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Formation and transformation of schwertmannite through direct Fe 3+ hydrolysis 2 under various geochemical conditions 3 4
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Electronic supplementary information (ESI) is available free of charge via the internet at http://pubs.rsc.org, including (1) specific experimental conditions of the formation and transformation of schwertmannite; (2) FTIR spectra of schwertmannite obtained from Fe 3+ hydrolysis-dialysis pathway and of the aging products of schwertmannite formed through Fe 3+ hydrolysis by adding NaOH; (3) XRD patterns of schwertmannite with the coexistence of K + or NH 4 + and the finial aging products of schwertmannite in the presence of NH 4 + ; and (4) schwertmannite transformation rate indicated by Fe o /Fe t obtained from acidic dissolution experiments.

The Fe concentration in the solution was measured using a modified 1, 215 10-phenanthroline colorimetric method. [START_REF] Burton | Schwertmannite transformation 586 to goethite via the Fe(II) pathway: Reaction rates and implications for iron-sulfide formation, 587 Geochim[END_REF] The ratio of Fe o /Fe t indicates the 216 transformation rate of schwertmannite. enhanced peak intensity at 2.55 Å (Fig. 1a). As shown in flower-shaped and composed of small thin plates (Fig. 2a). With increasing hydrolysis 243 temperature, the thin plates transform to long strips, connecting to a "sea-urchin"-like 244 structure (Fig. 2a-d). When the hydrolysis temperature increases to 70 °C and above, 245 minor goethite impurities form, evidenced by its characteristic peaks at 4.18 Å and 1.72 246 Å (Fig. 1a), while the crystallinity of schwertmannite slightly decreases (Fig. 1a). In 247 addition, SO 4 2-content decreases and Fe/S ratio increases (Table 1), and the long strips 248 of schwertmannite become more clustered (Fig. 2e-f).

249

The FTIR spectra of these samples are similar and consistent with typical 250 schwertmannite IR fingerprint. [START_REF] Wang | Sulfate local coordination environment in 584 schwertmannite[END_REF][START_REF] Boily | FTIR spectral 592 components of schwertmannite[END_REF] These spectra consist of a broad triply degenerate 251 asymmetric stretching (ν 3 ) band at ∼1125 cm -1 with two shoulder bands at ∼1050 and 252 ∼1205 cm -1 , a ν 1 fundamental of the symmetric sulfate stretching at 980 cm -1 , a ν 4 253 bending band at ∼610 cm -1 , and a Fe-O stretching band at ~698 cm -1 (Fig. S1a).

254

Additional weak IR vibration bands at 885 cm -1 and 792 cm -1 are shown for the 255 samples hydrolyzed at 70 °C and 80 °C, indicating the formation of minor goethite (Fig.

S1a), consistent with XRD results (Fig. 1a).

257

With increasing dialysis time, diffraction peak intensities of schwertmannite 258 slightly decrease, especially for the peak at 2.55 Å (Fig. 1b), consistent with the 259 decrease of SO 4 2-content and of sulfate IR band intensities (Table 1 and Fig. S1b). In 260 addition, schwertmannite particles aggregate more closely (Figs. 2g-i), leading to a 261 "hedgehog" morphology. [START_REF] Loan | Evidence on the structure of synthetic 594 schwertmannite[END_REF] Furthermore, compared to the Na + system, the presence of appear and increase, indicative of schwertmannite formation (Fig. 3b). In contrast, the 272 pre-formed two-line ferrihydrite aged in the same sulfate concentration and solution pH 273 does not transform to schwertmannite (Fig. 3c).

274 Sulfate-bearing ferrihydrite thus appears as an intermediate phase during the 275 formation of schwertmannite (Fig. 3), similar with the observation in Zhu et al. [START_REF] Zhu | Early stage 544 formation of iron oxyhydroxides during neutralization of simulated acid mine drainage solutions, 545[END_REF] .

