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Abstract

The global occurrence and adverse environmentahadtspof perfluorooctanoic acid
(PFOA) have attracted wide attention. This studyué®d on the PFOA photodegradation by
using photocatalyst TiOwith peroxymonosulfate (PMS) activation. AqueodOR (50 mg
LY at the pH 3 was treated by TiO2/PMS under 300isible light (400-770 nm) or 32 W
UV light (254 nm and 185 nm). The addition of PMfluced a significant degradation of
PFOA under powerful visible light compared withesdliO,. Under visible light, 0.25 gt
TiO, and 0.75 g I* PMS in the solution with the initial pH 3 providegtimum condition
which achieved 100% PFOA removal within 8 h. Undé&f light irradiation at 254 nm and
185 nm wavelength, Ti(lPMS presented excellent performance of almost 188%oval of
PFOA within 1.5 h, attributed to the high UV absambe by the photocatalyst. The
intermediates analysis showed that PFOA was dedrxden a long carbon chain PFOA to

shorter chain intermediates in a stepwise mannarth€rmore, scavenger experiments

indicated thatSO; radicals from PMS and photogenerated holes from, Tpyed an
essential role in degrading PFOA. The presencergdric compounds in real wastewater
reduced the degradation efficacy of PFOA by 18-3bfovisible/TiO/PMS system. In
general, TIQ/IPMS could be an ideal and effective photocatalgggem for the degradation

of PFOA from wastewater using either visible or liyht source.

Keywords. Perfluorooctanoic acid; Peroxymonosulfate; Phdtdgsis; Sulfate radicals;

Visible light
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1. Introduction

Perfluoroalkyl substances (PFAS) have been extelysiused in industry and
consumer products since the 1950s (Janousek €2(dl9). Consequently, some PFAS, in
particular perfluorooctanoic acid (PFOA), are widdktected in the aquatic environment to
reachpg L™ and even up to mgLconcentrations. For instance, Valsecchi et al. $201
reported that the concentration of PFOA in theaxmefwater of Bormida River, Italy ranged
from 0.253 to 6.468ug L™, with the mean value of 1.618g L. In studying PFAS
occurrence in surface water within a 10 km radmgsnf a mega-fluorochemical industrial
park, Liu et al. (2016) found that PFOA was at &ese contamination level with the
concentration ranging from 0.0386 to 1WL‘1. These levels constitute human health risks,
which may lead to growth and reproduction toxicltyer injury and even cancer from PFOA
exposure (Bassler et al., 2019; Behr et al., 26ii8]ey et al., 2018). In February 2019, the
United States Environmental Protection Agency (USE®€stablished a multi-media, multi-
program, national communication and research ptaraddress emerging environmental
challenge from PFAS (https://www.epa.gov/pfas). réfae, it is increasingly urgent to
develop novel technologies with high efficacy aow kost for PFAS degradation.

Advanced oxidation processes (AOPs) such as ozonafrenton, ferrate and
photocatalysis are widely used to degrade orgamidutants through free radicals, as
reviewed by Sornalingam et al. (2016). AOPs basedyaroxyl radicals are effective for
treating endocrine disrupting chemicals such agh@isol A (Xiao et al., 2017), while sulfate
radicals are effective in the degradation of phaenéicals in water (Gao et al., 2019). Of
different AOPs, heterogeneous photocatalysis hawrdisignificant scientific attention to be
applied for the treatment of organic pollutantsludcng PFAS (Xu et al., 2017; Xu et al.,
2018). Of different photocatalysts, titanium dicxi@l'iO,) has proven to be one of the most
promising semiconductors for heterogeneous phabssé due to its wide band gap (3.14

eV), nontoxicity and long-term photostability (Yeb al., 2018; Zhang et al., 2019). Hence,
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TiO; is widely used as co-catalyst synthesized witleiothaterials during the photocatalytic
process (Wang and Zhang, 2011). For example, Cheal.e(2012) investigated the
accelerated Ti©(1000 mg ) photodegradation of Acid Oange 7 (AO7) underblsiight

mediated by 614 mg L of peroxymonosulfate (PMS). PMS, derived from Bgone

(KHSOs:0.5KHSQ-0.5K,SOy), as an environmentally friendly oxidant, couldguce sulfate

radicals(SO;, ) in the solution and induce a remarkable synergisffect in the combined
TiO./PMS system (Feng et al., 2018; Jo et al., 2018).aAconsequence, AO7 was fully
degraded by TiglPMS within 1.5 h, while only about 60% AO7 was wal by TiG only
(Chen et al., 2012). In another study, Khan et24117) found that TigPMS (230/61 mg L)
could efficiently degrade lindane by visible lighith 100% removal within 4 h. It has some
obvious drawbacks such as the recombination ofgebenerated charge carriers, which
reduces the overall quantum efficiency (Cao et2&l16; Pan et al., 2013).

