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Abstract

:

Manganese (Mn) is a major element in various aqueous and soil environments that is sometimes highly concentrated in mine water and other mineral processing wastewater. In this study, we investigated Mn removal from alkaline mine water (pH > 9) with an Mn-coated silica sand packed into a pilot-scale column reactor and examined the specific reaction mechanism using X-ray absorption near-edge structure (XANES) analysis and geochemical kinetic modeling. The kinetic effect of dissolved Mn(II) removal by birnessite (δ-Mn(IV)O2) at pH 6 and 8 was evaluated at different Mn(II)/Mn(IV) molar ratios of 0.1–10. Our results confirmed the positive effect of the presence of δ-MnO2 on the short-term removal (60 min) of dissolved Mn. XANES analysis results revealed that δ-MnO2 was more abundant than Mn(III)OOH in the reactor, which may have accumulated during a long-term reaction (4 months) after the reactor was turned on. A gradual decrease in dissolved Mn(II) concentration with depth was observed in the reactor, and comparison with the kinetic modeling result confirmed that δ-MnO2 interaction was the dominant Mn removal mechanism. Our results show that δ-MnO2 contents could play a significant role in controlling Mn removability from mine water in the reactor.
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1. Introduction


Manganese (Mn) is present as a major element in various aqueous and soil environments with different stable oxidation numbers (+ II, +III, +IV, +VI, and +VII); it shows similar bio-geochemical behavior to iron (Fe) in the environment. Mining activities and mineral processing often produce Mn-rich water with concentrations of 100–1000 mg L−1 [1]. Mn is less toxic than other major trace metals (copper (Cu), zinc (Zn), and cadmium (Cd)) and metalloids (arsenic (As) and antimony (Sb)) but sometime shows similar toxicity to lead (Pb) to most animals, including humans and various aquatic organisms; however, long-term exposure to high Mn-containing water is reported to cause chronic toxicity in the nervous and respiratory systems of living organisms [2,3]. Therefore, Mn removal from wastewater to a trace level is required to reduce the negative impacts on the aqueous environment and human health; the guidelines established by the World Health Organization limit the Mn concentration in drinking water to 0.4 mg L−1, which is 20-times lower than the effluent standard of Japan (10 mg L−1) [4,5].



Among metals generally contained in mine water, ferric ion (Fe(III)) and aluminum (Al) are precipitated at around pH 2–3 and 3–5 to form hydroxide, respectively; as a result, trace metals such as Pb, Cu, Zn, and Cd are effectively removed by surface complexation and/or coprecipitation with those hydroxides at pH 4–8 when the mine water contains sufficient amounts of Fe(III) and Al rather than the removal of target metals [6,7,8]. On the other hand, Mn is difficult to remove by hydroxide formation without oxidation because its hydroxide (Mn(II)(OH)2) is formed at pH 11 and its abiotic oxidation rate by atmospheric air is very slow; e.g., half-life time is 3–7 days for 5 μM Mn(II) at pH 8.8 [9]. For these reasons, various Mn removal processes from neutral–alkaline pH water is conducted without additional alkaline reagents like slake and quick limes.



Biological processes using Mn-oxidizing bacteria (MOB) have been suggested as an effective Mn removal process. The oxidation rate of Mn(II) by MOB is reported to be about five times higher than abiotic oxidation [10]. For Mn removal from mine water using a passive treatment technique, Fuchida et al. [11] found that Mn could be removed effectively from water at pH 6–8 using subsurface limestone beds (SLB) installed at the Motokura mine, in Hokkaido, Japan, and biological analysis using a next generation sequencer evidenced that the microorganism activity of the MOB in the SLB provided an opportunity for Mn (IV) dioxide (MnO2) to form. The results from field observations and fundamental experiments indicate that MOB is appliable for the removal of Mn from mine water; however, MOB is generally heterotrophic but not autotrophic [12]. Thus, a continuous supplement of an energy source such as organic matter and the most suitable physicochemical conditions such as temperature and pH are issues when trying to maintain the removal performance of the reactor.