276

Transformation from ferrihydrite to schwertmannite is most likely because of a higher 277 thermodynamic stability than ferrihydrite. [START_REF] Loan | On the crystal growth of nanoscale 536 schwertmannite[END_REF][START_REF] Loan | Evidence on the structure of synthetic 594 schwertmannite[END_REF] However, the contrast between the 278 transformation from intermediate ferrihydrite-like mineral (Fig. 3a) and from 279 pre-formed ferrihydrite (Fig. 3c) suggests that sulfate is closely associated with 280 ferrihydrite in a way that differs from simple surface adsorption. [START_REF] Gu | X-ray absorption spectroscopic 596 quantification and speciation modeling of sulfate adsorption on ferrihydrite surfaces[END_REF] thus the formed ferrihydrite readily transforms to schwertmannite. In addition, the 285 ferrihydrite formed in the presence of sulfate may have smaller particle size and more 286 structural defects than ferrihydrite synthesized in the absence of sulfate, which further 287 enhances its transformation to schwertmannite. [START_REF] Zhang | The transformation of two-line 599 ferrihydrite into crystalline products: effect of pH and media (sulfate versus nitrate)[END_REF] 

288

Schwertmannite can form at 25 °C through both Fe 3+ hydrolysis-dialysis (Fig. 1) 289 and Fe 3+ hydrolysis by adding NaOH (Fig. 3, 4a and S2). However, a theoretical 290 calculation indicates that schwertmannite formation through direct Fe 3+ hydrolysis is not 291 thermodynamically spontaneous under ambient condition (~ 25 °C), due to the reaction 292 free energy ∆G°2 98 of 6.275 kJ•mol -1 as the following equation. [START_REF] Zhou | Biomineralization: a pivotal process in developing a novel passive treatment system for 473 acid mine drainage[END_REF] 293

Fe 3+ (aq) + 7/4H 2 O(l) + 1/8SO 4 2-(aq) = 1/8Fe 8 O 8 (OH) 6 SO 4 (s) (Sch) + 11/4H + (aq) 294
This apparent discrepancy could be explained by the migration of protons (H + ) 295 through the dialysis membrane into distilled water during dialysis process. As a result, 296 the solution pH in the dialysis bag, initially very low and unfavorable to Fe 3+ hydrolysis, 297 gradually increases and then induces schwertmannite formation. On the other hand, the 298 schwertmannite readily forms from Fe 3+ hydrolysis in the presence of sulfate by adding 299 NaOH at 25 °C (Fig. 3 and4), consistent with previous reports. [START_REF] Burgos | Schwertmannite and Fe oxides formed by biological low-pH Fe(II) oxidation versus 539 abiotic neutralization: Impact on trace metal sequestration[END_REF][START_REF] Reichelt | Transformation of nanostructured schwertmannite and 542 2-line-ferrihydrite into hematite[END_REF][START_REF] Zhu | Early stage 544 formation of iron oxyhydroxides during neutralization of simulated acid mine drainage solutions, 545[END_REF] Consequently, direct 300 Fe 3+ hydrolysis should be considered as an important pathway of schwertmannite 301 formation in watershed or soils surrounded by AMD with a relative high pH. rates (above 3.33 µM Fe/min), with a lower hydrolysis rate leading to an improved 307 crystallinity, compared to the mixed directly system (Fig. 4a). In addition, 308 schwertmannite morphology varies substantially with Fe 3+ hydrolysis rate, exhibiting 309 longer strips and resulting in larger and looser aggregates at a lower Fe 3+ hydrolysis 310 rate, similar to the sea urchin-like aggregates that form from Fe 2+ oxidation. [START_REF] Zhang | Schwertmannite: occurrence, properties, synthesis 574 and application in environmental remediation[END_REF] However, 311 the morphology obtained from mixed directly system is block agglomerate (Fig. 4b). ). In addition, schwertmannite can be obtained only at low initial Fe/S molar ratio 319 (Fe/S ≤ 5) (Fig. 3 and 9b), i.e., high sulfate concentration, while ferrihydrite forms when 320 the Fe/S molar ratios exceed 8 to 10, suggesting that sulfate must be present in excess, 321 relative to the ideal mineral composition, to allow for schwertmannite formation.

