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• Photogenerated Fe(II) accelerates ligand-controlled dissolution of Fe(III)oxides 32 

• Dissolution with DFOB or EDTA is accelerated up to 40-fold under anoxic conditions  33 

• Short illuminations (5-15 min) lead to continued dissolution in the dark 34 

• Photoinduced dissolution under oxic conditions requires photostable ligands 35 

• Even short exposures to sunlight might lead to increased bioavailability of iron  36 
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Abstract  57 

 58 

Low bioavailability of iron due to poor solubility of iron(hydr)oxides limits the growth of 59 

microorganisms and plants in soils and aquatic environments. Previous studies described accelerated 60 

dissolution of iron(hydr)oxides under continuous illumination, but did not distinguish between 61 

photoreductive dissolution and non-reductive processes in which photogenerated Fe(II) catalyzes 62 

ligand-controlled dissolution. Here we show that short illuminations (5-15 min) accelerate the 63 

dissolution of iron(hydr)oxides by ligands during subsequent dark periods under anoxic conditions. 64 

Suspensions of lepidocrocite (Lp) and goethite (Gt) (1.13 mM) with 50 µM EDTA or DFOB were 65 

illuminated with UV-A light of comparable intensity to sunlight (pH 7.0, bicarbonate-CO2 buffered 66 

solutions). During illumination, the rate of Fe(II) production was highest with Gt-EDTA; followed by 67 

Lp-EDTA > Lp-DFOB > Lp > Gt-DFOB > Gt. Under anoxic conditions, photochemically produced 68 

Fe(II) increased dissolution rates during subsequent dark periods by factors of 10-40 and dissolved 69 

Fe(III) reached 50 µM with DFOB and EDTA. Under oxic conditions, dissolution rates increased by 70 

factors of 3-5 only during illumination. With DFOB dissolved Fe(III) reached 35 µM after 10 h of 71 

illumination, while with EDTA it peaked at 15 µM and then decreased to below 2 µM. The 72 

observations are explained and discussed based on a kinetic model. The results suggest that in anoxic 73 

bottom water of ponds and lakes, or in microenvironments of algal blooms, short illuminations can 74 

dramatically increase the bioavailability of iron by Fe(II)-catalyzed ligand-controlled dissolution. In 75 

oxic environments, photostable ligands such as DFOB can maintain Fe(III) in solution during extended 76 

illumination.  77 

  78 
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1. Introduction 79 

Dissolution of Fe(III)(hydr)oxides is one of the key processes in the biogeochemical Fe cycle and 80 

may govern the (bio)availability of Fe in the environment. Suspended Fe(III)(hydr)oxide particles in 81 

surface waters are important sources of Fe to microorganisms, but under oxic conditions their low 82 

solubility and slow dissolution kinetics can lead to Fe deficiency. To acquire Fe, organisms excrete 83 

ligands that promote the dissolution of Fe(III)(hydr)oxides. In sunlit waters, photochemical reactions 84 

lead to reduction of particulate Fe(III) to soluble and bioavailable Fe(II), for example in surface water 85 

(Waite and Morel, 1984; Sulzberger and Laubscher, 1995b; Voelker et al., 1997), seawater (Wells et 86 

al., 1991; Johnson et al., 1994; Kuma et al., 1995), atmospheric water (Faust and Hoigne, 1990; Faust 87 

and Zepp, 1993; Pehkonen et al., 1993; Fu et al., 2010), and ice (Kim et al., 2010b). Laboratory and 88 

field studies have demonstrated that solar and UV light induces photoreductive dissolution of 89 

Fe(III)(hydr)oxides in the presence of ligands secreted by marine phytoplankton and algae, and by 90 

terrestrial microbes and plants (Litter et al., 1991; Goldberg et al., 1993; Barbeau et al., 2003; Kraemer 91 

et al., 2005). Our recent studies have shown that traces of Fe(II) can catalyze the overall non-reductive 92 

dissolution of a range of Fe(III)(hydr)oxides in the presence of ligands (Biswakarma et al., 2019; Kang 93 

et al., 2019; Biswakarma et al., 2020). Sunlight might thus accelerate the dissolution of 94 

Fe(III)(hydr)oxide not only by photoreductive dissolution, but in addition by Fe(II)-catalyzed ligand-95 

controlled dissolution. Short intermittent illuminations might be sufficient to lead to rapid dissolution, 96 

without much reduction of Fe(III) to Fe(II).  97 

In the presence of ligands, photoreductive dissolution of Fe(III)(hydr)oxides can be explained by 98 

two possible processes, which can also occur in parallel. In the first process, due to the intrinsic 99 

photoreactivity of Fe(III)(hydr)oxides, light absorbed by the solids causes photoinduced charge 100 

separation in the bulk with formation of mobile electrons and electron holes (Sherman, 2005; AlSalka 101 

et al., 2019). These charges can recombine or migrate to the surface where they form Fe(II) and Fe(IV) 102 

or •OH (Sherman, 2005). A smaller fraction of light absorbed on the surface also leads to formation of 103 

Fe(II) and •OH on the surface by ligand-to-metal charge transfer (LMCT) from surface hydroxyl 104 

groups to surface Fe(III). In the absence of ligands, most of the formed surface Fe(IV), Fe(II) and •OH 105 

react back to surface Fe(III) and hydroxyl groups, which results in only low yields of Fe(II) and 106 

products such as H2O2. Adsorbed ligands can act as scavengers for surface Fe(IV) or •OH, leading to 107 
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accumulation of Fe(II) and oxidation products of the ligand on the surface. In the second process, 108 

absorption of light by Fe(III)-ligand surface complexes induces LMCT from ligands to the surface, 109 

with formation of Fe(II) and oxidation products of the ligand (Waite, 1990; Barbeau et al., 2003; Borer 110 

et al., 2009c; Borowski et al., 2018). In previous studies, dissolved Fe(II) and total dissolved Fe were 111 

quantified while mineral suspensions were continuously exposed to solar or UV illumination (Borer et 112 

al., 2005; Borer et al., 2007, 2009a; Borer and Hug, 2014).  Rates of photoreductive dissolution in the 113 

presence of ligands during illumination were reported to be higher than ligand-controlled dissolution 114 

rates in the dark, and explained by faster detachment of Fe(II) by ligands than of Fe(III) (Litter and 115 

Blesa, 1988; Goldberg et al., 1993; Karametaxas et al., 1995; Sulzberger and Laubscher, 1995a). 116 

However, the possibility that photogenerated Fe(II) also accelerates the detachment of Fe(III) by 117 

ligands and that this effect could persist even after illumination ceased was not investigated. 118 

In recent studies (Biswakarma et al., 2019; Kang et al., 2019; Biswakarma et al., 2020), we 119 

examined the effect of added Fe(II) on the dissolution of Fe(III)(oxyhydr)oxides and found that 120 

micromolar concentrations of Fe(II) lead to up to a 60-fold acceleration of dissolution rates under 121 

anoxic conditions. We further demonstrated that photochemically formed Fe(II) accelerates dissolution 122 

rates of lepidocrocite with EDTA under anoxic conditions, but not under oxic conditions.  123 

Here, we extend our previous work by quantifying photoproduced Fe(II) and its effect on the 124 

dissolution of lepidocrocite (Lp) and goethite (Gt)  with the synthetic ligand EDTA and with the 125 

biogenic siderophore desferrioxamine B (DFOB). Dissolved complexes of Fe(III) with EDTA are 126 

photoreactive and form Fe(II) with a quantum yield of 0.034 at 365 nm (Kari et al., 1995), while 127 

dissolved complexes of Fe(III) with DFOB are not photoreactive (Kunkely and Vogler, 2001; 128 

Rijkenberg et al., 2006). The goal was to investigate how much Fe(II) can be produced 129 

photochemically in suspensions of  Lp and Gt at circumneutral pH in the absence and presence of 130 

ligands and how Fe(II) affects ligand-controlled dissolution rates after intermittent and during 131 

continuous illumination under anoxic and oxic conditions.   132 

As pH and carbonate concentrations strongly affect the speciation and sorption of Fe(II), we 133 

extended the pH range from 6.0 to 8.5 and performed experiments at pH 7.0 in carbonate-CO2 buffered 134 

suspensions to mimic environmental conditions. Experiments were performed under anoxic and oxic 135 

conditions and at pH 6.0 (MES buffered), 7.0 (CO2-carbonate buffered) and 8.5 (PIPES-buffered). In 136 
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contrast to our previous, in situ attenuated total reflectance fourier-transformed infrared (ATR-FTIR) 137 

studies with Lp and EDTA, (Biswakarma et al., 2019) we conducted batch dissolution experiments 138 

with Lp, Gt, EDTA and DFOB under both intermittent (5 or 15 min) and continuous illumination. 139 

 140 

2. Experimental Section 141 

2.1. Materials 142 

All chemicals used were of analytical grade and are listed in the Supplementary Material  Table S1. 143 