For PFAS photodegradation, Park et al. (2018) ®gitted graphene oxide/TiO
nanotubes array as catalysts irradiated by UV Jighiich achieved 83% PFOA degradation
within 4 h. Wu et al. (2018) used ZnO-reduced gemghoxide combined with persulfate
oxidation under UV light irradiation for PFOA dedation, and observed that almost 100%
PFOA was removed within 4 h. However, such methomge some potential drawbacks in
relation to real world applications. Firstly, thesatalysts are commonly synthesized under
certain conditions (i.e. high temperature and gjeprecursors), which unavoidably increase
the cost and operation difficulty. Secondly, UVhligvas often the indispensable light source
in the photocatalytic system to active the photalgét degradation of pollutants (Hao et al.,
2019). At ground level, 44% of the sunlight eneigin the visible range, with only 3% in the
ultraviolet range. Thus, it is difficult to utiliz&V light from sunlight as photodegradation
energy source, and the extra UV energy has to ®wadad for PFAS degradation, with UV-

based treatment technologies.
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The aim of this work was to investigate the fedsybof using TiG, with PMS for
PFOA removal under visible light as a green teabgyl The objectives were to determine
the kinetics and extent of PFOA photodegradatioteurvisible light, the effects of catalyst
dosage and initial solution pH on photodegradatibwe, reaction intermediates of PFOA
photodegradation in the visible/T#PMS system, and the degradation pathway via the
scavenger experiments. For comparison, the photadagon was also conducted under UV
light to evaluate the photocatalytic efficacy. tiddion, PFOA photodegradation performance

by TiO,/PMS catalyst in real wastewater samples with aljtigomplex matrix was explored.

2. Materials and methods
2.1. Materials

The chemical structure of common PFAS is showRin S1 PFOA (GF;sCOOH,
95%), perfluoroheptanoic acid (PFHpAsFe:COOH, 99%), perfluorohexanoic acid (PFHXA,
CsF1:COOH,> 97%), perfluoropentanoic acid (PFPeAFSCOOH, 97%), perfluorobutanoic
acid (PFBA, GF,COOH, 98%), pentafluoropropionic acid (PFPAFECOOH, 97%) and
trifluoroacetic acid (TFA, CECOOH,> 99%) were obtained from Sigma-Aldrich, Australia.
Evonik, Germany kindly supplied TgqP25). Oxone (2KHSEKHSO,-K,SOy, 97% purity)
was purchased from Sigma-Aldrich, Australia. Thavengers oftert-butanol {-BuOH),
disodium ethylenediaminetetraacetate (EDTA)Nand benzoquinone (BQ) were also bought
from Sigma-Aldrich. All chemicals in this study veeused as received, and all the solutions
were prepared using ultra-pure water obtained fktii-Q water system.
2.2. Photocatalytic degradation of PFOA

All experiments were conducted in a cylindricalatea vessel filled with 200 mL of
PFOA solution (50 mg 1) and mixed continuously using magnetic stirringheT
concentration of 50 mgt was comparatively higher than that in the mosttaminated

water, which was also used as the initial concénotran the previous literature (Panchangam
5
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et al., 2009). PFOA aqueous solution was prepasediiloting the stock solution in the
beaker. The diluting water could be ultra-pure wate wastewater samples (influent and
effluent) taken from a municipal sewage treatmdantpin Sydney, Australia. The influent
went through physical settlement and biodegradagiott discharged as effluent. Ti@nd
PMS were added at the concentrations of 0.02540@Q ' and 0.25-1.0 mg £, respectively
and stirred for 0.5 h under darkness to achieveratien-desorption equilibrium. The effect
of solution pH on PFOA photodegradation was assesgerarying solution pH at 3, 5, 7 and
10.

The visible light source was provided by a 300 Whoe lamp (HSX-F500, NBeT
Company, China) positioned 38 cm above the liquidage inside the reactor as shown in
Fig. S2 A filter was used to remove wavelengths shotteant400 nm so the wavelength of
the light source was confined to 400-770 nm. Thextat current was 20 A and light
intensity in the centre of the reactive solutiores\v829.6 mW cffifor the Xenon light source
as measured by a light intensity meter (HSX-F50®)e general visible light source was
emitted by a 30 W Xenon lamp (NBeT Company, Chiaajl the light intensity was detected
to be 3.65 mW cffL In addition, two 32 W low-pressure UV lamps (@hli Co. Ltd.,
Shanghai, China) with wavelengths of 254 nm and 486 respectively were studied for
comparison. The irradiation intensity of UV light2564 nm wavelength was 3.7 mW ¢ras
measured by a UV intensity meter (ST-512). At ragtiime intervals, aliquots of the sample
were taken using a syringe and filtered throughltar f(Puradisc syringe filter, 0.2 pm,
Whatman) before analysis. To avoid the possibleachpf filter adsorption on PFOA
concentration, the first 3 mL filtrate was discatdé\ll experiments were conducted in
triplicate to ensure repeatability of results.

2.3. Catalyst characterization and analytical procedures
Powder X-ray diffraction (XRD) patterns were cotkstt using a Bruker D8 Discover

diffractometer using Cu « radiation, in the scattering angl® 2ange 0-80°. Catalyst
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solutions were collected using a Shimadzu 1700 U¥-spectrophotometer operating in the
wavelength range 200—-800 nm. Zeta potential vaieys determined using a Nano-ZS Zeta-
seizer (Malvern, Model: ZEN3600). Zeta potentialswaeasured three times at each pH (50
scans each time), and the average and standamtidawivere calculated.

