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Abstract


Spinel-structured hausmannite (Mn(II)Mn(III)2O4) is a vital intermediate in Mn mineralogy and a key player in redox chemistry in the environment. Its transformation into other Mn oxides is a critical factor in controlling its environmental occurrence and reactivity. Yet structural impurities and solution pH, as well as the fate of impurities during transformation, which influence hausmannite transformation processes and products, remain largely unknown. In the present work, we address this knowledge gap by investigating pristine and metal-substituted hausmannite, specifically nickel (Ni) or cobalt (Co), equilibrated at two time periods (8 h and 30 days) and three different pH levels (4, 5, and 7). Solution chemistry data revealed that both the equilibration period and pH had a significant impact on hausmannite dissolution rates and the concomitant repartitioning of Ni or Co. Hausmannite with Ni or Co substitution exhibited lower dissolution rates than pristine mineral under acidic conditions. Mineralogy and crystal chemistry data indicated that hausmannite was the major host phase after 30-day equilibration, followed by minor transformed products, including birnessite and manganite. Although minor, birnessite became more abundant than manganite at low pHs. Analytical high-resolution transmission electron microscopy (HRTEM) analyses revealed a poorly crystalline, nano-scaled MnO2 formed from hausmannite and the majority of metal impurities remaining in the host hausmannite. Yet Co was associated with both hausmannite and the newly formed birnessite, whereas Ni was only found with hausmannite, indicating the strong sequestration of Co by Mn(II/III) and Mn(IV) mineral phases. This study highlights the significant impacts of metal impurities and pH on the stability of hausmannite and its transformation into birnessite, as well as the control of Mn-oxide minerals on the solubility and sequestration of transition metals in the environment.
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1. Introduction


Widespread occurrences of manganese (Mn) oxides are evident in various environments on the Earth’s surface. These range from Mn-enriched ore deposits to Mn modules found in the oceans and freshwater lakes, as well as Mn nanoparticulates or coatings of minerals, rocks, and soil/sediment particles [1,2,3,4,5,6,7,8,9,10,11,12]. Mn oxides are diverse in both phase and structure and commonly occur as mixed valence states (Mn(II/III/IV)) in layered, tunneled, or spinel structures [10,13]. Such variability in atomic structures and crystal chemistries makes Mn oxides highly reactive, particularly in terms of adsorption, oxidation–reduction, and cation-exchange reactions with heavy metals, metalloids, and trace elements in soils, sediments, and associated aqueous systems [14,15,16,17,18,19,20,21,22,23]. Thus, Mn oxides exert a considerable influence on the distribution, mobility, and environmental fate of inorganic nutrients and contaminants of concern in various geological settings.



There are more than 30 Mn oxide/hydroxide minerals identified on Earth’s surface [10], with hausmannite, Mn(II)Mn(III)2O4, being the fifth most common Mn oxide in soils and sediments [19] and occurring in both nano and bulk phases [24]. Hausmannite has a spinel structure comprising mixed valence states (Mn(II/III)), where Mn(II) occupies the tetrahedral sites and Mn(III) the octahedral sites [10]. Spinel-structured hausmannite can also host a range of transition metals [15,18,25,26]. For instance, hausmannite incorporates divalent nickel (Ni) in the octahedral sites, divalent zinc (Zn) in the tetrahedral sites, and divalent cobalt (Co) in the tetrahedral and trivalent Co in the octahedral sites [25,27,28]. While the extent differs by the type and concentration of metal substituent, changes in hausmannite chemistries profoundly affect the mineral’s oxidation reactivity toward arsenite, As(III) [27,28]. In addition, hausmannite is generally metastable. This intermediate mineral transforms into manganite (γ-Mn(III)OOH) and/or pyrolusite/birnessite (Mn(IV)O2), with the solution pH being crucial in determining the transformation pathways and products [7,29,30,31,32,33]. For instance, under circumneutral conditions, the hausmannite to manganite transformation is preferred [32], whereas under acidic conditions, hausmannite transformation to Mn(IV) oxides is favored [7,34]. Reverse transformations of birnessite to hausmannite may occur in the presence of Mn2+ ions, with these reductive transformation reactions and products also being highly dependent on solution pH [35].



While the abundance and importance of hausmannite in Mn mineralogy and geochemical processes in the environment have been generally recognized, the impacts of structural impurities and solution pH on the hausmannite-to-birnessite transformation are poorly understood. Further, the fate of structural impurities during the transformation process remains largely unknown. Conversely, the effect of structural impurities on birnessite transformation processes and key parameters associated with transformations have been elucidated [36,37,38]. Thus, the present study aims to investigate the effects of structural impurities and solution pH on the transformation of hausmannite to birnessite, as well as the solubility and fate of structural Mn and metal impurities during this process. To this end, we used freshly synthesized, pristine, and trace-level Ni- or Co-substituted hausmannite minerals (at 2 wt%). We equilibrated them at two different equilibration periods (8 h and 30 days) at three pH values (4, 5, and 7). The results of the present work demonstrate the importance and contribution of metal impurities to the temporal stability of hausmannite and its transformation to birnessite, thereby improving our understanding of the vital role of hausmannite in Mn mineralogy and the control of the solubility or sequestration of associated transition metals in the environment.