Aqueous solutions were prepared using high-purity doubly-deionized (DDI) water (Barnstead 144 

Nanopure). The BET (N2 Brunauer−Emmett−Teller) specific surface areas were 63 m2/g for Lp  and 145 

105 m2/g  for Gt. The synthesis and characterization of Lp and Gt were described in our recent studies 146 

(Biswakarma et al., 2019; Kang et al., 2019). 147 

 148 

2.2. Photochemical Experiments  149 

Suspensions of Lp and Gt with EDTA or DFOB (100 ml) were irradiated in 120 ml Pyrex bottles 150 

with UV-A light in a box with 8 Philips TL20W/05 (actinic blue) lamps. The lamps have a broad 151 

emission spectrum from 300-450 nm (maximum at 365 nm) and closely simulate solar illumination in 152 

the UV-A spectral range (Hug et al., 2001). The emission spectrum of the UV-source and the spectra 153 

of Lp, Fe(III)EDTA and Fe(III)DFOB are shown in Fig. S1. All experiments were conducted at room 154 

temperature (23-24 ºC). Increases in temperature in the box with the UV-lamps were limited <1 ºC 155 

during intermittent illuminations to < 3ºC during continuous illumination by a strong ventilator 156 

induced flow of air.   157 

 158 

2.3. Photon flux  159 

The photon flux entering the Pyrex bottles (320-450 nm) was measured by ferrioxalate 160 

actinometry (Hatchard and Parker, 1956).100 ml of a 6 mM ferrioxalate actinometer solution absorbed 161 

all incoming light of our UV-A light source. The light flux was determined as 1.37 µmol photons/s, 162 

which is comparable to the light flux of 1.63 µmol photons/s measured when the actinometer was 163 
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exposed to sunlight on a clear day (11:30 am, November 7, 2018). Over 99% of the light in this 164 

spectral range was absorbed by the 1.13 mM suspensions of Lp and Gt (Fig. S1).  165 

2.4. Photoproduction of Fe(II)  166 

The photoproduction of Fe(II) was measured at pH 7.0 under anoxic conditions, by adding 470 167 

µM phenanthroline (phen) to the Lp or Gt suspensions (without and with 50 µM EDTA or DFOB). We 168 

assume that with the large excess of phen, all photochemically formed Fe(II) forms dissolved 169 

Fe(II)(phen)3
2+ complexes. This is supported by speciation calculations which show that Fe(II) in the 170 

presence of 50 µM EDTA or DFOB and 470 µM phen is complexed to over 99.9% as Fe(II)(phen)3
2+ 171 

at pH 6.0-8.0 (Fig. S2). Fe(II)(phen)3
2+ in filtered samples was quantified by measuring UV-spectra 172 

and calculation of concentrations from the absorbance at 510 nm (ε510 nm = 11000 M-1cm-1), see Fig. 173 

S3. (The detection limit was 0.0005 absorbance units at 510 nm (average of 11 data points from 505-174 

515 nm) corresponding to 0.05 µM FeII(phen)3
2+).  175 

 176 

2.5. Formation of FeEDTA and FeDFOB in suspensions of Lp and Gt 177 

All experiments were conducted with initially 100 ml suspensions containing 100 mg/L (1.13 178 

mM) FeOOH (Lp or Gt) and 50 µM EDTA or DFOB. For the experiments at pH 7.0, the background 179 

electrolyte was 3 mM NaHCO3; before and during illumination, suspensions were continuously purged 180 

with a mixture of 2% CO2 in N2 (anoxic) or 2% CO2 in air (oxic). Experiments at pH 6.0 (9.5 mM 181 

NaCl and 5 mM MES) and at pH 8.5 (9.5 mM NaCl and 5 mM PIPES) were sparged with N2 (anoxic) 182 

or synthetic air (oxic). Suspensions were irradiated either continuously or intermittently; the periods of 183 

intermittent illumination were typically 5 min for experiments with EDTA (unless mentioned 184 

otherwise in the text or figure captions) and 15 min for experiments with DFOB. Samples were 185 

withdrawn periodically with a syringe and immediately filtered through 0.1 µM Nylon filters. 186 

Subsequently, UV-VIS spectra (200-800 nm) were measured to quantify the formed Fe(III)EDTA or 187 

Fe(III)DFOB complexes in 1 cm path-length quartz cuvettes. Examples of measured spectra and of 188 

data processing are shown in Fig. S4 and S5. Note that with this method, we measure the sum of Fe(II) 189 

and Fe(III) complexes, as both Fe(II)EDTA and Fe(II)DFOB were quickly oxidized in the cuvettes 190 

upon contact with air. We thus refer to dissolved iron as [Fe]diss in the figures and in the discussion of 191 

the experiments. In the course of dissolution during dark periods, concentrations of Fe(III)EDTA or 192 
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Fe(III)DFOB dominate over the Fe(II) species, because less than 3 µM of Fe(II) was produced during 193 

intermittent UV-illuminations. In the oxic experiments, all dissolved Fe(III) was present as 194 

Fe(III)EDTA or Fe(III)DFOB.  195 

Most experiments at pH 6.0 and pH 7.0 were repeated at least two times, but samples were not 196 

always withdrawn at the same time. Differences between repeated experiments were less than 10 % for 197 

data points measured at the same times, as shown in Fig. S6. In the figures in the manuscript, we add 198 

error bars of ± 5% for each data point. Since each experiment consists of a series of 12-24 connected 199 

data points, the exact error range of each individual data point is not critical for the discussion of the 200 

results, as illustrated by the kinetic model fits, which fall within the error bars.  201 

 202 

2.6. Kinetic Model 203 

To test if the later suggested reaction sequences are able to explain the experimentally measured data, 204 

we performed kinetic modeling similar to our previous studies. We used the kinetic program Acuchem 205 

(Braun et al., 1988) in combination with Matlab (MATLAB, MathWorks, Inc., Natick, Massachusetts, 206 

www.mathworks.com). To model experiments with changing conditions (successive dark and light 207 

periods) model fits had to be calculated in several segments, with the end concentrations of each 208 

segment carried over to the next segment as starting concentrations. The input of starting 209 

concentrations and the optimization of unknown rate coefficients was achieved by using Acuchem 210 

under the control of Matlab.  211 

 212 

3. Results  213 

3.1. Photochemical Formation of Fe(II) in Lp and Gt Suspensions without and with 214 

Dissolution-Promoting Ligands 215 

The photochemical formation of Fe(II), measured with a large excess of phen (470 µM) in 216 

suspensions of Lp and Gt without and with EDTA or DFOB is shown in Fig. 1. Stable concentrations 217 

of Fe(II)(phen)3
2+ (changing less than  5% in 5 min) were reached within 5-10 min after each 218 

illumination, as shown for Lp in the presence of  DFOB in Fig. S3. As shown in Fig. 1, the 219 

concentration of Fe(II)(phen)3
2+ in suspensions of either Lp and Gt increased linearly as a function of 220 
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the total duration of illumination. This linear increase confirms that the low concentrations of 221 

Fe(II)(phen)3
2+ formed in our experiments did not lead to significant light absorption or interactions 222 

with Lp or Gt. Also, phen did not  lead to reduction of lepidocrocite or goethite; as shown for Lp in 223 

Fig. S3; Fe(II) was only detected after illumination. ATR-FTIR experiments conducted at pH 6.0 (Fig. 224 

S7) confirmed that phen did not measurably adsorb to the surface of Lp or lead to changes in the IR-225 

spectra of adsorbed EDTA. The photoreactivity of EDTA in the presence of phen was not different 226 

than in the absence of phen according to our previous observations (Biswakarma et al., 2019). Since 227 

both EDTA and DFOB adsorb strongly to Lp and Gt at pH 6.0 and 7.0, and the speciation of phen 228 

does not change in this pH range, we assume that phen does also not interfere with the adsorption and 229 

photoreactions of EDTA and DFOB on the surface of Gt.  The rates of photochemical Fe(II) formation 230 

were determined from the slopes of the linear fits as indicated in Fig. 1 and as listed in Table 1a. 231 

In the absence of the dissolution-promoting ligands EDTA or DFOB, 0.10 µM Fe(II)(phen)3
2+ was 232 

measured after Gt was exposed to 15 min of illumination, corresponding to a maximum rate of 233 

photochemical Fe(II) formation of 0.006 µM/min. This value was substantially higher with Lp, 234 

consistent with the intrinsic photochemical activity of Lp ascribed to light absorption in the bulk and 235 

formation of mobile charge carriers and Fe(II) and OH-radicals on the surface, as reported previously 236 

(Borer et al., 2009c). 237 

The presence of EDTA and DFOB increased the rates of photochemical Fe(II) formation for both 238 

solids. The most significant enhancement was observed for Gt in the presence of EDTA; addition of 239 

EDTA increased the rate of photochemical Fe(II) formation by a factor of ~90 in comparison with the 240 

solid alone, while the increase with DFOB was only a factor of 1.7. For Lp, the rate of photochemical 241 