322

XRD patterns indicate that the presence of Cl -does not affect schwertmannite 323 formation (Fig. 9d), suggesting that although Cl -can promote akaganéite 324 (FeO(OH) 1-x Cl x ) formation under acidic conditions, [START_REF] Zhu | Early stage 544 formation of iron oxyhydroxides during neutralization of simulated acid mine drainage solutions, 545[END_REF] the presence of numerous sulfate 325 probably inhibits the formation of akaganéite, similar to the reports in Fe 2+ 326 bio-oxidation system. [START_REF] Xiong | Influence of chloride and sulfate on formation of akaganéite and 579 schwertmannite through ferrous biooxidation by acidithiobacillus ferrooxidans cells[END_REF][START_REF] Ishikawa | Influence of anions on the formation 602 of β-FeOOH rusts[END_REF] Pure schwertmannite could thus be synthesized through FeCl 3 327 hydrolysis-dialysis if sufficient sulfate is present. [START_REF] Bigham | A poorly crystallized 461 oxyhydroxysulfate of iron formed by bacterial oxidation of Fe(II) in acid-mine waters[END_REF] Additionally, the presence of K + or With increasing aging time to 24 h, goethite is present in all samples, with more 338 goethite occurring at higher Fe 3+ hydrolysis rate (Fig. 5b), suggesting that the 339 schwertmannite obtained at a higher Fe 3+ hydrolysis rate is less stable, possibly due to 340 its lower crystallinity. FTIR spectra of the samples aged for 3 h (Fig. 5c) and 24 h (Fig. 341 5d) show that the characteristic Fe-O stretching band of schwertmannite at ~698 cm -1 342 decreases with aging time, whereas the characteristic OH bending vibration bands of 343 goethite at 885 cm -1 and 792 cm -1 increase with increasing Fe 3+ hydrolysis rate and 344 aging time, confirming XRD results (Fig. 5a and5b). Thus, lower Fe 3+ hydrolysis rate 345 leads to larger crystallite size and higher structural stability of schwertmannite, thus 346 disfavoring its transformation to other phases. This observation was also made for 347 schwertmannite formed from Fe 2+ oxidation. At 80 ºC and Fe/S = 2, the concentration of dissolved Fe 3+ decreases with 366 increasing pH from 2.0 to 3.5 (Fig. 7a), while that of dissolved SO 4 2-increases (Fig. 8a), 367 indicating that a higher pH enhances SO 4 2-release and thus the transformation from 368 schwertmannite to goethite. This transformation is supported by the XRD patterns (Fig. bending vibration bands of goethite at 885 cm -1 and 792 cm -1 increase with increasing 373 pH (Fig. S3a), further confirming the above analyses. The increased transformation rate 374 of schwertmannite to goethite can be partially ascribed to the easier sulfate release at a 375 higher pH. [START_REF] Jonsson | Schwertmannite precipitated from acid mine 550 drainage: phase transformation, sulphate release and surface properties[END_REF] 