2. Materials and Methods


2.1. Materials


All chemical agents used in the present study were ACS-grade or better, including manganese acetate tetrahydrate (Mn(CH3COO)2·4H2O, 99 +%, Acros Organics, Waltham MA, USA), nickel acetate tetrahydrate (Ni(CH3COO)2·4H2O, 99 +%, Acros Organics, Waltham, MA, USA), cobalt acetate tetrahydrate (Co(CH3COO)2·4H2O, 99 +%, Acros Organics, Waltham, MA, USA), acetone (C3H6O, ≥99.5%, Thermo Fisher Chemicals, Waltham, MA, USA), ethyl alcohol (C2H5OH, 200 proof, Pharmco-Aaper, Brookfield, CT, USA), sodium chloride (NaCl, ≥99%, crystalline, certified ACS, Fisher Scientific, Pittsburgh, PA, USA), nitric acid (HNO3, 67 to 70% (w/w), trace metal-grade, Fisher Chemical, Fair Lawn, NJ, USA), hydrochloric acid (HCl, 36.5 to 38% (w/w), certified ACS plus, Fisher Chemical, Fair Lawn, NJ, USA), and sodium hydroxide (NaOH, ≥97.0%, pellet, certified ACS, Fisher Chemical, Fair Lawn, NJ, USA). Mn, Ni, and Co standard solutions for the inductively coupled plasma–optical emission spectroscopy (ICP-OES) analysis were obtained from J.T. Baker® (1000 μg/mL (±0.10% w/v) in HNO3 (<3% w/w), reagent-grade for trace metal analysis).




2.2. Mineral Synthesis and Preparation


Pristine and Ni- or Co-substituted hausmannite minerals at 2 wt%–3 wt% were synthesized, and their purity was confirmed using methods described in our earlier studies [27,28,39]. When analyzing the synthetic Ni- or Co-substituted hausmannite minerals using the methods employed in [27,28,39], 2.3 wt% Ni and 2.8 wt% Co were found to be included in these minerals.



A series of mineral suspension samples were prepared by placing 1.0 g L−1 of pristine or Ni- or Co-substituted hausmannite in a centrifuge tube filled with a background electrolyte of 10 mM NaCl solution, followed by titration with dilute HCl or NaOH to reach the target pH of 4, 5, or 7. The resulting suspension samples were allowed to equilibrate for 8 h (t = 8 h) or 30 days (t = 30 days) with agitation under the oxic condition. Batch reactions were run in duplicates. During the equilibration period, the pH of the suspension was regularly checked and manually re-adjusted to maintain the target pH as needed. After equilibration was completed, a small aliquot (~2 mL) of suspension was withdrawn, filtered through a 0.22 μm syringe filter (Millipore, Millex®, Burlington, MA, USA), and the solute acidified with 2% HNO3 for the analysis of total dissolved Mn and Ni (or Co) concentrations by ICP-OES (iCAP 7000, Thermo Scientific, Waltham, MA, USA). The mineral solids were collected by centrifugation, thoroughly rinsed with deionized (DI) water, dried at room temperature, and then stored in a glove bag under N2(g) (Erlab 2200ANM, ErlabTM, Rowley, MA, USA) prior to post-reaction analysis. Hereafter, hausmannite minerals equilibrated for 8 h (t = 8 h) are referred to as reacted hausmannite (R-Haus), reacted Ni-substituted hausmannite (R-NiHaus), and reacted Co-substituted hausmannite (R-CoHaus). Hausmannite minerals equilibrated for 30 days (t = 30 days) are referred to as aged hausmannite (A-Haus), aged Ni-substituted hausmannite (A-NiHaus), and aged Co-substituted hausmannite (A-CoHaus), respectively.




2.3. Mineral Characterization


The mineralogy of all samples was determined using powder X-ray diffraction (PXRD), collected on a Bruker D8 Advance X-ray diffractometer equipped with Ni-filtered Cu Kα radiation and a high-speed energy-dispersive linear detector (LYNEXE). Sample powders were placed on a non-diffracted silicon plate holder and scanned 2θ from 10° to 80° with a step size of 0.01°/s–0.02°/s. Peak identification was achieved using the DIFFRAC.EVA software with the American Mineralogy Crystal Structure Database (AMCSD).



