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Table S1: Reagents used in this work
	Reagent
	Name
	Manufacturer
	Grade/purity
	CAS #

	PEG-PPG-PEG
	PEG Pluronic® 
P-123
	Aldrich
	-
	9003-11-6

	C2H5OH
	Ethanol
	VWR
	ACS/Puriss p.a.
	64-17-5

	Ti(IV) n-butoxide
	Titanium butoxide
	ACROS Organics
	99%
	5593-70-4

	HCl (conc)
	Hydrochloric acid
	ACROS Organics
	ACS reagent grade
ca. 37%
	7647-01-0

	Fe(NO3)3.9H2O
	Iron(III) nitrate nonahydrate
	Sigma-Aldrich
	ACS reagent grade, >98%
	7782-61-8

	Na2HAsO4·7H2O
	Sodium arsenate dibasic heptahydrate
	Sigma
	ACS reagent
	10048-95-0

	As2O3
	Arsenic trioxide
	Aldrich
	99%
	1327-53-3

	As (aq)
	Arsenic standard
	Fluka
	1000 ± 4 mg L-1
traceCERT
	-

	1.0 M NaOH
	Sodium hydroxide
	Honeywell Fluka
	-
	1310-73-2

	1.0 M HCl
	Hydrochloric acid
	Honeywell Fluka
	-
	7647-01-0

	NaCl
	Sodium chloride
	VWR
	AnalaR NORMAPUR® ACS Reagent
	7647-14-5

	citric acid/sodium hydroxide/hydrogen chloride
	pH 4.0 buffer
	Sigma Aldrich
	Certipur®
	-

	di-sodium hydrogen phosphate/potassium dihydrogen phosphate
	pH 7.0 buffer
	Sigma Aldrich
	Certipur®
	-

	boric acid/potassium chloride/sodium hydroxide
	pH 10.0 buffer
	Sigma Aldrich
	Certipur®
	-

	glycine / sodium hydroxide / sodium chloride
	pH 13.0 buffer
	Honeywell Fluka™
	99.9%
	1336-21-6

	HNO3
	Concentrated nitric acid
	-
	Parboiled
	7697-37-2
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Table S2: Summary of material properties. N indicates the number of crystallites that were analysed. pHpzc indicates the point of zero charge.
	Sample
	FeOOH
	Fe2O3
	Meso-TiO2
	Meso-TiO2/Fe2O3

	Crystal phase
	α-FeOOH
	α-Fe2O3
	Rutile
Anatase
	α-Fe2O3
Rutile
Anatase

	BET-specific
surface area
(m2 g-1)
	127
	103
	110
	100

	Total pore volume 
(cm3 g-1)
	0.69
	0.23
	0.22
	0.22

	BJH average pore size (nm)
	21
	8.9
	7.8
	8.6

	Crystallite diameter (Scherrer equation)
	15.8±7.3
	20.5±5
	17±3.8 (rutile)
13.6±2.5 (anatase)
	14.3±4 (hematite)
13.6±2.2 (rutile)
12.0±1.0 (anatase)

	Crystallite diameter (TEM)
	---
	---
	---
	15.9±3.3 (hematite) (N=10)
14.7±3.5 (anatase) (N=6)

	Particle size (DLS)
	250 nm – 4.4 μm
	400 nm – 2.0 μm
	300 nm – 2.8 μm
	400 nm – 2.4 μm

	Particle size (SEM)
	---
	---
	---
	500 nm - 50 μm

	pHpzc (titration)
	9.05±0.35
	8.88±0.16
	4.80±0.14
	7.32±0.12

	pHpzc (isoelectric point)
	8.9±0.4
	6.8±0.4
	4.6±0.4
	6.8±0.4

	pHpzc (literature)
	7.9 – 8.7 1
	8.3-9.5 1
	5.2-6.8 2 1
	N/A



The BET-specific surface area, total pore volume and BJH average pore size were all determined from the N2-adsorption/desorption isotherms using Quantachrome ASiQWin software (the adsorption branch was used for BET-specific surface area and total pore volume, and the desorption branch was used for BJH average pore size). The BET-specific surface area was determined using data collected in the P/P0=0.05-0.35 range. 
Crystallite diameters were determined from XRD patterns using the Scherrer equation:  where t is the crystallite size (Å), K is the shape factor, λ is the X-ray wavelength (Å), β is peak broadening (i.e. the full width at half maximum, FWHM) in radians, and θ is the Bragg angle (°) 3. For the X-ray wavelength, K-Alpha (Å) was set to a 50:50 average of the copper Kα1 and Kα2 lines (1.541874 Å). The shape factor was set as 0.94 (assuming spherical crystallites with cubic symmetry). Peak broadening due to the instrument was set as 0.09 (2°θ) and subtracted from the FWHM when determining β.
The range in particle sizes reported by DLS corresponds to the smallest and largest mean particle sizes measured for suspended particles across the pH range 3-11. TEM crystallite sizes were determined by (a) measuring the width and height of particles exhibiting distinct lattice planes and (b) assigning a crystal structure to each of these particles using the fast Fourier transform.
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Figure S1: XRD patterns for meso-TiO2/Fe2O3 and reference samples. Peaks are labelled according to the following crystal phases: hematite (α-Fe2O3, black squares), rutile TiO2 (open circles) and anatase TiO2 (open triangles). The high background in the XRD patterns of samples containing iron oxide appears due to iron fluorescence.
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[image: mesoTiO2Fe2O3_01][image: ]
Figure S2: SEM image showing meso-TiO2/Fe2O3 particles as agglomerates of smaller crystallites. The less well-defined, brighter areas of the SEM images indicate higher electron density and can therefore be assigned to the iron oxide precipitates, located on top of the meso-TiO2 support.


