TrAC
Trends Anal. Chem. 27 (2008) (10) 873-887.

(Summarized the analytical techniques and photediegr pathways of different UV filters in
the aquatic environment)

[28] Y.S. Liu, G.G. Ying, A. Shareef, R.S. Kookan®ccurrence and removal of
benzotriazoles and ultraviolet filters in a munalipvastewater treatment plant, Environ.
Pollut. 165 (2012) 225-232.

[29] S. Ramos, V. Homem, A. Alves, L. Santos, Aiegwof organic UV-filters in wastewater
treatment plants, Environ. Int. 86 (2016) 24-44.

[30] M.E. Balmer, H.-R. Buser, M.D. Miller, T. Pag Occurrence of some organic UV
filters in wastewater, in surface waters, and g&h firom Swiss lakes, Environ. Sci. Technol.
39 (2005) 953-962.

[31] F.R. Spellman, Handbook of water and wastewatatment plant operations, CRC
Press, 2013.

[32] P. Gago-Ferrero, K. Demeestere, M.S. Diaz-CiDz Barcelo, Effect of process
parameters and identification of reaction produacaring advanced oxidation of
benzophenone-3 in water, In"lant. Conference Environ. Sci. Technol. (CEST-2013)

Global Nest, 2013.

14



348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

[33] N. Negreira, P. Canosa, I. Rodriguez, M. Rarail Rubi, R. Cela, Study of some UV
filters stability in chlorinated water and identdition of halogenated by-products by gas
chromatography—mass spectrometry, J. Chromato. 78 (2008) (1) 206-214.

[34] N. Negreira, |I. Rodriguez, R. Rodil, R. Cefessessment of benzophenone-4 reactivity
with free chlorine by liquid chromatography quadslgtime-of-flight mass spectrometry,
Anal. Chim. Acta 743 (2012) 101-110.

[35] K.C. Wijekoon, F.I. Hai, J. Kang, W.E. Prid&/. Guo, H.H. Ngo, L.D. Nghiem, The fate
of pharmaceuticals, steroid hormones, phytoestsddN-filters and pesticides during MBR
treatment, Bioresour. Technol. 144 (2013) 247-254.

[36] **A.J.M. Santos, M.S. Miranda, J.C.E. da Silvidhe degradation products of UV filters
in aqueous and chlorinated aqueous solutions, ViR&er 46 (2012) 3167-3176.

(Reviewed the photolysis of UV filters in aqueousl @hlorinated solutions)

[37] **Z. Sang, K.S.Y. Leung, Environmental occuroe and ecological risk assessment of
organic UV filters in marine organisms from Hongri{pcoastal waters, Sci. Total Environ.
566 (2016) 489-498.

(Reported higher concentration of selected U\érfdtin wild mussels than in fish, and that
benzophenone-3 and ethylhexyl methoxycinnamate pwse significant risks to marine
organisms)

[38] M. Radice, S. Manfredini, P. Ziosi, V. DissettP. Buso, A. Fallacara, S. Vertuani,
Herbal extracts, lichens and biomolecules as nigpinato-protection alternatives to synthetic
UV filters. A systematic review, Fitoterapia 110{5) 144-162.

[39] J.F. Nash, P.R. Tanner, Relevance of UV fiienscreen product photostability to
human safety, Photodermatol. Photoimmunol. Photo®@¢2014) 88-95.

[40] *P. Gago-Ferrero, M. Badia-Fabregat, A. Olies, B. Pifia, P. Blanquez, T. Vicent, D.
Barceld, Evaluation of fungal-and photo-degradatsnpotential treatments for the removal

of sunscreens BP-3 and BP1, Sci. Total Environ.(2R712) 355-363.

15



374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

(Photodegradation of benzophenone UV filters way weefficient while fungal treatment
resulted in ~98% degradation of benzophenone Ugft$)

[41] *R. Rodil, M. Moeder, R. Altenburger, M. Schitrlansen, Photostability and
phytotoxicity of selected sunscreen agents and thegradation mixtures in water, Anal.
Bioanal. Chem. 395 (2009) (5) 1513-1524.

(Artificial sunlight degraded selected UV filterdavisomerization and polymerization,
together with decreased toxicity with time)

[42] D. Vione, R. Caringella, E. De Laurentiis, Mazzi, C. Minero, Phototransformation of
the sunlight filter benzophenone-3(2-hydroxy-4-noetfbenzophenone) under conditions
relevant to surface waters, Sci. Total Environ. @8RL3) 243-251.

