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ABSTRACT 8 

This work examines the transformation of iron-bearing precursors to jarosite-like minerals in the 9 

absence of bacteria or other organic compounds. The composition of the aqueous solution 10 

determines the transformation, through which crystallinity and long-term stability of jarosite 11 

increase, whereas the temperature of the environment affects the kinetics of the process. 12 

Spectroscopic techniques (FTIR and XPS) were used to characterize the chemical species present 13 

on the transformed mineral surfaces. Schwertmannite is the first phase to precipitate as a result of 14 

homogeneous nucleation and growth in the bulk of the supersaturated solution. This metastable 15 

phase transforms into a crystalline Na-rich member of the (Na,H3O)Fe3(SO4)(OH)6 solid 16 

solution-family after aging for either 3 hours at 70ºC or 1 day at 20ºC. XRD analyses show that 17 

the crystallinity of natrojarosite increases progressively with reaction time, although its cell 18 

parameters and crystallite size remain nearly constant during aging, which reveals the stability of 19 

the crystal structure of this secondary phase. Interestingly, the mechanisms governing the 20 

transformation from aggregates of schwertmannite into natrojarosite crystals consist of interface-21 

coupled dissolution–precipitation reactions that involve an internal structural reorganization 22 

within the individual nanoparticles of the secondary phase, in which Fe (III) is transferred from 23 

the solid to the solution while SO4
2-, OH- and Na+ move in the opposite direction. The 24 

spectroscopic study confirms the mineralogical results and suggests that the crystal structure of 25 

jarosite-like minerals may offer interesting geochemical information about the aqueous solutions 26 

where they were formed. The transformation kinetics and the apparent activation energy (Ea = 27 

52.1 kJ·mol−1) of the transformation were estimated using the so-called “time to a given 28 

fraction” method and a TTT (Temperature−Transformation−Time) diagram was established in 29 

the range 20 - 70ºC to define the reaction pathways during the process.  30 
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INTRODUCTION 31 

The precipitation of iron-bearing metastable phases is a common process in natural and anthropic 32 

environments, where they precipitate whenever water is present under acidic conditions 33 

(Schwertmann et al. 1995; Bigham et al. 1996; Bigham and Nordstrom 2000; Gagliano et al. 34 

2004). Schwertmannite (Shm), a poorly crystalline Fe(III)-oxyhydroxysulfate of ambiguous 35 

composition, has attracted the interest of researchers because sulfate can be substituted by a 36 

range of oxyanions (AsO4
3-, CrO4

2-, SeO4
2-, PO4

3-). Moreover, its unique physico-chemical 37 

properties such as high surface area (125–320 m2/g) (Bigham et al. 1990) explain its high 38 

reactivity and capacity to retain toxic ions via adsorption and coprecipitation processes 39 

(Waychunas et al. 1995; Acero et al. 2006; Sánchez-España et al. 2006; Asta et al. 2009; Burton 40 

et al. 2009). It is well-known that precipitation of schwertmannite is followed by transformation 41 

into more crystalline and stable phases such as jarosites (MFe3(SO4)2(OH)6, where M = Na+, 42 

H3O+, K+, Ag+, NH4
+, or ½ Pb2

+), goethite (αFeOOH) and hematites (Fe2O3). These latter phases 43 

control the solubility of iron-bearing minerals over a wide pH range (Waychunas et al. 1995; 44 

Bigham et al. 1996; Barham 1997; Gagliano et al. 2004; Jönsson et al. 2005; Desborough et al. 45 

2010; Sánchez-España et al. 2012). For this reason, although some studies claim the efficiency of 46 

Shm as sequester of heavy metals (Acero et al. 2006; Burton et al. 2009), others reveal that 47 

pollutants are released to the aqueous solution during mineral transformation at a short time-48 

scale (Regenspurg and Peiffer 2005; Sánchez-España et al. 2006; Cruz-Hernández et al. 2016). 49 

Understanding the schwertmannite transformation into jarosite-like minerals has a special 50 

interest in geological, environmental and planetary science. For instance, secondary jarosite 51 

minerals are associated with supergene minerals in ore deposits, acid sulfate soils, acid-mine 52 

drainage and hydrometallurgical processes involving oxidation of iron sulfide minerals (Bigham 53 
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and Nordstrom 2000). The formation of jarosite during early weathering processes and its 54 

presence in epithermal deposits, which are formed at low hydrothermal temperatures (from 50 to 55 

200ºC) and shallow depths (Arribas 1995), explain the importance of these minerals for 56 

prospection and mining. The low solubility of jarosite-like minerals, together with the flexibility 57 

of its crystalline structure, which allows the incorporation of different foreign ions such as rare 58 

earths or toxic metals, determines their geochemical and environmental significance (Dutrizac 59 

1996; Acero et al. 2006; Asta et al. 2009). The precipitation of jarosite requires dry conditions 60 

after mineral precipitation (Nordstrom 2009), typical of the transition from humid or semi-arid to 61 

hyperarid conditions that occurred in the past on Mars surface (Fairén et al. 2010). Thus, the 62 

identification of jarosite on Mars has been interpreted as an indicator of arid climate and water-63 

limited chemical weathering (Burns 1987; Madden et al. 2004). Although numerous studies have 64 

been conducted on both the sorption capacity of Fe(III) hydroxysulfate and the fate of the toxic 65 

ions during transformation, relatively few works have examined the precipitation behavior and 66 

subsequent transformation from the precursor to the crystalline phase under highly acidic 67 

condition (pH < 3) and low hydrothermal temperatures. However, the precipitation of metastable 68 

phases is strongly influenced by kinetic and other physicochemical parameters such as pH, that 69 

modify the distribution of chemical species in the aqueous phase, which in turn, facilitates the 70 

transformation of these phases into more stable phases (Jiménez et al. 2019). In this context, the 71 

effect of changes in the geochemical conditions (aqueous and solid-phase compositions, 72 

temperature, and pH) on the long-term stability of jarosite in acidic aqueous systems deserves 73 

further study. Spectroscopic techniques (FTIR and XPS) have allowed various minerals of the 74 

jarosite group to be identified (Dutrizac and Kaiman 1976; Gagliano et al. 2004; Bishop and 75 

