The determination of oxidation rates and quantum yields during the photocatalytic oxidation of As(III) over TiO2

Hany Fathy Heiba,a,b* Jay C. Bullen,a Andreas Kafizas,c,d Camille Petit,e Stephen J Skinner,f Dominik Weissa,g*


a Department of Earth Science & Engineering, Imperial College London, London, SW7 2AZ, UK
b Marine Chemistry Department, Environmental Division, National Institute of Oceanography and Fisheries (NIOF), Alexandria, Egypt
c Department of Chemistry, Molecular Science Research Hub, Imperial College London, London, W12 0BZ, UK
d The Grantham Institute, Imperial College London, London, SW7 2AZ, UK
e Barrer Centre, Department of Chemical Engineering, Imperial College London, London SW7 2AZ, UK
f Department of Materials, Imperial College London, London SW7 2AZ, UK 
g The Department of Civil and Environmental Engineering, Princeton University, Princeton, New Jersey 08544, United States


*corresponding authors
h.heiba@imperial.ac.uk,  d.weiss@imperial.ac.uk



Graphical abstract
[image: ]
Abstract
The determination of reaction rates for the photocatalytic oxidation (PCO) of arsenite (As(III)) using TiO2 using UV radiation is challenging due to the numerous experimental processes. This includes chemical processes running simultaneously with PCO (e.g. adsorption of arsenic species,  direct UV photolysis of As(III)) and the analytical approach used (e.g. whether As(III) or As(V) are measured and used in the calculation of the PCO rate). The various experimental approaches used to date have led to oxidation rates and rate constants which vary by orders of magnitude and contradicting information on rate laws. Here we present the results of a critical examination of possible controls affecting the experimental determination of PCO rates. First, we demonstrate that the choice of analytical technique is not critical, provided that the rate constants are calculated based on the depletion of As(III) after correction of the directly adsorbed As(III). Second, we show the correction of the directly adsorbed As(III) at each time interval is best done by running two parallel experiments (one under UV and the other in dark) instead of running sequential experiment (i.e. running the experiment in the dark then turning on the UV lamp). These findings are supported by XPS analysis of the oxidation state of TiO2-sorbed As. Third, we demonstrate that photolysis by the light source itself, as well as the chemical composition of the solution (i.e. the  presence of HEPES and the ionic strength), can significantly increase As(III) oxidation rates and need to be corrected.  Finally, to determine the quantum yield of As(III) oxidation, we measured the photon absorption by the TiO2 photocatalyst. Our results showed that the quantum yield (Ø) for this oxidation reaction was low, and in the region of 0.1 to 0.2 %. 
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Introduction
Arsenic is a potent carcinogen, with tens of millions of people exposed to dangerous levels worldwide [1]. Due to severe toxicity, in 2009 the World Health Organization (WHO) imposed strict regulations lowering the permitted level of arsenic in drinking water from 50 to 10 μg L-1 [2–4]. The toxicity of arsenic is determined by its speciation: inorganic arsenic is more harmful than organic arsenic [3,4], and inorganic arsenite (As(III)) is 60 times more toxic than inorganic arsenate (As(V)). The removal of As(III) from contaminated water is more challenging [5] since it predominantly forms non-ionic species at neutral and acidic pH (H3AsO3), whereas As(V) exists as anionic species (H2AsO4- and HAsO42-) [6]. Therefore, effective water treatment necessitates the oxidation of As(III) to As(V) prior to its removal using strategies such as adsorption, precipitation, or ion exchange [7].
Photocatalytic oxidation (PCO) of As(III) to As(V) using TiO2 is a promising solution [8] due to the high chemical stability, corrosion resistance, non-toxicity and photocatalytic activity of the material [9]. The accurate determination of oxidation rates is crucial to successfully implement photocatalysts into arsenic treatment plants [10], however, this is challenged by various process that occur during the experimental determination, such as co-occurring adsorption (Fig. S1). To date, investigations of the photocatalytic oxidation of As(III) using TiO2 have reported a wide range of rates. For instance, Bissen et al. identified first-order kinetics, with respect to aqueous As(III), during the oxidation of 50 μg L-1 As(III) using Degussa P25 TiO2 (0.001-0.05 g L-1) [11]. In contrast, Dutta et al. found zero-order kinetics during the oxidation of 3-25 mg L-1 As(III), using Degussa P25 TiO2 (0.1 g L-1) [12].
Table 1 highlights the wide variety of experimental conditions under which the PCO of As(III) has been investigated. Whilst the light intensity is often stated, it is normally provided only (i) normalized to surface area, or (ii) normalized to volume. It has been shown that As(III) PCO rates change from first-order to zero-order as light intensity is increased [11]. To date, no study has considered how (i) the choice of analysis method (e.g. HPLC-ICP-MS, spectrochemical UV-Vis molybdenum blue, etc.), and (ii) the choice of sequential versus parallel measurements affects the derived PCO kinetics.
[bookmark: _Ref46749621]Table 1: The variety of experimental conditions used in the PCO of As(III) using TiO2 
	Light source (nm)
	Light intensity (mW cm-2)
	Light intensity (mW L-1)
	TiO2 
(g L-1)
	[As (III) ] 
(mg L-1)
	pH
	electrolyte
	Dark absorption (hr)
	Analysis method
	reference

