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Figure S1: TEM images of (a) Hematite1 (b) Anatase2 
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Table S1: The percentage of total Fe solubility 

System % total Fe solubility 

 Dark condition Light condition 

 deoxygenated oxygenated deoxygenated oxygenated 

 without 

TiO2 

with 

TiO2 

without 

TiO2 

with 

TiO2 

without 

TiO2 

with 

TiO2 

without 

TiO2 
withTiO2 

HCl 1.46±0.11 0.37±0.9 1.08±0.03 0.78±0.07 0.83±0.04 1.20±0.05 1.25±0.01 1.79±0.01 

H2SO4 1.71±0.16 0.69±0.11 0.79±0.05 0.75±0.07 1.23±0.01 2.74±0.11 1.61±0.03 2.63±0.20 

HNO3 0.68±0.02 0.83±0.04 2.65±0.08 1.92±0.06 0.85±0.01 1.19±0.03 1.14±0.04 1.41±0.07 

Controlled pH; 

HNO3 
0.68±0.02 0.69±0.01 -- -- -- -- -- -- 

IPA:HNO3 -- -- -- -- 0.98±0.02 1.02±0.03 -- -- 

 

Fe Dissolution as a Function of Time in the Dark Deoxygenated/ N2 Sparged Conditions 

 

Figure S2: Total Fe dissolution from hematite and hematite with TiO2 as a function of time in 

nitrate, sulfate and chloride in deoxygenated dark conditions with initial pH of 2. Open markers 

are hematite + TiO2 and closed markers are hematite alone. Circles, HNO3, squires, HCl, and 

diamonds, H2SO4. The data has fitted to Langmuir type model. 
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Fe Dissolution from hematite in the presence of amorphous titania – suggesting that the 

crystallinity of TiO2 does not affect the Fe dissolution enhancement 

 

 

 

 

 

 

 

 

 

Figure S3: A comparison of the dissolved total Fe and Fe(II) concentrations from “hematite 

+amorphous titania mixture” and “hematite+TiO2 mixture” in initial pH of pH 2 HNO3, (a) dark 

(b) light. Data are fitted to Langmuir-type model.3  

 

Nitrite Assay Test4  

The nitrite was detected using mild condition brown ring test. First, A 25% Fe(II) sulfate solution 

acidified with acetic acid was prepared. The nitrite solution was added slowly to this freshly 

prepared Fe(II) sulfate solution and the formation of a brown ring in the interface was observed. 

Controlled tests were conducted for sodium nitrite and for sodium nitrite plus sodium nitrate 

mixtures. Another negative control was conducted with sodium nitrate for which no brown ring 

formation was observed. 

Reactions: 

NO2
- + CH3COOH → HNO2 + CH3COO- 

 3HNO2 → H2O + HNO3 + 2NO↑ 

Fe2+ + SO4
2- + NO↑ →[Fe2NO]SO4 

[Fe2NO]SO4 is responsible for the brown coloration.  

(a) (b) 
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Figure S4: pH of the medium as a function of time for hematite and hematite with TiO2 systems 

in nitrate, sulfate and chloride systems in dark deoxygenated conditions. 

Table S2: Post pH Assessment of the Experiments 

System ΔpH (pH of 48th hr – initial pH) 

Dark condition Light condition 

deoxygenated oxygenated deoxygenated oxygenated 

Without 

TiO2 

with 

TiO2 

without 

TiO2 

with 

TiO2 

without 

TiO2 

with 

TiO2 

without 

TiO2 
withTiO2 

HCl 0.02 0.03 0.08 0.13 0.08 0.005 0.03 0.005 

H2SO4 -0.13 -0.03 -0.07 -0.02 -0.025 -0.09 -0.02 -0.004 

HNO3 0.03 -0.15 0.04 0.02 -0.01 -0.05 0.04 0.09 
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pH variation in the sulfate medium 

Scheme 1: A possible mechanism for the adsorption of sulfate on hematite surface allowing an 

overall decrease of pH of the medium. pK1 and pKa1 were adopted from Blesa et al, 2000.5 

As proton-promoted mechanisms consume protons, an increase of pH is expected as the reaction 

progresses.6–8 However, contrary to this, the pH was slightly decreased for H2SO4(Table S2). 

Adsorption of oxyanions with multiple negative charges can either eliminate surface hydroxyl 

groups or exchange protons of proximal adsorbed water molecules, releasing protons to the 

medium.5,9–11 Thus, the observed lowering of pH for sulfate can be attributed to the possibility of 

establishing such an equilibrium as illustrated in Scheme 1. Here, the release of protons (H+) by 

dissociation of adsorbed water may also regenerate the surface hydroxyl groups.5,11 These low pH 

conditions can further enhance iron dissolution in the presence of sulfate as the proton-promoted 

dissolution becomes more favorable. 
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Iron Dissolution under Oxic Environment 

Dissolved oxygen can impact on mineral dissolution due to its capacity to change mobility and 

chemical speciation of dissolved metals. In order to study the impact of dissolved oxygen on 

hematite dissolution, experiments were conducted in media sparged with O2.  

Figure S5: The total Fe dissolution as a function of time in the presence of dissolved oxygen under 

dark conditions. Open markers are hematite + TiO2 and closed markers are hematite alone. Circles, 

HNO3, squires, HCl, and diamonds, H2SO4. The data has fitted to Langmuir type model. 