A triple quadrupole ultra-high-performance liquithrematography tandem mass
spectrometer (UHPLC-MS/MS; LC/MS 8060, Shimadzuwipped with a binary pump and
Shim-pack column (1.6m, 2.0 mm x 50 mm) was used for the quantitativé qumalitative
analysis of PFOA and its degradation products (FHpFHXA, PFPeA, PFBA, PFPrA,
TFA). The mobile phase A was Milli-Q water, and melphase B was methanol. The flow
rate and injection volume were 0.40 mL ffirand 1uL, respectively. The elution gradient of
PFOA analysis method was initiated with 50% B fd¥ &iin, then 100% B for the next 1 min,
followed by 50% B for another 1.5 miffhe total method run time was 5 min. The mass
spectrometer was operated in multiple reaction toang (MRM) mode. For PFOA, mass to
charge (/z) ratios of 169.1 and 219.0 was used as the queditabns andnvz for the
guantitation ion was 369.0 to avoid mass interfeeenThe tandem mass spectrometry

operating conditions of the target compounds atediinTable S1

3. Results and discussion
3.1. Characterization of catalysts

The XRD pattern of the commercial TA@QP25) was exhibited ifrig. S3 and the
experimental XRD pattern agrees with the JCPDS pard®1-1272 (anatase TiQXu et al.,
2015). The strong diffraction peaks at 25° and d&ifirmed the Ti@ anatase structure and
the broad diffraction peaks indicated very smalesirystallite (Hussain et al., 2016)g. S4
presented the UV-visible diffuse reflection absmnptspectra of aqueous PFOA, PMS, TiO
and TiQ/PMS. PFOA and PMS showed negligible absorbancealfothe light resources.

Comparatively, TiQ had the increasing absorbance ability of the ligidource with the
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decreasing light wavelength from 800 to 250 nm clvlproved that Ti@had a certain ability
for visible light absorption (400—800 nm) but whislas worse than that for UV light (< 400
nm). However, when TiP@was mixed with PMS in the solution, promoted ligiisorbance
was observed in the range of visible light reso(d@—800 nm). This is probably because, in
the mixed suspension, some visible-light absorloimigpplexes on Ti@surface were formed
with the addition of PMS. Jo et al. (2018) inveateyl the activation of PMS with Tin
visible light irradiation and claimed that surfaclearge-transfer complex (Ti-OOgPwas
produced through the reaction (i.e. >¥i® HSQ — > Ti-OOSQ™ + H,O), which was
responsible for the visible light absorption in JiIBMS suspensions.

3.2. Photocatalysis of PFOA

3.2.1. Degradation performance of PFOA under visible light

Comparative experiments with different catalystsIf TiO,, and TiQ/PMS) of
different amounts were conducted to explore theegystic effect of TiQ and PMS under
powerful visible light irradiation (300 W, 400-7T®n wavelength). For comparison, the same
experiments were conducted under either darknegsr@ral visible light (30 W). The initial
concentration of PFOA was 50 mg'Lwhich was the level in some seriously contamimhate
water. The amount of PMS and Ti@sed was set at 0.75 ¢ land 0.25 g L, respectively
based on preliminary experiments, in either theassp system or the combined HRMS
system. In addition, different amounts of %i@nd PMS were used to create various
TiOo/PMS molar ratios, so as to probe the photodegmdamechanism. No other solution
was added to adjust the pH value, and the inittabpthe solution was 3.0 £ 0.2.

As a result,Fig. S5 shows that all the catalysts (i.e. PMS, Fi@nd TiQ/PMS)
showed almost no catalytic ability for aqueous PR@#oval under either darkness or 30 W
visible light, which indicates that PFOA could rm# adsorbed by PMS or Ti@nd these
catalysts were not able to be activated under géngsible light, respectively (Irie et al.,

2003; Khan et al., 2017). Nevertheless, when thlet Isource changed to a more powerful

8



200 visible light (300 W), the degradation performamneas obviously promoted by PMS/TiO
201 that almost 100% of PFOA was degraded within 8 s Wwas attributed to the fact that
202  increasing the light intensity could active Biinder visible light (400-700 nm) as eq. 1:

203 TiO;+hv—h"+¢€ (eq. 1)

204 In theory, one photon energkf is calculated asE, = % whereh is Planck’s constant of

205  6.63x 10%* J-scis light speed of 3 16 m s*, & is the wavelength of UV light, which is 400

206 nm, and thu€, was calculated to be 5.0 xf0J. In addition, the band gap of Bi® 3.14

207 eV or5.0 x13°J (1 eV = 1.6< 109 J), which was approximately equalEg Thus, visible

208 light in general provided insufficient photons afim enough energy to active Ti@roducing

209 photogenerating hole and electron pairs. By inengathe light intensity to a certain level
210 (300 W, 829.6 mW cfiin this study), TiQ could be activated as a photocatalyst under
211 visible light. In previous studies, T¥Qvas modified with other materials to be utilizettar

212 visible light. For example, Sajid et al. (2016) oged that nitrogen-doped TiN-doped
213 TiOy) exhibited broad absorption in the visible regiathowing the utilization of a large part
214 of the solar spectrum for photocatalytic degradmatiof organic pollutants. Further
215 investigation should focus on the N-doped Fwith PMS under general visible light (about
216 30 W) or solar irradiation.

