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Abstract 
Many novel composite materials have been recently developed for water treatment applications, with the aim of 

achieving multifunctional behaviour, e.g. combining adsorption with light-driven remediation. The application of 

surface complexation models (SCM) is important to understand how adsorption changes as a function of pH, ionic 

strength and the presence of competitor ions. Component additive (CA) models describe composite sorbents using 

a combination of single-phase reference materials. However, predictive adsorption modelling using the CA-SCM 

approach remains unreliable, due to challenges in the quantitative determination of surface composition. In this 

study, we test the hypothesis that characterisation of the outermost surface using low energy ion scattering (LEIS) 

improves CA-SCM accuracy. We consider the TiO2/Fe2O3 photocatalyst-sorbents that are increasingly 

investigated for arsenic remediation. Due to an iron oxide surface coating that was not captured by bulk analysis, 

LEIS significantly improves the accuracy of our component additive predictions for monolayer surface processes: 

adsorption of arsenic(V) and surface acidity. We also demonstrate non-component additivity in multilayer 

arsenic(III) adsorption, due to changes in surface morphology/porosity. Our results demonstrate how surface-

sensitive analytical techniques will improve adsorption modelling for the next generation of composite sorbents.  
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1. Introduction 
Adsorption onto low-cost materials is well established as an effective method for the removal of toxic metals and 

metalloids from contaminated water 1. Current efforts to improve water treatment include the development of new 

composite sorbents, either to improve adsorption kinetics and capacity 2, or to impart new functionality. 

Multifunctional sorbents combine adsorption with other properties such as magnetism, for the easy separation of 

clean water from sludge 3 4, or photocatalytic activity, to oxidise arsenite; reduce chromate; or degrade organic 

matter 5 6 7.  

Surface complexation models (SCM) are powerful tools to help understand the behaviour of new sorbents. SCMs 

predict adsorption as a function of pH, ionic strength, and the presence of competitor ions, thereby offering 

sensitivity to environmental conditions that is missing in the more widely used Langmuir and Freundlich models 
8. Surface complexation models are well established for homogeneous sorbents with a single solid phase, but two 

contrasting approaches are used to model heterogeneous sorbents with multiple solid phases: the generalised 

component (GC) and component additive (CA) methods. 

The GC method approximates and models the heterogeneous sorbent as a homogeneous, single-component 

surface 9 10.  This is the more common approach, but has notable limitations. Firstly, this model cannot predict 

how adsorption will change as the distribution between solid phases changes, since equilibrium constants are 

unique to each sorbent sample 9. GC models will therefore fail when synthetic sorbents are prepared under 

different conditions, or natural sorbents are sampled from different locations. Secondly, adsorption onto different 

surface phases is convoluted, limiting our insight into how the sorbate partitions between the different solid phases 

composing the overall sorbent 11.  

The CA method describes the heterogeneous sorbent as a combination of distinct surface components, each with 

its own adsorption equilibrium constants. Normally, each surface component is assigned to a single-phase 

reference material. Unlike the GC approach, component additive modelling has advantages in that (i) CA models 

are easily adjusted to predict adsorption onto new samples with different distributions between solid phases, and 

(ii) CA modelling provides insights into how the sorbate partitions between each surface component 12. However, 

the CA-SCM approach has had mixed success in describing experimental results, with the main challenge being 

the accurate quantification of how much each component contributes to the overall sorbent surface area 9.  

Most previous studies have used the mass ratio of phases within the bulk material to weight the contribution of 

each component within the CA-SCM 13 14 15 16 17 18 19. This approach assumes that the bulk composition of the 

sorbent material reflects the surface composition. This assumption often leads to errors, e.g. in scenarios where 

(a) particles of one component are smaller than the other and thus exhibit a higher surface area-to-mass ratio, or 

(b) one component is a surface coating, blocking adsorption onto the second component 9. Secondary minerals 

such as amorphous iron and aluminium (hydr)oxides are examples of high surface area-to-mass ratio coatings 

common in natural samples 9. For these reasons, the mass-weighted component additive approach often fails to 

describe experimental observations 13 20 17. The errors of mass-weighted CA-SCM can be very large, e.g. an 

underestimation of ca. 51% in the adsorption of uranium(VI) onto phyllite 13; errors between -50% and +300% in 

the adsorption of Cu(II) onto ferrihydrite-bacteria composites 17; and errors of -30% to +80% in the adsorption of 

Cu(II) onto montmorillonite-bacteria composites 20. In these cases, equilibrium constants are often re-optimised 

to fit experimental adsorption data collected using the composite material 17. Consequently, the advantages that 

CA-SCM has over GC-SCM are lost. X-ray diffraction (XRD) has also been used for weighting components 21 22 
23, however X-rays are highly penetrating and XRD-weighting thus shares the same problems as mass-weighting. 

A few experimental techniques have been used to quantify the composition of the sorbent surface and improve 

CA-SCM component weighting. These are (a) chemical extractions 9 24, and (b) the fitting of experimental 

adsorption isotherms against single-component reference isotherms 25. Chemical extractions can be used to 

quantify the abundance of a surface coating when the solid phase is different to the bulk material. However, this 

technique has poor surface sensitivity, especially for thick coatings, and the technique is inaccurate when strong 

treatments dissolve the bulk material 9. Meanwhile, whilst providing a very good CA-SCM fit for uranium(VI) 

adsorption onto natural sediments, Dong and Wan noted that their approach of fitting adsorption isotherms is 

limited to binary sorbents, and more complex ternary systems cannot be weighted using this approach alone 25. 

Several authors have commented on how new surface characterisation techniques are needed to improve the 

accuracy of predictions made through component additive modelling 10 24.  

Surface-sensitive analytical techniques are increasingly available and offer solutions to problems of accuracy, 

surface-sensitivity, and challenging ternary systems. However, the application of these techniques for developing 

CA-SCMs remains untested. For instance, X-ray photoelectron spectroscopy (XPS) is now routinely used to 

investigate the near-surface (1-10 nm 26) of materials, before and after adsorption 27. Despite being a quantitative 
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technique, we found no previous study using XPS to weight components within CA models. Another, albeit less 

widely applied technique is low energy ion scattering (LEIS), a spectroscopic technique sensitive to the outermost 

atomic surface of a material 28 29 30. XPS and LEIS provide distinct peaks for each element, resolved on the basis 

of electron binding energy and atomic mass respectively 31 32, and can therefore characterise the ternary composite 

sorbents 33 that cannot be understood by adsorption isotherms alone 25. To date, no study has used LEIS for 

modelling multicomponent adsorption. This work therefore tests the hypothesis that CA-SCM accuracy is 

improved by choosing surface-sensitive characterisation techniques, with a focus on LEIS. 

As the system of interest, we considered adsorption of arsenic onto TiO2/Fe2O3 composites. Inorganic As(III) 

(arsenite) is a carcinogenic contaminant prevalent in the reducing groundwaters of South Asia, with tens of 

millions of people exposed 34. The dominant species of As(III) in groundwater is H3AsO3 which, due to its neutral 

charge, is difficult to remove from drinking water. A number of research groups have explored the application of 

bifunctional photocatalyst-sorbents, whereby As(III) is photocatalytically oxidised to As(V) and then adsorbed. 

As(V) is less toxic than As(III), and its negatively charged oxyanions (HAsO4
-2 and H2AsO4

-) are more easily 

removed. The most popular photocatalyst-sorbents are TiO2/Fe2O3 composites 5 6 35 3. These combine titania 

(TiO2), the benchmark photocatalyst 36, with iron oxides such as goethite (FeOOH) and hematite (Fe2O3), which 

are used commercially as As(V) sorbents 37. Our research group has identified the mesoporous TiO2/Fe2O3 

composite described by Zhou et al. as a promising multifunctional sorbent for As(III) remediation, combining 

high adsorption capacities with fast photocatalytic oxidation rates when irradiated with ultraviolet light 5 38.  

An accurate CA-SCM for the TiO2/Fe2O3 system is a desirable tool for two reasons. Firstly, adsorption of arsenic 

onto these materials is poorly understood, e.g. whether the TiO2 and Fe2O3 surfaces behave independently, or 

whether new chemistry arises once the materials are coupled. Previous work towards understanding arsenic 

adorption in mixed sorbent systems is limited 39. An accurate CA-SCM will improve our understanding of how 

arsenic partitions across the composite sorbent surface. Secondly, an accurate CA model will predict the influence 

of surface composition (i.e. the TiO2:Fe2O3 ratio) on arsenic adsorption, allowing the synthesis of meso-

TiO2/Fe2O3 to be optimised for improved performance. 