[bookmark: _Toc43290823]TEM and fast Fourier transforms
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Figure S3: TEM image showing the crystalline surface of meso-TiO2/Fe2O3. The crystallite labelled had a width of 14.3 nm and a height of 14.5 nm. All crystal lattices observed in this area were assigned to hematite (α-Fe2O3) on the basis of d-spacing parameters obtained from the fast Fourier transform.
[image: ]
Figure S4: TEM (top) and fast Fourier transforms (bottom) used to measure crystallite dimensions. Each spot in the FFT was assigned to a crystal structure and miller index using literature XRD patterns from the PANalytical software. The TEM image shows nanoscale mixing of the TiO2 and Fe2O3 crystallites, demonstrating a heterogeneous surface structure. Colour overlays correspond to anatase TiO2 (green) and hematite (α-Fe2O3, blue) crystallites. Crystallite sizes obtained using TEM were used for comparison with the crystallite sizes obtained from application of the Scherrer equation to XRD patterns.
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	Particle B
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Figure S5: STEM-EDS analysis of additional meso-TiO2/Fe2O3 particles. The panels correspond to STEM images (top left panels) and the EDS mapping of oxygen (top right), titanium (bottom left) and iron (bottom right).
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Figure S6: Quantification of meso-TiO2 and Fe2O3 phases within the bulk material of the meso-TiO2/Fe2O3 composite. (a) XRF spectra (Fe2O3 reference sample in blue, meso-TiO2 in green, and meso-TiO2/Fe2O3 composite in red), and (b) determination by XRD, showing the XRD pattern for the composite (red), and the weighted linear combination of Fe2O3 and meso-TiO2 reference samples (black), fitted according to the most intense peak from each reference sample. Both X-ray techniques gave similar results for material composition, with XRF indicating a composition of 51.6% Fe2O3 and 48.4% meso-TiO2 by mass, whilst XRD suggested that the sample contained 47% Fe2O3 and 53% meso-TiO2.
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	Fe2O3
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	Meso-TiO2
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	Meso-TiO2/Fe2O3
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Figure S7: XPS spectra of all mineral samples studied in this work. Squares indicate the experimental data, and black lines indicate the fit. The residual after peak fitting (shifted in the y-axis) is shown in yellow. Survey scans, C1s, Fe2p3/2, Ti2p and O1s spectra are provided. The magnitudes of O1s C-O and C=O peaks were constrained to the atomic % returned for C1s C-O and C=O peaks, allowing for the fitting of O1s M-O-H peaks. The peaks fitted to O1s for FeOOH agree very closely in both position and intensity with Baltrusaitis et al. (2007) 4. Atomic % was determined using C1s, O1s, Fe2p3/2 and Ti2p3/2 peaks only (and trace amounts of N1s and Cl2p). Spectra were normalised to the adventitious carbon peak (C-C) position at 248.8 eV. Metal oxide O1s peaks are designated as M-O (corresponding to O1s bulk lattice peaks), and M-O-H (corresponding to surface hydroxyl O1s peaks). Goethite is an exception, with separate surface and bulk lattice M-O-H peaks included.
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Figure S8: N2-adsorption/desorption isotherms used for determination of BET-specific surface area. Mesopore hysteresis loops can be identified, particularly for meso-TiO2 and meso-TiO2/Fe2O3.
For meso-TiO2, Fe2O3 and meso-TiO2/Fe2O3, nitrogen adsorption-desorption isotherms showed IUPAC Type II adsorption branches with H3 hysteresis loops 5. The hysteresis loops in the mid P/P0 range reflect condensation within mesopores (2-50 nm diameter), and nitrogen uptake at low P/P0 represents the presence of some microporosity (<2 nm) 6.  




[image: ]
Figure S9: Hysteresis in N2-adsorption/desorption isotherms (determined by the subtraction of adsorption branch from desorption branch). The black line indicates the linear additive combination of 50% Fe2O3 and 50% meso-TiO2 hysteresis loops.
Hysterisis loops were centred at  P/P0 = 0.45-0.8, 0.65-0.9 and 0.8 for meso-TiO2, Fe2O3 and FeOOH reference samples, respectively. Maximum hysteresis of meso-TiO2/Fe2O3 occurred at a partial pressure much closer to that of meso-TiO2 than Fe2O3 (for example, compare with the 50:50 combination of meso-TiO2 and Fe2O3 hysteresis loops). The amount of hysteresis (cm3 g-1) at P/P0 = 0.6 was smaller for meso-TiO2/Fe2O3 than for meso-TiO2, but roughly corresponds to the 50:50 combination of reference samples. Unlike Fe2O3, the composite showed hysteresis peak at P/P0 = 0.8. This is further evidence to suggest that iron oxide crystallite growth has been controlled by the presence of the meso-TiO2 support (i.e. with TiO2 acting as a site for nucleation), but much of the porous of meso-TiO2 is retained, i.e. iron oxide precipitation has filled the pores partially but not completely.
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Figure S10: Example of the amount of hysteresis observed between forwards (addition of base) and reverse (addition of acid) titrations (in this case 10 g L-1 meso-TiO2/Fe2O3 in 0.01 and 0.1  M NaCl, N2 purged for two hours at pH 3 and then titrated with 0.1 M NaOH and 0.1 M HCl). Hysteresis in potentiometric titration of mineral suspensions is typically caused by carbonate impurities (or material dissolution/re-precipitation, however the titania and iron oxides in this study are considered stable across the pH range considered in this work. For instance, previous studies have shown that (a) at pH 3, 40 m2 L-1 TiO2 suspensions release <10 nM titanium into solution 7, (b) at pH 5, 10 g L-1 FeOOH suspensions release <1 nM iron per hour 8 and (c) at pH 2.4, after 20 hours, 5 g L-1 hematite releases <3 μM iron 9. The hysteresis in these titrations was small and should have a negligible effect on (a) the point of zero salt effect (pzse, determined as the intercept of titration curves at varying ionic strength, used to normalise surface charge to account for acidic/basic impurities) and (b) the gradient of the titration curve (which is then modelled in FITEQL to obtain surface complexation modelling parameters).