	Xe lamp (polychromatic) 
	3*10-5 Einstein m2 s-1 (renormalise units)
	ns
	0.001-0.05
	0.1
	5,7,9 
	blank 
	0
	[As(III)] HPLC-ICP-MS
	[13]

	Hg lamp (polychromatic) 
	213 W m-2 (renormalise units)
	ns
	0.01, 0.1
	3--25
	4, 9
	benzoic acid, salicylic acid, 
17 μM Fe(III)
	2
	[As(V)] UV-Vis/molybdenum blue
	[12]

	UVC lamp (254 nm)
	8.9
	ns
	0.01-1
	0.1-1
	6.7
	blank
	2
	[As(III)] Anion exchange/HGAAS
	[14]

	Xe arc lamp (>300 nm)
	300
	3.46 *10-3 Einstein L-1 min-1 
	0.5
	15
	3
	blank, formic acid, methanol, or t-butanol
	0.5
	[As(V)] 
Ion chromatography
	[15]

	UVA lamp (8 W, 365 nm)
	ns
	ns
	0.05
	42
	6.4
	NaNO3
	ns
	[As(III)] 
LC-ICPMS
	[16]

	Hg lamp (125 W, λmax = 366 nm)
	ns
	127 μ Einstein s−1 L−1
	1
	39
	3
	Blank, 0.4 M MeOH
	ns
	[As(V)] UV-Vis
molybdenum blue
	[17]

	Xe arc lamp (300 W, < 300 nm)
	ns
	ns
	1.5
	37
	3, 9
	t-BuOH, blank 
	ns
	IC-ICPMS
	[18]

	Hg  lamp (125 W, λmax = 366 nm)
	ns
	ns
	1
	25 
	7
	blank
	0.5
	[As(V)] UV-Vis/molybdenum blue
	[19]

	UV lamp (320 -400 nm)
	4.25
	ns
	0.25
	1-100 
	4, 7, 9
	 Blank
	1
	[As(V)] UV-Vis/molybdenum blue
	[20]