The crystal chemistry of Mn and Ni or Co in the mineral samples was investigated using X-ray absorption spectroscopy (XAS), employing both the X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) energy regions. XAS data were collected at the 6-BM beamline of the National Synchrotron Light Source II (NSLS II), Brookhaven National Lab (BNL (Upton, NY)). Due to the low content of Ni or Co in the hausmannite samples, the Ni and Co K-edge spectra were collected in fluorescence mode at room temperature. In contrast, the Mn K-edge spectra were collected in both transmission and fluorescence modes. A metallic Ni, Co, or Mn foil was run under the same conditions as the mineral samples, serving as a reference for energy calibration during XAS analysis. In addition, a series of reference compounds, including hausmannite (Mn3O4) [27,28,39], manganite [39,40], and birnessite (δ-MnO2) [41], were examined to determine the Mn oxidation state and speciation. These reference compounds were synthesized in the laboratory using the methods described in the cited papers. The XANES spectra of Ni, Co, and Mn were merged, background-corrected, and normalized using the Athena graphical user interface [42]. Linear combination fitting (LCF) of Mn K-edge EXAFS spectra was processed from 3.0 Å−1 to 12.0 Å−1, and the XANES spectra were processed in the range of −20 eV to 30 eV of E° [42].



The morphology, elemental composition, and crystal structure of mineral samples were determined using a JEOL JEM 2100 TEM operating at 200 kV. The microscope was equipped with a Gatan Orius 833 slow-scan CCD camera for recording (high-resolution) images and selected area electron diffraction (SAED) patterns and with an energy-dispersive X-ray (EDX) spectrometer (EDAX r-TEM) for chemical analysis. Where possible, lattice fringes were directly measured by hand using Gatan’s Digital Micrograph and Image J. For TEM sample preparation, approximately 10 mg of powdered sample was added to a centrifuge tube containing 30 mL of DI water (Barnstead, 18.2 MΩ-cm water with 1–5 ppb total organic carbon). The suspension was then sonicated for 10 s using a probe sonicator (Model 505 Sonic Dismembrator, Fisher Scientific, Pittsburgh, PA, USA). A small aliquot of the dispersed suspension was withdrawn, placed onto a 400-mesh copper grid with carbon support films (Electron Microscopy Sciences, Hatfield, PA, USA), and allowed to evaporate at room temperature.





3. Results and Discussion


3.1. Dissolution Reaction at Selected pHs


To detect any changes on pristine and Ni (or Co)-substituted hausmannite minerals in batch reactions of varying equilibration periods and solution pHs, the dissolution rates of these minerals, i.e., the total [Me]aq measured divided by the total equilibration hours, were calculated and compared for two time periods (t = 8 h and t = 30 days) at three pHs, 4, 5, and 7. Here, t = 8 h was chosen based on our earlier investigation with hausmannite minerals [27,28,39], where the release of structural Mn and Ni (or Co) reached a plateau after 8 h of acidic dissolution of hausmannite and Ni (or Co)-substituted hausmannite minerals. t = 30 days was chosen based on the results of previous studies [7,43], where visible color changes of hausmannite suspension were noted after 15 days of equilibration due to the surface oxidation or transformation of hausmannite to a secondary mineral phase. Therefore, in the present work, t = 8 h and t = 30 days serve as an initial and prolonged equilibration period to monitor the mineral transformation processes and are referred to as R (reacted, R-Haus, R-NiHaus, and R-CoHaus) and A (aged, A-Haus, A-NiHaus, and A-CoHaus) systems, respectively.



The [Mn(II)]aq release rates for pristine and Ni (or Co)-substituted hausmannite minerals were compared for different equilibration periods and solution pHs (Figure 1a,b). All R systems produced significantly higher release rates than the A systems, indicating that mineral dissolution rates decreased with increasing equilibration period. Among the R systems, the highest release rates were found at pH 4 (yellow in Figure 1a), followed by pH 5 (blue), and the lowest rate was recorded at pH 7 (pink). This finding is consistent with other studies [7,34,44], where low solution pH accelerated mineral dissolution, and the Mn2+ ion release rate from the hausmannite structure increased with decreasing pH. At lower pHs, where mineral dissolution was favored, pristine hausmannite (R-Haus) released much more [Mn(II)]aq than metal-substituted hausmannite minerals, implying that the presence of structural impurities affects the mineral dissolution rates. By comparison, when mineral dissolution was suppressed by higher pH (e.g., pH 7, pink), all R minerals presented a similar dissolution rate, indicating little to no effect of structural impurities on mineral dissolution. While much lower Mn release rates were observed in the A systems (Figure 1b), the highest rates were found at pH 4 (yellow), followed by pH 5 (blue), similar to the R systems. However, no measurable Mn release was observed at pH 7. Similar to the R systems, pristine hausmannite exhibited a higher Mn release rate than the metal-substituted phases, although the extent was not as substantial as in the R systems.



