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Precipitate by-products from AMD treatment 
Source: T. Boothe

AMD treatment solids: waste or resource?

• Over 18,00 tons of treatment solids can be produced per year in Pennsylvania
• Composed of major element oxides and hydroxides, including Fe, Al, and Mn
• Trace metals are associated with hydrous metal oxides 

Critical metals can become highly concentrated to near ore grade 

Limestone pebble encrusted with 
major element hydrous oxide

REE: 2000 mg/kg 

Co: 5000 mg/kg

Ni: 6700 mg/kg

Hedin et al. (2020) 



Critical Metals and HMO
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https://energy.virginia.gov/geology/criticalminerals.shtml

Unconventional sources of critical metals 

Hedin et al. (2019) 
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HMO characteristics
• Overall –ve charge
• Mn +3 in structure 
• Missing Mn +4
• High redox potential
• Various sorption site 
• Scavenger

Significance of hydrous manganese oxides (HMO)

HMO applications
• agriculture, 
• drinking water purification, 
• toxic metal remediation, 
• RECOVERY OF CM FROM 

AMD SOLIDSLi et al., 2020

Miyata et al., 2007



AIM
• To determine relative importance of abiotic and biotic 

processes occurring in AMD treatment systems
• To understand the sorption behavior of critical metals
• To evaluate is the role of microbial biomass in critical 

metal sorption 

• High concentrations of critical metals typically occurs in 
passive treatment systems

• This has been attributed to the presence of biotic HMO 
• Complex biotic and abiotic processes can occur together 

in AMD systems
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Aims and objectives
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Method
Uptake of 10 Critical Metals
• Co, Ni, La, Ce, Nd, Pr, Gd, Dy, Yb, and Y

Biotic HMO produced by Paraphaeosphaeria sporulosa and Stagonospora sp.

Growth 
media

Fungi
a. P. sporulosa
b. B. Stagonospora sp.

MnCl2

Growth 
media

Fungi
a. P. sporulosa
b. B. Stagonospora sp.

Biomass + 
biotic HMO

Biomass only

Critical 
metals 

Critical 
metals 
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Method

Growth 
media

Abiotic HMO
a. H+ birnessite
b. δ-MnO2

Uptake of 10 Critical Metals
• Co, Ni, La, Ce, Nd, Pr, Gd, Dy, Yb, and Y

Abiotic HMO, H+ birnessite (HB) and δ-MnO2 (DM), produced by chemical 
oxidation of MnCl2 by potassium permanganate

Abiotic HMOCritical 
metals 
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Sampling

• 2 ml aliquot of the critical metals-growth 

media solution sampled

• 8 time points after the addition of the 

critical metals: 0 h, 6 h, 1 d, 4 d, 7 d, 10 d, 

18 d, and 31 d.

• HMO solids and/or biomass sampled 
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Sampling

Analysis
• time series analyses of dissolved metal concentration over time

 ICP-MS 

• The mineralogy and structure of abiotic and biotic HMO minerals

 scanning electron microscopy (SEM) 

 X-ray diffraction (XRD)

 Energy dispersive spectroscopy (EDS)

• 2 ml aliquot of the critical metals-growth 

media solution

• 8 time points after the addition of the 

critical metals: 0 h, 6 h, 1 d, 4 d, 7 d, 10 d, 

18 d, and 31 d.

• HMO solids and/or biomass sampled 



Results- Biotic HMO mineralogy and structure
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Stagonospora sp. 

P. sporulosa

 1.4Å: layer 
(310)/(020)

 2.4Å: layer 
(200)/(110)

δ-MnO2

SEM imagery
XRD analysis

During the 14-day inoculation period,

 Stagonospora sp. oxidized  99% of Mn(II)

 P. sporulosa oxidized 67% of Mn(II)



11

The 002 peak at 3.6 Å which distinguishes H+ 
birnessite is absent which speaks to random 
stacking of sheets and high levels of disorder

Results- Abiotic HMO mineralogy and structure

 

50 µm 20 µm 

50 µm 10 µm 

HMO with REE 

HMO 

HMO 
HMO 

δ-MnO2

H+ birnessite

Ramsdellite

??

SEM imagery

XRD analysis
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Results- Co and Ni adsorption by biotic HMO

Cobalt Adsorption

80-90% adsorption

Nickel Adsorption

40-45%  adsorption

• Co more readily oxidized by 

HMO

• Co can be sorbed, then 

oxidized

• Ni does not compete for 

sorption sites
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Results- REE adsorption by biotic HMO

99.9%

90%

• Ce(III) can be oxidized to Ce(IV) by HMO

• REE forms complexes with OH-, H2O which then bond with Mn(IV)
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Results- Biomass only experiments

• Functional groups( phosphate, carboxyl)  on fungal cell wall 

forms complexes with ions

• No oxidation occurs

• REE preferentially sorbed by limited sorption sites?
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Results- Co, Ni, and REE adsorption by 
abiotic HMO

• Sorption rate slower than biotic HMO

• Lower sorption may be due to lower surface 

area and higher crystallinity

• Desorption may be due to HMO dissolution

δ-MnO2 H+ birnessite

Ni and Co sorption by abiotic HMOs

Total REE adsorption by abiotic HMO

REE pattern for all experiments after 31d



Key take aways

• Biotic HMO are more important for CM sorption, particularly for REE and Co

• Biosorption is very effective in sorbing REE compared to Co and Ni

• Abiotic HMO are efficient at REE sorption compared to Co and Ni

• Low crystallinity, high surface area, and greater stability in biotic HMO

• Treatment systems that promote biotic oxidation of Mn should be targeted for CM 

recovery

16



17

 Geological  Society of America Graduate Student Research 

Grant 

 DOI-Office of Surface Mining Applied Science award

 Carnegie Museum of Natural History

THANK YOU.

Acknowledgement


	Slide Number 1
	AMD treatment solids: waste or resource?
	Unconventional sources of critical metals 
	Significance of hydrous manganese oxides (HMO)
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Results- Biotic HMO mineralogy and structure
	Results- Abiotic HMO mineralogy and structure
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Key take aways
	Slide Number 17


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