For Mn geochemical reactions, autocatalytic oxidation is recognized as an important reaction in the Mn oxidation process. Manganese dioxide can attract Mn(II) in solution and oxidize it on the surface as follows:


Mn·MnO2 + O2aq → 2MnO2



(1)







The most general kinetic equation for Mn oxidation has been represented by Diem and Stumm [9] as follows:


–d[Mn2+]/dt = k1[Mn2+] + k2[Mn2+][MnOx]



(2)




where k1 and k2 are rate constants where k1 = k1′[O2][OH−]2, k1′ = 4 × 1012 M−3 day−1, k2 = k2′[O2][OH−]2, and k2′ = 1018 M−4 day−1—acquired from Diem and Stumm’s experiments on abiotic systems [9]. A higher k2′ value than k1′means that the amount of MnOx (autocatalysis) can greatly influence the Mn(II) oxidation rate. Recently, it has been suggested that the autocatalysis reaction be divided into several reaction steps as follows:


≡MnOH + Mn2+ → ≡MnOMn+ + H+



(3)






≡MnOMn+ + O2aq + H2O → 2MnOOH



(4)






2MnOOH + O2aq → 2MnO2 + 2H+



(5)







In the first step, divalent manganese ions (Mn2+) form a complex on the MnO2 surface (Equation (3)) and is then oxidized to Mn(III)OOH by the disproportionation reaction (Equation (4)). Finally, Mn(III) is oxidized to Mn(IV) and incorporated to MnO2 (Equation (5)). Therefore, Mn removability by MnO2 can be controlled by the surface complexation capacity of MnO2. There are some polymorphic crystalline structures of MnO2 (α, β, and γ, etc.) with different physicochemical properties. Birnessite (δ-MnO2) is widely recognized as having a large surface area because of its layered crystalline structure: the specific surface area is over 700 m2 g−1, which is ten times higher than MnOOH. The point of zero charge of δ-MnO2 is 2–3, meaning that various metals, including Mn, are efficiently adsorbed under neutral–alkaline pH conditions; e.g., Pb [13], Cd [14], and Zn [15]. Many studies have extensively investigated the interaction between δ-MnO2 and dissolved Mn2+; however, this reaction is a complex process and thus the comprehensive rate equation (Equation (2)) is generally used to represent Mn removal behavior in natural systems.



Various Mn removal techniques using precipitation, oxidation, adsorption, coagulation, and flotation processes are tested for treatment of high Mn-loading groundwater and wastewater which are generated by metallurgical engineering processes such as smelting and steelmaking [1]. However, the most major issue of these techniques is to use excess chemicals such as alkali (e.g., Ca(OH)2 and CaCO3), oxidizing (e.g., HClO4), and flocculation (AlCl3) agents. Ion exchange using polymer resins is also used for Mn removal without addition of chemical agents, but the resins must be regenerated and also expensive, especially when treating a large amount of wastewater. Therefore, the development of efficient and inexpensive Mn removal techniques without chemicals is required to treat the wastewater and to decrease environmental loads. Furthermore, examples of Mn removal treatment process from mine water other than neutralization are less reported.



In this study, we investigated the removal process of Mn(II) from alkaline mine water by Mn-coated sand packed into a pilot scale column reactor installed at X mine in Japan. Net alkaline mine water is generated by the reaction with carbonate minerals more than sulfide minerals; which sometime contains a high amount of Mn(II) and Zn [16]. The column reactor does not require additional chemicals for Mn removal from the alkaine mine water because Mn compounds is believed to work as an Mn scavenger. We constructed a geochemical model using the comprehensive rate equation based on the results of the batch removal experiment using synthesized δ-MnO2 and the synchrotron analysis of column reactor samples in order to clear the Mn removal mechanisms and quantitatively evaluate the Mn removal capacity of this column reactor.




