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Supporting information: 

 

1. Characterization of goethite Bayferrox 920 Z: 

Specific surface area, determined by N2-BET: 9.2 m²/g 

Total organic carbon content: 0.013% 

 

TABLE S1: XRF analysis of goethite Bayferrox 920 Z (± 0.15% analytical error) 

        

SiO2 (%) TiO2 (%) Al2O3 (%) Fe2O3 (%) MnO (%) MgO (%) CaO (%) Na2O (%) 

0.09 0.05 0.00 99.22 0.07 0.13 0.00 0.21 
        
        

K2O (%) P2O5 (%) Ba (PPM) Co (PPM) Cr (PPM) Ni (PPM) Zn (PPM)  

0.00 0.03 0 0 208 623 81  

 

 

2. Addition of Fe(II) to goethite, mineral surface coverage, and potential for Fe(OH)2 

precipitation 

The total amount of Fe(II) added to the goethite before As(III) addition was 2 mM, of which 

about 1 mM was removed from solution and reacted with goethite prior to arsenic addition.  

The amount of Fe(II) reacted was in excess of the amount of Fe(II) needed to form one 

monolayer coverage of sorbed (and reacted) Fe(II). Assuming 1.7 sites per nm2 (1), 

approximately 0.14 mM mineral surface sites were present in our experiment, which is much 

lower than the 1 mM of aqueous Fe(II) removed (taken up by the goethite) upon addition of 2 

mM Fe(II) resulting in a Fe(II)/Fe(III) mineral surface site ratio of 7.1 (assuming one Fe2+ per 

binding site). Therefore, sorption and reaction of Fe(II) continued beyond the artificial 

monolayer reference point leading to a significant oversaturation of the goethite mineral 

surface with Fe(II). From the 57Fe(II)-56goethite experiment, we know that 95% of the sorbed 

Fe(II) was oxidized to goethite and 5% formed an unidentified Fe(II) species.   



Potential for Fe(OH)2 precipitation: 

Fe(OH)2 (S)  ↔  Fe2+ + 2OH- 

Fe2+ in solution in the goethite suspension: 1.0 mM, pH 7.0 

Q = [Fe2+]*[OH-]2 = 0.001 * (10-7)2 = 1*10-17 

Solubility constant for Fe(OH)2: KSP (Fe(OH)2) = 1*10-15 

Q < KSP, therefore the system is undersaturated with respect to Fe(OH)2(s) with the Fe(II) 

concentration of ~ 1 mM at pH 7, so it is unlikely any Fe(OH)2(s) precipitated to be a reactive 

phase.   

 

3. Mössbauer and XAS data analysis and fitting 

TABLE S2: Mössbauer fitting data for the spectrum presented in Fig. 2a (temperature: 77K) 

  CS stdev QS stdev H stdev abundance stdev 
phase mm/s mm/s mm/s mm/s T T % % 

         

         

goethite 0.493 0.001 -0.19 0.002 48.22 0.01 94.81 0.02 

Fe(II) 
doublet 1.26 fixed 2.69 0.050 -- -- 5.19 0.02 

         

CS: center shift                                            QS: quadrupole splitting distribution 
H: hyperfine magnetic field                         Stdev: standard deviation 

 

XAS data analysis 

Energy selection at the iron K-edge was accomplished with a Si (111) monochromator, and 

spectra were recorded in transmission mode using ion chambers. A set of iron reference 

compounds was used to perform linear combination k3-weightened EXAFS spectral fitting 

using the SIXPACK interface to IFEFIT (2). Fe-EXAFS data are ±5% and the 

detection limit is approximately 5 mol% Fe (3-5). A Si(220) monochromator was utilized for 

energy selection at the arsenic K-edge. Incident and transmitted intensities were measured 

with 15-cm N2-filled ionization chambers. Sample fluorescence was measured with a 30-

element Ge detector containing a 6-μm Ge filter. Higher harmonic components in the X-ray 



beam were minimized by a harmonic rejection mirror. As XANES spectra were collected by 

scanning across the K-edge (11,867 eV) using 0.2-eV steps. Spectral processing and data 

analyses were conducted with the program SixPack (2). The background was removed from 

the spectrum before normalization using a Gaussian fit for the pre-edge and a quadratic fit for 

the postedge. Arsenic speciation was done by comparing white line features of the model 

compounds arsenate (as Na2HAsO4 or AsO4
3- adsorbed to goethite) and arsenite (as NaAsO2 

or AsO2- adsorbed to goethite), as previously shown valid for identifying arsenic oxidation 

states (6).  