Fe(II) formation increased by a factor of 5.4 by EDTA, but only by a factor of 2.3 by DFOB.  242 

The pronounced effects with EDTA may be due to the high photoreactivity of EDTA surface 243 

complexes or to efficient hole scavenging by adsorbed EDTA. In order to produce comparable 244 

concentrations of around 2.5 µM Fe(II) in subsequent Lp dissolution experiments, we applied 245 

intermittent illumination periods of 5 min for EDTA and of 15 min for DFOB (see Table 1).  246 

 247 

 248 

  249 
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3.2. Effect of UV-A Illumination on Lp Dissolution 250 

3.2.1. In the presence of EDTA.  251 

Fig. 2 shows the measured concentrations of total dissolved Fe ([Fe]diss.) in Lp suspensions in the 252 

presence of EDTA as a function of time at pH 6 and 7 under anoxic and oxic conditions. The thin 253 

black lines show the output of the kinetic model described later in the discussion section. Note that all 254 

dissolved Fe is assumed to be complexed by EDTA (see Materials and Methods). Initially the reaction 255 

was allowed to proceed without any UV illumination for 90 min. During this initial period, Lp 256 

dissolution was very slow under all conditions (see Table 1b for rates), in good agreement (± 20 % 257 

relative difference) with the rates reported in our previous study (Biswakarma et al., 2019). 258 

Dissolution rates of our previous studies are listed in SI, Table S2. 259 

Anoxic suspensions were exposed to a single, illumination period of five minutes (90-95 min). At 260 

both pH 6 and 7, a distinct increase in [Fe]diss. was observed immediately after the illumination period 261 

(no samples were collected during illumination). Continued rapid increases in [Fe]diss. were observed 262 

after illumination, indicating the continuation of accelerated dissolution of Lp. At pH 6, the reaction 263 

reached completion within 150 min; [Fe]diss (orange squares in Fig. 2) approaching the total 264 

concentration of EDTA (50 µM). At pH 7, [Fe]diss. increased more slowly (orange triangles in Fig. 2), 265 

but accelerated dissolution also persisted after illumination and the concentration of dissolved Fe 266 

reached 50 µM after 420 min. 267 

Dissolution rates (Table 1b) were computed from linear regression lines as shown in the figures.  268 

In the presence of EDTA at pH 7, the rate of Lp dissolution was 8 times faster after illumination than 269 

before it. The accelerated dissolution rate at pH 7 persisting after the cessation of illumination under 270 

anoxic conditions was expected with the photochemical production of 2.15 µM Fe(II) in Lp 271 

suspensions with 50 µM EDTA as measured in the presence of a large excess of phen (Fig. 1). At pH 272 

6, the rate of Lp dissolution was 33 times faster after 5 min intermittent illumination than before it. 273 

Observations under continuous illumination (purple triangles) can provide insights into important 274 

differences between the effects of intermittent and continuous illumination. Under anoxic conditions, 275 

at pH 7.0, [Fe]diss increased rapidly and nearly linearly at a rate 27 times faster than prior to 276 

illumination, but only to a final concentration of 43 µM. Apparently, some of the EDTA was photo-277 

degraded during continuous illumination under anoxic conditions consistent with previous 278 
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observations (Karametaxas et al., 1995), while only minimal degradation occurred during short 279 

intermittent illumination periods. 280 

Under oxic conditions at both pH 6 and 7 (Fig. 2), intermittent illuminations resulted in slight 281 

increases in [Fe]diss. at the end of the illumination period, but further dissolution was not significantly 282 

accelerated compared to that prior to illumination. The increase in [Fe]diss. during illumination is 283 

consistent with our prior in situ observation of accelerated Lp dissolution during illumination under 284 

oxic conditions (Biswakarma et al., 2019), which also showed no persistence of the accelerated 285 

dissolution subsequent to illumination. Adsorbed Fe(II) and dissolved complexed Fe(II)EDTA are 286 

known to be oxidized quickly by dissolved oxygen (Karametaxas et al., 1995; Kari et al., 1995).  287 

 288 

3.2.2. In the presence of DFOB 289 

Fig. 3 shows the results of comparable experiments (conducted at pH 7 and 8.5) with DFOB 290 

instead of EDTA. The thin black lines show the output of kinetic modeling. Before illumination, 291 

[Fe]diss. increased only slowly and at the same rates (Table 1b) under anoxic (orange) and oxic (blue) 292 

conditions. The dark dissolution rate was 2 times faster at pH 8.5 than at pH 7.0. The dissolution rates 293 

in the dark are in reasonable agreement with our previously-reported values (Biswakarma et al., 2019) 294 

(see Table S2). 295 

Under anoxic conditions, intermittent UV-illumination periods led to accelerated Lp dissolution 296 

that persisted in the dark. At pH 7, [Fe]diss (orange circles) reached 50 µM in 450 min in response to 297 

three intermittent 15 min illuminations, corresponding to a ca. 9-fold increase in the dissolution rate. 298 

Our measurements with phen indicate that 2.7 µM of Fe(II) were produced during each 15 min 299 

illumination. In our previous study,19 addition of 1 µM Fe(II) resulted in an 18-fold increase in Lp 300 

dissolution rate in the presence of DFOB. As the effect with added Fe(II) is larger than in the 301 

photochemical experiments, it is possible that photogenerated Fe(II) is partially oxidized due to 302 

concurrent formation of oxidants such as H2O2. Additionally, Fe(II) can be oxidized due to the 303 

instability of Fe(II)DFOB complexes, which are reported to slowly auto-decompose with formation of 304 

Fe(III) and a DFOB monoamide (Kim et al., 2009, 2010a). Under continuous illumination at pH 7.0 305 

under anoxic conditions without prior intermittent illumination (orange open circles), the Lp 306 

dissolution rate was accelerated by a factor of 16 (nearly twice that observed after intermittent 307 
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illumination). At pH 8.5, nearly-linear Lp dissolution continued after the first 15-min UV illumination 308 

at a rate 2-fold the initial dissolution rate (prior to UV illumination) (Table 1b).  309 

Under oxic conditions, reliable estimates of accelerated dissolution rates could be obtained only 310 

under continuous illumination. This was examined only for pH 7, where a 5.5-fold increase in the 311 

dissolution rate was observed. This dissolution rate is roughly consistent with the changes in [Fe]diss. 312 

observed after intermittent illumination.  313 

 314 

3.2.3. EDTA vs DFOB (anoxic)  315 

A comparison of the effects of EDTA and DFOB for single intermittent UV illuminations of 5 and 316 

15 min at pH 7 is shown in Fig. S8. For both illumination periods, the effect with EDTA was larger 317 

than the effect with DFOB; this is particularly noticeable when the illumination period is the same for 318 

both ligands.  319 

 320 

3.2.4. EDTA vs DFOB (Oxic) 321 

Since dissolution under oxic conditions is more easily assessed during continuous illumination, we 322 

conducted such experiments with EDTA and DFOB at pH 7. In Fig. 4, results with EDTA are shown 323 

together with the results with DFOB. With EDTA, [Fe]diss. reached a maximum value of 15 µM after 324 

240 min and then decreased, suggesting photolysis of dissolved Fe(III)EDTA, which is reported to 325 

occur with quantum yields of 0.034-0.018 from 366-405 nm (Kari et al., 1995), and of EDTA surface 326 

complexes  (Biswakarma et al., 2019). In contrast to EDTA, [Fe]diss in the presence of DFOB did not 327 

reach a maximum value and decline afterwards. The Lp dissolution rate under continuous illumination 328 

(initially 5.5-fold faster than the rate without UV illumination) appears to slow down after 480 min 329 

with [Fe]diss reaching a plateau at ca. 35 µM DFOB and EDTA appear to have similar effects on Lp 330 

dissolution under continuous illumination, initially; the persistence of the accelerated Fe dissolution 331 

with DFOB, but not with EDTA is consistent with the fact that DFOB is a more photostable ligand 332 

than EDTA (Borer et al., 2009b; Borer et al., 2009c). Although DFOB appears to be able to complex 333 

Fe(III) over time periods of hours in irradiated solutions, the decrease in dissolution rate and the 334 

eventual plateau in [Fe]diss suggests that Fe(II) may react with oxidants accumulated during the 335 
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illumination (e.g. H2O2) (Borer et al., 2009c) and/or that DFOB may undergo some photodegradation 336 

over longer periods or illumination.  337 

As discussed above, the effects of intermittent illumination under oxic conditions are difficult to 338 

assess. Additional experiments with both EDTA and DFOB (Fig. S9) showed only inconsistent effects.  339 

 340 

3.3. Effect of UV-A Illumination on Gt Dissolution  341 

Fig. 5 shows Gt dissolution at pH 7 in the presence of EDTA and DFOB before and after 342 

intermittent illuminations. Before illumination, Gt dissolution was very slow (R = 0.01% hr-1 with 343 