	(a)
[image: ]
	(b)
[image: ]

	(c)
[image: ]
	(d)[image: ]


Figure S11: Identification of the point of zero salt effect (pzse) by potentiometric titration, for (a) Fe2O3, (b) meso-TiO2, (c) meso-TiO2/Fe2O3, and (d) FeOOH using the forward titration curves. Titration curves are presented for both washed samples (solid shapes), and unwashed samples (open shapes). Titrations were carried out in 0.01 M NaCl (green triangles), 0.05 M NaCl (blue circles) and 0.1 M NaCl (red squares). All titrations used 10 g L-1 mineral, 0.1 M HCl for acidification and the reverse titration, and 0.1 M NaOH for the forwards titration. Grey boxes highlight where the pzse was found, whilst arrows highlight the removal of acidic impurities after washing. All minerals were washed using dialysis tubing and Milli-Q water until pH readings had stabilised, except for FeOOH, which had been previously washed through an acid/base/Milli-Q treatment. FeOOH had negligible impurities even before washing.
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Figure S12: Potentiometric mass titration curves for (a) Fe2O3, (b) meso-TiO2, (c) meso-TiO2/Fe2O3, and (d) FeOOH. All titrations shown used washed samples. Titrations were carried out with 5 g L-1 sorbent (green triangles), 10 (Fe2O3, meso-TiO2 and meso-TiO2/Fe2O3) or 7.5 (FeOOH) g L-1 sorbent (blue circles), and 15 (Fe2O3, meso-TiO2 and meso-TiO2/Fe2O3) or 10 (FeOOH) g L-1 sorbent (red squares). All titrations were carried out in 0.01 M NaCl using 0.1 M HCl and 0.1 M NaOH. Black solid lines indicate the blank electrolyte titration curves.
Potentiometric mass titrations were carried out in 0.1 M NaCl with typically 5, 10 and 15 g L-1 mass loading to identify the point of zero mass effect (pzme) and further confirm that the point of zero charge (pzc) had been accurately identified. Potentiometric mass titration (PMT) has been recommended as a quick and easy way of establishing the point of zero charge, by determining the intersection of titration curves at varying mass with (a) one another, and (b) with the titration curve of the blank electrolyte (i.e. zero mass) 10. Since the sorbent surface is neutrally charged at the pHpzc, addition of sorbent mass should have no influence on the titration curve at the pHpzc. In this work PMTs had limited success for precise determination of the pzc for three reasons: (1) all materials except for FeOOH retained significant acidic impurities even after washing. The concentration of acidic impurities scales linearly with increasing sorbent mass, and so unlike ionic strength titrations used to determine the pzse (where the influence of acidic impurities is cancelled out), acidic/basic impurities remain a source of error in PMT as already noted in the literature 11 12. (2) meso-TiO2 and FeOOH titration curves intersected one another and the blank electrolyte curve at acidic and alkaline pH extremes respectively. At acidic and alkaline pH, the uncertainty in the pzme increases, since [H+] and [-OH] become significant compared with surface charge, Q. (3) The resolution and precision in the intersection points of these titration curves was limited.
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Figure S13: Identifying the isoelectric point (iep). These figures show the effect of pH on zeta potential (filled shapes) and the mean size of suspended particles (open shapes with dashed lines). Error bars indicate the zeta potential deviation reported by the Zetasizer software. The experimental conditions were 0.01 M NaCl, 1 g L-1 mineral loading, and the pH was fixed to 7.0 ±0.1.
The potentiometric mass titration technique was unable to confirm the pHpzc values determined from the common intersection point of potentiometric titrations when ionic strength was varied (the pzse method). Consequently, zeta potential analysis was used to identify the isoelectric point (iep) for confirmation that the pzse accurately represented the pHpzc.
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[bookmark: _Ref28864487]Figure S14: Comparison of the point of charge (pHpzc) as measured by potentiometric titration (red bars), zeta potential analysis (blue bars), and as reported in the literature (green bars). For the experimental results, error bars indicate the uncertainty. For potentiometric titrations, the uncertainty was determined as the difference between (a) the maximum and minimum possible pH values for the common intersection point between titration curves and (b) the actual location of the cip. Uncertainties in the iep were determined as the uncertainty in where zeta potential plots crossed the 0mV line. Literature sources used were Kosmulski (2016) 1 and Kosmulski (2002) 2 and error bars represent the variance in reported results where both pzse and iep were in agreement.
The point of zero charge (pzc) for all samples was characterised by two methods for validation: potentiometric titration (for the point of zero salt effect, pzse, the pH where ionic strength has no effect on the surface proton excess), and zeta potential (for the isoelectric point, iep, the pH where zeta potential is zero). The pzse agreed with the literature for all samples and the iep agreed with the pzse for FeOOH, meso-TiO2 and meso-TiO2/Fe2O3, but not for Fe2O3 (reason unknown, see Figure S14). The maximum particle size obtained by DLS coincided with the iep for iron oxides FeOOH and Fe2O3, with a narrow pH window of particle agglomeration. This is to be expected since the repulsive forces between particles are minimised at the iep and particle agglomeration occurs due to attractive van der Waals forces. DLS detected large (>1 μm) suspended meso-TiO2 and meso-TiO2/Fe2O3 particles across a much wider pH window, which suggests either that the sol-gel TiO2 particle aggregates are bulkier than the iron oxides, or that the surface is less homogeneous (e.g. from residual carbon impurities from the sol-gel synthesis). 
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	As(V) adsorption and the Langmuir model
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	As(V) adsorption and the Freundlich model
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	As(III) adsorption and the Langmuir model
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	As(III) adsorption and the Freundlich model
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Figure S15: The full comparison of Langmuir and Freundlich adsorption isotherm models fitted to As(V) and As(III) adsorption data. The experimental conditions were 1 g L-1 mineral, 0.01 M NaCl with pH adjusted to 7.0 ±0.1, total volume 50mL. Here we see that As(V) adsorption over these minerals was best described by the Langmuir adsorption isotherm (i.e. monolayer adsorption), whilst As(III) adsorption was best described by the Freundlich adsorption isotherm (i.e. multilayer adsorption). Shapes indicate experimental data points, whilst lines indicate the calculated isotherms. Shown are Fe2O3 (blue diamonds), meso-TiO2 (green circles), meso-TiO2/Fe2O3 (red squares) and FeOOH (yellow triangles).