4. Beam induced As(III) oxidation was prevented by a He cryostat.  

The use of a He cryostat maintained at 5 K during the data collection helped to prevent 

sample beam damage (i.e., beam induced redox reactions). The impact of using a He cryostat 

is illustrated in Figure S1. 
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a). Without use of He cryostat 
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b). With use of He cryostat (5K) 

FIGURE S1: (a) Six As-XANES scans (sweeps) of a sample containing goethite, Fe(II), and 

As(III) without the use of a He cryostat clearly shows beam-induced As(III) oxidation by the 

increasing amount of As(V) in the sample after each sweep. (b) Two sweeps of a sample 

containing goethite, Fe(II), and As(III) with the concurrent use of a He cryostat (maintained at 

5K) clearly shows that there is no beam-induced As(III) oxidation (same As(III) concentration 



after multiple sweeps). In addition, systems containing only goethite and As(III) did not show 

any As(V) after multiple sweeps when using a He cryostat (see Figure 1 in the manuscript). 

 

5. Gibb’s free energy for redox reactions of various iron minerals with As(III) 

To estimate whether As(III) oxdiation is thermodynamically favorable with possible 

Fe(III)-bearing oxides in our system, we calculated the Gibb’s free energy of formation (see 

below) for oxidation reactions of As(III) with goethite, ferrihydrite, aqueous Fe(OH)3, 

magnetite, and chloride green rust (chosen due to the presence of chloride in our system). 

Actually, at standard conditions, As(III) oxidation is thermodynamically favorable for all 

these Fe(III) species. However, under the conditions of our system (micromolar As(III) and 

As(V) concentrations), As(III) oxidation becomes thermodynamically unfavorable (see 

calculations below Table S3).  Therefore we cannot conclude that any of these Fe(III) species 

is the responsible oxidant based on our calculations alone. 

 

TABLE S3: Gibb’s free energy of formation (G°f) for compounds [kJ/mol]: 

    

H3AsO3 (+ -640 Fe(OH)3(aq) (~     -659.4 

H2AsO4
- (+ -748.5 Fe(OH)3(S) (~  -699 

H2O (~   -237.18 FeO(OH) (~    -488.6 

Fe2+ (~     -78.87 Fe3O4 (~  -1012.6 

Cl- (~   -131.2 Fe4(OH)8Cl (* -2146 
    
    

* from (7) 
+ from (8) 
~ from (9) 
 

 



Conditions in solution: 

- Initially: c(H3AsO3) = 16 µM; c(Fe2+) = 1.0 mM; pH = 7.0 

- Arsenic speciation after reaction stopped: approximately 85% As(III), 15% As(V) 

 c(H3AsO3) = 13.6 µM, c(H2AsO4
-) = 2.4 µM 

 

a) Dissolved Fe(OH)3 (assumed concentration: 1*10-8 M) 

H3AsO3 + 2Fe(OH)3 + 3H+ → H2AsO4
- + 2Fe2+ + 5H2O 

(-748.5 + 2*(- 78.87) + 5*(- 237.18)) – (- 639.9 + 2*(-659.4)) = -133.44 kJ/mol = ΔG° 

ΔG = ΔG° + 5.71 * log{([H2AsO4
-]*[Fe2+]2) / ([H3AsO3]*[Fe(OH)3]2*[H+]3)} 

= -133.44 + 5.71 * log{(2.4*10-6 * (1*10-3)2) / (13.6*10-6 * (10-8)2 * (10-7)3) 

= 39.27 kJ/mol 

 

b) Ferrihydrite 

H3AsO3 + 2Fe(OH)3 + 3H+ → H2AsO4
- + 2Fe2+ + 5H2O 

(-748.5 + 2*(- 78.87) + 5*(- 237.18)) – (- 639.9 + 2*(-699)) = -54.24 kJ/mol = ΔG° 

ΔG = ΔG° + 5.71 * log{([H2AsO4
-]*[Fe2+]2) / ([H3AsO3]*[H+]3)} 

= -54.24 + 5.71 * log{(2.4*10-6 * (1*10-3)2) / (13.6*10-6 * (10-7)3) 

= 27.11 kJ/mol 

 

c) Goethite 

H3AsO3 + 2FeO(OH) + 3H+ → H2AsO4
- + 2Fe2+ + 3H2O 

(-748.5 + 2*(- 78.87) + 3*(- 237.18)) – (- 639.9 + 2*(-488.6)) = -0.68 kJ/mol = ΔG° 

ΔG = ΔG° + 5.71 * log{([H2AsO4
-]*[Fe2+]2) / ([H3AsO3]*[H+]3)} 

= -0.68 + 5.71 * log{(2.4*10-6 * (1*10-3)2) / (13.6*10-6 * (10-7)3) 

= 80.67 kJ/mol 

 



d) Magnetite 

H3AsO3 + Fe3O4 + 5H+ → H2AsO4
- + 3Fe2+ + 3H2O 

(-748.5 + 3*(- 78.87) + 3*(- 237.18)) – (- 639.9 + (-1012.6)) = -44.15 kJ/mol = ΔG° 

ΔG = ΔG° + 5.71 * log{([H2AsO4
-]*[Fe2+]2) / ([H3AsO3]*[H+]3)} 

= -44.15 + 5.71 * log{(2.4*10-6 * (1*10-3)3) / (13.6*10-6 * (10-7)5) 