376

For a given pH and Fe/S molar ratio, the concentration of dissolved Fe 3+ 377 substantially decreases with increasing aging temperature (from 25 to 80 o C) and aging 378 time (Fig. 7c). As to dissolved SO 4 2-, it increases slightly at 25 ºC and more 379 significantly at higher temperatures with increasing aging time (Fig. 8b), suggesting that 380 SO 4 2-release is enhanced at a higher temperature during schwertmannite 381 transformation. Additionally, XRD patterns (Fig. 9c andS3c) and acidic dissolution 382 results (Fig. S4a) indicate that goethite formation is favored at higher aging 383 temperatures and longer aging time, consistent with lower concentration of dissolved 384 Fe 3+ (Fig. 7c) and higher concentration of dissolved SO 4 2-(Fig. 8b). In addition, the 385 mineral phases formed at different Fe/S molar ratios exhibit different stabilities at 60 °C 386 and pH 3 (Fig. 9b andS3b), with lower Fe/S molar ratio resulting in lower 387 concentration of dissolved Fe 3+ (Fig. 8b). As a consequence, schwertmannite obtained at 388 a lower Fe/S molar ratio (Fe/S ≤ 5) transforms more readily to goethite than ferrihydrite 389 which is obtained at higher Fe/S ratios (Fe/S > 5) (Fig. 9b andS3b). Cl -(Fe/Cl -= 0.2) inhibits SO 4 2-release and the transformation of schwertmannite to 395 goethite (Fig. 8c and9d), possibly because massive Cl -adsorption on schwertmannite 396 surface impedes SO 4 2-release and thus the dissolution-recrystallization process. As 397 reported previously, adsorption of ions on schwertmannite surface could stabilize its 398 structure. [START_REF] Burton | Arsenic 560 effects and behavior in association with the Fe(II)-catalyzed transformation of schwertmannite, 561[END_REF][START_REF] Schoepfer | Contrasting effects of phosphate on the rapid 620 transformation of schwertmannite to Fe(III) (oxy)hydroxides at near-neutral pH[END_REF] 399

The presence of K + promotes hydrolysis and precipitation of dissolved Fe 3+ (Fig. 400 7d) and inhibits SO 4 2-release (Fig. 8d) through the formation of K + -bearing jarosite, 401 exhibiting aggregated spherical particle morphology (Fig. 9d and10d). K + -bearing 402 jarosite formation is also confirmed by FTIR spectrum with bands at around 1080 ~ 403 1200 cm -1 , 1008 cm -1 , and 628 cm -1 (Fig. S3d), respectively, assigned to the vibrational 404 modes of v 3 (SO 4 2-), v 1 (SO 4 2-), and v 4 (SO 4 2-). [START_REF] Sasaki | Distinction of jarosie-group compounds by raman 623 spectroscopy[END_REF] Similarly, a high NH 

Conclusion and implications

[Type here] 416

In the present study, schwertmannite formation through direct Fe 3+ hydrolysis and 417 its subsequent transformation have been systematically investigated under various 418 geochemical conditions. Schwertmannite can be obtained over a Fe 3+ hydrolysis 419 temperature range of 25 -60 °C, a pH range of 2.0 -3.5, molar ratios of Fe/S lower than 420 5, Fe 3+ hydrolysis rates higher than 3.33 µM/min, and in the presence of Cl -, K + or NH 4 + 421 (Fig. 11). Such an extended range of conditions suggests that direct Fe 3+ [Type here] 

  of 0.2 M NaOH was added dropwise to a 74 mL mixed solution containing 173 Fe(NO 3 ) 3 and Na 2 SO 4 at addition rates of 0.5, 0.1, and 0.05 mL/min, respectively, hydrolysis rates of 33.33, 6.67, and 3.33 µM/min. The direct mix of 175 NaOH, Fe(NO 3 ) 3 and Na 2 SO 4 solutions was recognized as control system (named as 176 mixed directly), approximately representing an infinite Fe 3+ hydrolysis rate. Solution pH 177 was then adjusted to 3 for all experiments with a Fe/S molar ratio of 2 [c(Fe 3+ ) = 48.55 178 mM, c(SO 4 2-) = 24.275 mM]. In addition, to determine the effects of Fe 2+ on 179 schwertmannite transformation, a Fe 2+ solution [c(Fe 3+ )/c(Fe 2+ ) = 10] was added to the 180 fresh schwertmannite suspension formed form the condition of a NaOH addition rate of 181 0.1 mL/min. Subsequently, all samples were sealed and aged at 60 °C for 96 h, during 182 which, the solution pH were maintained at pH 3 by adding 0.1 M NaOH or HNO 3 at 183 regular time intervals. The containers were open to air during pH adjustment and 184 sampling, allowing entrance of atmospheric O 2 to the reaction systems. At pre-set time 185 intervals, a 15 mL suspension was sampled and passed through a 0.22 μm membrane 186 filter mounted on a vacuum apparatus. The dissolved SO 4 2-and Fe concentrations in the 187 filtrates were measured as described above, whereas the wet solids on the membrane 188 were rinsed with 30 mL deionized water, air dried, ground, and analyzed by XRD, 189 FTIR, SEM, and acidic dissolution.