The aim of this work was to use surface-sensitive analytical techniques to develop an accurate CA-SCM that 

quantifies the adsorption of arsenic onto mesoporous TiO2/Fe2O3. The material composition of meso-TiO2/Fe2O3 

before adsorption of arsenic was calculated in the bulk (X-ray fluorescence, XRF), at the near surface (XPS), and 

at the outermost surface (LEIS). These results were used to constrain the relative abundance of meso-TiO2 and 

Fe2O3 surface components, under the hypothesis that LEIS analysis would provide the most accurate component 

additive model, owing to its superior surface sensitivity. XPS was chosen as it is a more widely available technique. 

XRF was chosen to represent how the mass ratio has been used to weight surface components in most previous 

studies. We investigated the accuracy of CA models weighted by these three different techniques by predicting 

the following chemical behaviour: (a) surface charge (determined by potentiometric titration); (b) arsenic(V) 

adsorption (using the Langmuir isotherm); and (c) arsenic(III) adsorption (using the Freundlich isotherm). Finally, 

we developed a CA-SCM by experimentally determining SCM parameters for single-component reference 

sorbents, and assessed how the choice of characterisation technique influences the accuracy of CA-SCM 

predictions. Throughout this study Bayoxide E33, a synthetic goethite (FeOOH), was used as a benchmark sorbent 

to validate our work against that of Kanematsu et al. 40 41. 
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2. Materials and Methods 
 

2.1. Synthesis of meso-TiO2/Fe2O3 and reference samples 
 

All chemicals were at least reagent grade with full details given in the Supplementary Information. Meso-TiO2 

was prepared by a sol-gel synthesis 42. Firstly, P123 (1 g, PEG Pluronic® P-123, Aldrich) was dissolved in ethanol 

(12 g, VWR, ACS Puriss p.a. grade). This solution was slowly added to a second solution, consisting of Ti(IV) n-

butoxide (2.7 g, ACROS Organics, 99% purity) dissolved in 37% hydrochloric acid (3.2 g, ACROS Organics, 

ACS reagent grade). The mixture was stirred and aged at room temperature for approximately one week. A solid 

powder was obtained after calcination (350 °C, 4 hours, 1 °C min-1 ramping) and crushed by pestle and mortar. 

An aliquot of the meso-TiO2 product was kept as a reference sample.  

Meso-TiO2 was then coupled with Fe2O3 5. Firstly, a 0.6 M solution of ethanolic Fe(NO3)3.9H2O (Sigma-Aldrich, 

ACS reagent grade, ≤98% purity) was prepared. Meso-TiO2 was added to this solution (1.5 g in 30 mL), which 

was stirred (30 minutes), sonicated (30 minutes), and dried in an oven (50 °C) until all solvent had evaporated. 

The product was calcinated at 300 °C for 10 minutes, crushed, and calcinated again at 300 °C for 6 hours. Based 

upon the mass of reagents used, the theoretical mass ratio of meso-TiO2 and Fe2O3 within the meso-TiO2/Fe2O3 

composite was 50:50.  

A reference sample of Fe2O3 was synthesised using the same procedure, but without addition of meso-TiO2. A 

sample of FeOOH (goethite, Bayoxide E33) was obtained commercially. Bayoxide E33 is a high surface area 

goethite, and is a commercially established sorbent for arsenic remediation 43.  

All mineral powders were washed in dialysis tubing for 18 days, by which point the pH reading of the wash water 

had stabilised. Irreversibly consumed acid impurities were completely removed from meso-TiO2 during washing, 

but incompletely from Fe2O3-containing samples. The FeOOH sample did not have net acid/base impurities before 

or after washing (Supplementary Information). 

Stock solutions of As(V) and As(III) in Milli-Q water (1000 mg L-1) were prepared from Na2HAsO4·7H2O (Sigma, 

ACS reagent grade) and As2O3 (Aldrich, 99% purity) respectively. As(III) solutions were stored in opaque plastic 

bottles to prevent photooxidation. All stock solutions were kept refrigerated (3 °C) and replaced every few weeks. 

Stock solutions were calibrated against a standard solution of arsenic (1000 ± 4 mg L-1, Fluka, TraceCERT grade) 

using inductively coupled plasma mass spectrometry (ICP-MS).  

2.2. Materials characterisation 
Crystal phases were confirmed by X-ray diffraction (XRD) using the PANalytical MPD, and crystallite diameters 

were estimated using the Scherrer equation (Supplementary Information). Aggregate particles were studied by 

scanning electron microscopy (SEM) using the LEO Gemini 1525 FEGSEM, and the constituent crystallites were 

studied by transmission electron microscopy (TEM) and scanning transmission electron microscopy coupled with 

energy dispersive X-ray spectroscopy (STEM-EDS) using the JEOL JEM-2100F. N2 adsorption-desorption 

isotherms were obtained using the Quantachrome Autosorb iQ, outgassing FeOOH at 100 °C and all other samples 

at 200 °C, for 20 hours. The N2 adsorption branch was used to determine the surface area and total pore volume 

using Brunauer-Emmett-Teller (BET) analysis, and the desorption branch was used to determine pore size using 

Barrett-Joyner-Halenda (BJH) analysis.  

The relative abundance of meso-TiO2 and Fe2O3 components within meso-TiO2/Fe2O3 was quantified by: (i) X-

ray fluorescence (XRF, for the bulk composition) using the PANalytical Epsilon 3 XLE; (ii) X-ray photoelectron 

spectroscopy (XPS, for the near surface composition) using the Thermo Scientific K-alpha system; and (iii) low 

energy ion scattering (LEIS) using the combined IONTOF TOF.SIMS5-Qtac100 LEIS instrument (for the 

outermost surface composition). The peak area was used for quantification in all three techniques. All samples 

were characterised before adsorption of arsenic only.  

XRF analysis was carried out under the standard Omnian settings (PANalytical Omnian software).  

Before XPS analysis, samples were oven dried overnight (70 °C for FeOOH and 200 °C for all other samples) to 

remove adsorbed water and carbonate. Spectra were recorded for the C1s, O1s, Fe2p and Ti2p regions, using the 

Al Kα line at 1486.6 eV with a line-width of 0.85 eV and a spot size of 400 μm2, with the flood gun switched on. 

XPS data was analysed using Thermo Avantage software, with the C1s adventitious carbon peak normalised to 

284.8 eV.  
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Before LEIS analysis, samples were pumped down to vacuum overnight to remove water. LEIS survey spectra 

were obtained using He+ 3 keV and Ne+ 5 keV primary beams, rastering over a 1 mm2 area. A LEIS depth profile 

was carried out in order to remove adsorbed organic carbon which obscured the metal peaks (particularly Ti). 

Depth profiles were obtained using the Ne+ primary beam and the Ar+ sputter gun (0.5 keV, 100 nA, 2mm2, 15 s) 

with a one second pause for discharge using the flood gun. Depth profiling was performed until surface impurities 

had been removed and the area of the metal peaks no longer increased.   

For each technique, the contribution of meso-TiO2 and Fe2O3 components to the overall meso-TiO2/Fe2O3 

composite was determined (in the bulk, at the near surface, or at the outermost surface) using the formula: 

𝑚(𝑎)𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =  
𝐼(𝑎)𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒

𝐼(𝑎)𝐴

 ÷  (
𝐼(𝑎)𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒

𝐼(𝑎)𝐴

 +  
𝐼(𝑏)𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒

𝐼(𝑏)𝐵

) 

Equation 1 

where a is the component of interest (i.e. Fe2O3 or meso-TiO2) and b is the second component (i.e. meso-TiO2 or 

Fe2O3), A and B are the reference samples (defined as being composed of 100% component a and b respectively), 

m(a) is the mass fraction of component a, and I(i) is the intensity (counts) of component i  within the spectrum. 

The denominator (in brackets) ensures that the combined mass fractions of all components equals unity. For 

ternary systems, further quotients for components C, D, E, etc. are added inside the brackets of the denominator. 