[43] Y.S., Liu, G.G. Ying, A. Shareef, R.S. KookanBhotostability of the UV filter
benzophenone-3 and its effect on the photodegmadati benzotriazole in water, Environ.
Chem. 8 (2011) (6) 581-588.

[44] **K. Kotnik, T. Kosjek, B. Zegura, M. Filigi, E. Heath, Photolytic fate and genotoxicity
of benzophenone-derived compounds and their phgtadation mixtures in the aqueous
environment, Chemosphere 147 (2016), 114-123.

(Photosensitisers in natural water significantlieeted the photolytic behaviour of selected
UV filters)

[45] Z. Zhang, Y. Guo, Q. Wang, B. Louis, F. Qi,tei®geneous Fenton-like reactions with a
novel hybrid Cu-Mn-O catalyst for the degradatioh l®enzophenone-3 in aqueous
media. Comptes Rendus Chimie 20 (2017) 87-95.

[46] **V.A. Sakkas, D.L. Giokas, D.A. LambropouloW,A. Albanis, Aqueous photolysis of
the sunscreen agent octyl-dimethyl-p-aminobenzoad:a formation of disinfection
byproducts in chlorinated swimming pool water, Br@natogr. A 1016 (2003) (2) 211-222.
(Photolysis rate of octyl-dimethyl-p-aminobenzoadawas lower in sea and swimming pool

water compared to distilled water)

16



400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

[47] A. Gackowska, W. Studzski, J. Gaca, Effect of sodium hypochlorite on cnswons of
octyl-dimethyl-para-aminobenzoic acid, Desalin. @afkreat. 57(2016), 1429-1435.

[48]. L. Zhou, L., Y. Ji, C. Zeng, Y. Zhang, Z. WarnX. Yang, X, Aquatic photodegradation
of sunscreen agemptamino benzoic acid in the presence of dissolvermc matter, Water
Res. 47 (2013), 153-162.

[49] A. Gackowska, M. Przybytek, W. Studgki, J. Gaca, Formation of chlorinated
breakdown products during degradation of sunscreagent, 2-ethylhexyl-4-
methoxycinnamate in the presence of sodium hypootbj&nviron. Sci. Pollut. Res. 23
(2016) 1886-1897.

[50] *P. TrebSe, O.V. Polyakova, M. Baranova, MI&alj, D. Dolenc, M. Sarakha, A.T.
Lebedev, Transformation of avobenzone in conditiehsaquatic chlorination and UV-
irradiation, Water Res. 101 (2016) 95-102.

(UV-irradiation and chlorination of avobenzone désti in 25 chlorinated phenols and
acetophenones)

[51] H.R. Buser, M.D. Miller, M.E. Balmer, T. Peig 1.J. Buerge, Stereoisomer
composition of the chiral UV filter 4-methylbenzyine camphor in environmental
samples, Environ. Sci. Technol. 39 (2005) (9) 36039.

[52] **V.A. Sakkas, P. Calza, M.A. Islam, C. Medan@. Baiocchi, K. Panagiotou, T.
Albanis, TiG/H,0, mediated photocatalytic transformation of UV fillemethylbenzylidene
camphor (4-MBC) in aqueous phase: Statistical aptitton and photoproduct analysis,
Appl. Catal. B Environ. 90 (2009) (3) 526-534.

(The transformation of 4-MBC proceeded through déwlation of the bridged structure,
hydroxylation of the methylbenzylidene moiety, dnldydroxylation/demethylation reaction)
[53] L. Soto-Vazquez, M. Cotto, C. Morant, J. DugenF. Marquez, Facile synthesis of ZnO
nanoparticles and its photocatalytic activity i tthegradation of 2-phenylbenzimidazole-5-

sulfonic acid, J. Photoch. Photobio. A Chem. 33217, 331-336.

17



426

427

428

429

430

431

432

433

434

[54] X. Pang, Y. Guo, Y. Zhang, B. Xu, F. Qi, LaCpPerovskite oxide activation of
peroxymonosulfate for aqueous 2-phenyl-5-sulfob@idazole degradation: effect of
synthetic method and the reaction mechanism, CEaqgu. J. 304 (2016), 897-907.

[55] **Y. Ji, L. Zhou, C. Ferronato, A. Salvador, X. YganJ. M. Chovelon, Degradation of
sunscreen agent 2-phenylbenzimidazole-5-sulfonid &y TiO, photocatalysis: kinetics,
photoproducts and comparison to structurally relat®mpounds. Applied Catalysis B:
Environmental, 140 (2013), 457-467.