2. Materials and Methods


2.1. Mn Removal Experiment with δ-MnO2


δ-MnO2 was prepared according to our previous studies [14,15]; it was synthesized from Mn(II) solution by the addition of the oxidizing agent sodium hypochlorite (NaClO) at pH 6. The pH value was measured by a pH meter (Horiba D-75, Horiba, Ltd., Kyoto, Japan) calibrated at pH values of 4.01, 7.00, and 10.01. The freeze dried δ-MnO2 was mixed to 0.4 mmol L−1 (22 mg L−1) Mn(II) solution at different Mn(IV)/Mn(II) molar ratios: 0.1, 1, and 10, and then the suspension was stirred for 1 h after pH adjustment to 6 and 8 by addition of 1 mol L−1 KOH solution. The reactant was acidified with HNO3 (1%) in a polypropylene bottle after filtration with 0.45 μm polytetrafluoroethylene (PTFE) membrane filter (ADVANTEC Japan Co. Ltd., Tokyo, Japan) and stored until analysis.




2.2. Pilot Scale Mn Removal Test


X mine is located in Aomori prefecture in Japan and the pilot-scale column reactor for Mn removal from the mine water is shown in Figure 1. X mine is a hydrothermal vein deposit containing sphalerite, pyrite and rhodochrosite [17]. The volume of the cylinder column reactor was 0.28 m3 (the length and cross-sectional area were 4 m and 0.07 m2, respectively). Gravel (size φ 2–12 mm) was placed in the bottom 0.5 m of the reactor, followed by silica sand (size φ 0.6 mm) that occupied a space of 2.5 m above the gravel. The average inflow rate was 5.0 (±0.3) L min−1 and the flux was 0.82 cm s−1. The inflow rate to the column reactor was controlled with a controller pump which connected from the drainage tank to the reactor. The reactor was on from 11 June to 30 October 2020, and the samples used in this study were collected on 8 October 2020. The chemical composition of the water put in to the column reactor prior to the sample collection is listed in Table 1. The pH value was around 9.6, meaning that most metal ions (Fe(III), Al, and Zn) were not dissolved in the water (below detection limit of our measurement). Among the metals, Mn had the highest concentration at over 5.8 mg L−1 and sulfate had the highest concentration among the anions (820 mg L−1) in the water. The solution samples were collected from sampling ports set at 0.3, 0.7, 1.05, 1.45, 1.85, 2.1, 2.45, and 2.9 (outflow) m depth from the top of the column. The pH and dissolved oxygen (DO) values of the solution were measured by a pH/DO meter (Horiba D-75, Horiba, Ltd., Kyoto, Japan). The sample was stored with HNO3 (1%) in a polypropylene bottle after filtration with a 0.45 μm polytetrafluoroethylene (PTFE) membrane filter. Mn-coating silica sand samples were also collected from the upper (0.3 m depth), middle (1.25 m depth), and lower (2.25 m depth) parts of the reactor and stored at −20 °C. The solid sample was dried in a vacuum before solid analysis.



To evaluate the amount of Mn coating on the silica sand, the dried sample (1.0 g) was reacted with 0.5 M hydroxylammonium chloride solution (40 mL) for 16 h [18] and the reacted solution was preserved in a polypropylene bottle after filtration with a 0.45 μm PTFE filter.




2.3. Analysis


2.3.1. Quantification of Chemical Components in Water Samples


Manganese concentrations in the solution samples were determined by inductively coupled plasma–mass spectrometry (ICP–MS; 8800 ICP-QQQ, Agilent Technologies, Inc., Santa Clara, CA, USA). The detection limit of Mn was 0.01 μg L−1 (RSD < 5%) in this analysis. All chemicals used in this study were analytical grade and purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).