Meso-TiO2/Fe2O3 has a slightly lower maximum adsorption capacity for As(V) when normalised to mass, compared with Bayoxide E33, the FeOOH sample (14 mg g-1 versus 19 mg g-1), but the As(V) capacities are very similar when normalised to surface area (1.8 to 2.0 μmol m-2). Meso-TiO2/Fe2O3 did not adsorb more As(III) than Bayoxide E33 on a per mass basis (mg g-1) within the experimental range of this study (0-500 μM). However, when normalised to surface area, the composite surpassed Bayoxide E33 when Ce was greater than 50 μM (circa 2.25 μmol m-2 adsorption).
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Figure S16: The coefficient of determination (R2) calculated for As(V) and As(III) adsorption isotherms, where 1.000 indicates a perfect fit between experimental data and the model, and 0.000 indicates a model providing a fit that is no better than the simple mean of all data points. Error bars indicate the standard deviation in the average value of R2 taken from all minerals. Data points where qe was less than 0.5 μmol m-2 were excluded, to reduce uncertainties in the experimental data where the measured Ce was close to the analytical detection limit, and to focus on the adsorption isotherm region where the mineral is approaching and exceeding monolayer surface coverage by adsorbed arsenic, where the mechanistic differences between Langmuir and Freundlich adsorption isotherms (monolayer versus multilayer adsorption) are most pronounced. The figure highlights (a) the similar goodness of fit between Langmuir and Freundlich models for the adsorption of As(V), and (b) the superior fit of the Freundlich model for the adsorption of As(III).