190 2 . 3 . 3 2 194M 2 . 3 . 4 NH 4 + 2 . 3 . 5

 23322344235 Effects of pH, Fe/S molar ratio, and temperature on the long-term aging of 191 schwertmannite 192 Solutions containing Fe(NO 3 ) 3 and Na 2 SO 4 with Fe/S molar ratios of 1.5, 2.0, 2.5, 193 5.0, 8.0 or 10.0 [c(Fe 3+ ) = 48.55 mM] were directly mixed with different amounts of 0.NaOH solution, leading to final pH values of pH 2.0, 2.5, 3.0 and 3.5 with total 195 suspension volume of 200 mL. The suspensions with different pHs (Fe/S molar ratio = [Type here] 196 2.0) were aged at 80 °C for 96 h, while the suspensions with different Fe/S molar ratios 197 (pH = 3.0) were aged at 60 °C for 96 h. Subsequent experimental details are the same as 198 in Section 2.3.2. 199 Effects of co-existing Cl -, K + , or NH 4 + on the long-term aging of 200 schwertmannite 201 Solutions containing Fe(NO 3 ) 3 , Na 2 SO 4 , and NaCl [c(Fe 3+ ) = 48.55 mM, Fe/S = 2, 202 Fe/Cl = 2, 0.2] were directly mixed with 0.2 M NaOH solution to obtain 203 schwertmannite suspensions with a total volume of 200 mL. The schwertmannite 204 suspensions were then aged at 60 °C and pH 3 for 96 h. In addition, solutions containing 205 Fe(NO 3 ) 3 , K 2 SO 4 or (NH 4 ) 2 SO 4 [c(Fe 3+ ) = 48.55 mM, Fe/S = 2 and 0.2, Fe/K + or 206 =1 and 0.1] were directly mixed with 0.2 M NaOH solution to obtain 207 schwertmannite suspensions. The suspensions were subsequently aged at 80 °C and pH 208 2 for 96 h. Subsequent experimental details are the same as in Section 2.3.2. 209 Acidic dissolution experiments 210 To explore the transformation rate of schwertmannite under different conditions, 211 10 mg of dried intermediate samples were dissolved in 10 mL of 0.2 M acidic 212 ammonium oxalate solution (pH 3, Fe o ) or 4 M HCl solution (Fe t ) at RT for 2 h under 213 stirring. Resulting solution was then immediately filtered through a 0.22 µm membrane.214

3 . Results and discussion 234 3 . 1

 331 for phase identification were recorded from 10 to 70° 219 at a scan speed of 1°•min -1 on a Bruker D8 Advance X-ray diffractometer equipped with 220 a LynxEye detector using Ni-filtered Cu Kα radiation (λ = 0.15418 nm). To identify 221 mineral phases with poor crystallinity, synchrotron-based XRD data of part samples 222 were collected at beamline BL14B1 (λ = 0.6895 Å, scanning from 0.5 to 30° and 223 exposure time of 30 s) at the Shanghai Synchrotron Radiation Facility (SSRF) 52 or at 224 beamline 11-ID-B at the Advanced Photon Source (APS), Argonne National Laboratory 225 (X-ray energy of 58.86 keV, λ = 0.2112 Å). 50 226 The morphology and particle size of the samples were observed by SEM (SU8000) 227 at an accelerating voltage of 10 or 20 kV. Specifically, a small amount of sample was 228 pasted on conductive glue, and then plated using a sputtering apparatus. In addition, 229 FTIR of the samples was recorded on a Bruker VERTEX 70 spectrophotometer. The 230 samples were mixed gently with KBr (~1% sample weight) in an agate mortar and 231 pelletized. Each sample was collected 128 scans with a resolution of 4 cm -1 over the 232 4000-400 cm -1 against the air background. 233 Formation of schwertmannite through Fe 3+ hydrolysis-dialysis 235 XRD patterns of the products obtained from different Fe 3+ hydrolysis temperatures 236 are shown in Figure 1a. With increasing hydrolysis temperature from 25 -60 °C, pure 237 schwertmannite is obtained, and its crystallinity gradually increases evidenced by the 238