When processing XRF data, impurities were <1% of the total atomic weight and were ignored. When processing 

XPS data, Fe and Ti peaks were scaled to account for absorption of the incident beam by impurities (carbon, 

nitrogen and chlorine) which varied across samples. No impurity correction was needed for LEIS analysis. For all 

three techniques, uncertainties in the quantitative composition of meso-TiO2/Fe2O3 were calculated as the 

difference between (a) the combined intensity of Fe and Ti peaks (relative to each reference peak), and (b) the 

theoretical combined intensity (equal to unity). The expression used is: 

𝑒𝑟𝑟𝑜𝑟 (%) =  |100 ×  (
𝐼(𝑎)𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒

𝐼(𝑎)𝐴

 +  
𝐼(𝑏)𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒

𝐼(𝑏)𝐵

− 1) | 

Equation 2 

XRF analysis required 30 minutes per sample, XPS required 30-60 minutes per sample, and a single day of LEIS 

analysis was used to depth profile all samples. 

Surface charge as a function of pH was determined by potentiometric titration, and was used both to provide the 

SCM with experimental electrostatic data, and to check for component additivity. A titration procedure was 

developed in line with the recommended conditions of Lützenkirchen et al. 44, using the Metrohm 888 Titrando 

and pH electrode. Mineral suspensions (10 g L-1) were titrated in 0.01, 0.05 and 0.1 M NaCl to identify the point 

of zero salt effect (pzse) as a primary measure of the point of zero charge (pzc). Suspensions were first acidified 

to pH 3-4 with 0.1 M HCl and bubbled with N2 gas for two hours to purge the system of carbonate. Suspensions 

were then titrated forwards to pH 10-11 using 0.1 M NaOH, followed by a reverse titration using 0.1 M HCl to 

check for hysteresis. Titrations were carried out over 7 hours in both forwards (base) and reverse (acid) directions, 

and showed good reversibility with low hysteresis (Supplementary Information). The electrode potential (mV) 

was converted to pH using a 4 point calibration curve with buffer solutions at pH 4, 7, 10 and 13. Buffer solutions 

and mineral suspensions were kept at 25.0 °C using a water bath. The titrant concentration was calibrated against 

a standard solution of 1.000 M HCl. For titrations in 0.1 M NaCl, ionic strength dropped by around 3% over the 

course of the forward titration. In 0.01 M NaCl, ionic strength increased by up to 14% during the forward titration. 

This was accounted for in the modelling, by explicitly defining the ionic strength at each titration step, and using 

the Davies equation (valid up to 0.5 M ionic strength) to calculate activity coefficients 45. The surface area of the 

sorbent in the vessel was typically above 30 m2. The pzse was determined as the intersection of titration curves in 

0.01, 0.05 and 0.1 M NaCl. Surface charge was calculated as the net proton excess using: 

Q = c(a)-c(b)-([H+]-[-OH]) 

Equation 3 

where Q is the surface proton excess (M); c(a) and c(b) are the total amounts of acid and base added to the system 

respectively (M); and [H+] and [-OH] (M) were determined from the measured pH, using the Davies equation. 

The influence of acidic impurities within each sample was countered by subtracting the value of Q at the pzse 

from all data points within each titration. 
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Dynamic light scattering (DLS) was used to determine particle size and zeta potential (and thus the isoelectric 

point, iep). Powders (1 g L-1) were suspended in 0.01 M NaCl and the pH was adjusted with small additions of 1 

and 0.01 M HCl or NaOH. Suspensions were equilibrated for two days before the final pH was recorded and 

suspensions were analysed using the Malvern Zetasizer Nano. The iep was determined as the pH where samples 

exhibited zero zeta potential. 

 

2.3. Arsenic adsorption isotherms and pH edges 
 

Adsorption batch experiments were conducted with 1 g L-1 sorbent suspended in 0.01 M NaCl and spiked with 

arsenic. The pH was adjusted with small additions of 0.01 or 1 M HCl and NaOH. Suspensions were shaken for 

two hours to condition the surface before being spiked with As(V) or As(III) (50 mL total volume). As(III) 

suspensions were prepared in opaque containers and kept in the dark, to prevent oxidation in the presence of TiO2 
46 47. For the pH adsorption edge, total As was fixed at 0.3 mM and the pH was varied between 3 and 11. For the 

adsorption isotherm, pH was fixed at 7.0 ±0.1 and the concentration of aqueous As was varied between 

0.1 and 700 μM. In all batch experiments, the pH was adjusted over the course of several days with small aliquots 

of 0.01 and 1 M HCl and NaOH, and suspensions were equilibrated for 5 days with continuous shaking before a 

final pH measurement was taken 6 40. Suspensions were filtered (0.45 μm, nylon mesh), and the aqueous filtrate 

was acidified to 2% HNO3 by mass before total As was determined using the Agilent 7900 quadrupole inductively 

coupled plasma mass spectrometer (ICP-MS). Results were calibrated using internal standards and a matrix-

matched external calibration curve of at least 5 points (1000 ± 4 mg L-1, Fluka standard As, TraceCERT) covering 

the experimental range. Blank electrolytes, blank mineral suspensions, and matrix-matched arsenic control 

samples were analysed by ICP-MS in parallel with each batch. 

Arsenic adsorption isotherms were modelled using the Langmuir and Freundlich equations: 

𝑞𝑒 =  𝑞𝑚𝑎𝑥(𝐾𝐿𝐶𝑒 (1 + 𝐾𝐿𝐶𝑒)⁄ ) 

Equation 4: the Langmuir adsorption isotherm 

𝑞𝑒 =  𝐾𝐹𝐶𝑒
1 𝑛⁄

 

Equation 5: the Freundlich adsorption isotherm 

where qe is the equilibrium concentration of adsorbed arsenic (μmol m-2); qmax is the amount adsorbed at 

monolayer coverage (μmol m-2); Ce is the equilibrium concentration of aqueous arsenic (μM); and KL (μM-1), KF 

(μmol m-2 μM -1/n) and n (dimensionless) are all experimentally determined constants 6. 

 

2.4. Component additive predictions 
 

Component additive predictions for the surface charge and arsenic adsorption of meso-TiO2/Fe2O3 were calculated 

using a linear combination of the meso-TiO2 and Fe2O3 single-component reference samples, using the following 

formula:  

𝑃𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 = 𝑚𝐴𝑃𝐴 +  𝑚𝐵𝑃𝐵 

Equation 6 

where Pi represents the chemical property of material i under a given set of experimental conditions (pH, ionic 

strength, aqueous arsenic concentration), and mi represents the relative abundance (mass fraction) of component 

i, calculated using Equation 1. In this study, the chemical properties investigated using the component additive 

approach were (a) net proton excess/surface charge, (b) the concentration of As(V) adsorbed, and (c) the 

concentration of As(III) adsorbed. For all chemical properties, linear combinations were calculated using XRF-, 

XPS- and LEIS-weighted values of mi. Ternary composites can be easily modelled by incorporation of further 

miPi terms where i corresponds to components C, D, E… etc. 
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2.5. Surface Complexation Modelling 
 

Surface complexation model (SCM) parameters were obtained for each single-component reference sorbent using 

the extended triple layer model (ETLM) and a method described by Kanematsu et al. 41, wherein (i) the site density 

of each mineral (surface hydroxyls per square nanometre) is chosen from the literature; (ii) equilibrium constants 

for surface hydroxyl (de)protonation are predicted using Sverjensky’s empirical formula 48; (iii) electrolyte 

adsorption constants (and inner-sphere capacitance, C1) are determined by fitting experimental potentiometric 

titration data; and (iv) arsenic surface complexation constants are determined by fitting pH adsorption edges 49 41. 

The SCM parameters were then validated by using the SCM to predict adsorption isotherms, which were compared 

against experimental observations 41. Further details are given in the Supplementary Information. 

Since Fe2O3 showed a similar maximum As(V) adsorption capacity to FeOOH (when normalised to surface area), 

the site density of both iron oxides was set to 4.0 sites nm-2 as per previous studies on Bayoxide E33 40. The site 

density of meso-TiO2 was set to 3.0 sites nm-2 as per Jonsson et al. 50. The outer capacitance (C2) was set to 0.2 F 

m-2 as per common practice 51 48. The difference between the acidity constants logK01 and logK02 (labelled ΔpKn
θ) 

was set to 5.6 for the iron oxides 41 51 and 6.3 for meso-TiO2 52 51. These values of ΔpKn
θ were previously calculated 

using analysis of titration data, and Born solvation/crystal chemistry theory 53 51. 