ns = not stated; blank = de-ionised water
Like most mineral oxides, TiO2 adsorbs As(V) with the formation of covalently-bonded inner-sphere surface complexes [21]. This can form a significant proportion of the total arsenic added to a TiO2 suspension when the total As concentration is low. Most studies measure the PCO of As(III) on TiO2 using the sequential method, where first the experiment is run in the dark until As(III) adsorption reaches an equilibrium and then the kinetics of PCO are measured starting from the point at which the UV light source is turned on [22–24]. However, if one measures the kinetics of PCO using aqueous As(III) alone, the desorption of As(III) from TiO2, following the competitive adsorption of As(V), will possibly lead to an underestimation of the PCO yield. In contrast, if one measures the PCO of As (III) using the parallel method, where two identical solutions are measured in parallel, with one being in the dark and the other in the light, without accounting for equilibrium adsorption the adsorption of As(III) to TiO2 should lead one to overestimate the PCO kinetics (unless one corrects for the fraction of adsorbed As(III)). 
The primary techniques used to determine arsenic speciation are (i) solid phase extraction using ion exchange resins to analyse both As(III) and As(V) [25], (ii) determination of [As(V)] using UV-Vis spectroscopy and the molybdenum blue method [26], and (iii) determination of [As(III)] using anodic stripping voltammetry [27]. 
Many PCO studies monitor the PCO kinetics using [As(V)(aq)] alone (Table 1). In these studies, the adsorption of As(V) in both sequential and parallel experiments will lead to underestimation of the true PCO yield. The competitive adsorption between As(III) and As(V) is a complex process, whilst As(V) shows a stronger affinity for the inner sphere complexation to mineral oxide surfaces, adsorption capacities are often greater for As(III) at neutral pH, due to the formation of multilayer surface precipitates [28]. Consequently, when a significant fraction of total arsenic is adsorbed, the speciation of the adsorbed phase must be accounted for. Additionally, there are other important processes that can affect the determination of PCO rate of As(III) by TiO2 and are often overlooked in the literature and poorly quantified to date. These include the UV induced photolysis of As(III) (i.e. light-mediated and not catalyst-mediated oxidation to As(V)). Aqueous phase UV photolysis of As(III) is significant under certain conditions, and the PCO quantum yield is  greater than unity have been reported using hard ultraviolet light [29]. In addition, the ionic strength of the electrolyte ions and the presence of ions such as chloride (Cl-) and bicarbonate (HCO3-) are known to promote other photocatalytic reactions through the formation of reactive oxygen species (ROS) intermediates [30,31]. 
Equally important is the determination of the quantum yield (Ø) of the PCO of As(III) by TiO2, which is often not reported [29]. The quantum yield offers a more universally comparable measure of the photocatalytic activity due to the vastly different experimental set-ups and light sources used to date in the PCO of As(III) to As(V) [32].
The aim of this study was to characterise and to better understand the processes that control the determination of As(III) PCO rates, and to develop guidelines for best practice. To this end, we first assess possible differences in the calculated PCO yield when, (i) determining [As(V) (aq)] using the spectrochemical UV-Vis molybdenum blue method, (ii) determining [As(III) (aq)] using anodic stripping voltammetry (ASV) and (iii) using calculated As(III) concentration from measured As(V) and total As using ICP-MS. Second, we compare the widely used sequential method with an alternative strategy, where two experiments are run in parallel, one under UV light to drive the PCO reaction, and the other in the dark as an absorption control. We show that this method is superior to the sequential method, as it provides a point of reference of As(III) adsorption to TiO2 for each time interval where As(III) is determined (analytically or calculated) during the PCO reaction (where the sequential method relies on a single measure of absorption at equilibrium). Third, we quantify the effect on PCO rates by processes other than photocatalysis, such as direct photolysis (due to visible and UV light) and the reaction medium (e.g. HEPES buffer and ionic strength). Forth, we determine for the quantum yield of the PCO reaction, and show how this measure can provide insight on how the setup can be improved. And finally, we make recommendations on the experimental set up that should be used when measuring the PCO of As(III).
Materials and Methods
Chemicals and reagents 
All chemicals and reagents were of analytical grade. Ultrapure water was used in all experiments. All glassware was cleaned using 1% nitric acid (VWR) followed by distilled water washing and then left to dry.  A stock solution of 1,000 mg/L As(V) was prepared by dissolving Na2HAsO4.7H2O (Sigma Aldrich) in ultrapure water. A stock solution of 1,000 mg/L As(III) was prepared by dissolving As2O3 in 1 M NaOH and making up to volume using ultrapure water. The pH was adjusted to 7.4 using 1 M HCl (VWR) and 1 M NaOH. Working solutions were prepared by sequential dilution of the stock solutions. A molybdenum blue solution (100 ml) was prepared by subsequently dissolving 0.5 g ammonium molybdate (Sigma Aldrich), 0.04 g potassium antimony tartrate (AnalaR), 4 mL conc. H2SO4 (95-99) % (VWR) and 0.5 g ascorbic acid (Sigma Aldrich) in ultrapure water. Anatase TiO2 was obtained from Sigma Aldrich (99% purity), and P25 TiO2 from Evonik.
Characterisation of TiO2
X-ray diffraction (XRD) patterns were measured using a Bruker D2 Phaser X-ray diffractometer equipped with a Lynx-Eye detector and a monochromated Cu-Kα (1.5406 Å) X-ray source. Patterns were recorded between 2θ = 5 and 75°. A Le Bail model was fit to each pattern using the GSAS and EXPGUI software suite [33]. The surface morphology of anatase TiO2 was imaged using scanning electron microscopy (SEM), using the high-resolution LEO Germini at 1525 at 5 kW in secondary electron mode (InLens detector). Surface analysis was performed using X-ray photoelectron spectroscopy (XPS), using the Thermo Scientific K-Alpha+ X-ray photoelectron spectrometer equipped with a MXR3 Al Kα monochromatic X-ray source (hν = 1486.6 eV). Samples were dried at 100 oC for 4 hours to remove adsorbed water prior to analysis. Survey spectra and the <O1s, C1s etc> regions were recorded. XPS peaks were analysed using the CASAXPS software. Surface functional groups were measured by ATR-IR (NICOLET is5-iD7 ATR - Thermoscientific), the sample was scanned in the wavelength range 4000-400 cm-1.
Photocatalytic oxidation kinetics