EDTA, and not detectable with DFOB). Intermittent illumination under anoxic conditions with EDTA 344 

resulted in a increase in [Fe]diss. during illuminations (open orange triangles) and accelerated 345 

dissolution persisted after illumination ceased. The accelerating effect was roughly 36-fold (average of 346 

three rates) for each of the three intermittent illumination periods (Table 1b). In contrast, intermittent 347 

illumination of Gt in the presence of DFOB had no measurable effect under anoxic conditions (open 348 

orange circles) or oxic conditions (data not shown). 349 

Under oxic conditions with EDTA, the first intermittent illumination (5 min) appeared to result in 350 

a small step-increase in [Fe]diss. (open blue triangles), but no persistent accelerated dissolution was 351 

observed and even the step-increase was not observed in subsequent intermittent illuminations. 352 

 353 

3.4. Contrasting Photochemical Properties of Lp and Gt under Anoxic Conditions 354 

Because the ligand-controlled (i.e., dark) dissolution rate of Gt was so much smaller than that of 355 

Lp, the largest effect of intermittent illumination was observed with Gt/EDTA (average 36-fold 356 

acceleration). For Lp dissolution, the enhancement with EDTA (under intermittent illumination) was a 357 

factor of 8 (see Fig. S10). This difference cannot be explained by the photoproduction of Fe(II) since 358 

this was nearly the same for both solids: 2.70 µM for Gt and 2.15 µM for Lp in 5 min of illumination 359 

(Table 1).   The lack of any detectable effect of intermittent illumination with DFOB and Gt is 360 

consistent with the negligible Fe(II) photoproduction (0.15 µM over 15 min). 361 

 362 

 363 
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 364 

3.5. Phase Transformations 365 

No transformation of Lp to other Fe(III) phases, such as Gt or magnetite (Mgt), was detected  after 366 

480 min continuous illumination of Lp in the presence of either EDTA or DFOB, by ATR-FTIR  367 

spectroscopy (Fig. S11). As explained in the caption of Fig. S11, we estimate detection limits for Gt 368 

and Mgt in Lp of  < 3% with ATR-FTIR. However, we cannot exclude formation of smaller fractions 369 

of Mgt, particularly at pH 8.5. With our experimental set-up, we could not collect sufficient amounts 370 

of solids for XRD measurements. The photoinduced formation of small fractions of Mgt or other 371 

phases (e.g. green rusts) as a function of pH and illumination time could be the subject of future 372 

studies. 373 

 374 

4. Discussion 375 

4.1. Reaction Mechanisms, Rates of Light Absorption, Quantum Yields, and Kinetic 376 

Model  377 

4.1.1. Catalytic effect of Fe(II) 378 

Table 2a lists the main reactions for the photochemical formation of Fe(II) and for Fe(II)-catalyzed 379 

dissolution with DFOB and EDTA. Both ligands are abbreviated as L. Note that surface hydroxyl 380 

groups, the modes of coordination of ligands to the surface, and the transfer and balance of oxo- and 381 

hydroxyl oxygens are not specified in the listed reactions. Also, for simplicity, we do not specify the 382 

protonation and charges of the ligands and their complexes with iron. There are several differently 383 

protonated and charged species of each reactant; accounting for all species is not possible because the 384 

charges and protonation of surface complexes are not known.  385 

The reactions in Table 2a were used for the kinetic modeling of the data measured at pH 7.0. Some 386 

of the reactions that apply to EDTA are described in more detail in Table 2b. Similar reactions as for 387 

EDTA apply for DFOB, with the difference that reaction products are different and that dissolved 388 

Fe(III)DFOB complexes are photochemically inactive (Kunkely and Vogler, 2001; Barbeau et al., 389 

2003), (Borer et al., 2005; Borer et al., 2009a; Borer et al., 2009b). DFOB surface complexes are much 390 
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less photoreactive than surface complexes of ligands that adsorb to Lp and Gt by coordination of 391 

carboxylate groups, but some photoactivity of adsorbed DFOB  ascribed to photoinduced LMCT has 392 

been observed at pH 8.0 during illumination with light in the 395-435 nm wavelength range (Borer et 393 

al., 2009d). 394 

In the absence of Fe(II), ligand-controlled dissolution is slow (R1a-R1c). When Fe(II) and 395 

oxidants are photochemically formed on the surface (R2a-h), or Fe(II) is adsorbed from solution (R3), 396 

dissolution becomes fast (R4a), facilitated by electron transfer  (ET) from surface Fe(II) complexed to 397 

the ligand to a neighboring site on the surface and faster detachment of Fe(III)L due to weaker Fe(II)-398 

O bonds to the lattice compared to Fe(III)-O bonds in the absence of Fe(II). Additional reactions, such 399 

as adsorption of Fe(II)L to surface Fe(III) sites (R4b) and adsorption of Fe(II) to adsorbed ligands 400 

(R4c), followed by ET and subsequent detachment of Fe(III)L, can contribute to rapid Fe(II) catalyzed 401 

dissolution. However, these reactions lead to the same overall dissolution reaction as R4a. The 402 

reactions and the previously determined rate coefficients are described in more detail in our previous 403 

papers (Biswakarma et al., 2019; Kang et al., 2019; Biswakarma et al., 2020). Although Fe(II)-404 

catalyzed dissolution is facilitated by the presence of Fe(II), it is a net non-reductive ligand-controlled 405 

dissolution, forming dissolved Fe(III) complexes (R4a-R4c). New Fe(II) surface sites are continuously 406 

formed from the bulk solid (R2h and R4d). For reactions R1a-c, R4a-d, and for reaction R5 describing 407 

the formation of Fe(II) complexes in solution, we used the rate coefficients as determined under the 408 

same conditions for DFOB in our previous study (Biswakarma et al., 2020), and adapted rate 409 

coefficients from the previous study with EDTA (Biswakarma et al., 2019). Reactions 6a and 6b 410 

describe the oxidation of surface Fe(II) by H2O2 and by dissolved O2. The reaction rates for these 411 

reactions were adjusted, as described in the footnotes of Table 2. The model as entered in Acuchem, 412 

and the complete list of rate coefficients used for the fits are provided in Tables S3a and S3b.  413 

 414 

4.1.2. Photoinduced formation of Fe(II)  415 

Light absorption in the bulk of Lp or Gt leads to formation of electron-hole pairs (R2a) and to 416 

charge migration and trapping of charges on the surface (R2b) (Borer et al., 2009c), summarized in 417 

R2ab. Fast charge recombination in the bulk and on the surface (R2c) leads to low yields of Fe(II) and 418 

Fe(IV) or •OH-radicals (R2d) and H2O2 (R2e) in the absence of ligands. Adsorbed ligands, however, 419 
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can act as efficient hole scavengers on the surface (R2f) and increase the production Fe(II) by 420 

preventing charge recombination between Fe(II) and Fe(IV) surface sites (R2c). In the presence of 421 

ligands forming photoreactive surface complexes, Fe(II) can also be produced by absorption of light 422 

by surface complexes (R2g). EDTA and DFOB can thus promote formation of Fe(II) both by 423 

scavenging Fe(IV) on the surface and thus preventing charge recombination, and by acting as 424 

chromophores with production of Fe(II) in LMCT transitions. In addition, surface hydroxyl groups can 425 

also act as chromophores and produce Fe(II) and •OH on the surface in LMCT transitions (not shown 426 

in the Table 2), but yields are lower due to fast back reactions between •OH and Fe(II) formed at the 427 

same site. When EDTA acts a scavenger of surface Fe(IV) (R9a), reaction products of the ligand can 428 

reduce a second surface Fe(III) to Fe(II) (R9b). Reaction R9b or reaction R9c under oxic conditions 429 

can form stable products (e.g. ethylenediaminetriacetate (ED3A) (Karametaxas et al., 1995) and 430 

oxidants such as •O2
- (R7c, R9c) and H2O2 (R7d). 431 

To identify the most relevant reaction pathways, rates of light absorption were calculated with the 432 

emission spectrum of the light source and the absorbance spectra of Lp, Gt, EDTA and DFOB (Fig. 433 

S1) and compared to the rates of Fe(II) formation and dissolution (Tables 1a and 1b). With 434 

concentrations of dissolved Fe(III)-ligand complexes below 5 µM at the first illumination, over 99.7 % 435 

of the light between 320 nm and 450 nm was absorbed by Gt and Lp. The maximum rates of 436 

photochemical formation of Fe(II) with 5 µM dissolved Fe(III)EDTA, calculated with the quantum 437 

yield of 0.031 at 365 nm (Kari et al., 1995), are listed in Table 1a. Also listed are calculated rates of 438 

Fe(II) production from absorption of light by 10 µM EDTA surface complexes, assuming that the 439 

quantum yields are the same as for the solution complexes. Corresponding rates for DFOB are not 440 

listed, as the quantum yields for Fe(II) formation from adsorbed DFOB are much smaller than for 441 

EDTA according to ATR-FTIR measurements (Borer et al., 2005; Borer et al., 2009b). As mentioned 442 

above, rates of Fe(II) formation were measured by complexation of the formed Fe(II) with phen.  443 