Murad 2005; Basciano and Peterson 2007, 2008; Majzlan et al. 2011), but they can also be used 76 
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to shed light on the geochemical conditions of the medium where minerals are formed. This 77 

work aims to study the crystallization behavior of natrojarosite by direct precipitation from 78 

supersaturated solutions at both ambient (20°C) and low (70°C) hydrothermal temperatures. 79 

Specific experiments have been designed to attain a rapid transformation from poorly crystalline 80 

(schwertmannite) to crystalline phases (natrojarosite), in which precipitation occurs after shorter 81 

periods of time than those needed in our previous study performed with parent solutions of low 82 

and intermediate concentrations at ambient temperature (Jiménez et al. 2019). X-ray diffraction 83 

and scanning electron microscopy were used to follow the mineral transformation and the long-84 

term stability of the crystalline phases. Fourier-transform infrared spectroscopy and X-ray 85 

photoelectron spectroscopy techniques in combination with X-ray diffraction were used to 86 

characterize the chemical species at the natrojarosite surface. The kinetics and the activation 87 

energy of the transformation of schwertmannite into natrojarosite is analysed using the so-called 88 

“time to a given fraction” method (Putnis 1992) and a TTT 89 

(Temperature−Transformation−Time) diagram was constructed to define the reaction pathways 90 

during the process. The highly acidic and sulfate-rich solutions used in this work are analogous 91 

to those of acid mine drainages and to the ancient waters of Mars. 92 

 93 

METHODS 94 

Synthesis of iron hydrosulfates 95 

Two sets of precipitates were produced by aging two different aqueous solutions of Fe2(SO4)3 96 

and NaOH (0.12 and 0.2 M for the LC20 samples and 0.20 and 0.4 M for the HC20 samples) at 97 

ambient temperature (~20ºC) for various aging times comprised within the 3 hours - 210 days 98 

range. The pH and composition of the initial aqueous solutions are given in Table 1. The 99 



6 

 

composition of the parent solutions was selected in order to obtain stable phases faster than in 100 

our previous study (Jiménez et al. 2019). Additionally, the effect of temperature on the nature of 101 

the precipitates was checked by introducing the starting solutions (Table 1) in a thermostatic 102 

reactor preheated at 70ºC (LC70 and HC70 samples for the low and high-concentrated solutions, 103 

respectively) for 3 hours. After preparing the solutions, all the reaction vessels were sealed to 104 

avoid evaporation and maintained under constant stirring (100 rpm). All precipitates were 105 

produced in triplicate using deionized (MilliQ) water and analytical grade reagents. 106 

The solution pH was measured at the beginning and the end of the aging process with a 107 

combination electrode (Ross-Thermo-Orion-810200) and a digital pH-meter (Crison Basic20). 108 

The solid and liquid phases were separated by centrifugation for 10 minutes at 3000 rpm in a 109 

Rotina 380 equipment. The initial aqueous solutions were modeled using the geochemical code 110 

PHREEQC (Parkhurst and Appelo 1999) and the WATEQ4F database to calculate activities of 111 

different chemical species and saturation indexes (SI) with respect to the relevant solid phases at 112 

the beginning of the experiments. The database was completed with the thermodynamic 113 

solubility product of Shm (Ksp = 10–5.28)(Yu et al. 1999).  114 

Characterization of solid phases 115 

The precipitates were oven-dried at 30ºC and then gently crushed to a fine powder using an agate 116 

mortar and analyzed by powder X-ray diffraction (XRD). The diffraction patterns were collected 117 

in the 2θ range between 5º and 60º with a step size of 0.02º on a Philips X’Pert-PRO 118 

diffractometer using CuKα radiation. Indexing of the main reflections and calculation of the cell 119 

parameters of the solid phases were made using X’Pert HighScore Plus (PANalytical B.V.). The 120 

crystallinity of the samples was determined from the full width at half-maximum values 121 

(FWHM) of the highest d-spacing and more intense reflections. The FWHM values were 122 
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established after performing a Kα2 stripping and then, by applying the Pseudo-Voight profile 123 

fitting function. Moreover, the crystallite size of samples was roughly estimated using the X’Pert 124 

Plus ‘‘Scherrer calculator” tool. Morphology of solids was studied using a scanning electron 125 

microscopy (SEM) (JEOL-6610). Transmission Fourier Transform Infrared Spectroscopy (FTIR) 126 

spectra of the powdered samples compressed into discs with KBr, were recorded from 400 to 127 

4000 cm-1 on a Nicolet Magna IR 560 spectrometer fitted with a DTGS absorbance detector.  128 

The surface of the precipitates was analyzed by ex-situ X-ray photoelectron spectroscopy (XPS) 129 

with a Specs spectrometer, using Mg-Kα or Al-Kα (30 eV) radiation emitted from a double 130 

anode at 50 W. The binding energies of the resulting spectra were corrected employing the 131 

binding energy of adventitious carbon (284.6 eV) in the C1s region or the binding energy of Na+ 132 

(1071.7 eV) in the Na1s region. The backgrounds were corrected using Shirley’s baselines. All 133 

the analysed regions (C1s, O1s, Na1s, Fe2p3/2 and S2p) were deconvolved by means of mixed 134 

Gaussian-Lorentzian functions (90:10). The quantitative analyses were based on atomic 135 

sensitivity factors stored in the CasaXPS database (v2.3.12Dev6). 136 

 137 

Isothermal experiments 138 

The transformation of the metastable phase (Schwertmannite: Shm) to the stable ones 139 