2.3.2. XANES Analysis of Mn in Solid Samples


The Mn K-edge X-ray absorption fine structure (XAFS) analysis Mn oxides on silica sand particulates was measured using the BL5S1 beamline at Aichi Synchrotron Radiation Center, Japan. The dried sample was diluted with boron nitride and formed into pellets of 10 mm diameter and 1.0 mm thickness. The X-ray absorption near-edge structure (XANES) region of the energy range 6540–6590 eV was measured by the transmission method using silica (111) monochromator crystals. Various manganese oxides (δ-MnO2, Mn(II)O (manganosite), Mn(II, III)3O4 (hausmannite), γ-Mn(III)OOH (manganite), and Mn(III)2O3) were used as reference materials. The contents of each Mn compound in the solid samples were quantified with the linear combination fitting (LCF) of XANES spectra using the Athena software package. Additionally, the valence of those Mn compounds in the solid samples were quantified by the K-edge white peak position of XANES spectra. Many previous studies have reported that there is a good liner relationship between the Mn K-edge position and Mn valence [19,20]. The white peak position of XANES spectra was found using the Athena software package.





2.4. Geochemical Modeling by PHREEQC


Geochemical code PHREEQC ver.3 (USGS) was used to simulate the behavior of Mn removal from the water path through the test column by coupling various chemical reactions and one-dimensional advection analysis [21]. The specific chemical species and equilibrium constants were published in a previous study [11,14,15,22]. Similar rate equations for Mn oxidation to Equation (2) were used in our geochemical modeling, but the reaction order and the amount of MnO2 was determined by fitting to the experimental result of the Mn removal experiment with δ-MnO2 (Section 2.1). Output data and measured values were summarized and schematic diagrams were produced using Microsoft Excel, and diagrams were drawn using Adobe Illustrator.





3. Results and Discussion


3.1. Kinetic Modeling of Mn Removal by δ-MnO2


Figure 2 shows the temporal changes in the dissolved Mn2+ concentration in the solutions that reacted with δ-MnO2 at different Mn(IV)/Mn(II) molar ratios: 0.1, 1, and 10. At both pH conditions, dissolved Mn2+ concentrations decreased gradually as the reaction proceeded; it was completely removed within the first 30 min after the start of the reaction at the highest Mn(IV)/Mn(II) molar ratio. The Mn removal rate increased with increasing Mn(IV)/Mn(II) molar ratio conditions, indicating that δ-MnO2 may play the role of both an oxidizing agent and/or an adsorbent of Mn2+ in this reaction system.



Fitting the results to the experimental values gave 1.9 as the reaction order for the amount of δ-MnO2 in the Mn oxidation rate equation; thus, the following removal rate equation was used for this study:


–d[Mn2+]/dt = k1[Mn2+] + k2[Mn2+][MnO2]1.9



(6)







Similar rate constants (k1 and k2) to Diem and Stumm’s experiment [9] were used in this calculation. Although the reaction order for the amount of δ-MnO2 represents a combination influence of oxidation and surface complexation by δ-MnO2 in our study, several researchers have quantitatively evaluated the specific Mn adsorption behavior of the δ-MnO2 surface. Tonkin et al. [23] investigated the order of affinity of various metals for hydrous Mn oxides (HMO), which was believed to be a poorly crystalline δ-MnO2 via two site surface complexation modeling, and revealed that Mn showed the highest affinity for HMO among the studied divalent metals (cobalt (Co2+), Cu2+, Zn2+, nickel (Ni2+), and Cd2+). Spectroscopic analysis has revealed that there are two adsorption sites, i.e., triple-corner-sharing (TCS) and double-corner sharing (DCS) sites, on the δ-MnO2 surface [24], and the TCS (interlayer vacancy) site mainly works to uptake metal ions from the solution into the interlayer of δ-MnO2. A recent study [13] evaluated the adsorption mechanisms and order of affinity for various metals on the TCS site of δ-MnO2 using a charge distribution multiple site complexation (CD-MUSIC) model. This thermodynamic calculation showed that the adsorption affinities of metals had the following order at the TCS site: Pb2+ > Cu2+ > Co2+ > Cd2+ > Mn2+ > Zn2+ > Ni2+. These results indicate that the selectivity of Mn adsorption could easily change depending on the solution chemistry and surface properties of δ-MnO2. Once Mn2+ is adsorbed onto the δ-MnO2 surface, it is oxidized to β-MnOOH (feitknechtite) by a disproportionation reaction and then changed to γ-MnOOH and/or Mn3O4 because β-MnOOH is thermodynamically unstable under normal atmospheric conditions [25]. The interaction between Mn2+ and the δ-MnO2 surface shows a significantly complex redox process compared to Fe(II); thus, we used the comprehensive rate equation (Equation (6)) to represent Mn removal behavior in the pilot scale column reactor.