[image: ]
Figure S17: The coefficient of determination (R2) calculated for the XRF-, XPS- and LEIS-weighted linear combinations of As(V) Langmuir and As(III) Freundlich adsorption isotherms. The figure highlights the improved component additive prediction of As(V) adsorption when surface-sensitive techniques are used to weight the contribution of meso-TiO2 and Fe2O3 components towards the overall adsorption capacity of meso-TiO2/Fe2O3. The figure also highlights the inaccuracy of the LEIS-weighted component additive prediction of multilayer As(III) adsorption.
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Figure S18: Modelling saturation indices in PHREEQC for (a) As(V) and (b) As(III) pH adsorption edges, and (c) As(V) and (d) As(III) adsorption isotherms. Solid lines denote saturation indices for solid phases, whilst dashed lines denote aqueous arsenic speciation. The electrolyte was 0.01 M NaCl and the system was modelled in equilibrium with H2 (g) to achieve a pe of 0 at pH 7. The LLNL.DAT database was used for all reactions. As4O6 denotes the cubic arsenolite and monoclinic claudetite As(III) precipitates in the LLNL.DAT database, whilst As denotes the reduced elemental form of arsenic, As(0). Across all conditions in this study, As(III) was closer to precipitation than As(V) but saturation indices never reached zero. The only arsenic-iron precipitate in the LLNL.DAT database is arsenopyrite (FeAsS), which requires the presence of sulphur. Sulphur is unlikely to be in our experimental systems in any significant concentration. These results were used to verify that bulk precipitation of arsenic does not occur under the experimental conditions used in this work.
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A range of SCMs exist, primarily differing in how the influence of surface charge effects are described. Constant capacitance, diffuse double layer, basic stern and triple layer models differ in how many planes of charge are considered, whether outer-sphere complexation is included as well as inner-sphere, and whether electrolyte adsorption is included. We used the Extended Triple Layer Model (ETLM) in this work, developed principally by Sverjensky and Fukushi 13 14, since it is consistent with spectroscopic data 15, and provides very agreeable fits for arsenic adsorption over mineral oxides including Bayoxide E33, a commercial goethite (FeOOH) arsenic sorbent 16. We used Bayoxide E33 in this work as a benchmark sorbent to cross-validate the experimental procedure and our results. We then provide new data for the ETLM modelling of arsenic adsorption onto both TiO2 and Fe2O3 surfaces.
The ETLM differs from other triple layer models in (a) that the negative charge of inner-sphere arsenic complexes is located in the β-plane 17, and (b) in the introduction of the site-occupancy standard state 18. In the ETLM, the negative charge in inner-sphere deprotonated arsenic surface complexes is distributed to the β-plane, providing better experimental fits than when this charge is located in the 0-plane 19. This has been assigned to either charge distribution 19 or the release of water dipoles from the adsorption site 17.With the ETLM site-occupancy standard state, surface complexation constants are normalised to account for the different points of zero charge, surface areas, and site densities reported and modelled in the literature 15. Whilst SCM equations typically take equilibrium constants in the hypothetical 1.0 M standard state, in the ETLM site-occupancy standard state, equilibrium constants are normally expressed as those for a hypothetical sorbent with 10 sites nm-2 and 10 m2 g-1 (arbitrarily chosen) 15. The ETLM is claimed to be more spectroscopically consistent than the CD-MUSIC model (another triple layer model, but where non-integer values of charge are assigned across the 0-, β- and d-planes of the electric double layer) as the ETLM predicts the ionic strength dependent distribution between inner- and outer-sphere complexes, whilst the charge splitting factor of the CD-MUSIC model introduces further fitting parameters 17. 
Surface complexation constants for the ETLM were obtained following the method used by Kanematsu et al., 20 wherein (i) the site density of each mineral (surface hydroxyls per square nanometre) is chosen from the literature, (ii) surface acidity constants are predicted using Sverjensky’s empirical formula, (iii) electrolyte adsorption constants (and the inner-sphere capacitance, C1) are determined by fitting experimental potentiometric titration data, and (iv) arsenic surface complexation (adsorption) constants are determined by fitting pH adsorption edges 21 20. The model was then validated by predicting experimental adsorption isotherms.
Since Fe2O3 showed similar maximum As(V) adsorption capacity to FeOOH (when normalised to surface area),  the site density of the iron oxides was set to 4.0 sites nm-2 as per Kanematsu’s previous study on Bayoxide E33 16, and 3.0 sites nm-2 was chosen for TiO2 as per Jonsson et al. 22. The outer capacitance (C2) was set to 0.2 F m-2 as per common practice 18 23. The difference between acidity constants (logK01 and logK02), termed ΔpKnθ, was set at 5.6 for the iron oxides 20 18 and 6.3 for TiO2 24 18 as in previous studies. These values have been previously determined from analysis of titration data and crystal chemistry and Born solvation theory 25 18.
Acidity constants (K0) for the surface reactions were calculated as follows:
Equation 1
>SOH + H+ ⇌ >SOH2+
 

Equation 2
>SO- + H+ ⇌ >SOH
 
 
where >SOH denotes a surface hydroxyl, pHpzc is the point of zero charge (the pzse was used in this work), θ denotes equilibrium constants for the site-occupancy standard state, and 0 denotes the hypothetical 1.0 M standard state equilibrium constants entered into FITEQL 18. NS and As are the site densities and BET-specific surface areas used in FITEQL, whilst N‡ and A‡ refer to the site density and surface area of the site-occupancy standard state ( 10 sites nm-2 and 10 m2 g-1) 18.

	As(V) surface complexes
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2 >SOH + H3AsO4 = (>SO)2AsO2- + 2H+
Δψ = -ψβ
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2 >SOH + H3AsO4 = (>SO)2AsO2H
Δψ = 0
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>SOH + H3AsO4 = >SOAsO32‒
Δψ = -2ψβ

	
As(III) surface complexes
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2 >SOH + As(OH)3 = (>SO)2AsO-
Δψ = -ψβ

	
[image: \\icnas3.cc.ic.ac.uk\jcb116\PhD Jay Bullen 2016-2019\Thesis\Paper One (adsorption)\Figures\complex_5_b.png]
2 >SOH + As(OH)3 = (>SO)2AsOH
Δψ = 0
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>SOH + As(OH)3 = 
>SOH2+---AsO(OH)2-
Δψ = ψ0 - ψβ




[bookmark: _Ref7962571]Figure S19: Surface complexes and corresponding reactions used in the surface complexation model (sketched in Jmol). Top: As(V) surface complexes, bottom: As(III) surface complexes, including the H-bonded ‘outer-sphere’ complex. Note that neither of the protonated forms of bidentate As(V) nor As(III) surface complexes were used for modelling adsorption of arsenic onto meso-TiO2, since these complexes gave no improvement to the models fit to experimental data. Δψ indicates the total change in surface charge at the 0-, β- and d-planes. 
Bullen et al., 2020	 Improved accuracy in multicomponent surface complexation models	 1

Table S3: Reactions used for modelling the ETLM.
	Equilibrium constant
	Reaction
	Δψ
	Conversion between standard states