217 On the other hand, under powerful visible lighte thegradation of PFOA by PMS

218 alone was negligible, which means the sulfate esiS0; ), responsible for the PFOA

219  degradation, may not be activated by visible lgghshown in eq. 2 (Wang et al., 2015):

220 HSO; + hv— SO, + *OH (eq. 2)

221  Comparably, sole Ti@showed only about 20% PFOA removal, while FRMS generated
222  the best catalytic performance for PFOA removahtbale PMS or Ti@Qas shown irFig. 1A.
223  The reason might be that holes and electrons cbeldenerated on the surface of 7iO
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irradiated by powerful visible light as mentionereyious (Grilla et al., 2019), ariiSO

could react with photogenerated electron to forrfiasel radical{SO; ) as shown in eq. 3
(Shao et al., 2017). Thus, under powerful visimét, TiO,/PMS outperformed than TiQor

PMS in degrading PFOA. Further reasons are disduesgection 3.3.

HSO; + € — SO, + OH (eq. 3)

Also, the kinetics of the PFOA degradation fittedlvio the pseudo-first-order model

(R? > 0.90) described in eq. 4:
IICE/Cy) =kt (eq. 4)

wherek is the rate constant ) C, andC;(mg L™ are the concentrations of PFOA in the
solution at irradiation time 0 aridh), respectively. In the case of HIBMS, the rate constant
was found to be 0.310hwhich was almost 11 times higher than that ofsTé&alyst, which
was only 0.028 . Nevertheless, until now, no previous study haanbeported to achieve
PFOA photocatalysis under visible light. Thus, tegradation of 50 mgtaqueous PFOA
within 8 h at the rate constant of 0.318 tmder 300 W visible light irradiation could be the
reference of degradation efficiency for the futureestigations on the PFOA photocatalysis
under the similar external conditions of the study.
3.2.2. Effect of catalyst dosage

To select appropriate catalysts dosage, differembusats of PMS and TiQwere
added in PFOA solution, PFOA removal in a photdgats: process under 300 W visible light
irradiation within 6 h is presented Fig. 1B. When the dose of TiGand PMS were 0.025
and 0.25 g [ with the ratio between them of 0.4:1, almost ndRFwas reduced by the
photocatalysis. Because the low amount of ;Téduld not provide sufficient active species
such as photogenerated hole§ @émd electrons (&for PFOA degradation during the reaction
process as eq. 2. However, increasing the mola cdt TiO,/PMS from 0.4:1 to 1.6:1,
together with PMS constant of 0.25 g (namely [TiQ] = 0.1 g L*, [PMS] = 0.25 g [}), the

10
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degradation was increased to 34%. Further, theadagion of PFOA reached 48% when the
molar ratio was increased to 3.9:1 (namely [i©0.25 g L}, [PMS] = 0.25 g [}). Thus, at
0.25 g L* PMS, increasing the ratio of TiGould indeed improve the degradation effect.
Also, when TiQ was kept to 0.25 g1, but with the increase concentration of PMS fra@50
to 0.75 g ! (the molar ratio of TI@PMS decreased from 3.9:1 to 1.3:1), the degradatfo
PFOA increased obviously from 48% to 86%. Becabsdricreasing ratio of PMS was able
to produce more sulfate radicals (eq. 3), which baslative for the PFOA degradation.
Nevertheless, when PMS concentration continuallyreéiased to 1.0 gt (the ratio of
TiOo/PMS decreased to 1:1), the removal of PFOA didimaiease further as expected. The

reason could be explained that excessive sulfateals would react with each other to

produce peroxydisulfat@zog_) as shown in eq. 5:

SO, +S0; — S,0% (eq. 5)

Therefore, excessive ratio of PMS would insteadibibhthe photodegradation process.
Similarly, when PMS was kept as 0.75 g land TiQ concentration increased from 0.25 to
0.30 g L, the degradation of PFOA slightly decreased fra#6&0 73%. This might be
attributed to that high concentration of Bi@ould make the solution turbid, which reduced
the photo permeability of visible light, leading #onegative effect on the degradation rate.
Similar conclusion was also provided in the presititeratures (Aoudijit et al., 2019; Wang et
al., 2014). Hence, on the treatment of 50 mgagqueous PFOA, the preferable amounts of
catalyst were 0.25 gL TiO, and 0.75 g ! PMS and the suitable molar ratio of FIBMS
was 1.3:1.
3.2.3. Effect of solution pH

Fig. 2A shows the impact of initial pH (pHon the catalytic performance for PFOA
degradation in visible/TiPMS system. In detail, at pH8 the degradation of PFOA was

almost 100% under visible/TUIPMS photodegradation for 8 h, which was the best
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performance compared with the other pH conditidNgh the increase of pfto 5 and 7,
within 8 h the degradation of PFOA was 90% and 4&pectively. However, the removal
of PFOA further dropped significantly to 24% at @& In addition, the degradation rate
increased with time and all followed the pseudstforder kinetic model under different pH
conditions. Moreover, the rate constant decreas#d increase of initial solution pH in the
order: kyuz = 0.310 A > kous = 0.165 A > Koz = 0.054 A > kone = 0.030 F. Herein, the
results indicated that the degradation efficacBOA in visible/TiQ/PMS was higher and
faster when the solution pH was low.