Acidity constants were calculated as follows: 

Equation 7 

>SOH + H+ ⇌ >SOH2
+ 

log K1
θ = pHpzc −

ΔpKn
θ

2
  

logK1
0 = logK1

θ − log (
NSAS

N‡A‡
) 

Equation 8 

>SO- + H+ ⇌ >SOH 

log K2
θ =  pHpzc +

ΔpKn
θ

2
  

logK2
0 = logK2

θ + log (
NSAS

N‡A‡
) 

where >SOH denotes a surface hydroxyl, pHpzc is the pH at the point of zero charge (set to the pzse), 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 51. Ns and As are the site densities and BET-specific surface areas used 

in FITEQL respectively, whilst N‡ and A‡ refer to the site density and surface area of the site-occupancy standard 

state (set as 10 sites nm-2 and 10 m2 g-1) 51. 

The ETLM incorporates explicit reactions for electrolyte adsorption, which help determine the surface charge. 

Equilibrium constants for the adsorption of Na+ and Cl- (K0M and K0L respectively) were determined by fitting 

potentiometric titrations, with the following reactions: 

>SOH + Na+ ⇌ >SO-Na+ + H+ 

Equation 9 

>SOH + H+ + Cl- ⇌ >SOH2
+Cl- 

Equation 10 

Changes in sorbent concentration and ionic strength during the course of the titration were included in all 

calculations. The inner capacitance (C1) was obtained by optimising the SCM fit to potentiometric titration data. 

For each sample, the three values of logK0M and logK0L, optimised using titrations in 0.01, 0.05 and 0.1 M NaCl, 

were combined as a single average, to be used in subsequent arsenic adsorption models. 

Equilibrium constants for the aqueous speciation of As(V) and As(III) were taken from Dixit and Hering 54 55. 

Arsenic surface complexation constants were determined by fitting pH adsorption edges. The sorbent-arsenic 
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surface complexes used by Kanematsu to describe arsenic adsorption over FeOOH were selected as a starting 

point, as these complexes (a) were based upon spectroscopic evidence, (b) gave a good fit to experimental pH 

adsorption edges, and (c) successfully predicted adsorption isotherms at low concentration (before surface 

precipitation occurrs) 41 40. For the adsorption of As(V), the surface complexation reactions modelled were: 

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

Equation 11 

2 >SOH + H3AsO4 ⇌ (>SO)2AsO2H + 2H2O 

Equation 12 

>SOH + H3AsO4 ⇌ >SOAsO3
2- + 2H+ + H2O 

Equation 13 

and for the adsorption of As(III): 

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

Equation 14 

2 >SOH + As(OH)3 ⇌ (>SO)2AsOH + 2H2O 

Equation 15 

>SOH + As(OH)3 ⇌ >SOH2
+---AsO(OH)2

-  

Equation 16 

where the dashed line represents a hydrogen bond. 

Finally, an equilibrium constant for multilayer adsorption was included to account for the difference between (i) 

the experimentally observed, and (ii) the SCM-predicted adsorption of As(III) onto each reference material 

(FeOOH, Fe2O3 and meso-TiO2). Multilayer adsorption was modelled using the reaction: 

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

Equation 17 

where X is either a proton or a single negative charge; the mass action is equal to the product of the activity of 

As(OH)3 (aq) and the sum of the activities of (>SO)2AsO- and (>SO)2AsOH surface complexes; and the mass 

balance is equal to As(OH)3 (aq) only (i.e. there is no net consumption of surface complexes, they act to catalyse 

the process of precipitation). Equilibrium constants for this reaction were obtained by optimising the SCM fit to 

the adsorption isotherms. The monodentate H-bonded complex did not provide sites for multilyer adsorption 

within this model. 

All SCM modelling and fitting was performed using FITEQL 2.0 56, with reference input files provided elsewhere 
57. The charge balance of each complex and the mathematical relationships between logK0 and logKθ are given 

in the Supplementary Information. 

3. Results and Discussion 
 

In this study, we aimed to use surface-sensitive analytical techniques to develop a CA-SCM that describes the 

adsorption of arsenic onto meso-TiO2/Fe2O3, by accurately quantifying the contribution of each sorbent phase. 

The structure of the composite sorbent was first investigated, and the distribution between meso-TiO2 and Fe2O3 

phases was quantified, both in the bulk material and at the surface. Secondly, surface charge and arsenic adsorption 

were investigated using the component additive approach. For each reference sample, pH adsorption edges were 

used to determine surface complexation constants. Finally, LEIS was used to weight meso-TiO2 and Fe2O3 

components within the CA-SCM, and the accuracy was evaluated by comparing the adsorption isotherms 

predicted by CA-SCM against experimental observations. Raw data sets, data processing templates and examples 

of FITEQL input and output files are available elsewhere 57. 
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3.1. Characterisation of the meso-TiO2/Fe2O3 composite and reference samples 
 

XRD confirmed the crystal structures of goethite (α-FeOOH) and hematite (α-Fe2O3) powders. Rutile gave the 

most intense of the TiO2 diffraction peaks, both in the meso-TiO2 reference sample and in meso-TiO2/Fe2O3, with 

anatase as a minor component. No other crystalline peaks were detected. TEM images showed distinct crystal 

lattice planes, with fast Fourier transforms (FFT) again identifying Fe2O3 and TiO2 within the composite material. 

The average crystallite diameter for all crystal phases present within meso-TiO2/Fe2O3 was between 12 and 14 

nm, as determined using the Scherrer equation. The size distribution of the aggregated particles was disperse, with 

diameters of 0.5-50 μm when measured by SEM, and pH-dependent diameters of 0.4-2.4 μm when measured by 

DLS. The lower particle size maximum obtained by DLS may be due to poor suspension of larger particles. These 

results are presented in detail within the Supplementary Information. 

For meso-TiO2, Fe2O3 and meso-TiO2/Fe2O3, N2 adsorption-desorption isotherms showed IUPAC Type II 

adsorption branches with H3 hysteresis loops 58, indicating mesoporosity (Supplementary Information). The BET-

specific surface area of meso-TiO2 decreased after coupling with iron oxide to produce meso-TiO2/Fe2O3 (from 

110 to 100 m2 g-1), and the BJH average pore diameter increased (from 7.8 to 8.6 nm) (Table 1). This may indicate 

pore filling during iron oxide precipitation. The surface area of Fe2O3 was 103 m2 g-1. FeOOH had the largest 

surface area at 127 m2 g-1, a large pore diameter at 21 nm, and no significant hysteresis, suggesting less micro- 

and mesoporosity than the other samples 59.  

STEM-EDS analysis was used to investigate the structure of the TiO2/Fe2O3 composite, in both point analysis and 

mapping modes (Figure 1). The ratio between Fe and Ti was quantified at a number of features using point analysis, 

which were grouped into three categories: (a) areas where Ti was present without Fe, indicating an exposed TiO2 

surface; (b) regions which were predominantly Ti with a small amount of Fe, suggesting a thin coating of Fe on 

the TiO2 surface; and (c) Fe-rich regions corresponding with bright features in the STEM image (i.e. high electron 

density), indicating Fe2O3 precipitates with a more particulate structure. Mesopores can be identified as dark spots 

(with ~10 nm diameter) in the lower right region of the STEM image 42. STEM-EDS analysis of additional 

particles is presented in the Supplementary Information, and all particles showed significant mixing of Ti and Fe. 

The overall aggregate particles can therefore be considered as TiO2 cores with an incomplete iron oxide coating, 

coupled with some larger, more particulate iron oxide surface precipitates.  

3.2. Mineral composition as a function of probing depth 
X-ray fluorescence spectroscopy (XRF), X-ray photoelectron spectroscopy (XPS), and low energy ion scattering 

(LEIS) were chosen to quantitatively determine the composition of meso-TiO2/Fe2O3 (prior to adsorption of 

arsenic), owing to their different penetration depths. XRF has a probing depth in the order of micrometres, and 

therefore corresponds to bulk analysis for these meso-scale particles 28. XPS probes the near surface, with a 

penetration depth of 1-10 nm, whilst LEIS is sensitive to the outermost surface (i.e. atomic-scale sensitivity) 28. 