Photocatalytic oxidation (PCO) experiments were conducted using anatase TiO2 (unless otherwise stated) under UV light using a purpose-made photoreactor (Fig. 1). The distance between the UV lamp (18 W UVA lamp – 370 nm; Sylvania) and the sample surface was 3.5 cm. At this distance, the light intensity at the surface of the TiO2 suspension was per surface area was 5.59 mW cm-2. The surface area of the reactor was 20.4 cm-2, giving a light intensity of 1.14 mW L-1. The UV lamp was turned on during in the oxidation step while it was off in the other experiment used to evaluate the adsorption fraction. Suspensions of 1 mg L-1 As(III) and 0.1 g L-1 TiO2 (100 mL total volume) were prepared, with the pH adjusted to 7.4 using 1 M HCl and 1 M NaOH. Suspensions were stirred magnetically. Sequential experiments were carried out by stirring suspensions in the dark for 2 hr, and time t=0 corresponds to when the ultraviolet lamp was switched on. Parallel experiments, TiO2 was added to the solution of As(III) at time t=0, with or without ultraviolet irradiation. Aliquots (1 mL) were collected at predetermined time intervals (1, 3, 5, 10, 20, 40, 60 and 120 mins) and centrifuged to separate TiO2 from the aqueous phase. The concentration and speciation of arsenic in the aqueous phase was then determined.
 [image: ]
Fig. 1 Schematic diagram for the photoreactor (A- Samples under UV irradiation for PCO and B- Samples in dark while UV is off for adsorption correction). A suspension (100 mL) of 1 mg/L As(III) and 0.1 g/L TiO2)
[bookmark: _Hlk41874413]Analytical determination of As(V), As(III) and total As in solution
2.4.1. Spectrochemical UV-Vis molybdenum blue method
The spectrochemical molybdenum method was used to determine As(V) in solution. Using this method, 80 µl of the molybdenum analytical solution was added to 1 ml of 5 mg/L As(V) and 1 ml of 5 mg/L As(III) separately. The solutions were shaken well and left for 1 hr. to allow the complexation reaction to complete. The UV-visible absorption was then measured from 350 to 1000 nm. The molybdenum blue method is limited to detection of As(V) and not As(III) [34]. Total arsenic is thus determined by oxidizing As(III) to As(V) prior to the addition of molybdate.  For total As determination, 100 µL KMnO4 (0.32 mmol/L) was used oxidize all As(III) to As(V)  and the solution was left for 1 hr before adding the molybdate reagent. After addition of the molybdate, samples were left for 1 hr and the absorbance at 882 nm measured. To verify the selectivity of this method, a series of different arsenic standards were prepared, with (i) 100% As(V), (ii) 50% As(V) and 50% As(III) and (iii) 100% As(III). The detailed validation procedures and results of the molybdenum blue method are presented in the SI (S3.2 Validation of the spectrochemical UV-Vis analytical method).
2.4.2. Square wave anodic stripping voltammetry
Concentrations of As(III) were determined electrochemically, using square wave anodic stripping voltammetry (SWASV) and a previously described method [27,35], using the Metrohm 663 VA Stand, the IME663 interface and the General Purpose Electrochemical System (GPES) software. Detection was made using a 25 µm diameter gold microwire working electrode, iridium wire auxiliary electrode, and a silver-silver chloride reference electrode (Ag/AgCl/NaNO3(1M)). As(III) was detected at pH 2 (with the addition of 0.01 M HCl) in the presence of 40 μM hydrazine to prevent oxidation of arsenic. The solution was also purged of oxygen by bubbling nitrogen for several minutes prior to analysis. The working electrode was first conditioned at +0.7 V (5 s) before arsenic was deposited at -0.7 V (20 s). Arsenic was then stripped using a sweep between -0.5 and +0.7 V. The square wave profile had an amplitude of 50 mV, frequency of 50 Hz, and 8 mV step size. A background scan was recorded under the same operating conditions, albeit with only 1 s deposition, and subtracted from the analytical scan. The peak derivative was used for quantification. Uncertainties were calculated from the standard error between 2 or 3 measurements of the same example. The working electrode was conditioned each day by performing a cyclic voltammetry (CV) scan in 0.5 M H2SO4. The electrode was conditioned at -2.5 V (30 s), followed by 5 repeat scans between -0.2 and +1.5 V (scan rate 1 V s-1). 
2.4.3. Inductively coupled plasma mass spectroscopy
Concentrations of total As were validated using inductively coupled plasma mass spectroscopy (ICP-MS), using the Agilent 7900 quadrupole ICP-MS with a helium collision cell. Samples were acidified by addition of 2% (v/v) HNO3. An external calibration curve was recorded using a certified single-element standard (Fluka, 1000 ± 4 mg L-1, trace CERT), and the data was normalized to internal standards (yttrium). 
Calculations of adsorption and PCO kinetic rates
To calculate the adsorption kinetics we need to calculate the adsorption capacity of TiO2 at time t (Qt) and at equilibrium (Qe) [36] which were calculated using eqs. (1) and (2) respectively.
                                                                    (1)
                                                                    (2)
where Co, Ce and Ct represent arsenic concentrations (µg/L) at the time (0) and at time (t) respectively, V is the sample volume in liter (L) and m is the TiO2 mass in grams (g).
The first order kinetic rate (k1 min-1) is calculated using: 
                                                                   (3)
Pseudo-second-order (PSO) kinetics is calculated using:
                                                               (4)
where k2 (g mg−1 min−1) is the second order rate coefficient. 
The standard deviation was calculated based on the linear fitness of the points. 
Determination of the quantum yield of photocatalytic oxidation of As(III) to As(V)
The photon flux from the UV lamp (18 W UVA lamp, λ=370 nm, Sylvania) used in our PCO experiments was measured using an Ocean Optics detector (USB4000-VIS-NIR) equipped with a fiber optic cable (QP600-2-UV/BX) and processed using Spectra Suite software, scanning its emission from 350 nm to 1000 nm. The light intensity was measured using an optical power meter (PM 100, Thorlabs) connected to a power sensor (S120UV, Thorlabs). 
To determine the photon flux, various short pass filters were used to prevent visible light from the lamp reaching the power meter (λ < 400 nm, λ < 475 nm and λ < 610 nm). Emission spectra were adjusted to achieve the corresponding measured photon energy output (J) using:
                                                             (5)
where h represents the Planks constant,  the frequency in (Hz) and c the speed of light in cm.s-1. Lamp power was then converted to photon flux (cm-2.s-1) using:
          (6)
The optical transmittance of powder suspensions of our photocatalyst (TiO2 = 0.01 g/ 100 ml) was measured using a Shimadzu UV-2700 equipped with an integrating sphere. The transmittance was converted to molar absorptivity (ε, M-1 cm-1) at different pathlengths (l) using the Beer-Lambert law (Eq. 7): 