302 3 . 3 3 . 3 . 1

 33331 Effects of geochemical conditions on schwertmannite formation through Fe 3+ 303 hydrolysis by adding NaOH 304 Effect of Fe 3+ hydrolysis rate 305 XRD patterns indicate that pure schwertmannite forms at different Fe 3+ hydrolysis Page 33 of 61 Environmental Science: Nano [Type here] 306
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 3323174346 These schwertmannite samples, obtained from different Fe 3+ hydrolysis rates, should 313 have distinct surface reactivity and geochemical behaviors, which need to be further 314 studied. Effects of pH, Fe/S molar ratio and co-existing ions 316 Schwertmannite can form through Fe 3+ hydrolysis over the pH range of 2.0 -3.5 Fig 4a, 9a and S2) that is slightly wider compared to that of Fe 2+ oxidation (i.e., pH 2.

328NH 4 + 3 . 4 3 . 4 . 1

 434341 slightly increases schwertmannite crystallinity (Fig.S2), similar to the Fe 3+ 329 hydrolysis-dialysis pathway (Fig.1c), probably because K + or NH 4 + ions enter the 330 schwertmannite tunnel structure during Fe 3+ hydrolysis, thus enhancing schwertmannite 331 crystal growth. 332 Effects of geochemical conditions on the transformation of schwertmannite 333 formed through Fe 3+ hydrolysis by adding NaOH 334 Effect of Fe 3+ hydrolysis rate 335During the transformation of schwertmannite formed at different Fe 3+ hydrolysis 336 rates, minor goethite form only in the mixed directly sample after a 3 h aging (Fig.5a).

  337

3699a)

  and the lower Fe o /Fe t (ratio of dissolved Fe in oxalate to total Fe) measured at 370 higher pH values (Fig.S4b). Additionally, FTIR spectra indicate that the characteristic 371 Fe-O stretching band of schwertmannite at ~701 cm -1 gradually decreases whereas OH Page 36 of 61 Environmental Science: Nano [Type here]
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 344 Effects of co-existing Cl -, K + , or NH 4 + 391 Compared to the system without Cl -, the presence of Cl -(Fe/Cl -= 2) accelerates the 392 release of SO 4 2-(Fig. 8c), possibly because Cl -promotes SO 4 2-release by ligand 393 exchange, enhancing goethite formation (Fig. 9d). In contrast, a high concentration of Page 37 of 61 Environmental Science: Nano [Type here] 394

4 + concentration 405 (

 4405 Fe/NH 4 + = 0.1) favors jarosite formation with very low concentration of dissolved 406 SO 4 2-(Fig.8d), leading to the coexistence of goethite and NH 4 + -bearing jarosite (Fig.407S5), coincident with the results observed in Fe 2+ bio-oxidation system.[START_REF] Jones | Synthesis and properties of ternary 625 (K, NH 4 , H 3 O)-jarosites precipitated from Acidithiobacillus ferrooxidans cultures in simulated 626 bioleaching solutions[END_REF][START_REF] Jones | Formation and characterization of 628 ternary (Na, NH 4 , H 3 O)-jarosites produced from Acidithiobacillus ferrooxidans cultures[END_REF] More 408 lath-like particles and looser aggregates are observed at a higher concentration of NH 4 + 409 (Fig.10 b). However, the presence of low NH 4 + (Fe/NH 4 + = 1) increases SO 4 2-release 410 (Fig.8d), thus favoring the formation of goethite (Fig.S5). Compared to NH 4 + , the 411 presence of K + is easier to induce jarosite formation, consistent with a previous study 412 indicating that the ability of K + to promote jarosite formation is ~ 75× greater than that 413 of NH 4 + ,[START_REF] Bai | Both initial concentrations of 631 Fe(II) and monovalent cations jointly determine the formation of biogenic iron hydroxysulfate 632 precipitates in acidic sulfate-rich environments[END_REF] probably because that the ionic radius of hydrated K + (1.32 Å) fits better in 414 jarosite structure than that of NH 4 + (1.44 Å).