The [Ni(II)]aq and [Co(II)]aq release rates from Ni- and Co-substituted hausmannite minerals were also measured and compared by equilibration periods and solution pH values (Figure 1c,d). Similar to [Mn]aq release rates, the R systems (Figure 1c) recorded much higher trace metal release rates than the A systems (Figure 1d). Among R systems, pH 4 produced the highest Ni or Co release rates, followed by pH 5 and 7, which agrees with the increased metal solubility in more acidic conditions. Similar release rates of Ni and Co were observed for pH levels of 4 and 5. However, the Co release rate was significantly reduced at pH 7, but not Ni. The A systems produced much lower Ni or Co release rates (Figure 1d). Similar to the R systems, the metal release was highest at pH 4, followed by pH 5, and was minimal at pH 7.



Our results show that both equilibration period and solution pH control mineral dissolution rates. However, extended equilibration lowers mineral dissolution rates, making it difficult to discern the effect of structural impurities on mineral dissolution. Solution acidity accelerates mineral dissolution, helping to demonstrate the impact of structural impurities on this process. Under acidic conditions, where mineral dissolution is favored, the effects of structural impurities on mineral dissolution are evident both in the early stage (t = 8 h) and long-term (t = 30 days) samples. By contrast, under circumneutral solution conditions, where mineral dissolution is limited, little to no such effect was expected.




3.2. Mineralogy of Aged Hausmannite Minerals


To examine the mineralogical transformations during the equilibration period, A-system samples (t = 30 days) of pristine and metal-substituted hausmannite reacted at pH 5 were analyzed using PXRD (Figure 2). Since the highest mineral dissolution rates were observed at pH 4, this low-pH treatment was not suitable for the PXRD analysis. The pH 7 treatment was also excluded since little to no changes were observed at this circumneutral condition. Indeed, visible color changes of the hausmannite suspension were observed at pHs 4 and 5 during the equilibration period (more evident at pH 4 than at pH 5) but not at pH 7, indicating the persistence and prolonged stability of hausmannite at neutral pH.



Diffractograms of A-Haus (black), A-NiHaus (red), and A-CoHaus (blue) matched well with that of freshly synthesized, pristine hausmannite (gray, reference compound), suggesting hausmannite to be the primary mineral phase of aged samples (Figure 2). While hausmannite was dominant, there was a small peak observed at a low angle (2θ = ~ 28.4°) from A-Haus. This diffraction peak is a characteristic feature of the birnessite-type Mn(IV)O2, corresponding to the (002) crystal plane, which supports the formation of a high-valence Mn oxide that was transformed from hausmannite during prolonged equilibration at pH 5. However, no peaks were observed for aged, metal-substituted hausmannite samples at this low angle. This small diffraction peak in the A-Haus sample may indicate that the formation of MnO2 is relatively slow, and the quantity is small.



Furthermore, the broadness of the diffraction peak may also support the small sizes of newly formed MnO2 products. Manganite formation was not observed in any of the aged hausmannite samples, although its formation has been reported in other studies [14,32,35,44]. Thus, the PXRD results support the transformation of hausmannite into birnessite under acidic conditions. Structural impurities seem to play an indirect role in the mineral transformation process by controlling the extent of hausmannite dissolution rates and [Mn]aq availability in the system. However, as shown in the previous section, hausmannite dissolution occurs readily (R systems at t = 8 h), and [Mn]aq availability seems to be a non-limiting factor for both pristine and metal-substituted hausmannite minerals. Thus, the role of structural impurity in the transformation process is challenging to discern using PXRD, especially when the mineral transformation process is slow, the transformation product is present in small quantities and/or is nano-sized and poorly crystalline.




3.3. Crystal Chemistry of Aged Hausmannite Minerals


Synchrotron-based XAS analysis was performed in both the X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) energy regions. The Mn, Ni, and Co K-edge spectra were used to assess any changes in oxidation states and local coordination environments of structural Mn and metal impurities during the experiments.



3.3.1. Mn K-Edge XANES Analysis


The normalized XANES spectra of the aged hausmannite samples, reacted at pH 4, 5, and 7, are shown in Figure 3, along with those of freshly synthesized mineral samples for comparison (green in Figure 3). The overall features of the Mn K-edge XANES spectra are similar. However, the main absorption edge shifted slightly toward higher energy in the reacted samples relative to the starting phase, more noticeably so at pH 4 than at pH 5 and 7 (indicated by an arrow in Figure 3). This shift is consistent with the formation of a Mn phase with a higher oxidation state, such as Mn(IV)O2, in the aged samples.



The formation of higher-valence MnO2 may proceed via two pathways: (i) the disproportionation of metastable Mn(III) in hausmannite to Mn(IV) and Mn2+ (Equation (1)) [43] and (ii) the direct oxidation of Mn2+ by dissolved O2 (Equation (2)) [14,17,34].