                                                                      (7)
where A is the absorbance, C is the molar concentration and l is the pathlength in cm.
The photon flux (cm-2.s-1) absorbed at a given depth was determined using:
                                                      (8)
where Iabs,λ represents the photon fraction absorbed at the wavelength () and pathlength (l), Io,  is the overall emitted photon flux at , ελ (M−1 cm−1) is the molar absorption coefficient, c (M) is the concentration of TiO2 in water and l (cm) is the pathlength of the light solution.
The quantum yield (Ø) expresses the ratio between the number of converted species and the number of photons absorbed by the photocatalyst:
Ø =                                                       (9)
where the reaction rate is given by Eq. 10  and the photon absorption rate is given by Eq. 11: 
Reaction rate (moles.cm-2.s-1) =                                       (10)
Rate of photon absorption (moles.cm-2.s-1) =                (11)
Results and Discussions 
Physical characterisation of TiO2 
Characterisation of the material structure is crucial in PCO studies therefore, XRD analysis was used to determine the crystal phases present in commercial TiO2. The results (Fig. S2A) indicate a TiO2 composition of 85.5 wt% anatase and 14.5 wt% rutile, with an average crystallite size of 25 nm in both phases; in line with previous studies [37]. SEM analysis showed a homogenous distribution of spherical-like structures with dimensions less than 50 nm in diameter (Fig. S2B). Characterisation of surface functional groups is important in studying the adsorption phenomena. IR characterisation of the TiO2 sample (Fig. S2C) reveals bands at 660 cm−1 for Ti-O-Ti lattice vibrations [38] and 400–650 cm−1 for Ti–O stretching modes [39]. XPS analysis was used to confirm the purity of the TiO2 surface (Fig. S2D; Table S1) and determine the valence band energy (Fig. S2E). Titanium (as Ti4+) and oxygen were present with 17 % and 51.9 % abundance by mass respectively (Table S1). Valence band analysis suggested a valence band energy relative to the Fermi level of 2.85 eV [40] which covers the oxidation potential of water.
Spectrochemical analysis of As species and cross-calibration using electrochemical and mass spectrometry
Spectrochemical analysis using the UV-vis molybdenum blue method was used to determine As(III) and As(V) concentrations in solution during the PCO of As(III) using TiO2. The method is described and validated in detail in the SI (section S3.2, and Fig. S3 to Fig. S5). To further validate the spectrochemical the UV-vis molybdenum blue method, PCO experiments were also performed and the As (III) and As (V) concentrations measured using electrochemical SWASV and mass spectrometry ICP-MS methods. Fig. 2 compares the As(III) oxidation kinetics calculated by monitoring [As(III)(aq)] and [As(V)(aq)]. In the first case, ASV is used to directly monitor the decrease in [As(III)(aq)]. In the second case, [As(III)(aq)] is calculated by subtracting [As(V)(aq)] from [total As(aq)] where the spectrochemical method is used to determine [As(V)(aq)] and ICP-MS to determine total [As(aq)]. PCO experiments were carried out using a commercially available photocatalyst (Degussa P25 TiO2). The measured concentrations for the same samples using both ASV and spectrochemical analyses are in very close agreement (Fig. 2A). First order kinetics were observed using both analytical methods (Fig. 2B). The respective reaction rates were 0.086 ± 0.004 min-1 (R2=0.995) and 0.106 ± 0.005 (R2=0.993) for the ASV and spectrochemical UV-Vis molybdenum blue method, respectively. The T-test was 0.022 which means that there is a significant difference between the results if the two analytical techniques which should be considered. In our subsequent PCO measurements, changes in arsenic concentrations were measured exclusively using the spectrochemical UV-Vis molybdenum blue method. 
[image: ]
Fig. 2 PCO of As(III) on P25 TiO2 analysed using ASV and UV-Vis molybdenum blue method (UV/Vis) [100 ml solution of As(III) = 1,000 µg/L, P25 TiO2 = 0.01 g, pH = 7.4]. A- Decreases in [As(III) (aq)] with time. As(III) was measured directly using ASV or calculated using As(T)-As(V) with As(V) directly measured using UV-Vis. B- Linearised first order kinetic plots using the As(III) concentrations from Fig. 2A. The error bars represent the standard error based on triplicate measurements. 
[bookmark: _Hlk69765656]Correction of directly adsorbed As(III), parallel versus sequential methods
Fig. 3 shows the results of two photo oxidation experiments, one carried out using the sequential method (dark adsorption followed by UV irradiation) and one using the parallel method (one dark adsorption and one UV irradiation experiment run in parallel). Both As(III) and As(V) form inner-sphere covalently bonded surface complexes with TiO2 (as shown in XPS results in section 3.5), resulting in a significant proportion of arsenic being adsorption during the determination of PCO kinetics (i.e. 30% as shown in Fig. 3A). To calculate the reaction kinetics in case of sequential method, we subtract the amount of arsenic adsorbed (before turning the UV lamp on) from the total decrease in arsenic at each point as presented in Fig. S6. In case of parallel method, at each time interval, we subtract the amount of arsenic absorbed in the dark from the decrease in arsenic seen under UV light.
The data were fit to first order kinetics and the statistical parameters are shown Table S2. For the sequential method, the PCO rate constant was 0.13 ± 0.001 min-1, and for the parallel method the PCO rate constant was 0.083 ± 0.006 min-1 without an adsorption correction and 0.040 ± 0.004 min-1 with an absorption correction. 
[image: ]
Fig. 3 A- PCO of As(III) on TiO2 for sequential (dark adsorption followed by UV irradiation) and in parallel methods (one reaction carried out in the dark and one reaction carried out in UV light, in parallel). B- First order kinetics for sequential mode, parallel mode without As(III) adsorption correction and parallel mode after As(III) adsorption correction [100 ml solution of As(III) = 1,000 µg/L, TiO2 = 0.01 g, pH = 7.4]. 
In the parallel mode, the PCO rate constant without correction of the directly adsorbed As(III) is twice the PCO rate constant after correction of the directly adsorption As(III). This is because the decrease in As(III) due to direct adsorption was counted as being oxidized, where in fact it is not. The rate constant (k1) is lower (38%) for the in-parallel method than the sequential method. In the sequential method, we first allow adsorption of As(III) to the surface of TiO2, and then we relate the subsequent decrease to one lower initial reference point after adsorption in dark (which herein is 742.2 µg/L, and is significantly less than the starting value of 1000 µg/L). It is this difference that results in a significant increase in the PCO rate for the sequential method. 