3.2. Mn Removal Mechanism and Capacity in Column Reactor


Figure 3 shows (a) the XANES spectra of Mn-coated samples collected from the reactor and reference materials and (b) the liner fitting result of the reference materials for the Mn valance estimation. Three major Mn compounds (Mn3O4, γ-MnOOH, and δ-MnO2) could be formed as a thermodynamically stable phase under normal temperature water conditions as explained below; thus, the content of these Mn compounds in each sample was determined by the LCF result. The XANES analysis results for Mn-coated sands shows similar Mn valance (3.5–3.7) regardless of sampling depth; however, the amounts of Mn3O4, γ-MnOOH, and δ-MnO2 were different between the upper and lower parts of the column reactor (Table 2). δ-MnO2 was the dominant Mn compound at all sampling depths, whereas a lower amount of γ-MnOOH was found at the upper and middle depths.



Mn3O4 is generally precipitated as the first Mn oxidation compound, which consists of both divalent and trivalent Mn as follows [13]:


6Mn2+ + O2aq + 6H2O → 2Mn3O4 + 12H+



(7)







MnOOH is formed as the result of the oxidation of aqueous Mn2+ and Mn3O4 as follows:


4Mn2+ + O2aq + 6H2O → 4MnOOH + 8H+



(8)






Mn3O4 + 2H2O → 3MnOOH + H+



(9)







These reactions release hydrogen ions, promoting MnOOH formation at alkaline pH conditions rather than acidic pH conditions. Disproportionation reactions also form MnOOH and MnO2 as follows [26]:


Mn3O4 + 2H+ → 2MnOOH + Mn2+



(10)






2MnOOH + 2H+ → MnO2 + Mn2+ + 2H2O



(11)







These disproportionation reactions are estimated to become thermodynamically unfavorable under alkaline pH conditions because they consume hydrogen ions. In addition, the disproportionation reaction of MnOOH is a dehydration reaction. Based on this thermodynamic theory, therefore, MnO2 formation could be promoted by autocatalytic reactions (Equation (5)) and direct oxidation under alkaline pH conditions rather than the disproportionation reactions of MnOOH, which is consistent with the results of our Mn2+ removal experiment using synthesized δ-MnO2 (Figure 2).



The extraction method using hydroxylammonium chloride solution revealed that the amount of Mn coating on silica sand was 1.1, 0.95, and 0.86 mol kg−1 dried sample collected from the upper, middle, and lower parts of the column reactor, respectively. The mole percentage of each Mn compound was calculated from this. The XANES results are shown in Table 3. This result also confirmed that most of the Mn was in the form of δ-MnO2. As mentioned above, samples were collected after the reactor column had been active for 4 months, meaning that δ-MnO2 was accumulated on silica sand particles.