	Surface acidity

	K1
	>SOH + H+ ⇌ >SOH2+
	+ψ0
	


	K2
	>SO- + H+ ⇌ >SOH
	-ψ0
	


	Electrolyte adsorption

	KM
	>SOH + Na+ ⇌ >SO----Na+ + H+
	-ψ0 + ψβ
	

	KL
	>SOH + H+ + Cl- ⇌ >SOH2+---Cl-
	ψ0 - ψβ
	

	As(V) adsorption

	K(>SO)2AsO2-
	2>SOH + H3AsO4 ⇌ (>SO)2AsO2- + H+ + 2H2O
	-ψβ
	

	K(>SO)2AsO2H
	2>SOH + H3AsO4 ⇌ (>SO)2AsO2H + 2H2O
	0
	

	K>SOAsO3-2
	>SOH + H3AsO4 ⇌ >SOAsO32- + 2H+ + H2O
	-2ψβ
	

	As(III) adsorption and surface precipitation

	K(>SO)2AsO-
	2>SOH + As(OH)3 ⇌ (>SO)2AsO- + H+ + 2H2O
	-ψβ
	

	K(>SO)2AsOH
	2>SOH + As(OH)3 ⇌ (>SO)2AsOH + 2H2O
	0
	

	K>SOH2+---AsO(OH)2-
	>SOH + As(OH)3 ⇌ >SOH2+---AsO(OH)2-
	+ψ0 -ψβ
	

	Kppt
	(>SO)2AsOX + As(OH)3 (aq) ⇌
 ½ As2O3 (s) + (>SO)2AsOX + 3/2 H2O (l)
	0
	



[bookmark: _Toc43290837]Titration fitting and determination of C1 capacitance
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Figure S20: Determination of C1 and the optimisation of logK0M and logK0L for (a) FeOOH, (b) Fe2O3, (c) meso-TiO2, and (d) FeOOH potentiometric titrations. The figure presents post-optimisation values for -logK0M (red), logK0L (blue) and the error function V(Y) (SOS/DF) as given by FITEQL (grey).  Titrations of meso-TiO2 at 0.01, 0.05 and 0.1 M didn’t give a clear or obvious optimal inner capacitance, and 1.6 F m-2 is very high compared to the literature. The inner capacitance of meso-TiO2 was therefore set to 1.3 F m-2 as this gave a very good fit for the 0.01 M NaCl titration, as shown in (e). Error bars indicate the standard deviation in results obtained from fitting titration curves at three different ionic strengths.
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[bookmark: _Ref21881848]Figure S21: A comparison of potentiometric titrations modelled using the ETLM with the final surface charge parameters and experimental data. Potentiometric titrations are presented in 0.1 M NaCl (red squares), 0.05 M NaCl (blue circles) and 0.01 M NaCl (green triangles). Solid lines indicate the modelled potentiometric titration (using equilibrium constants averaged from the optimised fit of each of the three titration curves). For each sorbent, a single set of SCM parameters was used to model all three titrations. Each SCM parameter was obtained by (1) fitting the ETLM to each of the three ionic strength titrations separately, and then (2) taking an average of the three optimised parameters returned by FITEQL. The experimental conditions were 1 g L-1 sorbent loading, and forwards titrations with 0.1 M NaOH.


[bookmark: _Toc43290838]Single-component SCM adsorption isotherms (reference samples)

	As(V) adsorption isotherms


	(a)[image: ]
	(b)[image: ]

	(c)
[image: ]
	(d)
[image: ]

	As(III) adsorption isotherms 
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Figure S22: Adsorption isotherms predicted by the SCM developed in this work (black lines) compared against experimental results (black squares). Isotherms show bidentate protonated complexes (green long dashed lines), bidentate deprotonated complexes (red short dashed lines) and monodentate complexes (blue dotted lines). (d) and (h) compare all three reference minerals for As(V) (in Langmuir form) and As(III) adsorption (in Freundlich form) with Fe2O3 (blue diamonds), meso-TiO2 (green circles) and FeOOH (yellow triangles). Solid lines show the predictions for total As removed, whilst dashed lines show only monolayer adsorption (i.e. without the surface precipitation term). Conditions were 0.01 M NaCl 1 g L-1 sorbent loading, with the pH fixed to 7.0 ±0.1.


[bookmark: _Toc43290839]Goodness of fit

FITEQL optimises equilibrium constants by reducing the sum of squares of the weighted residuals 26. This error function, Vy, is calculated using:

where SOS is the sum of squares of the weighted residuals and DF is the number of degrees of freedom. Yj is the error between the experimental and calculated mass balance, Sj is the error in Yj calculated from experimental error estimates, and Np, Nc and Nu are the number of data points, the number of group II components (where both total and free concentration are known), and the number of fitted parameters respectively 27 28. Values of Vy between 0.1 and 20 are generally considered as representing a good fit between experimental and modelled results 26.

[bookmark: _Ref36808036]Table S4: Values of Vy (a) for the potentiometric titrations with the final, averaged results of electrolyte adsorption equilibrium constants, and (b) for the pH adsorption edges with the final arsenic surface complexation constants.
	