(Natrojarosite: NaJrs) was studied for the precipitates obtained from the highest concentrated 140 

starting solutions (HC experiments). The procedure begins by mixing the starting solutions at 141 

ambient conditions (20 ± 1ºC) and then introduced in a thermostatic bath to prefixed 142 

temperatures (20, 35, 50 or 70ºC), where the mixture was maintained at isothermal conditions 143 

during reaction times varying between 0.5 and 26 hours. The transformation extent of Shm into 144 

NaJrs with increasing time has been checked by examining the most important reflections of 145 
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NaJrs (012, 021 and 113) by using X´Pert Viewer. We have considered this scenery to stablish 146 

an extent transformation of about 95% (Y ~ 95%). A more precise quantification of crystalline 147 

versus poorly crystalline phases to assess the transformation extent requires a Rietveld analysis, 148 

which are out of the scope of the present work. 149 

RESULTS  150 

Evolution of the aqueous pH during precipitation at ambient temperature 151 

Figure 1 shows the evolution of the pH of the aqueous solution as a function of time for the 152 

experiments carried out at 20ºC (LC20 and HC20). As can be observed, the pH quickly decreases 153 

during the first day of aging and approaches asymptotic values of about 1.89 after 42 days. The 154 

variation of pH values is negligible or within the experimental uncertainties in solutions 155 

maintained for prolonged reaction times (210 days).  156 

 157 

XRD analysis 158 

The X-ray powder diffraction patterns of the LC precipitates are shown in Figure 2. The 159 

diffractogram of the precipitate obtained after 1 day of reaction at 20ºC shows two humps at 2θ 160 

of ∼35° and ∼61° that match the schwertmannite pattern (PDF-47-1775). Schwertmannite is a 161 

poorly crystalline phase, which was recognized as a mineral regardless of its metastability 162 

(Bigham et al. 1994; Barham 1997; Acero et al. 2006). The general formula of schwertmannite is 163 

Fe8O8(OH)8-2x(SO4)x·nH2O (with x varying from 1 to 1.9). Although the first studies proposed 164 

that Shm crystallize in the tetragonal system (Bigham et al. 1994) with a spatial group P4/m, 165 

however, a monoclinic structure (S.G. P1) was finally resolved by combining a high-energy X-166 

ray diffraction and theoretical simulations in which the position of water molecules were 167 
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disregarded (Fernandez-Martinez et al. 2010). It must be pointed that 2-line ferrihydrite 168 

(Fe10O14(OH)) presents a similar XRD pattern to that of Shm, but it precipitates at neutral pH 169 

values at ambient temperature (Bigham et al. 1996; Yu et al. 1999) whereas Shm always 170 

precipitates under highly acidic conditions (pH < 4 values), which are the prevalent conditions in 171 

this work (Fig. 1). The precipitates obtained after aging at 20ºC (LC20-7d and LC20-14 d) and 172 

70ºC (LC70-3h) display the typical reflections of natrojarosite (PDF 36-425) 173 

(NaFe3(SO4)2(OH)6), which crystallizes in the trigonal system (R3m S.G. No 160). Other 174 

crystalline phases such as hematite or goethite were not identified in the samples aged up to 42 175 

days at 20ºC. In parallel to the evolution of phases, the color of the precipitates obtained 20ºC 176 

changes from brown-reddish in the first moments to brown-yellow at the end of reaction (Fig. 2).  177 

The diffraction patterns of the HC20 precipitates (Fig. 3) reveal that schwertmannite precipitates 178 

at the beginning of the experiments (HC20-3h). However, incipient reflections at 2θ of ∼17.61°, 179 

∼28.65°, and ∼29.29° observed in the diffraction patterns obtained after 1 day of aging (HC20-180 

1d) indicate the existence of a phase with some degree of crystallinity that becomes more 181 

apparent with further aging (Fig. 3). These reflections match the main XRD reflections (012, 021 182 

and 113) of natrojarosite (NaFe3(SO4)2(OH)6). No further advance of the mineral transformation 183 

is observed after long-period reactions (210 days). Furthermore, the transformation from a poorly 184 

crystalline phase to natrojarosite is also evidenced by the change of color of the precipitates for 185 

increasing aging times, from dark-brown to yellow-brown (Fig. 3). The diffraction patterns 186 

obtained for the precipitates produced at 70ºC (Fig.3) clearly match that of the natrojarosite. 187 

The unit cell parameters of natrojarosite calculated from the powder diffraction diagrams show 188 

similar values for all the HC20 precipitates (a ∼ 7.325±0.010 Å and c ∼ 16.842 ± 0.080 Å), 189 

regardless of the increase of crystallinity. The unit cell parameters of the sodium-hydronium 190 
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jarosite series decrease with increasing Na content as a consequence of the lower size of Na+ ions 191 

in comparison with H3O+ ions (Basciano and Peterson 2008). Jarosite-type compounds often 192 

have iron deficiency, with Fe site occupancies lower than 86%, which seem to be responsible for 193 

discrepancies in the unit cell parameters (Brophy and Sheridan 1965; Drouet and Navrotsky 194 

2003; Basciano and Peterson 2007). A good estimation of the composition of the precipitates can 195 

be obtained from the position of reflection 006, being 32.19 (º 2θ) for pure natrojarosites whereas 196 

it takes a value of 31.53 for purer hydronium-jarosite. For intermediate compositions, the 006-197 

reflection could broaden or split up into two peaks, the latter indicating the presence of a 198 

miscibility gap. Here, the position of the 006 reflections (~32.17, 2θ) is near that of the pure 199 

natrojarosite, with no broaden or split of this reflection observed in the diffractograms (Fig. 3). 200 