  M n   I I     M n   I I I     2     O   4   + 4   H   +   = M n   I V     O   2   +   2 H   2   O + 2   M n   2 +    



(1)






  2   M n   2 +   +   O   2   +   2 H   2   O = 2 M n   O   2   + 4   H   +    



(2)







Equation (1) requires the consumption of protons and the release of divalent Mn ions as the reaction proceeds, while Equation (2) requires divalent Mn ions and dissolved molecular oxygen, producing protons as the reaction progresses. Both equations are sensitive to solution pH conditions but differ in how they affect pH and dissolved Mn2+ levels. While the two pathways may occur simultaneously, we believe that Equation (1) represents the dominant pathway for Mn(IV)O2 formation in our batch reactions. This is supported by the observed increase in solution pH and total dissolved Mn ions as the dissolution reaction progresses (see Section 3.1), as well as by its thermodynamically favorable equilibrium constant (K) (Table S1). In addition, studies have suggested that Equation (2), the oxidation of dissolved Mn2+ by O2, is kinetically slow [45,46].




3.3.2. Ni or Co K-Edge XANES Analysis


Ni and Co K-edge XANES data of A-NiHaus and A-CoHaus were collected at three pH levels and then compared to those of freshly synthesized NiHaus and CoHaus (green in Figure 4). They aligned well (i.e., no edge shifts were observed), suggesting that neither the equilibration period nor solution pH affected the oxidation states of Ni or Co. As expected, Ni is divalent and remains so in the mineral structure over the 30-day equilibration period at these pH levels. In addition, Ni is found to occupy octahedral sites in hausmannite [28]. On the other hand, Co is multivalent, occurring as Co(II) and Co(III) in Mn minerals. Our earlier investigation of freshly synthesized Co-substituted hausmannite revealed that the majority of substituted Co is divalent and occupies tetrahedral sites. In contrast, only a minor fraction of trivalent Co is observed, occupying octahedral sites [27]. The similarities of the Co K-edge XANES spectra (Figure 4b) and the first derivatives of the pre-edge region (Figure 4c) between freshly prepared and aged Co-substituted hausmannite minerals at varying pHs indicate that the ratios of Co(II) to Co(III) remain mostly unchanged. The lack of observable formation of additional Co(III) suggests slow, if any, oxidation of Co(II) to Co(III) in the mineral structure. A detailed analysis of the Co K-edge XANES data for freshly synthesized Co-substituted hausmannite can be found in Song et al. (2021) [27].




3.3.3. Mn K-Edge EXAFS Analysis


To examine pH-dependent changes in the Mn local environments during the equilibration period, the Mn K-edge EXAFS regions from the aged pristine and metal-substituted hausmannite samples equilibrated at pHs 4, 5, and 7 were analyzed and compared to those of freshly synthesized pristine and metal-substituted minerals (Figure 5). The Mn K-edge EXAFS regions of the Mn reference compounds, including hausmannite, birnessite, and manganite, were used for the analysis (Figure S1). While the amplitudes and shapes of the Mn K-edge EXAFS spectra are generally similar for all samples, notable differences were observed in the k range from 3.5 Å−1 to 9.8 Å−1 in the Mn K-edge EXAFS regions (Figure 5a–c, marked with colored boxes). For instance, all aged, pristine, or metal-substituted hausmannite samples exhibit changes in the amplitude of peaks at 3.5 Å−1 (decrease in peak amplitude, pink arrow) and 4.0 Å−1 (increase in peak amplitude, black arrow), particularly at low pH. The greater changes at pH 4 in this region can be related to the formation of a layered Mn oxide, such as birnessite [37], and confirm more mineral transformation at low pH. Furthermore, spectral changes were also observed in the 7.0 Å−1 to 9.0 Å−1 range (orange-colored box), which is known as an “indicator” region for the identification of Mn oxides [37]. Specifically, there is a decrease in the amplitude of peaks located at ~7.5 Å−1 and 8.5 Å−1, which suggests a decrease in Mn(III) contents and the formation of birnessite-type MnO2. As shown in Equation (1), the Mn(III) in the hausmannite structure can disproportionate to Mn(IV), accompanied by the consumption of H+ and the release of aqueous Mn2+. Thus, low-pH conditions (i.e., pH 4) help accelerate the disproportionation of hausmannite to MnO2 [7,37,43].