Using meso-TiO2 and Fe2O3 reference samples as end-members, XRF analysis indicated that the bulk composition 

of the meso-TiO2/Fe2O3 composite was 51.6 ±2.6% Fe2O3 and 48.4 ±2.4% meso-TiO2 by mass. This is within 

error of the theoretical 50:50 mass ratio, based upon the quantities of reagents used. By comparing the intensity 

of Fe2p3/2 and Ti2p3/2 peaks with reference samples, XPS indicated a near surface composition of 58.7 ±2.6% 

Fe2O3 and 41.3 ±1.8% meso-TiO2. In the LEIS depth profile, the intensity of Fe and Ti peaks came to a plateau 

with a dose of 2-4 x1015 ions cm-2, corresponding to a sputter depth of 1-2 Å (Figure 2a). This is between one and 

two atomic layers. LEIS analysis indicated a composition of 68.0 ±0.7% Fe2O3 and just 32.0 ±0.3% meso-TiO2 at 

the outermost surface (Figure 2b).  

These results demonstrate that the surface of meso-TiO2/Fe2O3 is enriched in iron oxide relative to the bulk 

material (Figure 2c), agreeing with STEM-EDS analysis (Section 3.1). This iron oxide enrichment is analogous 

to the fine surface coatings encountered in natural sediments, which have caused previous problems in achieving 

accurate CA models using other characterisation techniques 9. Since Fe2O3 was precipitated from solution over a 

solid meso-TiO2 support, the observed iron oxide surface coating is not surprising. It is worth noting that despite 

being sensitive to the near surface, XPS only partially captured the total iron oxide enrichment. Since the 

penetration depth of XPS is on the same scale as the crystallite diameter (~12-14 nm), this suggests that much of 

the iron oxide surface coating is very thin (<10 nm). XRF, XPS and LEIS all provided good precision, as all 

uncertainties were less than 3% (calculated using Equation 2). 

3.3. Investigation of component additivity in surface charge 
Potentiometric titration curves for the meso-TiO2/Fe2O3 composite and reference samples are presented in Figure 

3a. The point of zero salt effect (pzse) was used as a measure of the point of zero charge. The pzse of all reference 

samples agreed with the literature, occurring at pH 4.80±0.14 for meso-TiO2; pH 8.88±0.16 for Fe2O3; and pH 
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9.05±0.35 for FeOOH 60 61. For meso-TiO2/Fe2O3, the pzse occurred at pH 7.32±0.12. Further details are provided 

in the Supplementary Information. 

To assess whether the surface proton excess of meso-TiO2/Fe2O3 obeys component additivity, experimental 

observations were compared with predicted results, calculated using a linear combination of reference samples 

(meso-TiO2 and Fe2O3, Equation 6). Three different CA predictions were calculated, where the weighting of meso-

TiO2 and Fe2O3 reference samples was set to each of the mass fractions determined previously: (i) in the bulk 

material (XRD); (ii) at the near surface (XPS); and (iii) at the outermost surface (LEIS) (Figure 3b, c, d). The 

accuracy of CA predictions increased in the order XRF<XPS<LEIS (Figure 4). When using the bulk mass ratio 

determined by XRF, the contribution of meso-TiO2 was overestimated, predicting a low pzse at pH 6.6. XPS 

predicted a pzse at pH 6.8. It was only when weighting the reference samples according to LEIS analysis that the 

predicted pzse was within experimental error (pH 7.2 versus pH 7.32±0.12). These results demonstrate that the 

surface protonation of meso-TiO2/Fe2O3 can be accurately modelled using the CA approach, but only when 

constrained to the outermost surface composition, due to the iron oxide surface coating. 

3.4. Investigation of component additivity in arsenic adsorption 
 

Adsorption isotherms were obtained to investigate whether LEIS characterisation of the outermost surface would 

also provide the most accurate CA prediction of arsenic adsorption onto meso-TiO2/Fe2O3. Langmuir and 

Freundlich adsorption isotherms were used: firstly, to allow component additivity to be assessed with fewer fitting 

variables than the SCM, and secondly, to investigate the adsorption mechanism. The Langmuir model describes 

a sorbate binding to a limited number of homogeneous surface sites. Once a monolayer has been formed, the 

sorbent is saturated and adsorption ceases. In contrast, the Freundlich model has no upper limit to adsorption and 

so can fit both monolayer adsorption to a heterogeneous surface 62 and multilayer sorption 63. Experiments were 

conducted at pH 7, being representative of the arsenic-contaminated groundwaters of the Bengal Basin 

(Bangladesh and India), with 0.01 M NaCl representing the approximate ionic strength of these groundwaters 64. 

The results are presented in Figure 5 and adsorption isotherm parameters are presented in Table 1. 

For As(V), differences between the goodness of fit in the Langmuir and Freundlich models were insignificant. 

The average coefficient of determination (R2) of the three reference sorbents was 0.749±0.093 for the Langmuir 

model, and 0.757±0.235 for the Freundlich model. However, the plateau in adsorption of As(V) at high Ce values 

suggested that As(V) primarily binds via monolayer adsorption, as per the Langmuir model (Figure 5a-b). There 

was no evidence of multilayer adsorption.  

In contrast, the Freundlich model gave a significantly better fit for adsorption of As(III) (R2=0.990±0.070 versus 

0.867±0.079 for Langmuir), with no adsorption plateau observed at high As(III) concentrations (Figure 5c-d). 

This suggests that As(III) adsorption proceeded either via monolayer adsorption onto a heterogeneous surface, or 

via multilayer formation. As the Langmuir model successfully fitted As(V) adsorption isotherms, suggesting that 

the surface of each sample was homogeneous, the Freundlich adsorption isotherm most likely indicates multilayer 

sorption of As(III) over all reference samples at pH 7.0±0.1 in 0.01 M NaCl. This is in agreement with multiple 

authors, who have identified As(III) as forming surface precipitates, or undergoing surface polymerisation, with 

iron oxide sorbents, starting at surface coverages between 1 and 10 μmol m-2 65 66 67. The strongest evidence for 

As(III) surface precipitation onto iron oxides is provided by Morin et al., where a combination of high resolution 

transmission electron microscopy (HR-TEM) and extended X-ray absorption fine structure (EXAFS) 

spectroscopy was used to identify an amorphous arsenic-rich coating over Fe3O4 nanoparticles. This arsenic 

(hydr)oxide coating was observed when As(III) adsorption exceeded 2 μmol m-2, and grew to a thickness of 10 

nm (pH 7.2, Ce=0.15 μM to 10 mM, 0.1 M NaCl) 67. In our work, adsorption isotherms were obtained with a 

maximum surface coverage of 4.9 μmol m-2 for Fe2O3 (Ce=370 μM) and 3.0 μmol m-2 for meso-TiO2 (Ce=650 

μM). Adsorption isotherms in the present work were therefore conducted beyond the threshold where As(III) 

surface precipitation has been previously identified. 

Evidence of As(V) surface precipitation is less frequently observed within the literature, though it is more likely 

at acidic pH 68. Mamindy-Pajany et al. observed surface precipitation behaviour for adsorption of As(V) onto 

Fe2O3 (starting at qe >3 μmol m-2, Ce >100 μM, pH 6, 0.01 M NaNO3) but not for FeOOH (with data obtained up 

to qe=1.4 μmol m-2 and Ce=150 μM) 69. In contrast, the adsorption isotherms reported by Jeong et al. show As(V) 

surface precipitation behaviour over Al2O3 (when qe >2.4 μmol m-2, Ce >53 μM, pH 5-9, no specific electrolyte) 

but not for Fe2O3 (with data up to qe=1.6 μmol m-2 only, Ce=6.7 μM) 70. Jia et al. identified formation of As(V) 

surface precipitates over iron hydroxides at acidic pH, but not at pH 8 68. This precipitate was identified as 

“amorphous” ferric arsenate (AsFeO4) or scorodite (FeAsO4·2H2O) using XRD 68. There was no evidence for 

multilayer adsorption of As(V) in our work, with adsorption isotherms reaching a definite plateau. At pH 7.0 ±0.1 

As(V) is deprotonated, and the repulsive negative charge between these oxyanions may explain why surface 
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precipitation is less likely than for As(III). As well as pH differences, reaction kinetics may also explain the 

inconsistent observations in the literature, since surface precipitation is significantly slower than monolayer 

surface adsorption 71. Bulk precipitation of As(V) and As(III) was observed neither in control experiments, nor in 

PHREEQC modelling (Supplementary Information).  