  415
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 67891011 Fig. 6. XRD patterns of the transformation products of schwertmannite, obtained from

Fig. 1 .Fig. 2 .

 12 Fig. 1. XRD patterns of the products obtained from Fe 3+ hydrolysis-dialysis at different

Fig. 3 .Fig. 4 .

 34 Fig. 3. Synchrotron-based XRD patterns (a) and pair distribution functions [G(r)s] (b)

Fig. 5 .Fig. 6 .Fig. 7 .Fig. 10 .Fig. 11 .

 5671011 Fig. 5. Synchrotron-based XRD patterns and FTIR spectra of the products obtained

25 Fig. S1 . 26 Fe

 25S126 Fig. S1. FTIR spectra of the products obtained from Fe 3+ hydrolysis-dialysis at different
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  Fig. S2. Synchrotron based XRD patterns of the products obtained from quick
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 37S3 Fig. S3. FTIR spectra of the mineral phases obtained from quick hydrolysis of Fe 3+ and
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.2 Mineral evolution during Fe 3+ hydrolysis by adding NaOH

  

	Page 31 of 61	Environmental Science: Nano
	262	K + or NH 4 + (Fig. 1c) slightly increases the crystallinity of schwertmannite but decreases
	263	the SO 4 2-content in schwertmannite (Table 1).
	265	During Fe 3+ hydrolysis in the presence of SO 4 2-, XRD patterns of the intermediate
	266	products indicate that ferrihydrite is the initial product and schwertmannite is observed
	267	later but within 45 min (Fig. 3a). The corresponding PDF data [G(r)s] of intermediate
	268	products show that the PDF data of initial sample (~3.2 min) is similar to that of a
	269	ferrihydrite reference. With increasing aging time, the intensity of Fe-Fe peak at 5.42 Å
	270	increases, and the Fe-Fe peaks at 7.40 Å and 11.06 Å and Fe-O peak at 6.08 Å gradually
	271	
		[Type here]

264 3

.2 Effect of the presence of Fe 2+

  

	15, 20, 58 Environmental Science: Nano stronger if Fe 2+ is present (Fig. 6a), compared to the Fe 2+ -free system (Fig 5b), suggesting that Fe 2+ significantly accelerates schwertmannite transformation to goethite. In addition, the concentration of dissolved SO 4 2-is higher in the presence of Fe 2+ than that in the Fe 2+ -free system (Fig. 6b), indicating that Fe 2+ promotes the release of sulfate during schwertmannite dissolution and transformation. During the aging process, the concentration of dissolved Fe 2+ decreases with increasing aging time, while that of dissolved SO 4 2-increases (Fig. 6b), suggesting that schwertmannite transformation to goethite occurs through a dissolution-recrystallization mechanism by consuming Fe 2+ 3.4Page 35 of 61 348 350 351 352 353 354 355 356 357 358 and releasing SO 4 2-. Enhancement of schwertmannite transformation in the presence of
	[Type here]

349

After aging for 24 h, XRD patterns indicate that goethite diffraction peaks are 359 Fe 2+ possibly results from two aspects. On one hand, aqueous Fe(II) species can 360 exchange structural Fe(III), thus enhancing the mineral phase reorganization, as 361 evidenced by stable Fe isotope tracers.

[START_REF] Frierdich | Iron atom 607 exchange between hematite and aqueous Fe(II)[END_REF][START_REF] Liu | Fe(II)-induced phase 609 transformation of ferrihydrite: The inhibition effects and stabilization of divalent metal cations[END_REF][START_REF] Neumann | Atom exchange between aqueous Fe(II) and structural Fe in clay minerals[END_REF] 

On the other hand, electron transfer between 362 adsorbed Fe(II) and structural Fe(III) promotes the reductive dissolution of 363 schwertmannite and its subsequent recrystallization.