The measured rate of photochemical Fe(II) formation with EDTA was by a factor of 4-5 larger than 444 

the estimated combined rate of Fe(II) production from 5 µM Fe(III)EDTA solution and 10 µM surface 445 

complexes. This indicates that either the surface complexes photochemically produced Fe(II) (R7a, 446 

R10a) with a much higher quantum yield than the corresponding complexes in solution, or that bulk 447 

Lp and Gt are the chromophore (effective absorber of light) and surface complexes act as scavengers 448 
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for surface Fe(IV) (R2f, R9a). Scavenging of surface Fe(IV) is the more likely mechanism, as 2-3 449 

times higher rates of photochemical Fe(II) formation were also observed with DFOB, which, due its 450 

low photoreactivity, is expected to act predominantly as a hole scavenger. The finding that light 451 

absorption by solids is more important than light absorption by surface complexes agrees with 452 

previous studies (Borer et al., 2005) that found that Fe(II) is produced predominantly by the intrinsic 453 

photoactivity of Lp. However, the same authors also found evidence for photoreactivity of adsorbed 454 

DFOB in a later study of wavelength-dependent dissolution of Lp (Borer et al., 2009d). For both 455 

processes, the role of DFOB in photoreductive dissolution was ascribed to DFOB facilitating the 456 

release of photogenerated Fe(II) from the surface during illumination (Borer et al., 2005; Borer et al., 457 

2009b; Borer et al., 2009d). In this study, we found that photo-generated Fe(II) also accelerates the 458 

release of Fe(III), even after illumination stops. In the absence of ligands, charge recombination results 459 

in low yields of Fe(II), •OH and H2O2, as reported previously for Lp (Borer et al., 2009c). The about 460 

12 times larger Fe(II) production by Lp compared to Gt in the absence of ligands indicates that charge 461 

recombination is more efficient in Gt than in Lp. In the presence of EDTA, the yields of Fe(II) from 462 

Lp and Gt are similar and larger than in the presence of DFOB,  which shows that charge migrates to 463 

the surface and that adsorbed EDTA is a more efficient hole scavenger in both Lp and Gt than DFOB. 464 

The relative enhancement of the photoproduction of Fe(II) in Lp and Gt by DFOB (by factors of 2-3) 465 

are similar, but in Lp the absolute increase of Fe(II) production by DFOB is much larger than for Gt. 466 

An explanation for these differing effects is beyond the scope and was not the subject of this study. 467 

However, important in the context of Fe(II) catalyzed ligand-controlled dissolution is that (1) >99% of 468 

the incident light was adsorbed in the bulk of Lp and Gt at the start of the reactions, and (2) 469 

photochemical charge separation in the bulk and migration of charge to surface appears to be the 470 

dominant pathway for the formation of Fe(II). In our kinetic model, we accounted for the different 471 

yields of Fe(II) (R2ab) in the presence of EDTA and DFOB by entering reaction coefficients 472 

determined from the rates of photochemical formation of Fe(II) listed in Table 1a.  473 

The rate coefficients for photochemical Fe(II) production calculated from the rates listed in Table 1, 474 

together with the previously determined rate coefficients for non-catalyzed and catalyzed dissolution 475 

for EDTA (Biswakarma et al., 2019) and for DFOB (Biswakarma et al., 2020) resulted in acceptable 476 

fits of the data shown in Figures 2 and 3. The rate coefficients for EDTA were adjusted, as previously 477 
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determined rate coefficients were for pH 6.0 and for slightly different expressions describing the first 478 

steps of Fe(II) catalyzed dissolution. For the fits shown for DFOB in Figure 3, we adjusted only rate 479 

coefficients for the oxidation of adsorbed Fe(II) and for the formation of H2O2 on the surface.  480 

 481 

4.1.3. Catalytic effect induced by illumination 482 

Similar to the catalytic effect (CE) described in our previous studies, we define a photocatalytic effect 483 

(CEp) as CEp = RFe,diss,,p / RFe,diss  where RFe,diss is the rate of dissolution in the dark without illumination, 484 

and RFe,diss,,p is the rate of dissolution after or during illumination (as listed in Table 1b). Under anoxic 485 

conditions, values for the observed CEp with 2.15 µM photogenerated Fe(II) on the dissolution of Lp 486 

with EDTA were 33 at pH 6.0 and 8 at pH 7.0. For Lp and DFOB, CEp
 was 7-10 for DFOB at pH 7.0. 487 

This compares to a CE of 22 for EDTA at pH 6.0 and a CE of 26 for DFOB at pH 7.0 after addition of 488 

2 µM Fe(II) in our previous studies (Table S2). With Gt and EDTA, the CEp of 28-42 with 2.7 µM 489 

photoproduced Fe(II) compares well to the CE of 7.9 and 13 with 1.0 µM added HBED measured in 490 

our previous study (assuming effected proportional to Fe(II) concentrations) (Kang et al., 2019). The 491 

seemingly lower effect of Fe(II) with DFOB at pH 7.0 can be explained by oxidation of a fraction of 492 

the photoproduced Fe(II) by reactive oxidants (•OH, •O2
- and H2O2).  493 

 494 

4.1.4. Steady-state concentrations of Fe(II) in oxic systems 495 

 Under oxic conditions, a lasting effect of photoproduced Fe(II) on the dissolution rate after 496 

intermittent illumination was not observed with the time resolution of minutes in our experiments. 497 

However, during continuous illumination, the dissolution of Lp was still accelerated by factors of 4.8 498 

with EDTA and by 5.5 with DFOB at pH 7.0. Steady state concentrations of adsorbed Fe(II) under 499 

oxic conditions can be estimated with the rates of photochemical formation of Fe(II) (Rphot) and rates 500 

of oxidation of adsorbed Fe(II) with dissolved O2, with the expression [≡Fe(II)]ss = Rphot/kox. Reported 501 

values for kox for heterogeneous oxidation of Fe(II) with various Fe(III)(hydr)oxides at pH 6-7 and 250 502 

µM dissolved O2 range from 1×10-3 - 1×10-2 s-1.(Barnes et al., 2009) Kinsela et al. determined a rate-503 

coefficient for oxidation of Fe(II) adsorbed to Lp at pH 7.0 of 88.7 M-1s-1, corresponding to kox 504 

=2.2×10-2 s-1 with 250 µM dissolved O2 (Kinsela et al., 2016). Similar rates for the oxidation of Fe(II) 505 

adsorbed to Lp were recently found in our related detailed study on the rates of oxidation of Fe(II) in 506 
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the presence of various Fe(III) (hydr)oxide minerals (Kang, 2019). The calculated [≡Fe(II)]ss listed in 507 

Table 1a show that [≡Fe(II)]ss during continuous illumination under oxic conditions are by factors of 508 

105-20 lower than concentrations of Fe(II) produced from 5-15 min intermittent illuminations under 509 

anoxic conditions.  510 

The smaller catalytic effects under oxic conditions are thus consistent with the smaller (steady 511 

state) concentrations of Fe(II), considering that additional oxidation of adsorbed Fe(II) by •OH, O2
- 512 

and H2O2 might further reduce concentrations Fe(II). For Gt, a catalytic effect could only be observed 513 

with EDTA under anoxic conditions. The catalytic effect on the dissolution of Gt under oxic 514 

conditions was too small to be observed on the time scale of hours, in agreement with previous results.  515 

The rate coefficient for the oxidation of adsorbed Fe on the surface Lp by dissolved oxygen found 516 

in the kinetic model (R6b) falls within the range of 1·10-3 - 1·10-2 s-1, in agreement with the range 517 

found previously (Barnes et al., 2009; Kinsela et al., 2016). Concentrations of Fe(II) and H2O2, formed 518 

during intermittent illuminations of Lp in the presence of DFOB, as calculated with the kinetic model, 519 

are shown in Figure S12. The modeled concentrations of Fe(II) are in reasonable agreement with the 520 

concentrations listed in Table 1a. The modeled concentrations of H2O2 are in the range of previously 521 

measured H2O2 concentrations in illuminated suspension of Lp in the absence of DFOB and EDTA 522 

(Borer et al., 2009c).  523 

 524 

4.1.5. Photoreductive dissolution and Fe(II)-catalyzed ligand-controlled dissolution 525 

The combined results of anoxic and oxic experiments with intermittent illumination provide novel 526 

insights about the mechanisms of photochemically promoted dissolution of Fe(III)(hydr)oxides. So far 527 

the rate of photochemical Fe(II) formation has been assumed to be limiting factor for photoinduced 528 

dissolution. Here, we show that photochemically formed Fe(II) plays an important additional role by 529 

catalyzing non-reductive dissolution as an additional pathway. Under anoxic conditions and with short 530 

illuminations, this pathway was dominant in our experiments. Even short illuminations lead to 531 

continued accelerated, net non-reductive dissolution. Under oxic conditions, both Fe(II)-catalyzed and 532 

photoreductive dissolution contribute, but cannot easily be distinguished, because adsorbed and 533 

dissolved Fe(II)EDTA and Fe(II)DFOB complexes are oxidized by both charge transfer to the surface 534 

and by dissolved O2.  535 
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 536 