Evaluation of PCO rates based on [As(III)] and [As(V)]
In order to describe the PCO of As(III) more precisely, the PCO rate constants were calculated and compared in two ways: (i) based on the depletion of aqueous As(III) applying Eq. 12 (option 1), and (ii) based on the generation of aqueous As(V) applying Eq. 13 (option 2). The results presented in Fig. 4 show that the PCO yields are underestimated by 7.1% at equilibrium (after 2 hrs) when the kinetics are derived from changes in As(V) concentrations. This difference can be explained by considering the speciation of TiO2-adsorbed arsenic. As(V) has a higher affinity to be absorbed on TiO2 than As(III) [41], and the adsorbed fraction of As(V) is masked from the solution and not captured by the spectrochemical method employed herein, as illustrated in Fig. S7 (this argument is further supported by the latter XPS study). Therefore, the decrease in As(III) concentration is recommended for a more precise calculation of the PCO rate. 
            (12)
              (13)
[image: ]
Fig. 4. The oxidized fraction of arsenic based on changes in the As(III) and As(V) concentration [100 ml of As(III) = 1,000 μg/L, TiO2 = 0.01 g, pH 7.4], error bars represent the standard deviation.
To measure the surface adsorbed fraction of As(V), we used XPS to investigate the arsenic species adsorbed to the surface of TiO2 after the PCO of As(III). A series of experiments were performed where the concentrations of As(V) and As(III) were monitored under UV irradiation and As(III) in the dark. After 2 hr, samples were centrifuged and TiO2 was collected, dried, and analysed using XPS. The XPS survey scan for TiO2 before and after photocatalysis is shown in Fig. S7 The results before PCO exhibit the binding energies (BEs) of C 1s, Ti 2p, O 1s, Ti2s at  ~ 285, 459, 530.1, and 563 eV, respectively [41]. After the PCO experiment, a new XPS peak is observed at ~1327 eV, which is attributed to As 2p, in addition to changes in the O1s peak position and intensity (Fig. S8 and Table S3), which are indicative of arsenic species binding to the surface of TiO2. The XPS peak deconvolution for As (2p) presented in Fig. 5 reveals the presence of arsenic (~1324-1331 eV) bound to the surface of TiO2 after As(V) and As(III) adsorption under UV irradiation, and As(III) adsorption in the dark. The findings show that after adsorption and PCO of As(III), only As(V) is detected on the surface of TiO2 at ~1327.6 eV. Whereas, with As(III) adsorption in the dark, only As(III) is detected on the surface of TiO2 at ~1326.5 eV [42,43]. Previous findings show that the adsorbed As fraction after UV irradiation is mainly As(V), which supports our argument that As(V) adsorbs preferably on TiO2 compared to As(III)  [43]. Therefore, using aqueous As(V) as a measure for the oxidation process underestimates the PCO rates by failing to account for the significant amount of As(V) adsorbed to the surface of TiO2. Since As(III) is a minor adsorbed species, determination of PCO kinetics using aqueous As(III) will likely provide a more accurate and precise PCO rate (as the error associated with adsorbed As(III) is smaller).
[image: ]
Fig. 5. XPS core scan for the As 2p binding energy region in A- TiO2 anatase after adsorption of As(III) in the dark, B- TiO2 anatase after adsorption of As(III) under UV PCO where the remaining concentration of As(III) in solution was 126 µg/L, and C- TiO2 after adsorption of As(V) under UV [100 ml of As(III)/ As(V) = 100 μg/L, TiO2 = 0.01 g, pH 7.4, 2 hrs].
[bookmark: _Hlk66454094]Effect of PCO on the adsorption rates and capacity
One advantage of the parallel method is the capacity to distinguish between the adsorbed and oxidised fraction of arsenic at any time. Therefore, it is possible to calculate the PCO kinetics based on the remaining As(III) concentration in addition to the adsorption kinetics based on the remaining total arsenic concentration. The adsorption kinetics in the dark and under UV during the parallel experiment was calculated based on the remaining total arsenic concentration in the dark and under UV irradiation, where the kinetics was best fit with pseudo-second order adsorption (PSO) kinetics (Eq. 4), as shown in Fig. S10. The calculated parameters, presented in Table S4, show that the adsorption capacity is close to experimental values, where the experimental and calculated adsorption capacities under UV irradiation were 3.093 ± 0.01 and 3.184 ± 0.01 mg/g and in the dark were 2.4 ± 0.03 and 2.6 ± 0.03 mg/g respectively. The PCO resulted in a ~23% increase in adsorption (where adsorption capacity increased from 2.38 mg/g in the dark to 3.09 mg/g under UV irradiation after 120 mins). This increase in the adsorption is thanks to the PCO of As(III) to As(V), which has a greater tendency to be adsorbed by TiO2. 
[bookmark: _Hlk42475532]Contribution of UV and visible light to direct photolysis of As(III)
Light oxidises As(III) through both PCO and photolysis [29]. The contribution of photolysis using UV and visible light was investigated in non-buffered media (100 ml of As(III) = 1,000 µg/L, pH = 7.4) without the addition of photocatalyst. Results showed that UV and visible light respectively contributed to 3.1% and 1.1% of the total As(III) oxidation after 2 hours (Fig. S11). UV light is  more energetic than visible light and has a greater capacity to generate reactive oxygen species, and therefore contributes to a greater photolysis yield. Although UV photolysis contributed to the oxidation of As(III) (3.1%; 18 W UVA lamp, λmax = 370 nm, 2 hrs of irradiance), it was minimal in comparison to the contribution of PCO, which oxidised more than 80% of As(III) to As(V) under the same conditions, as also seen in Fig. 3.   
Previous studies in literature show an agreement with our findings. Tian et al., 2012 [45] reported that there is no significant change in As(III) concentration under visible light photolysis (using As (III) = 2 μg/L, 1 hr of irradiance). Whereas under UV irradiation, Wang et al., 2016 [46] reported a 4.1% oxidation (using As (III) = 200 μg/L, 30 W UVC lamp, λmax =254 nm, 20 mins of irradiance). 
[bookmark: _Hlk42475996]Effect of solution composition on the PCO rates
Effect of HEPES buffer on PCO rates
[bookmark: _Hlk22096067]HEPES buffer is used to maintain reaction pH during the PCO of As(III) to As(V) [47,48], however, no previous work has investigated its contribution to the oxidation process. This is despite the fact that HEPES buffer is known to promote the generation of intermediate oxidants; otherwise known as reactive oxygen species (ROS) [49]. In this work, we studied the effect of HEPES on the PCO of As(III) to As(V) by comparing activity in the HEPES-buffered system against an unbuffered solution. Fig. 6 shows that HEPES buffer enhanced the PCO yield, compared to unbuffered experiments, in both UV light and dark, by 12.6% and 32.8%, respectively. This rise in the oxidation yield in HEPES is likely due to the HEPES buffer stimulating free radical generation (e.g. ȮH radicals) that mediate the oxidation of As(III) to As(V) [49]. Our finding is further supported by Masson et al., 2008 and Lepe-Zuniga et al., 1987  [50,51] who reported that HEPES buffer generates hydrogen peroxide, which boosts the oxidation rate. The contribution of HEPES buffer towards As(III) oxidation is therefore significant and should be considered during the PCO rate calculations. 
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Fig. 6. Effect of HEPES buffer on the PCO of As(III) [100 ml of As(III) = 1,000 μg/L, TiO2 = 0.01 g]. pH was adjusted to pH 7.4 using 10 mM HEPES for the buffered experiment and using NaOH/ HNO3 for the unbuffered experiment, error bars represent the SD. 
[bookmark: _Hlk42476330]Effect of ionic strength on PCO rates 
The effect of ionic strength on the PCO yield was studied, since previous studies have shown enhanced photocatalytic degradation of other contaminants in the presence of Cl- due to the formation of ROS intermediates [30,52]. This experiment was conducted using synthetic seawater with different ionic strengths. The results are summarised in Fig. 7, with detailed raw results shown in Fig. S12. The results demonstrate that the higher ionic strength of seawater increases the PCO activity of TiO2. We attribute this to the increasing presence of Cl- ions that can assist the PCO of As(II) through the formation of reactive oxygen species Eqs. 14-16 [53–56]. First, Cl– is oxidised by the photogenerated hole and forms chlorine (Cl2) Eq. 14, and in turn hypochlorous acid (HClO) Eq. 15. The formation of Cl2 and HClO depend on the pH, and in neutral conditions HClO is a major component [53,54]. HClO is a strong oxidant which can either oxidise As(III) to As(V) (Eq. 16), enhancing PCO rates, or decompose to O2 and Cl- (Eq. 17)  [57]. 
                                                                (14)
                                        (15)
                    (16)
                                                       (17)
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Fig. 7. Effect of ionic strength on the PCO of As(III) to As(V) [DW = deionised water, 0.175 IS = 25% synthetic seawater, 0.35 IS = 50% synthetic seawater and 0.7 IS = 100% synthetic seawater], [Conditions; 100 ml of As(III) = 1,000 μg/L, TiO2 = 0.01 g, pH=7.4]. 