Structural changes were also evident in the radial structural functions (RSFs) (Figure 5d–f). Notably, peaks at ~1.5 Å and ~2.5 Å (R+∆R), corresponding to the first Mn-O and second Mn-Mn shell distances, respectively, are the common features of layered Mn oxides [37]. The growth of the Mn-Mn peak at 2.5 Å is attributed to the transformation from spinel-structured hausmannite to layered MnO2, as observed in Mn K-edge EXAFS (Figure S1). This peak growth has also been reported elsewhere [37,47,48,49,50,51]. In addition, a concurrent decrease in the Mn-Mn peaks between 2.8 Å and 3.5 Å (R+∆R), marked with a pink arrow, is consistent with decreasing scattering from hausmannite, further supporting this transformation (Figure S1) [37]. These changes in RSF features exhibit a strong pH dependency, with the most pronounced changes observed at pH 4. While the importance of solution pH on the transformation of hausmannite to birnessite was identified, the impact of structural impurities on the transformation process was difficult to discern due to close similarity in spectral features of A-NiHaus (Figure 5b,e) and A-CoHaus (Figure 5c,f).
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Figure 5. Mn K-edge EXAFS regions in k3-weighted magnitude for (a) A-Haus, (b) A-NiHaus, and (c) A-CoHaus and in the radial distance (R) for (d) A-Haus, (e) A-NiHaus, and (f) A-CoHaus at pH 4 (red), 5 (black), and 7 (blue). Freshly synthesized, pristine, Ni-substituted, and Co-substituted hausmannite minerals were used as a reference (green) for comparison. The gray and orange boxes indicate the regions where changes in the amplitude and/or shape of the spectra are observed. The black and pink arrows indicate the areas where increases and decreases in peaks are observed, respectively. 
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3.3.4. Linear Combination Fitting (LCF) of the Mn K-Edge XAS Data


Linear combination fitting (LCF) of the Mn K-edge XANES and EXAFS data was performed for aged pristine and metal-substituted hausmannite samples to determine the fractional contribution of the compositions in the transformed Mn oxide phases and also to detect the effects of structural impurities on the fractional contribution [52]. Three reference Mn minerals, including pristine hausmannite (Haus), manganite (Mang), and birnessite (Birn), were used as standards during the fitting process. Fits of the Mn XANES and EXAFS data yielded similar results; the LCF fits based on the XANES data are presented in Figure 6 and Table 1, while those using the EXAFS data are shown in SI Figure S2 and Table S2.



Similar to the PXRD results, the fitting results indicate that hausmannite is the dominant mineral in all aged samples (Figure 6). In general, the relative contribution of hausmannite increases with the solution pH, indicating that the mineral is stable at circumneutral pH. Both birnessite and manganite are transformation products from hausmannite. While both were minor, the relative contribution of birnessite was significantly greater than that of manganite for virtually all the samples, which supports the PXRD and XAS results. At pH 4, all samples produced 15% birnessite; however, a trivial contribution was found from birnessite at pHs 5 and 7 and manganite at all pH levels. This trend is reflected in the increase in the average oxidation states (AOS) of Mn, where the AOS value increases as the pH decreases, reflecting the formation of higher Mn AOS minerals, such as birnessite (Table 1). The following pathways may be involved in the formation and possible transformation of manganite (γ-MnOOH): the transformation of hausmannite to manganite through Mn(II)(s) loss (Equation (3)) and the direct oxidation of Mn(II) by dissolved O2 to form manganite (Equation (4)). These reactions are all thermodynamically viable (K values for the Equations provided in Table S1) and highly solution pH- and Mn(II)-dependent.


    M n   3     O   4   + 2   H   +   = 2 M n O O H +   M n   2 +    



(3)






    M n   2 +   + 0.5   O   2   +   H   2   O = M n O O H +   H   +    



(4)







To determine the impact of structural impurities on the transformation of hausmannite into birnessite, the relative contributions of hausmannite in A-NiHaus and A-CoHaus were compared to those in A-Haus. The results indicate that A-NiHaus underwent the lowest extent of transformation to birnessite and manganite, whereas A-CoHaus transformation was the most extensive under all pH conditions (Table 1). Although the low quantity of transformation products prevents a detailed understanding of the prevailing transformation processes, these findings do suggest that the hausmannite transformation process and the resulting products are affected by the type of impurity in the mineral structure, similar to the impact of structural impurities on the mineral dissolution rates noted in Section 3.1.
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Figure 6. LCF analysis of the Mn K-edge XANES data for A-Haus (red), A-NiHaus (purple), and A-CoHaus (green) at pH 4, 5, and 7. Black solid lines represent the original spectra, and colored blank squares refer to the fitting results. The corresponding fitting results are also summarized in Table 1 with reference compounds. 
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3.4. Morphology and Crystal Chemistry of Aged Hausmannite Minerals


To visually confirm the formation of transformation products and examine their morphology and crystallinity, analytical high-resolution HRTEM analyses were performed on pristine hausmannite and aged hausmannite minerals (the A system equilibrated at pH 4) (Figure 7). The latter is the focus of the present work, as pristine hausmannite serves as a reference for mineral size and morphology prior to equilibration. Detailed analyses of pristine and metal-substituted hausmannite minerals are presented in our earlier work [27]. In brief, pristine hausmannite has an average particle size of 21.1 (±4.5) × 16.7 (±3.7) nm with a pseudo-octahedral morphology (Figure 7a). Trace levels of Ni or Co substitution in the hausmannite structure do not affect the mineral morphology. However, Ni substitution seems to cause a slight increase in the average mineral particle size [28], whereas Co does not. A study by Yoshinaga et al. (2018) [53] also supports the finding that Co substitution up to 40 mol% in Mn3O4 does not induce a change in the mineral’s size and morphology.