4.1.6. Photoreactivity of dissolved complexes  537 

With continuous illumination, ligands in dissolved photolabile Fe(III)-complexes, such as 538 

Fe(III)EDTA, are photodegraded (R7a and R12a). Several subsequent reactions can lead to further 539 

degradation of the ligands (R7b-f). In addition, reactions of ligands with surface-bound hydroxyl 540 

radical can also contribute (R8b).  The initially formed radicals (•L in R7a) are oxidized to stable 541 

products (P  in R7c) that are no longer able to maintain Fe(III) in solution at pH 7.0 and above. 542 

Ethylenediamine-N,N'-triacetic acid (ED3A), is the first product resulting from decarboxylation and 543 

subsequent oxidation of EDTA (R12a-b) (Karametaxas et al., 1995; Kocot et al., 2006). Subsequent 544 

decarboxylation steps result in ethylenediamine-N,N'-diacetic acid (ED2A) and further degradation 545 

products which are not able to prevent formation and precipitation of Fe(III)(hydr)oxides. In contrast, 546 

dissolved Fe(III)DFOB complexes are much less susceptible to photodegradation. Some limited 547 

degradation of adsorbed DFOB from oxidation by •OH or Fe(IV) or by light absorption and LMCT 548 

transitions in surface complexes must have occurred to explain the higher yields of Fe(II) in the 549 

presence of DFOB compared to its absence. Borer et al. (2009) reported that in Lp suspensions at pH 550 

8.0, absorption of light from 395-435 nm by surface complexes of DFOB contributed to formation of 551 

Fe(II) by photoinduced LMCT (Borer et al., 2009d). In our experiments, less than 30% of the DFOB 552 

was degraded after 7 h of illumination, based on 35 µM dissolved Fe(III)DFOB (as determined by UV 553 

spectroscopy). The ability of the ligand to form photostable complexes is important to keep Fe in 554 

solution. Barbeau et al. (Barbeau et al., 2003) studied the photoreactivity of dissolved Fe(III)-ligand 555 

complexes of marine siderophores in relation to their Fe(III)-complexing functional groups and found 556 

that: (a) hydroxamate groups were photochemically resistant regardless of Fe(III) complexation, (b) α-557 

hydroxycarboxylates were photostable when uncomplexed, but photoreactive when complexed, and 558 

(c) catecholates were photoreactive when uncomplexed but photostable when complexed. High 559 

photoreactivities of carboxylates and α-hydroxycarboxylates were also observed with in-situ ATR-560 

FTIR when complexed to the surfaces of various iron(hydr)oxides (Borer et al., 2007; Borowski et al., 561 

2018). Low or no photoreactivity of DFOB on the surface of Lp was detected with ATR-FTIR (Borer 562 

et al., 2009a; Borer et al., 2009b). However, some of the same authors found evidence for some 563 

photoreactivity of DFOB adsorbed to Lp in experiments assessing the wavelength dependency of 564 
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photoinduced dissolution at pH 8.0 (Borer et al., 2009d) Although quantum yields for Fe(II) formation 565 

and degradation of adsorbed DFOB were not measured, they are lower than for EDTA based on ATR-566 

FTIR measurements (Borer et al., 2009a; Biswakarma et al., 2019). DFOB is thus degraded only 567 

slowly during continuous illumination, in contrast to EDTA, which is degraded quickly in solution and 568 

on the surface of Lp as discussed above. This study shows that the photostability of ligands is a crucial 569 

factor in the photochemical mobilization of Fe(II) and Fe(III). Many siderophores (e.g. aerobactin and 570 

pyoverdin) have one or several carboxyl groups and could potentially produce Fe(II) efficiently while 571 

retaining their ability to complex Fe(II) after decarboxylation (Borer et al., 2009c; Passananti et al., 572 

2016). The kinetic model was able to model the continuous illumination experiments (Figure 4) under 573 

oxic conditions with limited degradation of DFOB and the complete degradation of EDTA reasonably 574 

well.  575 

 576 

4.1.7. Limitations of the kinetic model   577 

The kinetic modeling shows that the experimental observations can be explained by the list of 578 

reactions listed in Table 2a. However, it is important to point out that good fits do not prove that the 579 

list of reactions is correct and complete. Alternative models might explain the data equally well. We 580 

did not attempt to find unique rate coefficients for each reaction. The reason for this is that many of the 581 

rate coefficients are interdependent and it is not possible to determine them without additional 582 

experiments and data. Our aim was to explain the data with the previously determined rate coefficients 583 

for Fe(II)-catalyzed dissolution and a minimal number of additional reactions and rate coefficients 584 

within expected and physically reasonable ranges (see footnotes of Table 2). Without being able to fit 585 

all data points perfectly well, the model reproduces the data sufficiently well to support the suggested 586 

reactions. We did not fit the data at pH 6.0 and pH 8.5 because the datasets at these pH-values are not 587 

as complete as the data sets at pH 7.0.  588 

 589 

4.2. Environmental Implications 590 

Fe(III)(hydr)oxides are ubiquitous on soil-water interfaces and as suspended particles in the water 591 

column of aquatic environments that are exposed to sunlight. Understanding the role of photoreactions 592 

in the dissolution pathways of Fe(III)(hydr)oxides in redox dynamic environments is an important step 593 
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to better comprehend the cycles of Fe and other (trace) elements in natural environments. The findings 594 

of this study, show that Fe(II) produced upon 5-15 min exposure of Lp- or Gt-suspensions to light can 595 

act as a catalyst for continued accelerated ligand-controlled dissolution, may allow us to predict the 596 

bioavailability of iron and the mobility of associated trace elements in different environments. 597 

Under anoxic conditions, periods of 5-15 min illumination accelerate the dissolution of 598 

Fe(III)(hydr)oxides (as shown in this study for both Lp and Gt) by factors up to 40, even after 599 

illumination stops. Anoxic environments that can be reached by sunlight exist in shallow lakes 600 

(Oswald et al., 2015), ponds (Finlay et al., 1996), and reservoirs (Townsend, 1999; Hamre et al., 601 

2018). Cyanobacterial blooms are often considered to be an indicator for the quality of the water 602 

(Hrudey et al., 2006; Merel et al., 2013; de Paul Obade and Moore, 2018). Light-induced dissolution 603 

of Fe phases could play an important role in algal blooms, where rapid growth of cyanobacteria can be 604 

limited by bio-accessible iron (Zhang et al., 2017). Sub-oxic and anoxic micro-environments caused 605 

by microbial reduction were found in overall oxic water in cyanobacterial aggregates in surface 606 

blooms (Ploug, 2008) or in settling fecal pellets and aggregates (Shaked and Lis, 2012). 607 

Concentrations of ligands with reactive hydroxamate moieties were positively correlated to 608 

cyanobacterial biomass in lakes with low Fe bioavailability (Sorichetti et al., 2016). Although anoxic 609 

sunlit conditions represent the far end of environmentally-relevant conditions, the presented results are 610 

relevant for a better understanding of dissolution reactions and of the release of nutrients and 611 

contaminants and their uptake by biota in suboxic and oxic environments. 612 

Under oxic conditions, photo-stable ligands are required to sustain higher concentrations of 613 

dissolved Fe under sunlit conditions. EDTA and, most likely, similar ligands with photoactive 614 

carboxylate groups can accelerate dissolution, but are photodegraded rapidly. Ligands such as DFOB 615 

with hydroxamate groups are more photostable and are able to keep Fe in solution. Many natural 616 

siderophores contain carboxylate and hydroxamate groups and preserve their ability to complex Fe(III) 617 

after decarboxylation. In natural environments, ranges of ligands are present and may have different 618 

functions in the mobilization and bioavailability of Fe. The acceleration of dissolution processes by 619 

photochemically formed Fe(II) are highly dependent on the structure of the Fe phase, the functional 620 

groups of the ligand, and the oxygen concentrations. This study shows that parallel and in addition to 621 
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photo reductive dissolution, Fe(II)-catalyzed dissolution can be an important pathway for Fe(III) 622 

mobilization in sunlit waters.  623 

 624 

5. Conclusions 625 

Illumination of circumneutral, carbonate buffered suspensions of Gt and Lp lead to accelerated 626 

dissolution in the presence of EDTA and DFOB. Dissolution rates were not only accelerated by 627 

photoreduction of surface Fe(III) and facilitated detachment of Fe(II) by the ligands (as previously 628 

described), but also by Fe(II)-catalyzed detachment of Fe(III)-ligand complexes that can continue after 629 

illumination stops. Kinetic modeling confirmed that the suggested reactions are able to explain the 630 

experimentally-measured data. Under anoxic conditions, short (5-15 min) illuminations lead to up to 631 