Thus, from the unit cell dimensions and the 006 reflection, HC20 and HC70 precipitates can be 201 

identified as Na-rich members of the (Na, H3O)Fe3(SO4)(OH)6 solid solution (NaJrs). 202 

The crystallinity of the HC20 precipitates was also examined from the broadening (FWHM) of 203 

the most intense reflections 021 and 113 of NaJrs. The decrease of FWHM values of both 204 

reflections along with the increase of their intensity observed from XRD (Fig. 3) confirm the 205 

increase of crystallinity during aging (Langford and Wilson 1978). Working with the FWHM of 206 

the 113 reflections, i.e. the reflections with the highest intensity, the crystallite size can be 207 

estimated to be 66 nm for NaJrs. As it is widely known, the crystallite size represents the size of 208 

the coherently diffracting domain and not the size of the precipitate particles.  209 

SEM 210 

The electron images of the precipitates obtained at different temperatures (20 and 70ºC) are 211 

shown in Figure 4. SEM images of schwertmannite obtained in the LC20 precipitates show that 212 

their surface is constituted by an agglomerate of nanospheres (Fig. 4a), formed from the fast 213 
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precipitation of discrete colloidal particles that prevent the incorporation of growth units to the 214 

mineral surface (Sangwal, 1999). After 14 days of aging, the agglomerate evolves to crystals of 215 

natrojarosite displaying an equidimensional habit (~ 1 μm size) whose morphology could be 216 

assimilated to pseudo-rhombohedra (Fig. 4b). Similarly, the evolution of the crystallinity with 217 

aging is observed in the HC20 precipitates. SEM images show that aggregates of small crystals 218 

with shapeless morphology at the beginning of the aging process gain the typical rhombohedral 219 

morphology of natrojarosite showing well-defined faces and edges after 42 days of aging (Fig. 220 

4c).  221 

FTIR 222 

Figure 5 shows the FTIR spectra obtained for HC70-3h and LC70-3h samples. The peaks at 970-223 

995 cm-1 (LC70) and 991 cm-1 (HC70) are assigned to the symmetric ν1 stretching of SO4
=, 224 

whereas the bands at 1088/1093 cm-1 and the shoulders at 1185/1190 cm-1 (HC70/LC70) are 225 

attributed to the ν3 (doublet) vibrations of SO4
= (Powers et al. 1975; Majzlan et al. 2011; 226 

Sotiropoulou et al. 2012). The shoulder at 1025 cm-1 may be attributed both to the ν1 vibration of 227 

sulfate and to the Fe–O–H in-plane-bend (δOH) (Powers et al. 1975; Majzlan et al. 2011; 228 

Sotiropoulou et al. 2012). The adsorption band at around 613 cm-1 is assigned to the asymmetric 229 

ν4 bending motion of sulfate (Bishop and Murad 2005). The wide band centered at 3310-3345 230 

cm-1 is characteristic of the ν stretching of O-H (Casas et al. 2007). All these bands are 231 

characteristic of natrojarosite. However, some other features in the spectra of Figure 5 must 232 

originate from a different source. For instance, the conspicuous band at 1635 cm-1 corresponds to 233 

the water-bending vibration, (Bishop and Murad 2005; Majzlan et al. 2011) but it is present in 234 

synthetic jarosite samples where H3O+ replaces some of the monovalent sites (Grohol and 235 

Nocera 2002; Majzlan et al. 2011). This band is usually weak in natrojarosite and jarosite 236 



12 

 

(Powers et al. 1975; Majzlan et al. 2011; Sotiropoulou et al. 2012). The peak at 795 cm-1 is also 237 

absent in natrojarosite (Casas et al. 2007). On the other hand, its frequency is characteristic of the 238 

out-of-plane deformational (γ) mode of hydroxyls in goethite (Prasad et al. 2006). The band at 239 

1635 cm-1 can also be attributed to a bending mode of hydroxyls in goethite, though in natural 240 

goethite it is significantly weaker than the peak at 795 cm-1 (Prasad et al. 2006) and therefore the 241 

assignation of the 1635 cm-1 frequency to H3O+ prevails. The presence of a small fraction of 242 

goethite is further confirmed by the shoulder at around 3130 cm-1, which corresponds to the 243 

stretching mode of hydroxyls in FeOOH (Prasad et al. 2006). Finally, two main features can be 244 

found in the 400-500 cm-1 region (460-465 and 490-495 cm-1). Both of them are attributed to 245 

vibration modes of the FeO6 lattice. The low wavenumber mode can originate from goethite 246 

(Prasad et al. 2006), hydronium jarosite, (Powers et al. 1975) and goethite-natrojarosite mixtures 247 

(Casas et al. 2007), whereas the ~495 cm-1 frequency can be attributed to natrojarosite (Casas et 248 

al. 2007) and hydronium jarosite (Powers et al. 1975). Added to this, a small fraction of the 249 

surface iron remains as goethite. The XPS results will help in the quantification of these surface 250 

species.  251 

XPS 252 

The elemental composition of the different samples obtained from the XPS analyses is shown in 253 

Table 2. In all cases the amount of surface iron is much lower than that corresponding to 254 

natrojarosite (15 atoms%), the proportion of the remaining elements being more similar to that of 255 

this mineral (70% O, 10% S and 5% Na). The amount of iron evaluated with the AlKα source is 256 

always higher than that evaluated with the MgKα source. Since the latter produces 257 

photoelectrons from a slightly thinner layer of the sample surface, it can be concluded that the 258 

iron concentration increases towards the center of the particles, probably to the limit of 15 259 



13 

 

atom% marked by the natrojarosite stoichiometry (in accordance with the XRD results). This fact 260 

suggests that the bulk sodium concentration for all the samples is again that corresponding to 261 

natrojarosite (5 atoms%). On the other hand, when the surface concentration of sodium is over 5 262 

atom% (HC samples) it decreases towards the center of the particles (Table 2), but when the 263 

sodium concentration is below 5 atom% (LC samples) it increases towards the center of the 264 

particles.  265 

With respect to the determination of the different surface compounds, XPS is an analytical tool 266 

that has to be used cautiously, and the present analysis is a perfect example of this assessment.  267 