Component additive predictions for adsorption of arsenic onto meso-TiO2/Fe2O3 were calculated as a linear 

combination of meso-TiO2 and Fe2O3 adsorption isotherms, weighted according to material composition at the 

bulk, near surface and outermost surface (using Equation 6). As with surface charge, the most accurate CA 

predictions of As(V) adsorption were achieved when using the outermost surface (LEIS analysis) to weight each 

component within the model (Figure 5a, b). R2 values were 0.786, 0.826 and 0.861 for the XRF-, XPS- and LEIS-

weighted linear combinations, respectively.  

Unlike monolayer surface protonation and As(V) adsorption, multilayer As(III) adsorption failed to provide the 

most accurate CA prediction when LEIS was used to weight each component. The LEIS-weighted CA prediction 

overestimated experimental results (Figure 5c, d), with R2 values of 0.975, 0.968 and 0.956 for XRF-, XPS- and 

LEIS-weighted linear combinations of As(III) adsorption isotherms, respectively. Unlike monolayer adsorption, 

multilayer processes are influenced by sorbent morphology, e.g. pore size and surface roughness 72 73 74. The 

inaccuracy of LEIS can therefore be explained by differences between the surface morphology of reference 

samples and the composite meso-TiO2/Fe2O3 (Table 1). This is discussed further in section 3.6.  

Improvements in the accuracy of CA predictions using LEIS, for both surface charge and As(V) adsorption, 

highlight the importance of using surface-sensitive characterisation techniques to best constrain the contribution 

of each solid phase to the overall composite surface. Our results suggest that inappropriate component weighting 

will have limited the success of many previous CA models, e.g. studies using mass ratios of the bulk material will 

have failed to identify the surface enrichment of certain components. 

3.5. Determination of equilibrium constants for the surface complexation model 
Component additive SCMs describe the composite sorbent as a combination of surface components, and each 

surface component has its own adsorption equilibrium constants 9. In this work, equilibrium constants were 

obtained experimentally for the surface reactions of each meso-TiO2/Fe2O3 surface component, by fitting data 

collected using the single-component reference sorbents. In this work, each surface component was modelled 

using a SCM variant known as the extended triple layer model (ETLM) 49.  

Estimates of the surface site density were taken from the literature 41 50, and  equilibrium constants for surface 

hydroxyl (de)protonation were predicted using Sverjensky’s empirical formula 48. The inner capacitance (C1) of 

each reference sample, and equilibrium constants for electrolyte adsorption were determined by optimising 

potentiometric titration data with FITEQL (Supplementary Information). Surface charge titration curves were best 

modelled with C1 set to 0.9 F m-2 for FeOOH and 0.8 F m-2 for Fe2O3. This is close to the 1.0 F m-2 determined 

by Kanematsu et al. (FeOOH in 0.01 to 0.1 M NaNO3) 41, and the 0.9 F m-2 predicted by Sverjensky (Fe2O3 in 

NaCl) 51. Using the 0.01 M NaCl titration, meso-TiO2 was fit best with 1.3 F m-2. This agrees with the 1.31 F m-2 

for TiO2 (in 0.01 M NaCl) determined by Sverjensky et al. 75, and 1.2 F m-2 for rutile TiO2 (in 0.01-0.1 M NaCl) 

determined by Jonsson et al. 52. 

Equilibrium constants for the surface complexation of arsenic were determined by fitting the ETLM to 

experimental pH adsorption edges. The optimised SCM gave a good fit for the adsorption of As(V) onto FeOOH 

(Figure 6a). As(V) adsorption was greatest at acidic pH, owing both to the electrostatic attraction between positive 

mineral surface and negative As(V) oxyanion, and to the availability of protons needed to form bidentate 

(>SO)2AsO2H and (>SO)2AsO2
- surface complexes from aqueous H2AsO4

- and HAsO4
2-. Results were similar for 

Fe2O3, with a good fit above pH 4 (Figure 6b). Between pH 3 and 4, the high removal of As(V) by Fe2O3 (up to 

99%) was not matched by the ETLM. This may be due to As(V) surface precipitation at acidic pH, as discussed 

in section 3.4. Compared with FeOOH, the (>SO)2AsO2H and >SOAsO3
2- surface complexes were more and less 

significant, respectively, when fitting the pH adsorption edge of Fe2O3. For meso-TiO2, experimental data was 

successfully modelled without the protonated (>SO)2AsO2H complex. This complex was therefore ommitted in 

order to reduce the number of fitted parameters. At pH 7, the proportion of adsorbed As(V) present as negative 

species increased in the order Fe3O4<FeOOH<meso-TiO2. This matches the order of increasing inner-capacitance, 

C1. With the highest capacitance, meso-TiO2 best accommodates the negative charge of (>SO)2AsO2
- and 

>SOAsO3
2-.  

The optimised ETLM provided a good fit for the adsorption of As(III) onto FeOOH, with (>SO)2AsO- as the 

major complex (Figure 6d). In contrast, the (>SO)2AsO- complex was less important for Fe2O3 than the 

(>SO)2AsOH and >SOH2
+---AsO(OH)2

- complexes (Figure 6e). Again, this correlates with the higher capacitance 

of FeOOH, which better accommodates negatively charged surface complexes. The hydrogen-bonded >SOH2
+--
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-AsO(OH)2
- complex was most prevalent for meso-TiO2, where innersphere (>SO)2AsO- only dominated below 

pH 7 (Figure 6f). A good experimental fit could not be achieved when substituting the hydrogen-bonded complex 

for monodentate >SOAsO2
-. As with As(V), meso-TiO2 did not require a protonated bidentate complex (i.e. 

(>SO)2AsOH) to achieve the best possible fit for the As(III) adsorption edge, and this complex was therefore 

omitted.  

All SCM parameters are presented in Table 2. 

3.6. Modelling multilayer arsenic(III) adsorption 
The SCM parameters obtained using pH adsorption edges were validated by predicting adsorption isotherms and 

comparing the results against experimental observations. The model successfully predicted the experimental As(V) 

adsorption isotherms for all single-component reference samples (FeOOH, Fe2O3 and meso-TiO2, Supplementary 

Information). In contrast, the extent of As(III) adsorption was significantly underestimated for all reference 

samples: the SCM approximated the form of the Langmuir adsorption isotherm with a definite plateau, failing to 

capture the observed Freundlich behaviour (Supplementary Information, Figure S22). The difference between 

model and experimental observations is attributed to multilayer As(III) adsorption, and demonstrates a limitation 

in using surface complexation reactions determined from pH adsorption edges. SCMs are typically limited 

mechanistically to monolayer adsorption (there is no more than one surface complex per surface site, and 

adsorption ceases once all sites are occupied). However, several studies have identified As(III) surface 

precipitation on minerals including Fe2O3, as discussed in section 3.4 
67 65 66. This discrepancy between 

experimental data and the ETLM prediction of As(III) adsorption at high concentrations is observed in other data 

sets such as Sverjensky and Fukushi, 2006 (see figures 3b, 4b and 5c in their paper) 66. Accurate CA-SCMs require 

accurate single-component reference SCMs, and therefore, multilayer adsorption of As(III) was introduced into 

our model (Equation 17). 

Farley et al. and Lützenkirchen and Behra previously developed surface precipitation models to account for the 

experimentally observed adsorption of metal cations onto metal (hydr)oxide surfaces. These models sucessfully 

approximated the observed Freundlich and BET isotherms, rather than the Langmuir isotherm 76 71. In the surface 

precipitation model, formation of each surface complex generates a new surface site for further sorbate binding. 

These previous studies considered the mineral surface as a solid solution. As adsorption progresses, the surface 

transitions from pure sorbent towards a bulk sorbate precipitate. In the solid solution model, precipitation and 

dissolution reactions of both sorbate and sorbent surface are included, and the activity of each component within 

the solid solution is a function of its mass fraction.  

Sorbent dissolution was considered unlikely in this work. Previous studies have shown that: at pH 3, suspensions 

of 40 m2 L-1 TiO2 release <10 nM titanium into solution 77; at pH 5, suspensions of 10 g L-1 FeOOH release <1 

nM iron per hour 78; at pH 2.4, after 20 hours, suspensions of 5 g L-1 Fe2O3 release <3 μM iron 79. These 

concentrations are all far lower than the 100-600 μM As(III) used in this work and were all observed at acidic pH 

(whereas pH 7 was used in this work). Therefore, rather than modelling the system as a solid solution (i.e. 

including sorbent dissolution reactions), multilayer sorption was modelled using the simpler Equation 17. This 

reaction was added to the SCM, and a surface precipitation equilibrium constant was obtained for each single-

component reference sorbent by fitting the experimental adsorption isotherm, accounting for the difference 

between the total extent of As(III) adsorption observed experimentally, and the smaller quantity predicted by the 

monolayer-only SCM. Including this surface precpitation reaction allowed the experimental adsorption isotherms 

of all three reference samples to be successfully reproduced (Supplementary Information).  