40 times accelerated dissolution rates during subsequent dark periods. Under oxic conditions, Fe(II) on 632 

the surface was oxidized within seconds to minutes by dissolved O2, which prevented a continued 633 

catalytic action of Fe(II) after illumination stopped. Continuous illumination under oxic conditions 634 

lead to steady state concentrations of Fe(II) that still accelerated dissolution rates by factors of 3-5. In 635 

addition to the catalytic effect of photogenerated Fe(II), this study shows that the photostability of 636 

dissolved Fe(III)-ligand complexes is crucial for the mobilization of iron by light under oxic 637 

conditions. While EDTA lead to high initial yields of Fe(II) due to the high photoreactivity of surface 638 

and of dissolved Fe(III)EDTA complexes, EDTA was photodegraded and the products were not able 639 

to hold Fe(III) in solution during continuous illumination at circumneutral pH. In contrast, DFOB 640 

formed photostable dissolved complexes which were able to maintain Fe(III) in solution over several 641 

hours of illumination. These results show that the catalytic effect of Fe(II) on ligand-controlled 642 

dissolution and the different stabilities of Fe(III)complexes are important factors in the mobilization 643 

and bioavailability of iron. The findings likely apply to a wide range of sunlit aqueous environments.   644 
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Tables and Figures 825 

 826 

Table 1a. Photochemical formation of Fe(II) measured with phen (anoxic), quantum yields for Fe(II) 827 

formation, and calculated steady state concentrations of Fe(II) under oxic conditions: ([Fe(II)ss (oxic)) 828 

Rate of photon absorption in Lp and Gt suspensions during illumination: 1,038,000 (nM/min)  

                                     Illum. Time      [Fe(II)]                d[FeII)]/dt             d[FeII)]/dt
*
         Quantum yield    [Fe(II)]ss          

                                         (min)              (µM)                  (nM/min)               (nM/min)              ΦFe(II)              (oxic)       

Lp EDTA 5 2.15 430  32 / 64 6.2 x 10
-4

 0.48 

Lp DFOB 15 2.70 180  - 1.9 x 10
-4

 0.15 

Gt EDTA 5 2.70 540  43 / 86 5.2 x 10
-4

 0.41 

Gt DFOB 15 0.15 10  - - 0.01 

Lp none 15 1.20 79  - 7.7 x 10
-5

 0.06 

Gt none 15 0.10 6  - - 0.00 

* Calculated rate of Fe(II) formation from 5 µM Fe(III)L / 10 µM ≡Fe(III)   829 

 830 

Table 1b. Dissolution rates (d[Fe]diss/dt) of Lp and Gt with 50 µM ligand at pH 7.0 in the dark and 831 

under illumination, and catalytic effect (CEp). Rates at pH 6.0 and 8.5 are reported in italic font.  832 

 833 

                                       Illum. Time      [Fe(II)]    

                                          (min)              (µM)       

d[Fe]diss/dt 

 (nM/min) 

CEp CEp d[Fe]diss/dt  

(% h
-1

) 

       anoxic oxic anoxic oxic anoxic oxic 

[Fe]diss formation in the dark   

Lp EDTA - - 31 25 - - 0.17 0.13 

Lp DFOB - - 19 19 - - 0.10 0.10 

Gt EDTA - - 1.3 - -  0.01 - 

Gt DFOB - - - -   - - 

[Fe]diss formation during continuous UV-A 

Lp EDTA     831 121 27 4.8 4.43 0.65 

  DFOB      312 105 16 5.5 1.66 0.56 

[Fe]diss formation after intermittent UV-A  

Lp EDTA 5 2.15 238 - 8 - 1.27 - 

  EDTA 5 2.15 - -  - - - 

  EDTA 5 2.15 - -  - - - 

  EDTA 15 6.45 427 - 14 - 2.28 - 

Lp DFOB 15 2.70 173 - 9 - 0.92 - 

  DFOB 15 2.70 198 - 10 - 1.06 - 

  DFOB 15 2.70 131 - 7 - 0.70 - 

Gt EDTA 5 2.70 51 - 39 - 0.27 - 

  EDTA 5 2.70 55 - 42 - 0.29 - 

  EDTA 5 2.70 37 - 28 - 0.20 - 

pH 6.0, Lp/ EDTA in the dark      

Lp/ EDTA after 5 min intermittent UV-A      

26 

859 

26 

- 

- 

33 

- 

- 

0.14 

4.58 

0.14 

pH 8.5 

Lp       DFOB  

 

none (i.e. dark) 

 

39 

 

30 

   

0.21 

 

0.16 

Lp DFOB           15 84  2  0.45  

 DFOB           15 88  2  0.47  

 DFOB           15 79  2  0.42  

  834 
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Table 2a. List of reactions used for kinetic modeling 835 

Reaction    k or K (s-1, M-1s-1, M-1)  
    (EDTA / DFOB)  
Non-catalyzed dissolution  
≡FeIII + L   ⇄ ≡FeIIIL  1.0·105 /  3.0·105        (a) (R1a) 
≡FeIIIL   → ≡ + FeIIIL   3.5×10-5 (b) / 3.5×10-5  (a) (R1b) 
≡ + bulk → ≡FeIII   1×108   /  1×108              (c) (R1c) 
      
Photochemical formation of Fe(II) and oxidants  
Lp    −hν, bulk LMCT   hν

→ Lp-bulk-h+ +  Lp-bulk-e-  - (R2a) 
Lp-bulk-h+ + Lp-bulk-e-   → ≡ FeIV + ≡FeII  -  (R2b) 
bulk     hν

→ ≡FeIV + ≡ FeII  6.5·10-6 / 2.7·10-6       (d) (R2ab) 
≡FeIV  +  ≡FeII → bulk   - (R2c) 
≡FeIV (+OH-) → ≡FeIII  + ≡•OH  1.0·106                                   (c) (R2d) 
≡•OH + ≡•OH → H2O2  1.6·103 / 8.7·103              (d) (R2e) 
≡FeIV + L → ≡FeIII + L•   - (R2f) 
≡FeIIIL hν

→ ≡FeII + L•  - (R2g) 
≡FeII  +  bulk  → ≡Fe

III
-O-Fe

II  1×108                                      (c) (R2h) 
      
Adsorption and desorption of FeII 
≡FeIII + FeII ⇄ ≡FeIII-O-FeII  7.2·106  / 7.2·106        (a) R3 
      
Fe(II)-catalyzed dissolution       
≡FeIII-O-FeII + L   → ≡FeII + FeIIIL  95 (b) / 61 (a) (R4a) 
≡FeIII  + FeIIL → ≡FeII + FeIIIL    6.0·102   / 1.4·102       (a) (R4b)   
≡FeIIIL + FeII → ≡FeII  +  FeIIIL        -         / 2.2·104       (a) (R4c) 
≡FeII  +  bulk  → ≡Fe

III
-O-Fe

II  1×108       /  1×108              (c) (R4d) 
      
Formation of dissolved complexes 
FeII + L ⇄ FeIIL  6.0·1011 / 5.3·104           (a) (R5) 
      
Oxidation of surface Fe(II) by H2O2 and by dissolved O2 
≡Fe

III
-O-Fe

II  + H2O2 → bulk + •OH  4.3 ·102  / 2.1·103        (d) (R6a) 
≡Fe

III
-O-Fe

II   + (O2) → bulk + •O2
-  6.4·10-3 /1.1·10-3        (e)  (R6b) 

      
Photolysis of dissolved Fe(III)L (only for FeIIIEDTA) 
FeIII-L   hν

→ FeII + L•  1.2×10-4   /   1×10-9          (f) (R7a) 
FeII  (+ O2) → FeIII(OH)3    1·10-3                          (b) (R7b) 
L• (+ O2) → P + •O2

-    1·105                                        (b) (R7c) 
O2

- + O2
-  → H2O2 + (O2)  1·107                                        (b) (R7d) 

L +   •OH → L• + OH-  1·109                                         (c) (R7e) 
H2O2

 + FeII → •OH + FeIII(OH)3  1·103                                        (b) (R7f) 
Formation and reactions of oxidants  
≡FeII + •OH →

 
→ ≡FeIII + (OH-)  1.0·101 / 1.0·101             (b) (R8a) 

L + ≡•OH → L•  1.0·101 / 1.0·101              (b)            (R8b) 
        836 

In this list, L stands for EDTA or DFOB. Reactants written in parentheses are present at constant 837 

concentrations (e.g. O2 at 250 µM under aerated conditions and <10 nM under anoxic conditions). They are not 838 

entered explicitly in the model, but are contained in the corresponding pseudo-first order reaction rate 839 

coefficients. OH- and H+ are also present at constant concentrations and are not listed as reactants and products. 840 