(Photocatalysis of 2-phenyl-5-sulfobenzimidazolecusced within 90 min using Ti©

photocatalysts)

18



Photolytic and Photocatalytic Degradation of Organic UV Filtersin

Contaminated Water

Mohammad Boshir Ahmed, Md Abu Hasan Johir, Johrhbw#, Huu Hao Ngo, Wenshan Guo,

Kireesan Sornalingam

School of Civil and Environmental Engineering, Uamisity of Technology Sydney, 15

Broadway, NSW 2007, Australia

Corresponding author

Prof John L Zhou

School of Civil and Environmental Engineering
University of Technology Sydney

15 Broadway, NSW 2007, Australia.

Email: junliang.zhou@uts.edu.au

Appendix Containing:
2 Tables

5 Figures



Table Al. Physicochemical properties of major organic U\kfi#t (data taken and modified from ref. [1]).

Famil Compound (Abbreviation) and CAS Bailing log Solubility in water at
y number Point (°C) Kow 25°C (mg/L)
2,4-Dihydroxybenzophenone (BP1), CAS:
131.56.6 374.6 2.19 | 4.13x10
2,2',4,4'-Tetrahydroxybenzophenone (BP2)
CAS: 131.55.5 444.6 2.78 | 3.99x10
2-Hydroxy-4-methoxybenzophenone (BP3)
CAS: 131677 363.4 3.79 | 6.90x10
2-Hydroxy-4-methoxy benzophenone-5-
sulfonic acid (BP4), CAS: 4065-45-6 497.6 0.37 | 250x10
2-Hydroxy-4-methoxy benzophenone-5- i
sodium sulfonate (BP5), CAS: 6628-37-1 698.3 142 | 5.05x10
2,2-Dihydroxy-4,4-dimethoxybenzophenong
(BP6). CAS: 131-54-4 421.9 3.90 | 3.10xt0
2,2’-Dihydroxy-4-methoxybenzophenone
(BPS), CAS: 131-53-3 398.2 3.82 | 5.30x10
2,2-Dihydroxy-4,4-dimethoxybenzophenone-
5,5-disulfonic acid disodium salt (BP9), CA$:852.1 -2.78 | 8.89x10
76656-36-5
4-Hydroxybenzophenone (4H-BP), CAS:
i} 1137-42-2 339.6 3.07 | 4.06xf0
c 4,4’-Dihydroxybenzophenone (4DHB), CAS
% 2 611.99-4 374.6 2.19 | 1.91x10
<2 Diethylamino hydroxybenzoyl hexyl benzoal
o
S s (DHHB), CAS: 302776-68-7 5048 654 | 8.19x1b
C S .
T o 2,3,4-Trihydroxybenzophenone
o (234THB), CAS: 1143-72-2 409.4 2.91 | 3.811xf0
2-Ethylhexyl 4-(dimethylamino)benzoate
(EDP), CAS: 21245.02.3 344.5 5.77 | 2.00x1b
Ethyl p-aminobenzoate (Et-PABA), CAS: 94+
- 09-7 278.9 1.86 | 1.31x10
=
2 _ _ _ _
© Octyl-dimethylp-aminobenzoic acid (ODP)
g CAS: 58817-05.3 351.6 5.84 | 1.70xId
% " S-Ammobenzmc acid (PABA), CAS: 150-13 307.7 0.83 6.11x10
o o
22
g 3 Amyl p-dimethylaminobenzoate (APABA)
<3 CAS: 14779-78-3 314.1 4.37 | 5.33x10