Figure S1 shows a region subjected to deconvolution in two different ways (top and bottom), in  268 

which only a deconvolution procedure similar to that presented in the top plot permits to satisfy  269 

the charge balances for all the samples without the need of including unlikely species (see  270 

the supplementary section for further explanation) 271 

Figure 6 shows the results of applying the appropriate deconvolution procedure to all spectra in 272 

the O1s region, whose binding energies were corrected employing the binding energy of 273 

adventitious carbon (284.6 eV). The vertical lines indicate the average values (530.1 ± 0.1, 274 

531.4 ± 0.1 and 532.0 ± 0.2 eV) for the three peaks needed in the deconvolutions. The O1s 275 

spectra obtained with the AlKα source (right plots in Fig. 6) were affected by the Na KLL region 276 

in the form of a wide peak at 535.8 eV. The small peak at 530.1 eV is assigned to O= in FeOOH 277 

(Jin et al. 2020) whereas the peak at 531.4 eV includes the contribution of oxygen atoms in the 278 

sulfate anion (Wang et al. 2019; Gard et al. 2020) and hydroxyls (Grosvenor et al. 2004; Liu et 279 

al. 2014; Khalid et al. 2017; Gard et al. 2020). Finally, the peak at 532.0 eV is assigned here to 280 

hydronium ions (H3O+), in consistence with the FTIR results. This peak might be well enclosed 281 

within the hydronium jarosite standard spectrum reported by Parker (2008) (Fig. 6). 282 
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Furthermore, assignation of this peak to adsorbed water molecules, as is often the case (Diao et 283 

al. 2018; Cheng et al. 2020) would make it impossible for the charge balance to be satisfied.  As 284 

can be observed in Figure 6, the maxima of the different peaks present some deviation with 285 

respect to the average values (dashed lines). These spectra were taken by assuming that the 286 

binding energy for the maximum of the C1s region (284.6 eV) was a valid reference. However, 287 

during the XPS analyses the samples suffer an intense surface charging, evidenced by a high 288 

binding energy shift of 2.8 ± 0.2 e, meaning that the samples are non-conducting. Within this 289 

frame, the referencing method involving adventitious carbon in the C1s region is not reliable 290 

(Greczynski and Hultman 2020). The XPS regions produced by Na+ and sulfur from SO4
= 

291 

display single-peak spectra (Figure 7) whose characteristic binding energies should be, in 292 

principle, independent of the type of sample. Therefore, we decided to change the C1s 293 

referencing method and use the binding energy of Na1s instead, averaged for all samples. This is 294 

in fact the standard binding energy for sodium ions (Na+) (Feliu et al. 2013). As can be observed 295 

in Table 3, with the new referencing method the standard deviation values for the maxima of O1s 296 

and S2p peaks are reduced. As expected, the peak at 168.9 eV corresponds to sulfur from 297 

sulfates (Sandström et al. 2002; Gard et al. 2020). The Fe2p3/2 region is formed by two peaks 298 

(Figure 7) at ~711 and ~712 eV. These binding energy values are typically assigned to Fe(III) in 299 

jarosite-type minerals (Xu et al. 2013; Wang et al. 2021).  300 

Finally, Table 3 shows how the binding energy values of the peaks conforming the Fe2p3/2 301 

region are more scattered than the B.E. values for the other regions. There seems to be a 302 

dependence of the peak#1 binding energy with the amount of hydronium (w), as evidenced in 303 

Figure 8, which might arise from the effect of the H3O+ cations on the ionic distance between the 304 

Fe3+ cations and the SO4
= and OH- anions.  305 
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From the B.E. assignations described above, the fittings shown in Figure 7 are the result of 306 

minimizing the sum of the curve fitting errors and the errors from the charge balance equation 307 

2s + w + x + 3y - 2 - z = 0, in which the different variables are the stoichiometric coefficients of 308 

the generic formulae (FeOOH)v(H3O+)wNa+
xFe3+

ySO4
=(OH-)z. During the deconvolution process, 309 

the coefficients are continuously re-evaluated with the values of the different peak areas. This 310 

procedure guaranteed perfect fits (Fig. 6) while keeping the electrical neutrality of the sample 311 

surface. Table 4 shows the results. 312 

The hydronium to sulfate molar ratio (w) is always slightly lower on the most external area of 313 

the particles (MgKα source). This is probably due to some water elimination from the external 314 

surface of the particles in the vacuum prevailing in the XPS chamber. According to the XRD 315 

results, which shows that the bulk is mainly composed of natrojarosite, the w and v values must 316 

diminish to 0 towards the centre of the particles, while the x, y and z values must become 0.5, 1.5 317 

and 3, respectively.  318 

 319 

Kinetics  320 

The method called “time to a given fraction” (Putnis 1992) was used to determine the 321 

transformation kinetic from Shm into NaJrs and its apparent activation energy (Ea). This method 322 

establishes that the transformed fraction (Y) and time (t) are related by an exponential function in 323 

which t is the dependent variable instead the kinetic constant (K) that is used in standard 324 

empirical kinetic models. When the reaction mechanism does not change over the temperature 325 

range studied, tY can be calculated by: 326 

𝑡𝑦 = 𝐴−1 · 𝑒
𝐸𝑎

𝑅𝑇⁄   (1) 327 

      328 
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Where A is a fitting constant, R the gas constant (8.3144 J mol-1 K-1), and T the temperature in 329 