Figure 4 shows the changes in the dissolved Mn(II) concentration with column reactor depth of Mn-coated sand layer measured values and calculated values using our geochemical model. The DO value of mine water slightly decreased from 9.0 to 7.5 during the path through the Mn-coated silica sand layer, but enough DO for Mn oxidation could be presented in the column reactor. The amount of δ-MnO2 related to Mn removal was estimated by fitting to the measured values because only part of the total δ-MnO2 could be activated and play a role in reacting with dissolved Mn2+ in the column reactor [23]. The amount of activated δ-MnO2 was calculated as 0.03 mol m−1, which is only 0.02% of the total δ-MnO2 in the column reactor. Only the surface δ-MnO2 of the Mn-compound layer on the silica particles could be reactive and contribute to removing Mn2+ from the alkaline mine water. The solution pH increased from 9.6 to 8.6–8.7 from the top to the bottom of the reactor, which is explained by the direct oxidation of Mn2+ to Mn3O4 and/or MnOOH and an autocatalytic reaction with δ-MnO2 because these reactions release hydrogen ions as explained above. Our geochemical modeling revealed that the interaction with δ-MnO2 was the main removal mechanism of Mn2+.



For Mn removal from mine water, various Mn removal techniques have been examined; e.g., precipitation with carbonate Mn(II)CO3 and sulfide Mn(II)S, adsorption by ion exchange membrane, and coagulation/flocculation with additional reagents such as AlCl3 as explained in the introduction part [1]. Among these removal techniques, oxidation and filtration could be widely used for metal mine water treatment because of the simple reaction system [1]. Many researchers have studied Mn removal from mine water with varying pH values using limestone column reactors. Silver et al. [27] conducted a continuous Mn removal experiment using different size limestone and found that initial pH conditions greatly influenced Mn removability: it became lower at acidic pH conditions (pH < 4) because the adsorption of Mn2+ on the calcite surface and carbonate formation were inhibited at the acidic pH condition. Le Bourre et al. [28] used limestone and half-calcinated dolomite (CaMg(CO3)2) to remove Mn from three different natural and simulated mine water samples (different pH (2.4–6.8) and Mn concentrations (0.6–47 mg L−1)). They found that Mn was immobilized by MnOx, which could be formed under long-term (for 255 days) contact of Mn solution with limestone and dolomite. These carbonate minerals could contribute to increase pH as a neutralizer and supply a carbonate ion to form MnCO3. However, general mine water contains high amounts of SO42− (over several hundred or thousand mg L−1), which is derived from the oxidative dissolution of sulfide minerals [29]. Calcium sulfate is formed around limestone particles by a reaction with sulfate-rich water, resulting in a decrease in metal removability due to passivation [30]. Furthermore, high ferrous ion (Fe(II)) concentration also inhibits Mn removal from mine water by carbonate minerals because Fe(II) can reduce Mn(III) and Mn(IV) to Mn(II) by the deprotonation reaction and decrease the active mineral surface area by passivation and the formation of hydroxide (Fe(OH)3) [28,30]. Postma and Appelo [31] investigated the kinetic effect of the co-presence of Fe(II) on Mn removal by natural δ-MnO2-coated sand that was collected from lake sediment in Ikast, Denmark, and reported that δ-MnO2 decomposition is a first order rate reaction dependent on the Fe activity, resulting in MnOOH formation. As explained above, δ-MnO2 shows a higher reactivity than MnOOH because of a higher surface area (about ten times higher than MnOOH). A reduction in δ-MnO2 is thought to be a serious problem to maintaining the removal performance of Mn and other metal cations by Mn-coated sand. Our result clearly shows that Mn was effectively removed from the mine water even though it contains a significant amount of SO42− (820 mg L−1) when Fe(II) concentration was low; therefore, pretreatment to remove Fe2+ and long-term oxidation to accumulate δ-MnO2 could enhance the removability of Mn and other metals using a Mn-coated sand column reactor. This technique would be suitable for sustainable mine water treatment rather than limestone treatment such as SLB and contribute efficient and inexpensive Mn removal from mine water.