	Vy

	Sample
	FeOOH
	Fe2O3
	meso-TiO2

	potentiometric titration
	0.01 M NaCl
	8.27
	169
	2.59

	
	0.05 M NaCl
	2.46
	74.2
	10.7

	
	0.1 M NaCl
	15.6
	63.7
	76.1

	pH adsorption edge
	As(V)
	1.42
	15.9
	2.77

	
	As(III)
	5.87
	6.72
	4.14



The majority of potentiometric titrations showed a statistically good fit, including when averaged values of logKM and logKL were used to model titrations at all three ionic strengths (Table S4). The Fe2O3 model gave the worst fit to experimental titration data, owing to the steep slope in the experimental titration curves at pH values greater than the point of zero charge, which were not captured by the model. This difference is likely due to non-surface charge effects, i.e. interferences or experimental error 29. The titration of meso-TiO2 in 0.1 M NaCl also gave a value of Vy greater than 20, in this case owing to the curvature in the experimental titration curve at around pH 8, thought to be experimental error.
All pH adsorption edges gave values of Vy below 20, indicating a good fit. The highest value of Vy was 15.9 for As(V) adsorption over Fe2O3, which is due to the model predicting weaker adsorption at acidic pH values than was observed experimentally. This could be due to multilayer As(V) adsorption at acidic pH, with protonation of As(V) oxyanions promoting surface precipitation. 
[bookmark: _Toc43290840]Site-occupancy standard state parameters

Table S5: Comparison of ETLM parameters for surface protonation and electrolyte adsorption.
	Solid
	Electrolyte
	Ns
(nm-2)
	As
(m2g-1)
	pHpzc
	ΔpKnθ
	logKθ1
	logKθ2
	logK01
	logK02
	logKθM
	logKθL
	logK0M
	logK0L
	C1
(F m-2)
	Adsorption data
	ETLM parameter estimation

	FeOOH
	NaCl
	4.0
	127
	9.1
	5.6
	6.3
	11.89
	5.59
	-12.6
	3.82
	3.51
	-8.79
	9.1
	0.9
	This work
	This work

	FeOOH
	NaNO3
	4.0
	158.1
	8.5
	5.6
	5.7
	11.3
	4.9
	-12.1
	3.4
	3.1
	-8.7
	8.0
	1.0
	Kanematsu et al. (2010) 20
	Kanematsu et al. (2010) 20

	FeOOH
	NaClO4
	3.5
	-
	9.2
	5.6
	6.4
	12
	6.1
	-12.4
	3.4
	2.4
	-8.9
	8.5
	1.2
	Dixit and Hering (2003) 30
	Fukushi and Sverjensky (2007) 15

	FeOOH
	NaCl
	4.5
	-
	8.5
	5.6
	5.6
	11.4
	5.5
	-11.5
	2.4
	2.3
	-9
	7.9
	1.2
	Gao and Mucci (2001) 31
	Fukushi and Sverjensky (2007) 15

	FeOOH
	NaCl
	3.9
	-
	8.7
	5.6
	5.9
	11.5
	5.7
	-11.7
	3.4
	3.2
	-8.3
	8.9
	1.4
	Manning and Goldberg (1996) 32
	Fukushi and Sverjensky (2007) 15

	Fe2O3
	NaCl
	4.0
	103
	8.9
	5.6
	6.09
	11.71
	5.48
	-12.32
	3.5
	3.02
	-8.81
	8.51
	0.8
	This work
	This work

	Fe2O3
	NaClO4
	3.0
	83
	9.17
	5.7
	6.42
	11.92
	6.02
	-12.32
	-
	-
	-8.63
	9.59
	0.58
	Hwang and Lenhart (2008) 33
	Hwang and Lenhart (2008) 33

	Fe2O3
	NaCl
	22.0
	-
	8.5
	5.6
	5.7
	11.3
	-
	-
	1.6
	2.0
	-9.7
	7.7
	0.90
	Liang (1988) 34
	Sahai and Sverjensky (1997) 23

	TiO2
	NaCl
	3.0
	110
	4.8
	6.3
	1.65
	7.95
	1.13
	-8.47
	3.59
	3.24
	-4.88
	4.37
	1.3
	This work
	This work

	TiO2 (rutile)
	NaCl
	3.0
	18.1
	-
	-
	-
	-
	2.52
	8.28
	-
	-
	-5.6
	5.0
	1.2
	Jonsson et al. (2009) 24
	Jonsson et al. (2009) 24

	TiO2 (anatase)
	NaCl
	12.5
	-
	6.0
	6.4
	2.80
	9.20
	-
	-
	2.9
	2.9
	-6.3
	5.7
	1.3
	Sprycha (1984) 35
	Sahai and Sverjensky (1997) 23





Table S6: Comparison of ETLM parameters for As(V) adsorption.
	Solid
	Electrolyte
	Ns
(nm-2)
	Cs
(g L-1)
	logK0(>SO)2AsO2-
	logKθ(>SO)2AsO2-
	logK0(>SO)2AsO2H
	logKθ(>SO)2AsO2H
	logK0>SOAsO3-2
	logKθ>SOAsO3-2
	Adsorption data
	ETLM parameter estimation

	FeOOH
	NaCl
	4.0
	1.0
	11.9
	2.71
	11.8
	2.61
	6.12
	0.53
	This work
	This work

	FeOOH
	NaNO3
	4.0
	1.0
	10.7
	2.9
	10.2
	2.4
	4.7
	-0.2
	Kanematsu et al. (2010) 20
	Kanematsu et al. (2010) 20

	FeOOH
	NaNO3
	4.0
	0.025
	12.3
	2.9
	11.8
	2.4
	4.7
	-0.1
	Kanematsu et al. (2010) 20
	Kanematsu et al. (2010) 20

	FeOOH
	-
	-
	-
	logKθ(>SO)2AsO2- = 0.81
logKθ(>SO)2AsO2H = 3.4
logKθ>SOAsO3-2 = -4.3
	-
	Fukushi and Sverjensky (2007) 15

	Fe2O3
	NaCl
	4.0
	1.0
	10.3
	1.33
	11.8
	2.83
	2.2
	-3.29
	This work
	This work

	Fe2O3
	-
	-
	-
	logKθ(>SO)2AsO2- = -0.33
logKθ(>SO)2AsO2H = 2.5
logKθ>SOAsO3-2 = -5.7
	-
	Fukushi and Sverjensky (2007) 15