[bookmark: _Hlk42478191]Photon flux absorption, penetration depth and quantum yield
In most experimental arrangements, the PCO rate will depend upon the intensity of the irradiation [12]. Therefore, determining the photon flux and quantum yield is necessary to understand the relationship between light input and reaction. 
We achieved this by determining the spectral output of our lamp, light intensity delivered to the suspension, and the proportion of light absorbed by the TiO2 suspension. 
The lamp showed a broad emission band in the UV region, centered at ~370 nm, and some sharp emission bands in the visible region at ~405 nm, ~430 nm, ~545 nm and ~580 nm. The counts/energy and cumulative counts/energy are presented in (Fig. S13). By comparing the intensity of light capable of exciting the TiO2 photocatalyst (i.e. with wavelengths smaller than the bandgap of TiO2 at ~387 nm) against the total intensity of light emitted by the lamp, we calculated that our TiO2 photocatalyst is capable of absorbing ~37% of emitted photons from the lamp (or rather, ~45% of the total energy emitted). 
The penetration depth describes the depth penetrated by the light before being absorbed. The overall emitted photon flux was determined, as described in section 2.6, using Eq. 5 and Eq. 6, with the results shown in Fig. S14. In order to calculate the flux absorbed with solution depth, we first measured the transmittance of our photocatalyst suspended in water (TiO2 = 0.01 g/ 100 ml) and used this to determine the molar absorptivity at various wavelengths (350 - 400 nm) using Eq. 7 as presented in Fig. S15. The photon flux absorbed at different penetration depths was then determined using Eq. 8 [58]. The results presented in Fig. 8 shows that all UV light was absorbed upon travelling ~2.0 cm into the solution, with shorter wavelengths absorbed at shallower depths. Given that our reactions were carried out in vessels 5.6 cm deep, this indicates that the majority of incident UV light is absorbed nearest to the surface of the solution. This is important, as in more dilute TiO2 suspensions, where the penetration depth is less, energy may be lost due to transmittance through the reactor vessel, resulting in a decrease in PCO efficiency.
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Fig. 8. Photon flux absorption and wavelength with penetration depth for our TiO2 photocatalyst at wavelengths < 400 nm (TiO2 = 0.01 g/ 100 ml; optical band gap of ~387 nm). 
The quantum yield (Ø) expresses the ratio between the number of converted species and the number of photons absorbed by the photocatalyst [59,60]. Eq. 9 was used to calculate Ø (%) for the PCO experiments, and the findings summarised in Table 2. The results again confirm that HEPES buffer boosts the PCO of As(III) to As(V), and that using generated As(V) to evaluate the PCO yield results in an underestimation of activity. The literature contains very few studies where the Ø of the PCO of As(III) is determined. In 2013, Ryu et al. [29], estimated a Ø higher than 1 for the PCO of As (III) [100 μM (7492 µg/l)] under 254 nm Irradiation at pH 7, where the reaction was kept under continuous purging of oxygen during the course of the reaction. This substantially higher Ø, compared to the values we found in this study, is due to a difference in reaction conditions, where harder UV light was used (which may have also contributed to a higher photolysis yield), higher As(III) concentrations, and continuous purging with oxygen that is known to promote the generation of H2O2 that boosts As(III) oxidation [29].  