Our result shows the interaction with δ-MnO2 was the main removal mechanism of Mn2+ rather than simple oxidation and precipitation reactions, and Mn removal behavior could be represented by the comprehensive rate equation which has been demonstrated by Diem and Stumm [9], indicating this kinetic model is useful to examine Mn removal mechanism in actual wastewater treatment systems. However, Mn interaction with MnO2 is a significantly complex process, i.e., surface complexation and disproportionation reaction. In addition, there are many polymorphic minerals of MnO2. Thus, a kinetic model including all specific reactions for Mn–MnO2 interactions could be required to estimate more accurately and quantitatively Mn removal capacity in actual wastewater treatment systems.





4. Conclusions


In this study, we investigated Mn removability from alkaline mine water (pH > 9) with Mn-coated silica sand packed into a column reactor and examined the specific reaction mechanism. A gradual decrease in dissolved Mn(II) concentration with column reactor depth was observed and a comparison with the results of kinetic modeling confirmed that the interaction with δ-MnO2 was the main removal mechanism of Mn2+. Therefore, the Mn removability could be controlled by the amount of activated δ-MnO2 presence in the reactor rather than total Mn mineral contents. Although our study targeted the alkaline mine water with a simple chemical composition (less Fe and other heavy metals), most mine water shows acidic pH and contains high amounts of Fe2+, which inhibits efficient Mn removal. Recently, the interaction between δ-MnO2 and dissolved metals, including Fe2+ and Mn2+, has been extensively investigated; however, the quantitative evaluation of the specific reaction is inadequate to evaluate the actual efficiency of this technique for mine water treatment. Therefore, more thermodynamic and kinetic data about the nature of Mn minerals are required to estimate applicable mine water composition and suitable treatment conditions for this technique.
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Figure 1. A schematic image and picture of the pilot-scale column reactor for Mn removal installed at X mine (Aomori, Japan). 
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Figure 2. Dissolved Mn2+ removal behavior in the presence of δ-MnO2 at (a) pH 6 and (b) pH 8 and calculation results by PHREEQC. Plots show mean values of duplicates. 
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Figure 3. (a) Mn-edge XANES spectra of Mn-coated sands sampled from column reactor and reference material and (b) the linear relationship between the Mn K-edge position and Mn valence. The values shown on each XANES peak represents the white line position determined by Athena. 






Figure 3. (a) Mn-edge XANES spectra of Mn-coated sands sampled from column reactor and reference material and (b) the linear relationship between the Mn K-edge position and Mn valence. The values shown on each XANES peak represents the white line position determined by Athena.



[image: Minerals 12 00099 g003]







[image: Minerals 12 00099 g004 550] 





Figure 4. Mn removal behavior in the pilot scale column: changes in dissolved (a) Mn concentration and (b) its removal reaction with the depth of the column reactor and the comparison between measured (plots) and calculated (lines) results by PHREEQC. 
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Table 1. The chemical composition of water input into the column reactor.
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Concentrations (mg L−1)




	
Na+

	
K+

	
Ca+

	
Mn2+

	
Al3+

	
Zn2+

	
Cd2+

	
SO42−

	
Cl−






	
89

	
1.6

	
11

	
5.8

	
0.051

	
0.078

	
0.0021

	
820

	
29
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Table 2. Mn valence value and molar percentage of each Mn compound determined by XANES analysis using Athena.
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Mn Valence

	
Ratio (mol %)




	
Mn3O4

	
γ-MnOOH

	
δ-MnO2






	
Upper

	
3.7

	
25

	
0.70

	
74




	
Middle

	
3.5

	
38

	
0.0

	
62




	
Under

	
3.6

	
21

	
17

	
62
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Table 3. The amount of each Mn compound was calculated from the extraction experiment and XANES analysis results.
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Amount (mol m−1)




	
Mn3O4

	
γ-MnOOH

	
δ-MnO2






	
Upper

	
68.6

	
1.90

	
203




	
Middle

	
77.3

	
0.00

	
127




	
Under

	
48.6

	
39.2

	
142




	
Average

	
64.9

	
13.7

	
157
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