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Abstract. As part of a study of the effect of particle size on reactivity of hematite to aqueous metal ions, the sorption of
Zn(II) on hematite nanoparticles and microparticles was examined over a wide range of Zn(II) concentrations using Zn
K-edge EXAFS. When reacted with nanoparticles at pH 5.5 and low Zn(II) sorption densities (0.04 < I < 2.76
umol/m?), Zn(Il) formed five-coordinated or a mixture of four- and six-coordinated surface complexes with an average
Zn-0 distance of 2.04(10.02)A. At pH 5.5 and high Zn(II) sorption densities (2.76 < T" < 3.70 umol/mz), formation of
surface precipitates is suggested based on the presence of second-shell Zn and multiple scattering features in the Fourier
transform (FT) of the EXAFS spectra. EXAFS fitting of these high I" samples yielded an average first-shell Zn-O
distance of 2.10(x0.02)A, with second-shell Zn-Fe and Zn-Zn distances of 3.23(0.03)A and 3.31(0.03)A, respectively.
Qualitative comparison between the EXAFS spectra of these sorption samples and that of amorphous zinc hydroxide and
Zn-bearing hydrotalcite indicates the development of surface precipitates with increasing I'. EXAFS spectra of Zn(II)
sorbed on hematite microparticles under similar experimental conditions showed no evidence for surface precipitates
even at the highest Zn surface coverage (I' = 4 pmol/m®). These results indicate that reactivities of hematite
nanoparticles and macroparticles differ with respect to Zn(Il)aq, depending on Zn(II) sorption density. We suggest that
the degree of hematite crystallinity affects the reactivity of hematite surfaces toward Zn(II)aq and the formation of the
Zn(II) surface complexes.
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INTRODUCTION

Sorption of toxic metal ions on the surfaces of oxides
plays an important role in the fate of metal ions in soils,
sediments, and aquatic environments because the
concentrations of dissolved metal ions in aqueous
systems are controlled to a large extent by the
partitioning of solutes to solid phase (i.e., sorption).
Zinc is a relatively common metal ion in soils and
aquatic environments, and excess concentrations of Zn
are introduced to these geomedia from smelting
operations, sulfidic mine tailings, and agricultural
applications of sewage sludge and pesticides. Zn forms
a number of different complexes at the surfaces of
metal oxides, often dependent on reaction conditions,
such as solution pH, ionic strength, reaction time, Zn
surface loading and types of mineral substrates.
Among the Fe-oxides present in natural environments,
hematite (o-Fe,Os) is one of the most abundant. The

objectives of this research were to determine if (1)
different types of Zn complexes (e.g., inner- or outer-
sphere, mono- or polynuclear structures) formed at the
surfaces of hematite nanoparticles vs. microparticles,
and (2) surface precipitates form at high Zn surface
loadings as reported by others for different types of
iron oxides.

METHODS AND MATERIALS

Hematite nanoparticles were prepared according to
the method of Madden and Hochella [1]. The N, BET
surface area of synthesized hematite nanoparticles was
218+1.3 m*g. XRD verified that the synthesized
particles are hematite. SEM and TEM images (not
shown) indicate that the individual particles are
spherical and in aggregated states, with an average
diameter of 10.5+1.6 nm. Hematite microparticles
were purchased from Sigma-Aldrich (99.98% pure)
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and their N, BET surface area is 18+0.8 m2/g. XRD
verified phase purity, and TEM and SEM images
indicated an average particle size of 800+3 nm.