Role of Acid Anion in an Oxidizing Deliquescence Layer 

Figure S5 shows total Fe dissolution from hematite with and without TiO2 in the presence of 

HNO3, H2SO4 and HCl in an oxidizing environment under dark conditions. The dissolution of 

hematite was highest in the presence of HNO3 followed by HCl and H2SO4 as opposed to 

deoxygenated conditions where the highest dissolution was observed in H2SO4 while the lowest 

was in the presence of HNO3. The initial rates of Fe dissolution were 52±3, 32±1 and 56±3 M g-

1 hr-1 for HNO3, H2SO4 and HCl, respectively. When compared to their respective extent of Fe 

dissolutions under deoxygenated conditions, hematite dissolved at least 4-fold more under 

oxidizing conditions in the presence of HNO3 whereas the Fe dissolution was diminished 2.2-fold 

and 1.4-fold in the presence of H2SO4 and HCl, respectively.  
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Under oxic conditions, as the redox potential (Eh) of the system is lower, the tendency for iron 

minerals to reprecipitate is higher.12 In H2SO4 solutions, hematite as well as ferric sulfate hydrates 

can precipitate thereby passivating the active sites on the surface. This can lead to lowering in 

extent of Fe dissolution compared to deoxygenated conditions. In the presence of Cl- anion, the 

low Fe dissolution could be due to the formation of minerals such as goethite, which demonstrated 

a limited dissolution capacity in HCl solutions.8,13 Similarly, the observed high solubility in HNO3 

could be due to the high dissolution capacity of these precipitating minerals, i.e. high goethite 

dissolution in HNO3 solutions. The XRD pattern of acid-processed hematite under HNO3 and 

water vapor confirms the formation of 17% goethite (Figure S6). Formation of these minerals was 

not observed under deoxygenated conditions due to their lower tendency to precipitate in less 

aerated aqueous solutions.14 On the other hand, the reactivity of ferric oxide surfaces become more 

complex in the presence of oxygen. Hematite is well known to present oxygen vacancies where 

the number of vacancies depends on the environmental conditions such as humidity.11,15,16 Further, 

these vacancies can react with dissolved oxygen, as shown in equations S1 and S2, making the 

oxide surface more reactive to redox chemistry.11,15  

𝑭𝒆 − (𝒐𝒙𝒚𝒈𝒆𝒏 𝒗𝒂𝒄𝒂𝒏𝒄𝒚) +  𝑶𝟐(𝒈) +  𝒆− ↔ 𝑭𝒆 − 𝑶𝟐(𝒂𝒅)
−  𝒆𝒒. 𝑺𝟏 

𝑭𝒆 − 𝑶𝟐(𝒂𝒅)
− +  𝒆− ↔ 𝑭𝒆 − 𝟐𝑶(𝒂𝒅)

−  𝒆𝒒. 𝑺𝟐 

Where e- is an electron trapped in the oxygen vacancy, ~0.75 eV below the conduction band of 

hematite.15 The generated Fe-2O-
(ad) species is a potential electron acceptor. Nitrate can show 

strong redox activity both in aqueous and adsorbed phases. Therefore, it is possible that nitrate is 

involved in the surface chemistry on hematite surfaces in the presence of dissolved oxygen. 

However, further research is needed to understand the dissolution of hydrated hematite in the 

presence of dissolved oxygen by various environmentally relevant anions such as nitrate.  

Role of TiO2 in Oxic Environments during Nighttime 

The extent of total Fe dissolution in hematite mixed with TiO2 under oxic conditions was lower 

than that of only hematite (Figure S6). Hematite mixed with TiO2 dissolved at least 1.4-fold less 

in the presence of HNO3 and HCl, and slightly lower (~1.1-fold) in H2SO4 than their respective 

systems containing only hematite. The competition among different mineral surfaces for acid 

anions, similar to that in deoxygenated conditions, could cause the observed low Fe dissolution. 

However, a redox cycling between minerals and the adsorbed nitrate may not be prominent under 

oxic environments, unlike the anoxic conditions; hence all three anions tested demonstrated a 

decrease of the dissolved total Fe concentration.  

In a deliquescence layer rich with dissolved oxygen, the Fe(II) formation was not observed for any 

of the six systems. For the HNO3 system, nitrite formation was tested and found not to occur. The 

post pH assessment suggests the slight decrease only for H2SO4 systems. (Table S2)  
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Figure S6: XRD image of pure hematite exposed to gaseous HNO3 for 48 hours in the humid 

conditions 
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Dissolved Fe Concentration as a function of Time in the Simulated Sunlight 

Figure S7: The total Fe dissolution from hematite as a function of time in the presence of simulated 

sunlight. The total dissolved Fe in (a) anoxic conditions (b) oxic conditions, and dissolved Fe(II) 

in (c) anoxic conditions (d) oxic conditions. Open markers are hematite + TiO2 and closed markers 

are hematite alone. Circles, HNO3, squires, HCl, and diamonds, H2SO4. The data has fitted to 

Langmuir type model. 
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Figure S8: The dissolved Fe from hematite alone and hematite with TiO2 in IPA:HNO3 medium 

as a function of time. (a) total dissolved Fe, (b) Dissolved Fe(II). Open circles are for hematite 

with TiO2 and closed circles are hematite alone. Data are fitted to Langmuir type model. 
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