Kelvin (K). Here, the time (t) taken to reach 95% of transformation (ty, y ~ 0.95) have been 330 

estimated from a series of isothermal experiments (20, 35, 50 and 70ºC). At the beginning of the 331 

experiments, no matter what temperature is chosen, the first precipitate always corresponds to a 332 

poorly crystalline phase identified as Shm, which evolves to a crystalline phase identified as 333 

NaJrs with time. The evolution is comparable in all the series at different temperatures but 334 

kinetics increases at higher temperature. A good estimation of the transformation extent with 335 

increasing time can be checked by examining the first occurrence of most important reflections 336 

(012, 021 and 113) of NaJrs. When these reflections are distinguished (see Figure 3) crystals of 337 

NaJrs are predominant and the aggregates of the poorly crystalline phase are nearly disappeared. 338 

This can be considered an approximation when almost complete transformation has been 339 

accomplished. We have assumed this scenery to stablish a transformation extent of about 95% 340 

(Y ~ 95%). Figure S2 shows XRD diagrams obtained with increasing temperature at times when 341 

the transformation rate is considered to be 95%. The most important reflections (012, 021 and 342 

113) of NaJrs can be identified and the broad bands of Sch are disappeared, which represent the 343 

transition to a crystalline phase. Obviously, with extended reaction times, the crystallinity degree 344 

of NaJrs increases as deduced from the decreases of fwhm values similarly to that observed in 345 

figure 3 for samples aged at 20ºC. 346 

The experimental data of the time (t) taken to reach 95% of transformation (ty, y ~ 0.95) have 347 

been plotted in Figure 8a, where lnt0.95 is represented versus 1000/T and the apparent activation 348 

energy has been determined from the slope of the straight line fitting these data (Ea/R). Here, a 349 

value Ea = 52.1 kJ·mol-1, was obtained for ~ 95% of transformation from schwertmannite into 350 

natrojarosite. Previous studies have determined apparent activation energies for the NaJrs 351 
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precipitation, whose values varies between 35 y 106 KJ/mol (Dutrizac 1996), which are a range 352 

of values expected given the different experimental conditions applied such as the presence or 353 

absence of sodium jarosite seeds or the range of temperature used to calculate the activation 354 

energy.  355 

Another suitable way to describe the progress of a transformation is assessing experimentally a 356 

Time-Temperature-Transformation (TTT) diagram, which indicate the time at which the 357 

transformation occurs when a sample is kept under isothermal conditions (Putnis 1992). Figure 358 

8b displays the TTT diagram determined for the Shm to NaJrs transformation (Y=95). TTT 359 

diagrams are commonly used in mineral science to deal with phase transformations (Putnis 1992; 360 

Putnis et al. 2007; Di Lorenzo et al. 2014; Jiménez and Prieto 2015). At low temperatures, the 361 

transformation begins after 1 day, and a slight increase of temperature dramatically reduces the 362 

time over which the transformation takes place. Given that the transformation rate increases with 363 

increasing temperature, the diagrams cannot be expected to have the typical ‘C’ shape. The shape 364 

of the curve is similar to the diagrams of transformations that occur with rising temperature (Di 365 

Lorenzo et al. 2014; Jiménez and Prieto 2015).  366 

 367 

DISCUSSION 368 

This study underlines that knowledge of the precipitation behavior of iron oxyhydroxisulfate is 369 

one of the most important tools to understand the long-term stability of the related minerals 370 

under different geochemical environments at ambient and low hydrothermal temperatures. The 371 

experimental results described in the previous section indicate that a poorly crystalline phase 372 

identified as schwertmannite (Fig. 2) precipitates spontaneously when ferric sulfate and sodium 373 

hydroxide solutions are mixed (Table 1) in acidic aqueous solution (pH < 2.6) at ambient 374 
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temperature (20ºC). As aging proceeds, the aggregated nanoparticles of schwertmannite (Fig. 4a) 375 

evolve to a polycrystalline single phase, (Figs. 4b and 4c) identified as natrojarosite (Figs 2 and 376 

3). In order to understand the precipitation of Shm at ambient temperature and its rapid 377 

evolution, the initial aqueous solutions were modeled by applying the code PHREEQC 378 

(Parkhurst and Appelo 1999) to gain information on the saturation state of the liquid phase with 379 

respect to the solid phases involved at the beginning of the reaction. Thus, the saturation indexes 380 

(SI = IAP / K), where IAP is the ionic activity product and K is the thermodynamic solubility 381 

product, support the definition of the driving force that operates in the system. The higher the SI 382 

value, the more supersaturated the solution, and the more thermodynamically favorable the 383 

precipitation of such phase. The initial aqueous solution was highly supersaturated with respect 384 

to a significant number of solid phases: schwertmannite (SI~56.6 and ~67.6), natrojarosite (SI 385 

~14.6 and ~18.1), hydronium-jarosite (SI ~11.8 and ~14.6) and goethite (SI ~8.3 and ~9.9) for 386 

LC20 and HC20 respectively. Any of these phases could precipitate but, by far, the saturation 387 

indexes of schwertmannite are higher than those of jarosite-like compounds and goethite. 388 

Moreover, high SI values denote conditions far from equilibrium that can be assimilated to those 389 

prevailing in acidic mine drainages (AMD) where newly formed phases show small particle sizes 390 

and low crystallinity (Sánchez-España et al. 2012). In such extreme conditions, the low 391 

crystallinity degree of Shm (Fig. 3) has been related to both the small size of the coherent 392 

diffraction domains and the structural disorder, which are characteristics favored by a fast 393 

precipitation process, as deduced from the morphology of the nanoparticles observed by SEM 394 

(Fig. 4a). After just one day at 20ºC (or 3hours at 70ºC), the poorly crystalline and metastable 395 

Shm transform into a crystalline phase identified as natrojarosite. Several studies have 396 

demonstrated that stable iron-bearing phases are frequently formed via metastable precursors of 397 
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low crystalline degree in natural and laboratory conditions (Waychunas et al. 1995; Bigham et al. 398 