TEM images revealed that, regardless of whether they possess structural impurities or not, hausmannite particles are dominant at all pH levels, presenting in large quantities after the 30-day equilibration period (Figure 7b–d). This finding is in good agreement with the PXRD and XAS results. While dominant, edge sites of hausmannite with pseudo-octahedral shape (Figure 7a) appeared to be rounded by solution acidity (in pHs 4 and 5). These are shown in Figure 7b[1] with white arrows and dotted lines, indicating the absence of edge sites of hausmannite particles. This phenomenon was also noted in our earlier study with hausmannite and arsenite As(III) [39], where edge sites were consumed first during the reductive dissolution of hausmannite by As(III). These results suggest that the hausmannite edge sites are the active surface sites in both acidic and reductive dissolution processes.



In addition to rounded edges, the formation of nanorods/wires was also observed in aged pristine and metal-substituted hausmannite minerals at pH levels of 4 and 5 (not at pH 7). Since nanorods/wires look distinctly different from hausmannite, it was easier to detect them from the mineral mixtures. Studies have suggested that MnO2 with a nanorod/wire morphology serves as a precursor to the layered δ-MnO2 (birnessite) [7,54,55]. In this work, the spacing of the lattice fringes (Figure 7b[1,2] and Figure 7c,d with red arrows) is 5.1 Å, which is reasonably close to the reported d-spacing of birnessite [7,54,55,56]. It is also worthwhile to note that no lattice fringes extend throughout the rod/wire (Figure 7b[1,2] and Figure 7c,d, enlarged, red arrows); instead, in the places where they can be recognized, the fringes are localized within and surrounded by amorphous areas. This suggests an assemblage of short-range ordered (at least one dimension, <5 nm) MnO2 nanocrystals, which may explain the lack of discernible peaks in the PXRD patterns and the low contribution in the XAS LCF results. HRTEM imaging analyses thus help detect the initial stage of hausmannite transformation to birnessite. All known natural birnessite minerals are fine-grained and relatively poorly crystalline [10].



EDX analysis for the chemical composition of aged hausmannite minerals showed that a majority of Ni and Co in hausmannite remains in the mineral structure after the 30-day equilibration period (Figure 7e,g). EDX results on the hausmannite aggregates in the aged samples presented 1.75 wt% of Ni and 4.01 wt% of Co, which seemed reasonably close to the target wt% of Ni (2.3 wt%) or Co (2.8 wt%) substitution in the hausmannite structure (see Section 2.2.). This finding also agrees with the dissolution data in Figure 1c,d, where lower Ni or Co release rates were noted.



EDX analysis was also performed on a newly formed, nanorod/wire-shaped birnessite to detect the presence of Ni or Co. Due to the aggregation of hausmannite and birnessite shown in Figure 7f,h, spot analysis was applied on the surface of birnessite by focusing the beam to a ~ 3 nm spot. Therefore, the same spot (marked + on the image) was used for imaging, as well as structural and chemical analyses. While the formation of birnessite was observed in both aged Ni- and Co-substituted hausmannite minerals, Ni was not detected from birnessite (Figure 7f) while Co was (Figure 7h). The presence of Co was detected at 0.81 wt% from the nanorod/wire-shaped birnessite phase (Figure 7h). To ensure Co is associated with birnessite and not with hausmannite or secondary Co-oxide, SAED measurements were taken at the same + spot (Figure 7h). The SAED patterns confirmed the sole presence of birnessite [56] at the location where the EDX was taken. Therefore, Ni is strongly associated with the primary mineral, hausmannite, but tends to be released into solution during transformation rather than be adsorbed on or incorporated into a newly formed birnessite. In contrast, once Co is released from hausmannite during the transformation process, it appears to be adsorbed onto or incorporated into the newly formed birnessite, distributed over two mineral phases. A strong sequestration of Co by birnessite [57] and todorokite [37] has already been shown. The results of analytical HRTEM analyses in this work provide, for the first time, nanoparticle-level information on the hausmannite transformation process to birnessite and subsequent Co sequestration by both Mn minerals during the transformation process.
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Figure 7. HRTEM images of (a) freshly made pristine hausmannite; (b) 30-day-aged pristine hausmannite sample with 1 and 2 boxed areas; [1] and [2] enlarged boxed areas; (c) 30-day-aged pristine hausmannite sample with enlarged boxed area; (d) 30-day-aged pristine hausmannite sample with enlarged boxed area; (e) 30-day-aged Ni-substituted hausmannite sample with the EDX results; (f) 30-day-aged Ni-substituted hausmannite sample with the EDX and SAED results; (g) 30-day-aged Co-substituted hausmannite sample with the EDX results; and (h) 30-day-aged Co-substituted hausmannite sample with the EDX and SAED results. 
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4. Conclusions