Two reasons might explain such a phenomenon. &iretwas the reaction between
the sulfate radical and OHon to form hydroxyl radicals (*OH) as shown in. &j(Liang,

Wang & Bruell, 2007):
SO, + OH — SO2 + «OH (eq. 6)

Nevertheless, hydroxyl radicals have poor reagtiwiith PFOA, so the replacement Sﬁ;'
by «OH would slow down the PFOA degradation (Harale, 2004; Lee et al., 2009).

The second reason is related to the Colombiancttimmbetween the catalysts and
pollutants. The surface zeta potential of FiBig. SO continuously decreased with the
increased of solution pH and the points of zerorgdavas 5.6. This means that when the
solution pH was lower than 5.6, the surface of ;Tv@s positively charged in the form of
(TiOH,") due to the protonation (Xu et al., 2003), andatiegly charged in the form of TiO
in the solution when pH was above 5.6. On the olizard, thepK, of PFOA is 2.8 (Goss,
2007). Therefore, when solution pH is more than, BOA can get deprotonated form
(C7F15COQ) based on the reaction eq. 7:

C/F1sCOOH = H + G,F1sCO0 (eq. 7)
Thus, as shown iRig. S7, when the solution pH was below 5.6 but over PBOA could

strongly interact with the Ti© by electrostatic interaction, leading to the aeding
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photodegradation efficacy. However, at pH 6 to fite surfaces of the catalysts were
negatively charged due to the deprotonation (baseaeta potential value) resulting an
electrostatic repulsion between PFOA (neutral gatigely charged PFOA) and the catalysts
(negatively charged). Therefore, acidic conditieapecially initial of pH 3 in this study) was
the most beneficial for PFOA photodegradation insystem of visible/TiPMS.
3.2.4. Effect of light sources

The photocatalysis of aqueous PFOA was also ewaluay TiQ/PMS under 32 W
UV light with the two different wavelengths of 25#&hd 185 nm, compared with the
performance in 300 W visible/TWPMS. Commonly, the UV light of 254 and 185 nm is
frequently used in the study of photocatalysis pssc(Gomez-Ruiz et al., 2018; Xu et al.,
2020). The 50 mg £ PFOA solution was treated by 0.5 g [iO, together with 0.15 g
PMS without pH adjustment. As shownkig. 2B, the degradation efficiencies were almost
similar for both wavelengths of 254 and 185 nm #oedr degradation were both almost 100%
PFOA within 1.5 h. Thus, UV light irradiation sidicantly promoted the degradation rate as
the reaction time was 8 h for 100% PFOA removalenr2D0 W visible light, which was
more than 5 times longer than that under UV ligihe reason might be related to the
absorbance ability of different light resources thg catalysts. As shown iRig. S4 the
absorbance intensity was higher in UV wavelengtrd(® nm) than that in visible light
wavelength (400-700 nm), and therefore more quaatiphotons was absorbed in the system
for the photodegradation. Also, the photon from @it has higher energy than from visible
light, which could irradiate more quantity of phimduced hole and electron pairs, leading to
a stronger redox ability for PFOA degradation. Stedmsons were also discussed in previous
research (Giri et al., 2012). Therefore, 7I®®MS have the stronger photocatalytic ability
under UV light (both 254 and 185 nm UV light resms) than visible light, but may need

more energy cost when considered the economy factor
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324  3.2.5. Advantages of photocatalysis by TiO,/PMS

325 When compared with other materials in the prevituslies Table 1) (Li et al., 2016;
326 Panchangam et al., 2009), the catalyst of,/JROIS firstly investigated in this study presents
327 excellent advantages on the treatment for aque®@AP Initially, TiO./PMS utilized as
328 catalyst under 300 W visible light irradiation coulegrade PFOA from the solution and
329 100% PFOA was removal within 8 h. This finding pdms the basic knowledge of solar
330 application on the treatment of water containingABFwith low secondary pollution.
331  Secondly, TIQPMS have comparatively high degradation abilitgemUYV light irradiation
332 compared with other findings as showrTiable 1 The fluence-based first-order rate constant
333 (k, cnf mJY) and the half-life 4,5, h) were introduced to make a comprehensive cosgrar
334 among different catalytic systems (Zhang et all1720Notably,k; of TiO./PMS under 254
335  nm UV light was 8.18 x Ifcn?® mJ*, higher than that of all the other catalysts exdeDs
336 PNPs under UV light. Theyvalue was found to increase ag; (UV/In,O3 PNPs = 0.07 h)
337 < 112(UV/B-GaOsNanorods = 0.27 h) &, (UVITIO,/PMS = 0.64 h) < the other conditions.
338  Finally, yet importantly, TIQPMS was easy to be prepared by simply mixing tmeroercial
339 TiO, and PMS powders in the solution. HoweverOnPNPs and3-GaOs; Nanorod with
340 shorterryp value need more complex synthesizing process tieapreparation for TigdPMS.
341  For example, 1503 porous nanoplates (PNPs) were synthesized byegthgiamine-assisted
342  hydrothermal process, which needs to be maintaad®0 °C for 16 h and 270 °C for 2 h in
343 the air (Li et al.,, 2014)5-G&0Os; Nanorods were obtained by microwave irradiation
344  hydrothermal synthesis procedure from the precun$d@sa(NQ)s*H,O (Zhao et al., 2015).
345 Overall, TiQ/PMS should be considered as the potential catabmplied for the
346  photocatalysis of PFOA no matter under visible ligB00 W) for energy saving or UV light
347  for the high degradation efficiency.