Table 2. Quantum yield (Ø) values for different photocatalytic experiments (at pH = 7.4, after 2 hrs of irradiation).
	Experimental details 
	Ø %
	Reaction conditions 

	
	
	Adsorption correction 
	Buffer
	TiO2 (g/100 ml)
	Species used in calculation

	UV Photolysis
	0.002± 0.0004
	-
	-
	-
	*

	UV Photolysis
	0.008± 0.009
	-
	HEPES
	-
	*

	Buffer Effect
	0.321 ± 0.061
	Parallel
	HEPES
	0.01
	Decrease in As (III)

	Parallel Mode
	0.164± 0.043
	Parallel
	-
	0.01
	Decrease in As(III)

	Sequential mode
	0.101± 0.046
	Sequential
	-
	0.01
	Decrease in As(III)

	Parallel Mode  
	0.161± 0.031
	Parallel
	-
	0.01
	Generated As(V)


[bookmark: _Hlk35196428]*Both decrease in As(III) and generated As(V) are equivalent.
 Conclusions 
· Herein, anatase TiO2 was used as a model photocatalyst to development a robust, simple and accurate method for measuring the PCO rate of As(III) to As(V) and the quantum yield. 
· The molybdenum blue spectrochemical method was used and cross checked against traditional methods of arsenic analysis (anodic stripping voltammetry and ICP-MS), and the results were in close agreement, demonstrating the high accuracy of our simple spectrochemical method in comparison to traditional, more complex methods. 
· A new correction method for adsorption was developed herein, where PCO experiments are run in parallel (one dark adsorption experiment and one UV irradiation experiment run in parallel). This was found to be more accurate than the traditional method, where the PCO experiment is run sequentially (dark adsorption followed by UV irradiation). 
· Measuring changes in As(III), to determine the PCO, is more accurate than measuring changes in As(V), as As(V) has a greater preference to be adsorbed by TiO2. This result was supported by evidence from XPS analysis, which showed that the adsorbed fraction on TiO2, after the PCO reaction, is mainly As(V). 
· The calculated arsenic adsorption rates in the dark and under UV irradiation showed that adsorption under UV irradiation is ~23% higher than in the dark, which means that oxidation of As(III) to As(V) assists in its removal. 
· The impact of light-induced photolysis was also measured, where our UV source was found to falsely increase the PCO yield by 3.1%. The effect of reaction medium was investigated, where the widely used HEPES buffer increased the PCO yield. In addition, we found that an increase in ionic strength (namely chloride concentration) increases the PCO yield. 
· The molar absorptivity and quantum yields were determined for the PCO reactions studied herein, with values ranging from 0.002 ± 0.0004 to 0.32 ± 0.06 %, depending on the reaction conditions. 
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