Continue

Family Compound (Abbreviation) and CAS Boiling log Vﬂtﬁ'g,%gnoc
3 0,
number Point (°C) Kow (mglL)
0_
Aminoben | Menthylo-aminobenzoate (MOABA)
zoic acids | CAS: 134-09-8 3743 6.28 | 7.40xI0
derivatives
3-(4’-Methylbenzylidene) camphor (4-MBC)
CAS: 36861-47.9 349.4 5.92 | 2.00 xIb
Terephthalylidene dicamphor sulfonic acid
(Ecamsule) (TDSA), CAS: 92761-26-7 7575 3.83 | 1.50 x1D
Camphor benzalkonium methosulfate (CBM)
CAS: 52793.97.2 638.2 3.11 | 7.34xfo
Benzylidene camphor sulfonic acid (BCSA)
2 CAS: 56039-58.8 472.0 222 | 1.20 xfo
E 2 Polyacrylamidomethyl benzylidene camphoy
gg (PBC), CAS: 113783-61-2
8 g 3-Benzylidene-camphor (3BC), CAS: 15087-337 6 537 | 690 xIb
24-8 ' ' '
2-(2H-Benzotriazol-2-yl)-4,6-bis(2-phenyl-2-
propanyl)phenol (UV-234), CAS: 70321-86-7599'7 7.67 | 165x10
2-(34ert-butyl-2-hydroxy-5-methylphenyl)-5-
chlorobenzotriazole (UV 326), CAS: 3896-| 450.1 5.55 | 6.80 x1b
11-5
” 2-(5-Chloro-2H-benzotriazol-2-yl)-4,6-bis(2-
o methyl-2-propanyl)phenol (UV-327), CAS: | 473.3 6.91 | 2.63xId
b= 3864-99-1
2 2-(2H-Benzotriazol-2-yl)-4,6-bis(2-methyl-2-
5 butanyl)phenol (UV-328), CAS: 25973-55-1 4778 7.25 | 1.48x10
[ 2-(2'-hydroxy-5'-octylphenyl)-benzotriazole
§ (UV 329), CAS: 3147-75-9 454.6 6.21 | 1.70 x1d
= Methylene bis-benzotriazolyltetramethyl
N butylphenol (MBBT), CAS: 103597-45-1 818.5 12,46 4.47x15
5 Drometrizole Trisiloxane (DTS), CAS:
[} ’
@ 155633-54.6 528.6 10.82| 6.40x1D
2-Ethylhexyl salicylate (ES), CAS: 118-60-5§  344.9 9% | 7.20 x10
o 3,3,5-trimethylciclohexyl salicylate
% < (Homosalate) (HMS), CAS: 118-56-9 355.9 6.16 | 4.20 x1D
> § Benzylsalicylate (BZS), CAS: 118-58-1 354.9 4.31 46210
g g Triethanolaminium salicylate (TAS), CAS: 460.9 053! 4.24xT0

2174-16-5




Continue

Famil Compound (Abbreviation) and CAS Boiling log st(ituetr)'gttyzgnoc
y number Paint (°C) Kow (mg/L)
o Diethylhexyl butamido triazone (DBT)
2 CAS: 154702-15.5 893.5 14.03| 1.33x18
2 Ethylhexyl triazone (EHT), CAS: 88122-99/0 874.4 7.05| 1.45x10"
2 Bis-ethylhexyloxyphenol Methoxyphenyl
o triazine (BEMT) 786.6 9.29 | 1.45x1¥
= CAS: 187393-00-6
S Tris-biphenyl triazine (TBPT)
= CAS: 31274.51.8 792.2 10.38) 5.56x1b
2-Ethylhexyl 4-methoxycinnamate (EMC)
" CAS: 5466.77-3 360.5 5.80 | 1.50 xIb
= Isoamyl 4-methoxycinnamate (IMC)
g CAS: 71617-10-2 324.4 433 | 4.86 xf0
S 2-Ethoxyethyl 4-methoxycinnamate
© (Cinoxate) (EOMC) 185.5 2.65 | 5.00 xf0
4 CAS: 104-28-9
< Isopropyl 4-methoxycinnamate (IPMC)
% CAS: BA66.76.2 296.4 3.35 | 4.80x10
£ 4-Hydroxy-3-methoxycinnamic acid (ferulic
O | acid) (FA), CAS: 1135-24-6 354.2 151 | 5.97 x10
c © . .
< £ .2 | 4tert-butil-4'-methoxydibenzoylmethane
3 ¢ 0 8| (Avobenzone) (BMDM), CAS: 70356-09-1 | 093 451 | 152x10
2-Phenyl-5-benzimidazole sulfonic acid
« -
E < | (PBSA), CAS: 27503-81-7 566.1 0.16| 2.36x10
s T
& o .2 | Disodium phenyl dibenzimidazole
c o= -
& 2 & | tetrasulfonate (DPDT), CAS: 180898-3-7 2.00 | 2.00x1b
g
L= i
c G 2-Ethylhexyl 2-cyano-3,3-diphenylacrylate
22 | (0C), CAS: 6197-30-4 472.9 6.88 | 3.81xId
She!
1-(3,4-dimethoxyphenyl)-4,4-dimethyl-1,3- 348.8 161 | 824 x%0

Other

pentanedione (PD), CAS: 135099-97-7




Table A2. Effects of different water and chemical speciesh@nphotolysis and solar photolysis
of benzophenone derivative UV filters.