348  3.3. Proposed degradation mechanism

14



349 3.3.1. Intermediates analysis

350 The intermediates such as PFHpA, PFHXA, PFPeA, RHEAPA and TFA during
351 PFOA photocatalytic process in visible/HIBMS system were identified and quantified by
352 UHPLC-MS/MS as shown ifrig. S& Thenvz ratio of individual compound and the other
353 MS/MS parameters were listed Trable S1 Thereupon, the time dependence of PFOA and
354 these intermediates were described-ig. 3A. Clearly, PFHpA was first produced, and its
355  concentration was increased to the maximum of Og5Lihwithin 6 h and then decreased.
356 PFHxA was initially detected after 2 h and continsiy increased to 1.0 mgLwithin 8 h.
357 PFPeA increased during the time from 4 to 8 h reaatourse. However, the concentrations
358 of shorter chain compounds such as PFBA PFPA and Were below the Ilimit of
359 quantification. The findings indicate that the piaatalytic process of PFOA proceeds in a
360 step-by-step fashion from PFOA to shorter chairermediates (i.e. PFHpA, PFHXA, and
361 PFPeA) as reported in the literature (Li et al1@QLi et al., 2012; Wu et al., 2018).

362  3.3.2. Active species analysis

363 During the photocatalytic process in visible/JBMS system, four types of active

364 species, including photoinduced holed) (and electrons (& hydroxyl radical (+OH), sulfate
365 radicals(SO; ) and superoxide radical {O_) are supposed to be generated as shown in eqs

366 2, 8 and 9, which own the oxidative and reductibititg contributing the PFOA degradation.

367 TiO, (W) + HoO — TiO, + «OH + H  (eq. 8)

368 TiO, (€) + O, — Oy (eq. 9)

369 To prove the degradation ability of these four sgectertbutanol (t-BuOH), disodium
370 ethylenediaminetetraacetate (EDTAJNaand benzoquinone (BQ) were added into the

371 system, which was used as scavengers of «OH, Iaotég. ~, respectively. Degradation by

372 TiO, only was used to simulate the condition of addimg scavenger &0, radicals. As

373 shown inFig. 3B, it is easily observed that degradation by onl¥;Thas the poorest
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photodegradation performance that only 20% PFOA rgasoval within 8 h, which proves

that SO, radicals play the essential roles in visible/FRMS system for PFOA degradation.
Secondly, the addition of EDTA-Man the reaction solution caused only 40% PFOA
removal, which indicates that the photoinduced $iotather than electrons, could largely
react with the absorbed PFOA molecules directly played the main role in degrading
PFOA in the photocatalytic system. While the scgees of BQ and-BuOH have less

negative effect for the degradation efficacy coragawith the others. When BQ was added,

63% PFOA was degraded, which suggests that PFOfogégradation was less influenced

by Oz._ radicals generated. Furthermore, witdBuOH was added in the system, 77% PFOA

removal was observed on the degradation rate.Stggests that that hydroxyl radical («OH)
owns the worst degradation ability for PFOA thae tther species, and it is consistent with
the theory that «OH has poor reactivity with PFOAnaentioned in the section 3.2.3. On the
other hand, based on degradation curves of diffa@avengers within 6 h photocatalysis, the
rate constant ranked from highest to lowest waslsvs: K (o additiony= 0.310 > k (t-BUOH)
= 0.154 ' > Kk (o) = 0.112 i > K pranaz) = 0.058 A > K (ony Tioz) = 0.028 A Thus, it

means that the active species produced duringhtbtgatalytic process from most important
to least for PFOA degrading was followed B¢, radicals > photoinduced holes’Y» O

radicals > OH. Besides, in the visible/BHIBMS system, photoinduced holes)(hather than
electrons (@ played the main role in PFOA degradation.
3.3.3. Possible degradation pathway

Based on the intermediates and active species sasatljuring the photocatalytic
process, the primary degradation mechanism ocgurim visible/TiGQ/PMS would be
proposed as the following equations (10-18):

Part of PFOA in the solution could exist as an amicompound (&1sCOQO) and

was absorbed on the surface of 7{Ohen et al., 2015):
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C/F1s:COOH + HO — C;FsCOO + H30+ (eq 10)
Then, GFsCOO reacts with sulfate radica(§0;_) or photoinduced holes Thto form

perfluoroperoxy radicals ¢(€:sCOO-) (Wu et al., 2016).