1996; Barham 1997; Jönsson et al. 2005; Desborough et al. 2010; Sánchez-España et al. 2012).  399 

The results here show that the transformation of Shm into NaJrs involves the decrease of the 400 

solution pH (Figure 1), variations in the color of the precipitates (Figs. 2 and 3) and a 401 

morphological evolution from shapeless aggregates to homogeneous rhombohedral-shaped 402 

crystals (Figs 4). These changes are the result of reactions that can be ascribed to a solvent-403 

mediated mineral process (Cardew and Davey 1985) in which the dissolution of the metastable 404 

phase (Shm) is concomitant with the precipitation of the stable and crystalline phase via an 405 

aqueous solution. The stable phases has been identified by XRD as Na-rich member of the 406 

(Na,H3O)Fe3(SO4)(OH)6 solid solution (Figs. 2 and 3). FTIR and XPS analyses show that part of 407 

the cationic sites on the surface of the NaJrs, in which, part of the cationic sites has been replaced 408 

by hydronium ions confirming the mineralogical composition determined by XRD. The 409 

spectroscopic analysis also suggests that a small fraction of the surface iron remains as goethite 410 

(αFeOOH). Although this phase has not been identified by XRD analysis, it could be present in 411 

proportions below the XRD detection limit. Its presence is not surprising as Shm transforms into 412 

goethite (αFeOOH) by means of gradual hydrolysis reactions accompanied by the acidification 413 

of the aqueous solution at ambient temperature (Bigham et al. 1996).  414 

The mineral transformation mechanism can be assisted by the similarities between the crystal 415 

structure of Shm and NaJrs such as the local octahedral coordination of Fe, which is shared-416 

corner with sulfate tetrahedra (Basciano and Peterson 2008; Fernandez-Martinez et al. 2010). 417 

Several reactions involving adsorption of SO4
2- and H3O+, that then diffuse within the crystal 418 

structure, and the parallel transport of Fe(III) from the solid to the solution whereas OH- and Na+ 419 

move in the opposite direction (Figs. 5, 6 and 7), could explain the major structural 420 
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rearrangement of the Shm to form NaJrs. However, the lack of a complete description of the 421 

crystal structure of Shm is a serious obstacle for the proper interpretation of the transformation in 422 

structural terms. Additionally, previous experimental studies carried out at ambient temperature 423 

demonstrated that the presence of Na destabilizes the surface of Shm, promoting its dissolution 424 

with the simultaneous precipitation of natrojarosite when lower ferric sulfate concentration is 425 

used (Jiménez et al. 2019). Our present results confirm that Na-bearing aqueous solutions at 426 

lower temperatures (20-70ºC) favor a quick destabilization of the Shm surface under condition 427 

far from equilibrium. After the transformation is completed, the unit cell parameters remain 428 

stable with time while its crystallinity increases, proving that NaJrs is the only stable phase under 429 

the conditions used here (Figs. 2 and 3). The structure stability is guaranteed through the 430 

arrangement of Fe(OH)6 octahedra in (001) layers, which are connected by the alkaline cation 431 

(Na+) coordinated with six oxygen atoms and six OH groups forming an icosahedron. Due to 432 

these features, the structure of jarosite-like compounds is flexible enough to accommodate 433 

foreign ions. The fast  transformation of schwertmannite into NaJrs under the conditions used in 434 

this work confirms that schwertmannite cannot be considered an efficient phase for the 435 

immobilization of contaminating metals in the long term (Regenspurg and Peiffer 2005; Cruz-436 

Hernández et al. 2016). On the contrary, natrojarosite, harboring cations and anions in its 437 

structure, remains stable in highly acid solutions for long times, which indicates that this phase 438 

should be considered more reliable to retain heavy metals. 439 

A detailed spectroscopic study (Figs. 5, 6 and 7) also provides additional support for the 440 

interpretation that the crystal structure of jarosite-like minerals preserves geochemical evidences 441 

of the aqueous solutions where they were formed. The comparison of the amount of iron 442 

evaluated by XPS with different sources (AlKα and MgKα, see Table 2) suggests that the iron 443 
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concentration either increases or decreases towards the centre of the NaJrs particles in either the 444 

LC or HC precipitates, respectively. Thus, the transformation of Shm into NaJrs seems to be a 445 

surface- controlled process clearly affected by the concentration of the precursors in the 446 

hydrothermal solution. According to the Transition State Theory, the activation energy 447 

calculated is an estimation of the energetic barrier that hinders the transformation of the 448 

metastable phase identified as schwertmannite into the thermodynamically stable natrojarosite.  449 

It is worth mentioning that acid mine drainages present similar values of sulfate concentration 450 

and pH to those of the solutions used in this work.  451 

Implications 452 

The present study, focused on the formation of jarosite-like compounds, gives support to 453 

previous geological, environmental and planetary investigations, since the presence of these 454 

compounds is associated to supergene deposits and acidic rock drainages and has also been 455 

verified on the surface of Mars. Mineralogical and geochemical results reveal that transformation 456 

processes between ferric-hydroxysulfates during experimentally-induced reactions take place in 457 

highly ferric and sulfate concentrated aqueous solutions at temperatures between 20 and 70ºC, 458 

which reproduce the extremely acidic conditions that occur in scenarios analogous to those of 459 

acid mine drainages and epithermal ore deposits. Moreover, detailed spectroscopic studies (FTIR 460 

and XPS) suggest that both the surface and the crystal structure of jarosite-like minerals preserve 461 

geochemical evidence of the aqueous solutions where they were formed. The formation of ferric-462 

bearing minerals during early weathering processes and hydrothermal mineral genesis plays a 463 

key role in the geochemical processes occurring in supergene exploitable deposits and hence, the 464 

presence of these minerals is of major interest for prospection and mining. The transformation of 465 