The optimised equilibrium constants for surface precipitation increased in the order FeOOH<Fe2O3<meso-TiO2 

(Table 2), which corresponds to the steepness observed in the Freundlich isotherm of each sorbent. This also 

correlates with surface morphology, as pore sizes decreased in the order FeOOH>Fe2O3>meso-TiO2 (21, 9 and 8 

nm respectively). Smaller pores provide increasingly concaved surfaces with smaller contact angles, promoting 

adsorption and surface precipitation 72. This suggests that the surface precipitation equilibrium constants may be 

conditional, depending upon the morphology of each sample. 

We have not directly identified surface precipitation in this work (e.g. spectroscopically), and the principal 

purpose of modelling surface precipitation was to provide single-component SCMs that reproduce the 

experimental adsorption isotherms, in order to develop the final CA-SCM. In line with Morin et al., who identified 

an amorphous As(III) mineral surface precipitate formed on Fe3O4, we have provisionally labelled this surface 

precipitate as “As2O3” 
67

.  
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3.7. Accuracy of the component additive surface complexation model, constrained 

using low energy ion scattering 
To assess the accuracy of the CA-SCM, meso-TiO2/Fe2O3 adsorption isotherms were modelled and compared 

against experimental observations. In the CA-SCM, the total surface area of meso-TiO2/Fe2O3 (100 m2 g-1) was 

divided between meso-TiO2 and Fe2O3, according to the mass ratios calculated using XRF, XPS, and LEIS 

analysis. The SCM parameters used to model meso-TiO2/Fe2O3 (site density, capacitance and all equilibrium 

constants) were all experimentally determined using the single-component reference sorbents (i.e. the CA-SCM 

uses the parameters determined in sections 3.5 and 3.6, and presented in Table 2). The density of surface sites was 

maintained as 3.0 sites nm-2 for meso-TiO2 and 4.0 sites nm-2 for Fe2O3, i.e. assuming that the concentration of 

surface hydroxyls per unit area in the reference samples and the composite sorbent is equivalent. The CA-SCM 

was modelled using separate electrical double layers for meso-TiO2 and Fe2O3 surface components, as overlap is 

not considered to be significant 10. For completeness, a comparison of results obtained using discrete and shared 

electrical double layers is given in the Supplementary Information.  

The adsorption isotherms predicted by the final CA-SCM are presented in Figure 7, with the goodness of fit, and 

errors between experimental and calculated results presented in Table 3. The accuracy of the CA-SCM towards 

modelling As(V) adsorption improved with surface-sensitive component weighting, in the order XRF<XPS<LEIS 

(Figure 7a). In the LEIS-weighted CA-SCM, the root-mean-square error (RMSE) was 0.12 μmol m-2, or 8.3%. 

As(V) adsorption was overestimated when Ce<60 μM, and overestimated when Ce>60 μM. When compared with 

XRF (representing the bulk mass ratios used in most previous CA-SCM studies), using LEIS to weight the CA-

SCM reduced the average absolute error by 82%, the average relative error by 96%, and the RMSE by 42%. These 

results indicate that CA-SCM accuracy is improved when components are weighted acording to surface-sensitive 

analysis (ideally the outermost surface, i.e. using LEIS). The speciation and partitioning of adsorbed As(V) in the 

CA-SCM is presented in Figure 7b. 

Much like the linear combination of Freundich adsorption isotherms, LEIS-weighting failed to provide the most 

accurate CA-SCM for As(III) adsorption, systematically overestimating the experimental results (Figure 7c). 

Consequently, the accuracy of the CA-SCM decreased when using LEIS, instead of XRF, to weight components 

(Table 3). Section 3.6 discussed how the equilibrium constant for the As(III) surface precipitation reaction is 

correlated with sorbent morphology: larger pore sizes result in smaller equilibrium constants. Some of the porosity 

of meso-TiO2 is lost in the composite material, due to pore filling by Fe2O3 (section 2.1). This implies that the 

equilibrium constants obtained for the adsorption of As(III) onto the reference samples are too large for the 

composite system, resulting in the positive error that is observed in the CA-SCM predictions. This is an important 

finding, as it suggests that when the morphology and porosity of composite and reference samples are different, 

CA models are likely to fail in their description of multilayer adsorption processes.   

4.  Conclusions 
We developed a component additive (CA) model for the adsorption of arsenic onto a composite sorbent, using 

parameters obtained from single-component reference sorbents. The key finding is that CA models are best 

constrained when surface-sensitive analytical techniques are used to quantify the sorbent composition: In this 

work, the LEIS-weighted CA model predicted monolayer As(V) adsorption and surface acidity most accurately. 

CA models should not be weighted according to the mass ratio of the bulk material: In this work, bulk analysis 

(using XRF) failed to identify a fine iron oxide surface coating, resulting in significant inaccuracies. Near surface 

analysis using XPS provides better constraints than the mass ratio of the bulk material. The CA-SCM overstimated 

multilayer As(III) adsorption, since the morphologies of the composite sorbent and reference samples were 

different. 

Surface-sensitive analytical techniques offer a number of improvements over previous approaches to CA-SCM 

weighting. Firstly, unlike mass ratios, the significance of fine precipitates and surface coatings is captured 9 10 24. 

Secondly, unlike chemical extraction, the technique is precise, and the probing depth is known 9 24. Thirdly, LEIS 

and XPS can quantify ternary sorbent surfaces, which cannot be characterised using adsorption isotherms alone 
25. Future work should use surface-sensitive analytical techniques to develop increasingly accurate component 

additive models. These models should be used to (a) investigate the adsorption mechanisms of composite sorbents, 

and (b) engineer high performing multifunctional sorbents.  
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6. Tables 
Sample FeOOH Fe2O3 Meso-TiO2 Meso-TiO2/Fe2O3 

BET-specific surface area 

(m2 g-1) 
127 103 110 100 

BJH-specific average 

pore diameter (nm) 
21.2 8.9 7.8 8.6 

Langmuir adsorption isotherm parameters for As(V)  

KL (μM-1) 0.961 ±0.232 0.126 ±0.030 0.0536 ±0.009 0.070 ±0.015 

Qmax (μmol m-2) 1.97 ±0.08 2.08 ±0.07 1.21 ±0.04 1.81 ±0.05 

R2 (linear form) 1.000 0.999 0.999 0.991 

R2 (Ce vs qe) 0.623 0.763 0.849 0.654 

Qmax (mg g-1) 18.7 ±0.8 16.1 ±0.5 9.62 ±0.3 13.6 ±0.4 

Freundlich adsorption isotherm parameters for As(III)  

n 5.71 ±0.28 4.26 ±0.26 3.61 ±0.19 3.51 ±0.11 

KF  

(μmol m-2 μM -1/n) 
1.11 ±0.08 1.19 ±0.08 0.49 ±0.04 0.69 ±0.03 

R2 (linear form) 0.975 0.988 0.977 0.994 

R2 (Ce vs qe) 0.907 0.979 0.992 0.996 
Table 1: Adsorption isotherm parameters (Langmuir model for As(V) adsorption and Freundlich model for As(III) adsorption). 

Adsorption isotherm parameters were calculated using Ce in μM and Qe and Qmax in μmol mol-2 for easier comparison with 

literature sorbents differing in surface area. Adsorption isotherm parameters were calculated using 7-12 experimental data 

points, and uncertainties (expressed as one standard deviation, or 1σ) were determined using the nonlinear regression Monte 

Carlo method described by Hu et al. 80. 