All sorption experiments were carried out at 25°C
in a Np-purged glove box to minimize CO,
contamination. Stock solutions of 10 g/L. of hematite
nano- and microparticle suspensions were prepared in
0.01 M NaCl. 10 mM ZnCl, solution was added in a
dropwise manner to hematite nano- and microparticle
stock solutions to yield selected total Zn(II)
concentrations (Fig. 1). pH was adjusted to 5.5 by
manual addition of 0.1 M HCIl or NaOH and was
checked periodically during 48 hours of equilibration.
Solid-to-liquid ratios were 0.0023 g/mL for the
hematite nanoparticle systems and 0.007 g/mL for the
hematite microparticle systems. Sorption samples were
centrifuged, and the filtered supernatants were
analyzed with inductively coupled plasma (ICP)
spectrometry. Zn(Il) uptake was calculated as the
difference between total and measured metal
concentration. Zn K-edge XAS spectra of wet pastes
were collected at Stanford Synchrotron Radiation
Laboratory on wiggler beam line 10-2 at 25°C in
fluorescence mode using a 30-element Ge detector. A
Si(220) double crystal monochromator was detuned
40%, and energy calibration was monitored using a
Zn-metal foil. EXAFS data analysis was performed
using SIXPACK [2]. Phase and amplitude functions
were simulated using the FEFF8.0 code [3]. During
EXAFS fitting, the amplitude reduction function, S%),
was set at 0.90. For some samples, the third cumulant
expansion term, C;, was varied to account for
anharmonicity in the EXAFS spectra [4]. The presence
of multiple scattering was identified using continuous
Cauchy wavelet transform analysis (CCWT) [5].

RESULTS AND DISCUSSION

Figure 1 shows that more Zn sorbs on hematite
microparticles than on the nanoparticles after
normalization for differences in surface area. All
samples are undersaturated with respect to formation
of ZnO(s) or Zn(OH),(s). Samples for EXAFS
experiments were chosen based on the adsorption
isotherms in order to assess the effect of Zn surface
loading on the types of surface complexes formed.
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FIGURE 1. Surface-area normalized Zn(II) uptake on

hematite microparticles (®) and nanoparticles (&) at pH 5.5
as a function of total [Zn(II)]. Bottom x-axis is for
microparticles and upper x-axis is for nanoparticles.

The normalized, k3-weighted EXAFS and Fourier
transforms (uncorrected for phase shift) of Zn(II)
sorbed to hematite nanoparticles (HN) and hematite
microparticles (HM) are presented in Figs. 2 and 3,
respectively, together with model compound spectra.
FT’s of the Zn K-edge EXAFS of adsorption samples
in the HN systems at low Zn surface loading (I" < 2.76
umol/m?) do not contain strong 2"-neighbor peaks; in
contrast, strong 2"-neighbor peaks do occur for
samples with higher Zn surface loading (Fig. 2). The
EXAFS spectra of adsorption samples at I' = 2.76 and
3.70 umol/m® are similar to that of synthesized
amorphous zinc hydroxide or Zn-bearing hydrotalcite.
Unlike the HN systems, no strong 2"-neighbor peaks
indicative of surface precipitates are observed in the
HM systems even at the highest Zn surface loadings.
However, CCWT analysis suggests the possible
presence of 2"-neighbors for the HM sorption samples.
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FIGURE 2. EXAFS spectra and Fourier transforms (not
phase corrected) of Zn reference and sorption samples in

hematite nanoparticle systems (solid lines = experimental
spectra; dashed lines = fitted spectra).
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FIGURE 3. EXAFS spectra and Fourier transforms (not
phase corrected) of Zn reference and sorption samples in
hematite microparticle systems (solid lines = experimental
spectra; dashed lines = fitted spectra).
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Table 1 shows that Zn-O distances change from
2.04 to 2.09 A and coordination numbers increase
from 5.2 to 6.8 in HN systems as Zn surface loading
increases. The short distances (2.04 A) in HN sorption
samples with T'< 2.76 umol/m* suggest either a
mixture of octahedral and tetrahedral Zn coordination
or pentagonal Zn coordination by oxygen. It is
possible that highly disordered oxygens are present in
the 1%-coordination shell of Zn sorbed on hematite
nanoparticles, leading to a distorted five- or six-
coordinated 1¥-shell. Fitting the 2"-FT feature of these
samples did not improve the fit significantly,
suggesting that Zn(II) sorbs on hematite nanoparticles
as an outer-sphere complex under these conditions.