schwertmannite into natrojarosite under conditions close to those achieved in acidic mine 466 
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drainages over a time scale of hours has significant environmental effects on the mobility of 467 

metals in soils and aquatic systems. The present results allow us to discard transformation 468 

mechanisms other than dissolution-precipitation, and the kinetic study indicate that the 469 

transformation of schwertmannite into natrojarosite initiate at ambient temperature over a time 470 

scale of hours. Our results reveal that schwertmannite cannot be considered an efficient phase for 471 

the immobilization of contaminating metals in the long term whereas natrojarosite remaining 472 

stable under conditions of high acidity for long reaction times, can be considered more reliable to 473 

retain foreign ions such as heavy metals or rare earths.  474 
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Table 1. Initial pH and concentration of iron [Fe], sodium [Na] and sulfate [SO4] used in the 652 

experiments performed by mixing parent solutions with low concentration (LC) and high 653 

concentration (HC). 654 

Experiments 
pH 

 

[Fe] 

g/L 

[Na] 

g/L 

[SO4] 

g/L 

LC 2.41 ± 0.2 13.40 ± 0.09 4.60 ± 0.11 11.54 ± 0.11 

HC 2.59 ± 0.3 22.12 ± 0.12 9.16 ± 0.10 19.04 ± 0.12 

 655 

Table 2. XPS surface composition (atom%) for the different samples. 656 

Sample O S Fe Na 
HC70 (MgKα) 74.68 11.85 6.32 7.15 

HC70 (AlKα) 75.28 10.82 6.95 6.95 

LC70 (MgKα) 76.72 14.85 4.82 3.62 

LC70 (AlKα) 76.31 13.31 5.63 4.74 

LC20((MgKα) 73.92 20.77 4.32 1.00 

 657 

Table 3. Binding energy values (eV) obtained with C1s and Na1s referencing methods. 658 
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Sample 

C1s reference (284.6 eV) Na1s reference (1071.7 eV) 

O1s 
S2p Na1s 

O1s Fe2p3/2 
S2p 

peak#1 peak#2 peak#3 peak#1 peak#2 peak#3 peak#1 peak#2 

HC70 (Mg) 530.3 531.3 532.0 168.9 1071.9 530.1 531.2 531.9 710.8 712.0 168.8 

HC70 (Al) 530.0 531.4 531.8 168.8 1071.6 530.1 531.5 531.9 710.9 712.6 169.0 

LC70 (Mg) 530.2 531.5 532.2 169.1 1071.8 530.1 531.4 532.1 710.7 712.1 169.0 

LC70 (Al) 530.1 531.5 532.1 169.0 1071.7 530.1 531.5 532.1 711.0 712.0 169.0 

Average 530.1 531.4 532.0 169.0 1071.7 530.1 531.4 532.0 710.9 712.2 168.9 

Std. Dev. 0.1 0.1 0.2 0.1 0.1 0.0 0.2 0.1 0.2 0.3 0.1 
 659 

Table 4. XPS compositions: (FeOOH)v(H3O+)wNa+
xFe3+

ySO4
=(OH-)z 660 

Sample v w x y z 
HC70 (Mg) 0.19 1.14 0.60 0.34 0.78 
HC70 (Al) 0.22 1.30 0.64 0.42 1.21 
LC70 (Mg) 0.08 1.01 0.24 0.25 0.00 
LC70 (Al) 0.20 1.15 0.36 0.23 0.19 
 661 

 662 

Figure 1: Variation of pH with time during aging at 20ºC 663 
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 665 

 666 

Figure 2: X-ray diffractograms of the solid phases obtained during aging LC experiments. Broad 667 

diffraction peaks of schwertmannite (PDF 47-1775) are marked with arrows. The main 668 

diffraction peaks of natrojarosite (PDF 36-425) are identified after prolonged times at 20ºC and 669 

after 3 hours of aging at 70ºC. The evolution of color of the precipitates obtained in experiments 670 

at ambient temperature are also included.   671 

  672 

LC20-14d 

LC20-7d 

LC70-3h 

(113) 

B
ro

w
n

 -
 y

el
lo

w
 

LC20-1d 

(021) 
(012) 

D
ar

k-
b

ro
w

n
 



30 

Figure 3: X-ray diffraction patterns of the solid obtained during aging HC experiments. 673 

Diffraction peaks for poorly crystalline phase are marked with arrows. The main reflections of 674 

natrojarosite (PDF 36-425) are signaled with grey points. The evolution of colour of precipitates 675 

from the beginning to the end of the experiments is included. The increase of crystallinity of 676 

natrojarosite during aging is indicated by italic numbers of the fwhm values (2θ) of reflections 677 

021 and 113. 678 
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685 

Figure 4: SEM images of iron hydroxisulfates: a) The surface of schwertmannite is composed by 
aggregate of particles. b) Natrojarosite crystals. c) Rhombohedral crystals of natrojarosite. 
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 686 

Figure 5: FTIR spectra for precipitates obtained for HC70-3h and LC70-3h. 
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687 

Figure 6. Deconvolution procedures in the O1s region for all samples (adventitious carbon as reference). 

The data for the hydronium jarosite standard plot were extracted from the work by Parker 2008. 
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Figure 7. XPS results in the S2p, 688 

Na1s and Fe2p3/2 regions for HC70 689 

sample (AlKα source, C1s 690 

referencing method). 691 
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Figure 8. For the Fe2p3/2 region, variation of the binding energy of peak#1 with the amount of 712 

hydronium ions (w) 713 

714 
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715 

716 

Figure 9. (a) Linear fitting of the time (lnt = 0.95) for a 95% fraction of transformed 717 

natrojarosite vs. the reciprocal of temperature. (b) TTT graph corresponding to a fraction Y=0.95 718 

of the transformed natrojarosite.  719 
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