Compound Positive effect (species) Negative effectReference
name (species)
BP-3 OH, O,, °CDOM?*, humic acid, solar lighf  Ct, Fe’, [2, 3]
DOM
BP Lake water, nutrients, OH Salinity, DOM [4]
BP-1 Lake water, nutrients, OH Salinity, DOM [4]
BP-3 Lake water, nutrients, OH Salinity, DOM [4]
BP-8 Lake water, nutrients, OH Salinity, DOM [4]
4-H BP Lake water, nutrients, OH Salinity, DOM [4]
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Figure Al. Proposed BP-3 degradation pathways during ozonadabwpted from ref. [5].
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Figure A2. Proposed degradation pathway for BP-3, adopted fednj6] (Figure A), and for
BP-4 in chlorine-containing water samples, adoftenh ref. [7] (Figure B).
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Figure A3. Photolysis of BP-3 under UV radiation in the preseof humic acid (from ref. [8]).
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Figure A4. Transformation pathways of avobenzone under agjohtorination and UVC
irradiation (from ref. [9]).



N O\\

HN J /\ HN e} HO
Oa—270 0 o ;
e —/ Int. 6 o ({\ 0OSO.H OSO3H

=

|_|le (PSOgH)z [ Int. 1

X
=

_/ Int.3
@
Further intermidiates not detected

Figure A5. Catalytic degradation pathway of 2-phenylbenzirnide-5-sulfonic acid by
LaCoQ; based catalyst activation of peroxymonosulfaten(firef. [10]).
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Table 1. The concentration of different organic UV filters present in various types of water. Data taken from ref. [27].

Water source BP-3 OD-PABA 4-MBC  Octyl methoxycinnamate Octocrylene Butyl methoxydibenzoyl
methane
Swimming pool (ng L™) 3.3-3300 2100 5.9-7.9 3.6-5.4 n.d.
Shower wastes (ng L™ 83-9900  5300-6200  3.3-4.3 3.8-4.4 n.d.
lonian sea (ng L™ 1.4-2.2 trace n.d.
Game pool (ng L™) 4.8-6.6 4.3-6.5 2.6-34 n.d.
Bathing waters (12pm) (ng L™ 5.1-7.9 11.9-14.3 6.5-8.3
Zurich lake (ng L™ <2-4 <2-22 <2-25 <2 <20
Huttnersee lake (ng L ™) 5-125 <2-82 <2-19 <2-27
Swisslakes (ng L™ <2-35 <2-28 <2-7 <2-5
WWTP Influent (mg L™) 0.7-7.8 0.6-6.5 0.5-19 0.1-6.1
WWTP effluent (mg L™) <0.01-0.3 0.06-2.7 <0.01-0.1 <0.01-0.3

n.d.: not detected
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Figure 1. The photostability of benzophenone UV filters after 24 h exposure under a medium
pressure mercury UV lamp (125 W) in distilled water [44] (a). Comparative degradation of 2-
phenylbenzimidazole-5-sulfonic acid UV filter using (i) TiO, photocatalyst under UV (high
pressure mercury lamp, 125 W) [55], (ii) nZnO catalyst in the absence of light, (iii) Photolysisin
the absence of the catalyst under white light irradiation (53,000 lux), (iv) nZnO catalyst in the
absence of oxygen, (v) nZnO under white light irradiation (53,000 lux) [53], (b).
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Figure 2. Mgjor photodegradation intermediates of ODPABA in seawater and in chlorinated
swimming pool water, adopted from ref. [46] (4). Products of ODPABA conversion under
photolysis (b). Possible photocatalytic transformation pathways of 4-MBC UV filter using
TiO»/H,0O, medicated photocatayst (Xenon arc lamp, 1500 W, Solarbox, Milan, Italy), adopted
fromref. [52] ().
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Figure 3. Possible photocatal ytic degradation pathways of 2-phenylbenzi midazole-5-sulfonic
acid in illuminated aqueous TiO, suspensions (taken from ref. [55]).



Highlights

Photolysis of UV filters was a slow process.

Presence of photosensitisers (e.g. *CDOM*) increased photolysis.
Salinity and DOM decreased the photolysis of UV filters.
Photocatalysis was very effective for UV filtersremoval.

Radiation source, catalyst and O, content were key factors for photocatalysis.