TABLE 1. Results of EXAFS Fits for Zn-Hematite
Sorption Samples.

HN samples In-7* N R (A)
I = 0.40 umol/m? Zn-0 5.2 2.04
T = 1.02 umol/m? Zn-O 5.4 2.04
" =2.76 umol/m’ Zn-0 6.2 2.08
Zn-Fe® 4.1 3.15
I =3.70 umol/m? Zn-0 6.8 2.10
Zn-Fe 3.2 3.32
Zn-Zn° 4.8 3.28
HM samples 7Zn-7 N R (A)
T = 1.14 umol/m? Zn-O 6.2 2.08
Zn-Fe 1.1 3.55
I =2.30 umol/m? Zn-0 6.1 2.10
Zn-Fe 1.1 3.38
I =3.05 umol/m? Zn-0 6.3 2.09
Zn-Fe 1.2 3.34
T = 4.25 umol/m? Zn-O 6.2 2.11
Zn-Fe 1.1 3.37

4 Uncertainties in N,y and R,, are estimated to be + 20% and 0.02 A.

"No significant difference in the goodness of fit was observed
between Fe and Zn in the second shell.

¢ Fitting two second shells (Zn-Fe/Zn) significantly improved the
goodness of fit.

It is possible that undercoordinated oxygens at the
surface of hematite nanoparticles result in a lower
coordination of Zn(II) in order to more closely satisfy
Pauling’s electrostatic valence rule.

At higher Zn loading (I'> 2.76 pmol/m®), strong
multiple scattering features are observed at R + A of
4.5-6.5 A in the FT’s, suggesting that longer range
order exists in these samples.

No significant changes in the 1%-shell Zn-O
distance or Zn coordination environment were
observed in the HM samples throughout the range of
Zn surface loading on hematite (Table 1). The lack of
distinctive frequencies in the EXAFS spectra, such as
those present in the EXAFS of zinc hydroxide, Zn-
hydrotalcite, and HN sorption samples at high Zn
surface loading, indicates that no Zn-containing
precipitates formed under these experimental
conditions. Mononuclear inner-sphere  sorption
complexes of Zn are proposed based on the fitting
results. Our results also indicate that 1%-shell Zn
coordination remains octahedral for the HM samples.
Schlegel et al. [6] found that Zn(II) sorbs as an inner-
sphere complex in distorted six-fold coordination by
oxygen, with an average Zn-O distance of 2.10 A.
Nachtegaal et al. [7] also found Zn(Il) sorbed on
goethite as inner-sphere complexes with octahedral
coordination. In this study, we have demonstrated that
hematite particle size and Zn surface loading affect the
mode of sorption of Zn(I)aq on hematite particles.

ACKNOWLEDGMENTS

This work was supported by NSF-NIRT Grant
(BES-0404400) and NSF-EMSI Grant (CHE-
0431425). We thank Guangchao Li of Stanford
University for analytical support.

REFERENCES

1. A.S. Madden and M.F. Hochella, Jr., Geochim.
Cosmochim. Acta 69, 389-398 (2005).

2. S. Webb, Physica Scripta T115, 1011-1014 (2005).

3. A.L. Ankudinov, et al, Phys. Rev. B 58, 7565-7576
(1998).

4. P.A. ODay, et al., J. Coll. Interf. Sci. 222, 184-197
(2000).

5. M. Munoz, F. Farges and P. Argoul, Physica Scripta,
T115, 221-222 (2005).

6. M.L. Schlegel, A. Manceau and L. Charlet, J. de
Physique 1V 7(C2), 823-824 (1997).

7. M. Nachtegaal and D.L. Sparks, J. Coll. Interf. Sci. 276,
13-23 (2004).




<<
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /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 300
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /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 [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