The present study provides a detailed investigation into the effects of solution pH, equilibration time, and structural impurities on the stability and transformation of hausmannite. Both solution acidity and equilibration time significantly influence the dissolution rate and the transformation of hausmannite into birnessite. Structural impurities also play a critical role by reducing mineral dissolution rates and altering the relative proportions of transformation products compared to the pristine mineral. For the first time, this work presents nanoparticle-level insights into the transformation of hausmannite to birnessite, along with subsequent Co sequestration by both Mn(II/III) and Mn(IV) oxide phases. HRTEM images reveal that the newly formed birnessite consists of short-range ordered (at least one dimension, <5 nm) MnO2 nanocrystals within an amorphous matrix. The results of this study highlight the importance of considering structural impurities in geochemical processes, such as dissolution and transformation, and contribute to a better understanding of Mn mineralogy and the solubility, mobility, and sequestration of trace elements in the environment.
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Figure 1. Release rate of (a) [Mn(II)]aq for 8 h, (b) [Mn(II)]aq for 30 days, (c) [Ni(II)]aq or [Co(II)]aq for 8 h, and (d) [Ni(II)]aq or [Co(II)]aq for 30 days at pHs 4 (yellow), 5 (blue), and 7 (pink). 
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Figure 2. PXRD analysis on aged hausmannite minerals at pH 5. (a) Diffractograms of A-Haus (black), A-NiHaus (red), and A-CoHaus (blue) with a reference of hausmannite (gray) and (b) enlarged diffractograms in 2θ range from 25° to 35° (orange box) for better presentation of peaks that appeared after 30 days of equilibration. 
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Figure 3. Mn K-edge XANES regions for (a) A-Haus, (b) A-NiHaus, and (c) A-CoHaus from pH 4 (red), pH 5 (black), and pH 7 (blue). Freshly synthesized, (a) pristine, (b) Ni-substituted, and (c) Co-substituted hausmannite minerals were used as a reference (green) for comparison. The black solid line guides the shift in the location of the absorption edge towards higher energy. 
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Figure 4. XANES regions of (a) Ni K-edge, (b) Co K-edge, and (c) Co K-edge in first derivative from freshly synthesized metal-substituted hausmannite minerals (Haus (green)) and A-NiHaus or A-CoHaus equilibrated for 30 days at pH 4 (red), 5 (black), and 7 (blue). The dashed lines indicate that no change was observed at the absorption edge location after aging. 






Figure 4. XANES regions of (a) Ni K-edge, (b) Co K-edge, and (c) Co K-edge in first derivative from freshly synthesized metal-substituted hausmannite minerals (Haus (green)) and A-NiHaus or A-CoHaus equilibrated for 30 days at pH 4 (red), 5 (black), and 7 (blue). The dashed lines indicate that no change was observed at the absorption edge location after aging.



[image: Minerals 15 00697 g004]







 





Table 1. The LCF results of Mn K-edge XANES regions for A-Haus, A-NiHaus, and A-CoHaus at pH 4, 5, and 7. The fitting results are from Figure 6.
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Sample

	
pH

	
R-Factor

	
Haus

	
Mang

	
Birn

	
AOS *






	
A-Haus

	
4

	
0.0001

	
0.79 (±0.01)

	
0.06 (±0.002)

	
0.15 (±0.01)

	
2.85




	
5

	
0.0001

	
0.90 (±0.01)

	
0.04 (±0.002)

	
0.05 (±0.01)

	
2.71




	
7

	
0.0000

	
0.93 (±0.003)

	
0.02 (±0.001)

	
0.04 (±0.004)

	
2.69




	
A-NiHaus

	
4

	
0.0001

	
0.80 (±0.01)

	
0.05 (±0.01)

	
0.15 (±0.003)

	
2.85




	
5

	
0.0002

	
0.92 (±0.01)

	
0.02 (±0.01)

	
0.06 (±0.01)

	
2.74




	
7

	
0.0003

	
0.99 (±0.01)

	
N/A

	
0.01 (±0.003)

	
2.68




	
A-CoHaus

	
4

	
0.0002

	
0.78 (±0.01)

	
0.07 (±0.01)

	
0.15 (±0.002)

	
2.85




	
5

	
0.0002

	
0.85 (±0.01)

	
0.07 (±0.01)

	
0.09 (±0.003)

	
2.81




	
7

	
0.0002

	
0.90 (±0.01)

	
0.05 (±0.002)

	
0.05 (±0.01)

	
2.74








* Note: The AOS values of pristine hausmannite, manganite, and birnessite are 2.67, 2.97, and 3.74, as noted in our earlier work [27,28], and were used to calculate the aged samples.
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