C7F15COO0 + S0, — C7F15CO0e +S03~ (eg. 11)
C7/F15COO0 + h" — C7FsCO0e (4q)
While the GF;sCOQOe is quite unstable and then spontaneously godekKolbe
decarboxylation to form £Fz* radicals (Chen et al., 2015).
C7F15CO0s — CrFi5* + COt (eq. 13)
Then formed @F;5* react with water to form §&13COF after H+ and Felimination (Nohara
etal., 2001):
@150 + HO — CF1sOH+ H' (eq. 14)
@150H — CgF13COF+ HF (eq. 15)
By hydrolysis, GF13COF is converted into PFHpA {EisCOOH) with F reduced (Hori et
al., 2008).
§1:COF + HO — CgF15COOH (PFHpPAW HF (eq. 16)
Furthermore, PFHpA was decomposed into PFHXA, afleA proved in this study, and
would continually change to PFBA, PFPA and TPAha same way and finally mineralized
to CO, and fluoride ions in the stepwise manner as repodoty previous literatures (Jiang et
al., 2016; Liu et al., 2019).
Consequently, the excellence synergistic effectveen TiQ and PMS for PFOA
removal was attributed to that both sulfate radiq@roduced by PMS) and photoinduced
holes (produced by Ti§ had the strong photocatalytic ability for PFOAgedation (as

shown in egs 11 and 12). Besides, photoinducedretex(€) could both reacted with PMS

(HSO;) and peroxydisulfatészog_) to form sulfate radicals (as shown in eqs 3 anyg 17

which not only increased the quantity of sulfatdicals in the solution but also inhibited the
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recombination of photoinduced holes and electrensl8) as the electrons were consumed in
the reaction of eq.3 and 17. Thus, the amount ofgahduced holes and sulfate radicals was
primarily increased during the photocatalytic reactin visible/TiQ/PMS, leading to a

higher degradation efficiency than that in sole P8ASi0, system.

S,02" +e — SOy (eq. 17)
"B € — recombination (eq. 18)

Besides, as shown irig. S4 TiO,/PMS have higher visible light absorbance than,Ta@d
PMS, which also contributes to the fact that vsibiO,/PMS outperformed visible/Tiand
visible/PMS in PFOA photocatalysis degradation.
3.4. Photocatalysis application in wastewater

The photocatalyst Tiohas been widely used nowadays in many applicasaoh as
enhancing the photocatalytic property or develogneénmew photocatalytic thin films (Ghori
et al., 2018; Yu et al.,, 2018). In this study, talidate the feasibility of TigPMS
photocatalysis to degrade PFOA in the real was&wals the coexisting compounds may
reduce the degradation efficacy (Beltran et alQ80the photodegradation of PFOA in the
influent and effluent samples taken from a municipewage treatment plant in Sydney,
Australia was investigated. The characteristicsthefse wastewater samples are listed in
Table 2 The original pH of wastewater samples was 6.1%.iy. When PFOA and the
catalysts of TIQPMS were introduced, the pH of the suspension etanged to 3.0 £ 0.2
without pH adjustment. Herein, 50 mg' IPFOA in the influent and effluent samples were
dosed with 0.25 g £ TiO, and 0.75 g I* PMS for the photocatalysis under 300 W visible
light, 254 and 185 nm UV light irradiation, respeety. As a resultFig. 4A shows that in the
powerful visible light system, 65-82% PFOA was aegd within 8 h by TigPMS in
influent and effluent samples and their rate cartsteas 0.136 and 0.070'hrespectively,
which were both lower than that in pure water(0.310 /). The reduction in rate constant

was probably due to the adverse impacts of coegigirganic matter in these sewage water
18
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samples, leading to the reduced performance forAPetoval (Shao et al., 2013). However,
in the UV light system, the photodegradation perfance in the wastewater was as effective
as in pure water, reflecting the stable photocttalgbility of TiO,/PMS under UV light
irradiation (both in 254 and 185 nm), which was meaisily disturbed by other organic
compounds in the real wastewater samples.

Total organic carbon (TOC) was another importaniexreflecting the degradation
effect, so the changes of TOC with time were alssasared in this study. As it can be
deduced fromFig. 4B, in the influent sample, 65% TOC was removed i 2%m
UV/TiO,/PMS system, whereas 34% TOC was removed in 183JNWTIO,/PMS system
and 26% TOC was removed in 300 W visible/ZRMS system. Similarly, in the effluent
sample, the rate of TOC removal was reduced asnBb4V/TiO./PMS (69%) > 185-nm
UV/TIiO/PMS (53%) > 300 W visible/TigPMS (44%). Because 254 nm UV light is fairly
well transmitted as water molecules do not absdm® énergy corresponding to this
wavelength, while 185 nm intensity drops as ithsabed by water molecules (Imoberdorf
and Mohseni, 2011). Thus, although 185 nm UV lightmore powerful than 254 nm, it is
does not transmit as well through water as 254 leading to the various degradation

performance between TOC and PFOA removal in thHewastewater.

4. Conclusions

In summary, the visible/Ti@PMS system could degrade 100% of PFOA at 50 hg L
within 8 h, which was better than sole PMS or Ji@der the same conditions. Based on
extensive experiments considering influencing fes;ta combination of 0.25 g'LTiO, and
0.75 g L* PMS in the reaction solution with the initial pHg@nerated the best performance
than under the other conditions in this study. lkenmmore, under UV light irradiation at 254
and 185 nm wavelengths, TMBMS both achieved excellent degradation efficalciPlBOA

(almost 100%) within 1.5 h. According to the anaysf intermediates, PFOA was gradually
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476  decomposed from the long chain into shorter chpeties during the photocatalytic process.