The reactions are thus not balanced for charge, OH-, H+, and H2O. As dissolved and adsorbed ligands are present 841 

in the form of several differently protonated species – and the speciation of surface species is uncertain – 842 

inclusion of all equations with dissolved and adsorbed species is not possible. The listed rate coefficients are thus 843 

conditional rate coefficients for pH 7.0 and the other specific conditions in this system. The initial bulk 844 

concentration of Lp and Gt were 1.13 mM; the concentration of surface sites was 8.5 µM (the same as in 845 

(Biswakarma et al., 2020) and close to the 8.3 µM surface sites for adsorption of EDTA in (Biswakarma et al., 846 

2019)).  847 
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(a)  Rate coefficients and equilibria constants from (Biswakarma et al., 2020) for DFOB. The rate coefficients 849 

(R4a-d) for Fe(II)-catalyzed dissolutions for EDTA were recalculate to the surface site concentration (8.5 850 

µM) used in this model. (Where only footnote is indicated, it applies for both values).  851 
(b)   Adjusted rate coefficients. 852 
(c)  Fast, non-rate-determining rate coefficients. 853 
(d)   Rate coefficients for the photochemical production of Fe(II) were calculated from the  rates of formation of      854 

      Fe(II) in Table 1a. With the bulk concentration of 1.13 M, the rate coefficients were 480 nMmin-1/(60s min-1       855 

      ·1.13mM) = 6.35 µs-1 for EDTA, and 180 nMmin-1/(60 s min-1 ·1.13mM)= 2.65 µs-1. 856 
(e)   Adjusted rate coefficient for the oxidation of adsorbed Fe(II). 857 
(f)   Rate coefficient for the photolysis of dissolved Fe(III)EDTA from the rates listed in Table 1a (column 6). 858 

 859 

Reactions for which no rate coefficients are stated (indicated by a dash), were not used in the model. The rate 860 

coefficients listed here are for the fits shown in Figures 2 and 3. Rate coefficients for all fits are listed in Table 861 

S3b.  862 

 863 

 864 

In Table 2b, we list degradation reactions of EDTA in more detail.  Similar reactions can occur with DFOB, but 865 

they are less important because dissolved complexes of DFOB are photostable and far less degraded, even during 866 

continuous illumination. To obtain good fits to our data, the reactions listed in Table 2a were sufficient. 867 

 868 

Table 2b. List of addional possible reactions shown in more detail with EDTA 869 

Reaction      
      

Photochemical Fe(II) formation with EDTA as hole scavenger 

≡FeIV + EDTA → ≡FeIII + ED3A’-CH2COO•   (R9a) 
≡FeIII +ED3A’-CH2COO• + OH- → ≡FeII +CO2 + CH2O + ED3A   (R9b) 
ED3A’-CH2COO• + O2 (+ OH-) → CO2 + CH2O + ED3A + •O2

-   (R9c) 
      
Photochemical Fe(II) formation with adsorbed EDTA as chromophore 
≡FeIII-EDTA hν→ ≡FeII   +   •OOC-CH2-ED3A’   (R10a) 
≡FeIII  +ED3A’-CH2COO• + OH-  ≡FeII + CH2O + CO2 +  ED3A   (R10b) 
      
Reactions of EDTA with •OH or ≡FeIII-O-FeIV 
EDTA +  •OH → ED3A’-CH2COO•                  (R11a) 

EDTA +  ≡FeIV  → ED3A’-CH2COO•  +  ≡FeIII     (R11b) 

ED3A’-CH2COO• + O2 → CO2 + CH2O + ED3A + •O2
-   (R11c) 

      
Photolysis of dissolved FeIIIEDTA complexes 
FeIIIEDTA hν→ FeII + ED3A’-CH2COO•   R12a 
ED3A’-CH2COO• + O2 (+ OH-) → ED3A + CO2 + CH2O + •O2

-   R12b 
 870 

EDTA stands for the fully deprotonated (ethylenediaminetetraacetate) and differently protonated species. We do 871 

not specify the charges of dissolved and surface complexes to keep the list of reactions short and due to the 872 

uncertain structures and charges of surface complexes. Several differently protonated and charged complexes 873 

contribute to each reaction.  874 

 875 

We used the following abbreviations and notations: 876 

EDTA: (C2H4N2)(CH2-COO)4
4-    

877 

ED3A’: (C2H4N2)(CH2-COO)3
3-    

878 

ED3A: (C2H4N2H)(CH2-COO)3
3- 

879 

In the kinetic model (Table 2a) ED3A’-CH2COO• is abbreviated as •L, ED3A is abbreviated as P.  880 

For DFOB we used the same abbreviations, but the structure of •L and P are not specified. As mentioned above, 881 

DFOB is degraded less than EDTA, and an exact description of its degradation was not required for good model 882 

fits.  883 

 884 
 

885 
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 888 

 889 

Figure 1. Cummulative Fe(II) production as a function of total illumination time. Fe(II) was produced 890 

in three 5 min illumination intervals (30-35 min, 60-65min, 90-95 min) in 1.13 mM lepidocrocite (Lp) 891 

and goethite (Gt) suspensions. Photoproduced Fe(II) was measured with phenanthroline in the absence 892 

of other ligands, and in the presence of 50 µM EDTA or DFOB at pH 7.0 (carbonate buffer; anoxic). 893 

Error bars correspond to the range of duplicate measurements. Solid lines represent linear fits. The 894 

measurement with Lp and DFOB is shown in more detail in Fig. S3. 895 

 896 

0.0

2.0

4.0

6.0

8.0

10.0

0 5 10 15

[F
e(

II)
(p

h
en

) 3
](

µ
M

)

UV-illumination Time (min)

Gt + EDTA

Lp + EDTA

Lp + DFOB

Lp only

Gt + DFOB

Gt only

0.54 µM/min

0.43 µM/min

0.18 µM/min

0.079 µM/min

0.010 µM/min

0.006 µM/min

Jo
urn

al 
Pre-

pro
of



33 
 

 897 

 898 

Figure 2. Lp dissolution in the presence of 50 µM EDTA. UV-A intermittent illumination intervals of 899 

5 min (shown by purple bars) applied to Lp (1125 µM) suspension at pH 6 and 7. A single 900 

illumination (90-95 min) was applied under anoxic conditions, and three intermittent illuminations 901 

(90-95, 180-185, 270-275 min) were applied under oxic conditions. Also shown are data (purple 902 

triangles) with continuous illumination at pH 7. After 5 min illumination, accelerated Lp dissolution 903 

(anoxic) occurred rapidly until all free ligand was complexed with Fe in the dark. In contrast, Lp 904 

dissolution under oxic conditions was not faster after illumination than before illumination, at both pH 905 

6 and 7. Slopes were determined from the liner fits to the data points, as shown by solid lines. The thin 906 

black lines are the output of the kinetic model where the model was re-started when conditions 907 

changed as explained in the text using reactions and parameters listed in Table 2. 908 
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 911 

Figure 3. Lp dissolution in the presence of 50 µM DFOB. Three intermittent illuminations with UV-A 912 

of 15 min each, are indicated with purple bars (90-105, 180-195, 270-285 min). Fediss was formed at 913 

accelerated rates after intermittent illuminations under anoxic (orange symbols), but not under oxic 914 

(blue symbols) conditions, both at pH 7.0 and pH 8.5. Note that no data was collected during 915 

intermittent illumination. The open circles from 0-480 min show Lp-dissolution in the dark under 916 

anoxic and oxic conditions. Continuous illumination from 480-600 min at pH 7 without prior 917 

illumination under anoxic conditions (open orange circles) and after prior intermittent illuminations 918 

under oxic conditions (filled blue circles) led to accelerated dissolution. The acceleration was by a 919 

factor of 2-3 larger under the anoxic condition. Colored solid lines represent the linear fits to selected 920 

data points for slope determination. The thin black lines are the output of the kinetic model as 921 

explained in caption for Figure 2. 922 
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 928 

Figure 4. Lp dissolution (oxic; pH 7.0) in the presence of 50 µM DFOB or EDTA. One intermittent 929 

illumination from 90-105 min is indicated by a purple bar. From 180-600 min, continuous illumination 930 

was applied. Lp dissolution with DFOB continued in the light, indicating that Fe(III)DFOB complexes 931 

are not or only slowly photolyzed. With EDTA, [Fe]diss declines rapidly after 280 min, due to 932 

photolysis of Fe(III)EDTA complexes and degradation of EDTA. Error bars up to 420 min correspond 933 

to the range of duplicate measurements, data points from 450-600 min are from single measurements. 934 

The thin black lines are the output of the kinetic model as explained in caption for Figure 2. 935 
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 939 

Figure 5. Goethite dissolution in the presence of 50 µM EDTA or DFOB at pH 7.0. Intermittent 940 

illumination intervals with UV-A, indicated with purple bars, were applied from 90-95, 180-185, 270-941 

275 min. Lines represent the linear fits to the data. Intermittent illumination led to accelerated 942 

dissolution in the dark only in the presence of EDTA under anoxic condition. With DFOB, [Fe]diss 943 

remained too low for the determination of dissolution rates even under anoxic condition and was not 944 

measurable under oxic conditions.  945 
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