= 100.01 kJ/mol 

 

e) Green rust (assumed Cl- concentration is 2.87*10-3 M) 

H3AsO3 + 2Fe4(OH)8Cl + 13H+ → H2AsO4
- + 8Fe2+ + 15H2O + 2Cl- 

(-748.5 + 8*(- 78.87) + 15*(- 237.18) + 2*(-131.2)) – (- 639.9 + 2*(-2146)) = -267.66 kJ/mol 

ΔG = ΔG° + 5.71 * log{([H2AsO4
-]*[Fe2+]8*[Cl-]2) / ([H3AsO3]*[H+]13)} 

= -267.66 + 5.71 * log{(2.4*10-6 * (1*10-3)8 * (2.87*10-3)2) / (13.6*10-6 * (10-7)13) 

= 81.58  kJ/mol 

 

6. As(III)/As(V) and Fe(II)/goethite redox couples 

Figure S2 shows arsenic redox potentials depending on the speciation of arsenic. These Eh-pH 

diagrams were calculated for either As(V):As(III) ratio of 1200:1 (representing the initial 

conditions of the As(V) reduction experiment), 1:1200 (representing the initial conditions of 

the As(III) oxidation experiment, and 15:85 (representing the conditions of the As(III) 

oxidation experiment when As(III) oxidation stopped). The ratios of 1200:1 and 1:1200 were 

calculated using the initial concentrations of 16 µM As(V) or As(III), respectively, and (since 

we did not detect As(V) in the As(III) stock solution and no As(III) in the As(V) stock 

solution) the detection limit of the ICP-MS measurements of 13 nM (1 µg/L) for As(III) and 

As(V), respectively. The redox potential for Fe(II)/goethite was calculated using the Nernst 

equation and the redox potential of goethite, -274 mV (pH 7) given by (10), in the presence of 



1 mM dissolved Fe(II). Calculations yielded +80 mV (pH 6), -97 mV (pH 7), and -274 mV 

(pH 8) for the equation FeOOH +3H+ + e-   Fe2+ + 2H2O.  

Under our experimental conditions, reduction of As(V) by Fe(II) associated with goethite 

would be expected. However, in our experiments we did not see this reaction occurring 

probably due to kinetic constraints or due to the fact that these simplified thermodynamic 

calculations are only considering dissolved As species, dissolved Fe2+ and goethite minerals 

which doesn’t accurately represent the reactive mineral surface species relevant for these 

systems. 

Redox potentials of goethite and Fe(II)/goethite mixtures are close to the redox potential of 

the As(III)/As(V) redox couple. Therefore goethite itself and Fe(II)/goethite mixtures as 

present in our experiments could potentially oxidize As(III) until thermodynamic constraints 

(as shown e.g. in Fig. S2c) limit further As(III) oxidation. However, our experimental results 

showed that goethite itself did not oxidize As(III). We observed As(III) oxidation in 

Fe(II)/goethite systems and believe that a reactive intermediate formed upon addition of Fe(II) 

to goethite is responsible for As(III) oxidation. The observed As(III) oxidation is therefore 

most likely due to the formation of a surface complex or a secondary precipitate as discussed 

in the manuscript that can cause a thermodynamically favorable reaction to happen that is not 

kinetically constrained (i.e., activation barrier is low). 

In summary, these thermodynamic calculations indicate that based on the fact that the 

Fe(II)/goethite and As(III)/As(V) redox couples are very close, small changes in the goethite 

surface structure (e.g. by formation of a reactive intermediate upon addition of Fe(II) as 

suggested in our manuscript) influence the surface redox potential and therefore the redox 

reactions between arsenic and Fe(II)/goethite systems. In addition, it is very important to also 

consider the fact that a small error in the published ΔGf values could lead to a less or more 

thermodynamically favorable reaction as we will here demonstrate for goethite: 



ΔG = - nFE 

n = number of electrons = 2 

F = Faraday = 96485 C/mol 

E = 1 mV = 0.001 V = 0.001 J/C 

ΔG = -2 * 96485 C/mol * 0.001 J/C = -193 J/mol = -0.193 kJ/mol 

Thus, a difference of 1 mV makes a difference of 0.193 kJ/mol. 

The difference of ca. 25 mV between the two stability lines at pH = 7 in Figure S2b 

corresponds to 4.82 kJ/mol. Compared with e.g. goethite, which has a ΔG of formation of 

488.6 kJ/mol, this corresponds to an error of only 1%. 

 

 

 



 

FIGURE S2: Eh-pH diagrams for As(V):As(III) ratios of (a) 1200:1 representing the initial 

conditions of the As(V) reduction experiment, (b) 1:1200 representing the initial conditions of 

the As(III) oxidation experiment, and (c) 15:85 representing the conditions of the As(III) 

oxidation experiment when As(III) oxidation stopped. The dashed line indicates the Eh for the 

Fe(II)/goethite redox couple at a concentration of 1 mM Fe2+. 
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