477  Scavenger experiments proved t8@f radicals and photogenerated holes were the most
478 important active species contributing to the PFO#otpdegradation. In real wastewater
479 samples, 65-82% PFOA degradation and 26-44% TOQvalhwere achieved after the
480 treatment by TIQPMS under 300 W visible light irradiation. Overatie TiQ/PMS system
481 under powerful visible light can potentially be &pg@ for PFAS photocatalysis in water and
482  wastewater.
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Tablel

Comparison of photocatalytic conditions for PFOMowal by TIG/PMS and other catalysts.

Catalyst Light Co b
_ . _ Removal ke R T2
Catalyst dosage Light source intensity  (PFOA) ] ) L N Reference
. ! .. (reaction period) (h")  (cn? mJY) (h)
(L) (mMWcem?)  (mg L")
TiO./PMS 0.25/0.75 300 W,=400-770 nm 829.6 50 100% (8 h) 0.310 1.04%10 2.24 This study
TiO./PMS 0.25/0.75 32 W,=254 nm 3.7 50 98% (1.5 h) 1.09 8.18%¥'10 0.64 This study
TiO,with HCIO, 0.7 16 WA=254 nm 0.45 50 86% (7 h) 0.282 1.74%10 2.46 Panchangam et al., 2009a
TiO,with Pt 0.5 125 W)=365 nm 5.3 60 100% (5 h) 0.726 0.38 10 0.95 Li et al., 2016b
TiO, with Pd 0.5 125 WA=365 nm 5.3 60 98% (7 h) 0.438 0.23%'10 1.58 Li et al., 2016b
TiO,with Ag 0.5 125 W)=365 nm 5.3 60 45% (7 h) 0.126 0.07 ¥10 5.50 Li et al., 2016b
S-Ga0O; Nanorod 0.5 50 W,=254 nm 35 10 100% (1.5 h) 2.58 0.20 ¥10 0.27 Zhao et al., 2015
In,O3 PNPs 0.5 15 WA=254 nm 3.2 30 100% (0.5 h) 9.48 8.23%'10 0.07 Lietal., 2014

*The fluence-based first-order rate constatn? mJ?) is calculated as followse, = % , Where | is the light intensity.

In2

"The half-life (12) of the reactants is described &g;, = IR,
t



Table?2

Characteristics of the influent and effluent froomanicipal wastewater plant in Sydney, Australia.

Effluent Influent
Parameter Value Parameter value
PFOA <LOG PFOA <LOg@
TOC 14.41 mg ! TOC 10.64 mg Lt
TDS 659 mg [* TDS 693 mg [
N-NH," 1.0 mg [* N-NH," 0.7 mg L*
P-PQ* 6.7 mg L P-PQ* 6.8 mg I
pH 6.17 pH 6.15

Limit of quantification
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The rate of PFOA removal within 6 h

Fig. 1. (A) Degradation rate of PFOA (50 mg L™) in the system of PMS (0.75 g L™, TiO,
(0.25 g L™Y) and TiO/PMS (0.25 g L™/0.75 g L™), respectively under 300-W visible light
irradiation. Enlarged view of degradation curves within 6 h and the histogram of each
degradation rate constant (k) was aso provided. (B) Degradation rate of 50 mg L™ PFOA by

different amount of TiO,/PMSunder visible light.
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Fig. 2. (A) Effect of different initial solution pH (3, 5, 7 and 9) on PFOA degradation in
visible/TiO,/PMS system. Insert showing the fitting of degradation curves within 6 h and
degradation rate constant (k) derived. (B) Effect of different light source on PFOA
degradation by TiO,/PMS. Visible light (300 W, 400-770 nm) was produced by a Xenon
lamp, and 254 nm and 185 nm UV light were from two types of low-pressure UV lamps,

respectively (([PFOA] =50 mg L™, [PMS] 0.75g L™, and [TiO,] =0.25gL™).
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Fig. 3. (A) Time dependence of PFOA and its shorter-chain PFAS intermediates. (B) Effects
of different scavengers (i.e. pure TiO,, EDTA-N&, BQ, t-BuOH, and no scavengers) on the
PFOA degradation in visible/TiO./PMS system within 8 h (300 W visible light, [PFOA] = 50
mg LY, [PMS] =0.15 g L™, [TiO,] = 0.05 g L™). Insert showing the fitting of degradation

curves within 6 h and degradation rate constant (k) derived.
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Fig. 4. (A) Degradation of PFOA in wastewater samples including influent and effluent from
awastewater treatment plant, and (B) rate of TOC removal by TiO,/PMS under 300 W

visible light, and 254 nm and 185 nm UV light.



Highlights

* 100% PFOA was degraded within 9 h by TiO,/PM S under visible light

e 1.3:1 molar ratio of TiO,/PMS was optimum for PFOA degradation

SO, and photoinduced holes were the main active species

* 100% PFOA in rea wastewater was degraded within 2 h under UV light
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