[START_REF] Liu | Fe(II)-induced phase 609 transformation of ferrihydrite: The inhibition effects and stabilization of divalent metal cations[END_REF][START_REF] Larese-Casanova | Heterogeneous oxidation of Fe(II) on iron 615 oxides in aqueous systems: Identification and controls of Fe(III) product formation[END_REF][START_REF] Jones | Redox characterization of the Fe(II)-catalyzed 618 transformation of ferrihydrite to goethite[END_REF] 
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4.3 Effects of pH, temperature, and Fe/S molar ratio 365

  

Table 1 .

 1 The Fe and S contents in the schwertmannite samples formed through Fe 3+ 679 hydrolysis-dialysis at different hydrolysis temperatures, dialysis time, and in the

	680	presence of K + or NH 4 + .
			Sample		Fe	(mmol/g)	SO 4	molar ratio of Fe/S
			25 o C -7d	10.69	1.71	6.25
			40 o C -7d	10.27	1.78	5.77
			50 o C -7d	10.65	1.86	5.73
			60 o C -7d	10.52	2.03	5.18
			70 o C -7d	10.28	1.73	5.94
			25 o C -15d	11.55	1.67	6.92
			60 o C -15d	11.69	1.79	6.53
		60 o C -7d -K +	9.83	1.66	5.92
		60 o C -7d -NH 4 +	11.63	2.13	5.46
	681				
	682	7 6 5 4	3	d spacing (Å)	2

Table S1 .

 S1 Experimental conditions on formation and transformation of schwertmannite

	22	through direct Fe 3+ hydrolysis			
		Sample	Fe 3+ (mM)	SO 4 2-(mM)	pH	Temperature	Co-existing ions (mM)	Dialysis time
		(a) Schwertmannite formation though Fe 3+ hydrolysis-dialysis pathway
		Hydrolysis temperature	19.98	10.56	-	25, 40, 50, 60, 70, 80 o C	-	7d
		Dialysis time 19.98	10.56	-	25, 60 o C	-	1, 3, 7, 15 d
		Coexistence of K + or NH 4 + 19.98	10.56	-	60 o C	K + , NH 4 + (21.12 mM)	7d
		(b)					

Mineral evolution during Fe 3+ hydrolysis by adding NaOH

  

	OH -/Fe 3+ = 1	400	600	2.5	25 o C	-	-
	Fhy + SO 4 2-	48.55	72.825	2.5	25 o C	-	-
	(c)						

Fe 3+ hydrolysis rate on the formation and long-term aging of schwertmannite

  

	Aging temperature	48.55		24.275	3.0	25, 60, 80 °C	-	-
	Co-existing Fe 2+	48.55		24.275	3.0	Aging: 60	°C	Fe 2+ (4.855 mM)	-
	Co-existing Cl -	48.55		24.274	3.0	Aging: 60	°C	Cl -(24.275, 242.75 mM)	-
	Co-existing K + or NH 4 +	48.55		24.275, 247.25	2.0	Aging: 80	°C	K + , NH 4 + mM) (48.55, 485.5	-
	23							
				Fe-O	v 4			
	1200 1100 1000	900	800	700	600			
	24							
	33.33 µM/min	48.55		24.275	3.0	Formed:25 Aging: 60	°C °C	-	-
	6.67 µM/min 48.55		24.275	3.0	Formed:25 Aging: 60	°C °C	-	-
	3.33 µM/min 48.55		24.275	3.0	Formed:25 Aging: 60	°C °C	-	-
	(d) Schwertmannite transformation under various geochemical conditions
						2.0,		
	pH effects	48.55		24.275	2.5, 3.0,	Aging: 80 °C	-	-
						3.5		
					32.37,			
	Fe/S molar ratios	48.55		24.275, 9.71, 6.07, 19.42,	3.0	Aging: 60 °C	-	-
					4.855			

[Type here]

2-(mM)
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