	TiO2
	NaCl
	3.0
	1.0
	11.0
	10.74
	(not used)
	(not used)
	5.0
	3.87
	This work
	This work





Table S7: Comparison of ETLM parameters for As(III) adsorption.
	Solid
	Electrolyte
	Ns (nm-2)
	Cs 
(g L-1)
	logK0(>SO)2AsO-
	logKθ(>SO)2AsO-
	logK0(>SO)2AsOH
	logKθ(>SO)2AsOH
	logK0>SOH2+--
-AsO(OH)2-
	logKθ> SOH2+--
-AsO(OH)2-
	logK0ppt
	logKθppt
	Adsorption data
	ETLM parameter estimation

	FeOOH
	NaCl
	4.0
	1.0
	4.67
	-4.52
	7.93
	-1.26
	5.49
	-0.104
	2.28
	
	This work
	This work

	FeOOH
	NaNO3
	4.0
	1.0
	5.0
	-5.5
	7.2
	-0.6
	4.2
	-0.7
	(not used)
	(not used)
	Kanematsu et al. (2013) 16
	Kanematsu et al. (2013) 16

	FeOOH
	NaClO4
	3.5
	0.5
	3.7
	-4.1
	8.9
	-1.6
	5.8
	-0.3
	(not used)
	(not used)
	Dixit and Hering (2003) 30
	Kanematsu et al. (2013) 16

	FeOOH
	NaClO4
	3.5
	0.5
	(not used)
	(not used)
	9.3
	-1.2
	3.8
	-2.3
	(not used)
	(not used)
	Dixit and Hering (2003) 30
	Sverjensky and Fukushi (2006) 14

	Fe2O3
	NaCl
	4.0
	1.0
	2.41
	-6.56
	8.40
	-0.57
	5.44
	-0.045
	3.05
	
	This work
	This work

	Fe3O4
	NaClO4
	3.0
	0.5
	(not used)
	(not used)
	7.5
	2.0
	4.4
	0.8
	(not used)
	(not used)
	Dixit and Hering (2003) 30
	Sverjensky and Fukushi (2006) 14

	TiO2
	NaCl
	3.0
	1.0
	6.2
	5.94
	(not used)
	(not used)
	3.75
	2.62
	3.32
	
	This work
	This work




[bookmark: _Toc43290841]Comparison of discrete and shared electrical double layers

	As(V) adsorption with discrete electrical double layers
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As(V) adsorption with shared electrical double layer
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	As(III) adsorption with discrete electrical double layers
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As(III) adsorption with shared electrical double layer
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[bookmark: _Ref28864799]Figure S23: Comparison of CA-SCM results using (1) discrete electrical double layers (EDL) for each component and (2) a single, shared EDL for both surface components. Left-hand panels present a comparison of experimental adsorption isotherms (shapes) and SCM predictions (solid lines) for meso-TiO2 (green circles), Fe2O3 (blue diamonds) and meso-TiO2/Fe2O3 (red squares). Dashed lines indicate the SCM prediction with monolayer adsorption only (i.e. without the surface precipitation term). The right-hand panels present the CA-SCM results for meso-TiO2/Fe2O3. The CA-SCM (solid black lines) is compared against experimental results (black squares). Total adsorption is deconvoluted into the separate surface species predicted by the model. Conditions were 0.01 M NaCl, 1 g L-1 sorbent loading and pH 7.0 ±0.1.
In the final CA-SCM, meso-TiO2 and Fe2O3 components were modelled with their own, discrete electrical double layers, since it is not anticipated that the extent of overlap between electrical double layers (EDL) will be significant 36. However, the overlap of electrical double layers is poorly understood, and a shared EDL CA-SCM, using a single surface charge with an averaged capacitance was compared against the discrete EDL CA-SCM. With a shared EDL, the CA-SCM erroneously reaches high surface coverage too quickly, and the speciation of sorbed arsenic dramatically changes. For As(V), the positive surface charge owing to Fe2O3 results in significant amounts of >TiOAsO3-2, whilst for As(III), monodentate >FeOH2+---AsO(OH)2- becomes as important as the bidentate surface complexes. Both these scenarios seem unlikely, since it is known that As(V) has a greater affinity to Fe2O3 surfaces than TiO2, and arsenic is considered to bind to TiO2 primarily through inner-sphere surface complexation 37. Consequently, the discrete EDL model is recommended. For both As(V) and As(III), the discrete EDL model with surface charge separated between the two surface components gave a statistically better fit than the shared/overlapping EDL model (see Figure S23), with R2 = 0.827 and 0.840 and R2 = 0.584 and 0.772 respectively (see Figure S25).
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[bookmark: _Ref28864760]Figure S24: Comparison of errors between all models tested with the experimental adsorption isotherms. Outlier data points (i.e. that did not follow the general shape of the adsorption isotherm model) were excluded from error calculations. For As(V), errors were calculated using all data points with qe>1 μmol m-2, and for As(III), all data points with qe>0.8 μmol m-2 were used. The absolute differences (μmol m-2) and relative differences (%) presented are the average values of the absolute and relative error respectively between the model and each experimental data point. Error bars indicate the standard deviation of this average result.
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[bookmark: _Ref28864718]Figure S25: Coefficients of determination calculated for the CA-SCM using discrete and shared electrical double layers.
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