Aqueous phase reactions * 

log β +H+ +2H+ +3H+ 

AsO4
3– 11.60 18.35 20.60 

AsO3
3– 13.41 25.52 34.74 

Surface reactions 

 Material FeOOH Fe2O3 meso-TiO2 

Physical 

properties 

BET-specific surface area  

(m2 g-1) 
127 103 110 

Site density (sites nm-2) 4.0 4.0 3.0 

Capacitance 
C1 (F m-2) 0.9 0.8 1.3 

C2 (F m-2) 0.2 0.2 0.2 

Surface charge 

and electrolyte 

adsorption 

logK1 5.59 (6.3) 5.48 (6.09) 1.13 (1.65) 

logK2 -12.6 (11.9) -12.3 (11.7) -8.47 (7.95) 

logKM 
-8.79 ±0.24 

(3.82) 

-8.81 ±0.08 

(3.50) 

-4.88 ±0.19 

(3.59) 

logKL 9.10 ±0.19 (3.51) 8.51 ±0.05 (3.02) 4.37 ±0.32 (3.24) 

As(V) surface 

complexation 

logK(>SO)2AsO2
−  11.9 (2.71) 10.3 (1.33) 11.0 (10.74) 

logK(>SO)2AsO2H 11.8 (2.61) 11.8 (2.83) - 

logK>SOAsO3
2−   6.12 (0.53) 2.20 (-3.29) 5.00 (3.87) 

As(III) surface 

complexation 

logK(>SO)2AsO−  4.67 (-4.52) 2.41 (-6.56) 6.20 (5.94) 

logK(>SO)2AsOH 7.93 (-1.26) 8.40 (-0.57) - 

logK>SOH2
+−−−AsO(OH)2

−    5.49 (-0.104) 5.44 (-0.045) 3.75 (2.62) 

As(III) surface 

precipitation 
logKppt 2.28 3.05 3.32 

Table 2: Surface complexation modelling parameters for the ETLM. All surface complexation constants are presented in the 

hypothetical 1.0 M standard state (logK0) used in FITEQL, and equilibrium constants for the site-occupancy standard state 

(logKθ) are presented in parentheses.  
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*aqueous speciation constants are taken from Dixit and Hering 54, in turn from Schecher and McAvoy 55. Electrolyte 

adsorption constants were calculated from the average of 3 titrations, arsenic surface complexation constants were 

calculated from pH adsorption edges with 14 or 15 experimental data points each, and As(III) surface precipitation 

constants were calculated from adsorption isotherms with 11 to 17 data points. Uncertainties in logKM and logKL were 

calculated as the standard deviation between three potentiometric titrations at different ionic strengths. Values of FITEQL’s 

error function, Vy, were calculated when fitting the SCM to experimental data, and are presented and discussed in the 

Supplementary Information. 

Table 3: Accuracy of the CA-SCM with components weighted by XRF (bulk), XPS (near surface) and LEIS (outermost surface) 

analysis. Errors represent the difference between the adsorption isotherms predicted by each model and the experimental data 

points. The root mean square error (RMSE) was calculated using the formula 𝑅𝑀𝑆𝐸 = √∑
(𝑦𝑖−ŷ𝑖)2

𝑛
𝑛
𝑖=1 , where yi is the 

experimental observation, ŷ is the predicted result, n is the number of data points (8 for As(V) and 10 for As(III)), and i is the 

unique index assigned to each data point. 

Sorbate Property XRF XPS LEIS 
% change in error  

(LEIS-weighting vs. XRF) 

As(V) 

R2 0.6706 0.8005 0.8886 - 

average absolute error 

(μmol m-2) 
-0.16 ±0.13 -0.10 ±0.13 -0.029 ±0.12 -82 

average relative error (%) -9.4 ±7.5 -5.5 ±8.1 -0.4 ±8.9 -96 

RMSE (μmol m-2) 0.20 0.16 0.12 -42 

RMSE (%) 12 9.3 8.3 -29 

As(III) 

R2 0.9767 0.9553 0.9013 - 

average absolute error 

(μmol m-2) 
0.11 ±0.16 0.22 ±0.14 0.37 ±0.12 230 

average relative error (%) 7.9 ±11 13 ±11 20 ±12 150 

RMSE (μmol m-2) 0.19 0.26 0.38 106 

RMSE (%) 13 17 23 79 

7. Figures 
 

(a) 

 

(b)  

 

(c)  (d)  
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Figure 1: STEM-EDS analysis of meso-TiO2/Fe2O3. (a) STEM image with Fe:Ti ratios determined by STEM-EDS point 

analysis. Red labels denote Fe-majority regions, green labels denote Ti-majority regions and blue labels denote Ti-only 

regions. (b) TEM image of the same particle. STEM-EDS mapping of (c) Ti and (d) Fe. STEM-EDS analysis of further particles 

is provided in the Supplementary Information. 
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(a) 

 

(b) 

 

   

 (c) 

 

 

Figure 2: Mineral composition as a function of probing depth: (a) The LEIS depth profile of meso-TiO2/Fe2O3 and reference 

samples. (b) LEIS determination of the outermost surface composition using the areas of the Fe and Ti peaks. (c) A comparison 

of the composition of meso-TiO2/Fe2O3 in the bulk material, and at the near and outermost surfaces, using XRF, XPS and LEIS 

analysis respectively. 

(a) 

 

(b) 
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(c) 

 

(d) 

 
Figure 3: Component additivity in surface charge, determined by potentiometric titration. (a) A comparison of meso-

TiO2/Fe2O3 and single-component reference samples. The surface charge of meso-TiO2/Fe2O3 was predicted using a linear 

combination of single-component reference samples, weighted according to (b) the bulk composition (XRF analysis), (c) the 

near-surface composition (XPS analysis), and (d) the outermost surface composition (LEIS analysis). Titrations were carried 

out in 0.1 M NaCl (squares), 0.05 M NaCl (circles) and 0.01 M NaCl (triangles). All experiments were conducted with 10 g 

L-1 sorbent. All titrations shown are forwards titrations using 0.1 M NaOH. 

 

Figure 4: The goodness of fit between the component additive predictions of meso-TiO2/Fe2O3 surface processes and 

experimental observations. R2 indicates the coefficient of determination. Component additive predictions weighted according 

to XRF, XPS and LEIS analysis are compared. Values of R2 were calculated for surface charge (potentiometric titrations), 

As(V) adsorption isotherms (modelled with both the Langmuir adsorption isotherm and the CA-SCM), and As(III) adsorption 

isotherms (modelled with both the Freundlich adsorption isotherm and the CA-SCM). 
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(a)

 

(b) 

 
(c) 

 
 

(d) 

 

Figure 5: Component additivity in adsorption isotherms, with meso-TiO2/Fe2O3 (red squares), meso-TiO2 (green circles) and 

Fe2O3 (blue diamonds). Solid coloured lines indicate the results of adsorption isotherm fitting, whilst component additive 

predictions are shown using LEIS- (black solid lines), XPS- (dashed lines) and XRF- (dotted lines) weighted linear 

combinations of the single-component reference samples. (a) and (b) show the Langmuir fit for As(V) adsorption, whilst (c) 

and (d) show the Freundlich fit for As(III) adsorption. All experiments were conducted in 0.01 M NaCl, with 1 g L-1 sorbent, 

and pH 7.0 ±0.1. The average absolute uncertainty in Ce was 2.5±4.4 μM, and the average relative uncertainty was 5.2±7.8%. 

The average absolute uncertainty in qe was 0.022±0.040 μmol m-2, and the average relative uncertainty was 1.3±2.6%.  
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(a)  

 

(b)  

 
(c)  

 

(d)  

 
(e)  

 

(f)  

 
Figure 6: Determination of arsenic surface complexation constants using pH adsorption edges for As(V) (a, b and c) and 

As(III) (d, e and f). Experimental data is presented as total As (grey circles) and adsorbed As (black squares). The model is 

presented as both total adsorbed As (black solid lines), and individual surface complexes, which are presented as bidentate 

protonated species (green long dashed lines), bidentate deprotonated species (red short dashed lines) and monodentate species 

(blue dotted lines).The total concentration of As in the model is presented as the grey dashed line.Conditions were 0.01 M 

NaCl and 1 g L-1 sorbent. pH was measured to two decimal places. The average absolute uncertainty in the concentration of 

adsorbed As(III) was 1.8±5.8 μM, and the average relative uncertainty was 2.4±4.1%.  
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(a)

 

(b) 

 
(c)

 

(d) 

 
Figure 7: A comparison of adsorption isotherms predicted by the component additive surface complexation model (CA-SCM) 

and the experimental results. (a) As(V) adsorption predicted by the XRF-, XPS- and LEIS-weighted models, and (b) the 

partitioning and speciation of adsorbed As(V). (c) As(III) adsorption predicted by the XRF-, XPS- and LEIS-weighted models, 

and (d) the partitioning and speciation of adsorbed As(III). Conditions were 0.01 M NaCl, 1 g L-1 sorbent and pH 7.0 ±0.1. 
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