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Abstract Co(I) and Ni(Il) are two common toxic heavy
metals, and may simultaneously exist in contaminated
water, soil, and sediment systems in Earth’s surface envi-
ronment. Under this circumstance, competitive adsorption
between the two metals may influence their migration,
toxicity, and bioavailability. In this research, the competi-
tive sorption of Co(Il) and Ni(IT) on y-Al,O5; was studied
using both macroscopic sorption experiments and extended
X-ray absorption fine structure (EXAFS) spectroscopy.
Results suggest that Ni(II) reduced the amount of Co(II)
sorption in a binary-solute system at pH 6.0. This is
because both Co(Il) and Ni(II) form inner-sphere surface
complexes during sorption on y-Al,O5; and compete for the
surface reactive sites. However, Co(II) exhibited a negli-
gible influence on sorption amount of Ni(II) under the same
conditions, which suggests Ni(Il) has a stronger affinity to
alumina surface. At pH 7.5, Co(Il) and Ni(I) sorption
density were much higher than that at pH 6.0, but there no
mutual competitive effect was observed. EXAFS analysis
further revealed that formation of layered double-hydrated
precipitates was the dominant sorption mechanism for both
Co(II) and Ni(I) at pH 7.5. Because this type of sorption
does not rely on surface reactive sites, there was no com-
petition between Co(II) and Ni(II). This finding sheds light
on risk assessment and remediation of Ni/Co pollution.
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Sorption of heavy metals on clay minerals (or oxides)
affects their migration, transformation, and bioavailability
in the Earth surface environment (Li et al. 2012). Sorption
mechanisms for heavy metals include outer-sphere com-
plexation, inner-sphere complexation, surface-induced
precipitation, diffusion, and isomorphic substitution with
the mineral structure (Sparks 2005). In the natural envi-
ronment, Co(Il) and Ni(I) adsorption may significantly
affect their partitioning behavior and fate. Therefore, it is of
great importance to gain a molecular-scale understanding of
the competitive sorption behavior and underlying mecha-
nisms of Co(IT) and Ni(II) at environmental interfaces. This
study reports competitive sorption of Co(II) and Ni(II) on -
Al,O3 at pH 6.0 and 7.5 through macroscopic batch sorption
experiments conducted with advanced extended X-ray
absorption fine structure (EXAFS) spectroscopy.

In the macroscopic sorption experiments, competitive
adsorption between Co(II) and Ni(II) was observed at pH
6.0. The sorption amount of Co(Il) at 48 h in a binary-
solute system was about 18.6 pmol g, significantly lower
than the 66.5 pmol g~ ' observed in the single-solute sys-
tem at pH 6.0 (Fig. 1). Previous studies (Thompson et al.
1999; Voegelin and Kretzschmar 2005) have suggested
inner-sphere complexation is the driving force for Co(II)
and Ni(Il) sorption on y-Al,O3 in an acidic environment.
Ni(I)—with electronegativity of 1.91—is expected to be a
stronger competitor for the similar sites on y-Al,O3 than
Co(Il), with electronegativity of 1.88 (Li and Xue 2006).

However, no competition effect was observed at pH 7.5,
as evidenced by the negligible difference between the
sorption amounts of Co(II) and Ni(II) in single- and binary-
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Fig. 1 Sorption amount of Co and Ni in single-solute or binary-
solute systems at the end of reaction from 0.1-M NaNOj solution with
0.8-mM initial concentration. Sorption of Co at pH 6.0 (a) and pH 7.5
(c); sorption of Ni at pH 6.0 (b) and pH 7.5 (d)
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Fig. 2 The k-edge EXAFS results of Co and Ni sorption samples and
model compounds prepared in single- and binary-solute systems at pH
7.5. The ks—weighted EXAFS spectra of Co (a) and Ni (c¢) and their
Fourier transforms without phase-shift corrected of Co (b) and Ni (d).
Colored lines represent experimental data and dark gray lines the
spectral fits

Table 1 EXAFS Fitting results for model compounds and sorption
samples (S3 = 0.90)

Sample Shell CN* R (A) 6*(AY)  AE, (eV)

NiCo-AILDH Ni-O 65 206  0.007 2.86
Ni-Ni 3.8  3.07  0.008
Ni-Al 1.3 3.06  0.008

Ni-Al LDH Ni-O 60 206  0.006 2.00
Ni-Ni 3.6  3.07  0.007
Ni-Al 08  3.06  0.007

NiCo-Al Alox Ni-O 57 206  0.005 2.57
Ni-Ni 43 307  0.008
Ni-Al 1.6 3.06  0.008

Ni-Al Alox Ni-O 55 206  0.005 2.56
Ni-Ni 3.5  3.06  0.008
Ni-Al 2.0  3.05 0.008

CoNi-AILDH Co-O 58 209  0.007 0.67
Co-Co 4.6  3.09  0.010
Co-Al 1.0 308 0010

Co-Al LDH Co-O 67 209  0.005 1.56
Co-Co 3.1 310  0.009
Co-Al 1.6  3.09  0.009

CoNi-Al Alox Co-O 5.6 209  0.008 1.88
CoCo 44 310 0012
Co-Al 1.1  3.09 0012

Co-Al Alox Co-O 65 209  0.005 0.79
CoCo 56 312 0008
Co-Al 12 3.1 0.008

Estimated errors for the first shell are +£20% for coordination number,
+0.01 A for bond distance, and +0.001 A2 for Debye—Waller factors;
and for second shell, £40% for coordination numbers, £0.04 A for
bond distances, and £0.005 A? for Debye—Waller factors

% CN refers to coordination number

solute systems. To further interpret the competitive sorp-
tion behavior of Co(Il) and Ni(Il), EXAFS analysis was
performed in the Shanghai Synchrotron Radiation Facility
(SSRF) and the Beijing Synchrotron Radiation Facility
(BSRF). The k*-weighted EXAFS spectra were collected
for the sorption samples prepared at pH 7.5 and for several
model compounds (Fig. 2). EXAFS spectra for the Ni
single sorption sample showed a weak splitting at 3.7 A
a shoulder at 52 A~', and a distinctive beat pattern at
~8.0 A™!, all of which correspond to the characteristics
for a layered double hydroxide (LDH) model compound
(Aimoz et al. 2012). Fourier transform of the EXAFS data
resolved two main peaks, corresponding to the nearest shell
of oxygen atoms (first shell) and metal-metal (Me—Me)
backscattering pairs (second shell). Shell-by-shell fits
yielded a Ni—O distance of 2.06 A, with coordination
number (CN) of 6 for the first shell. The second shell was
fitted with 3.9 & 0.4 Ni and 1.4 & 0.6 Al at the same
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Rye-me distance of 3.05-3.07 A. Very similar fitting
results were obtained for Co EXAFS analysis (Table 1).
The fitting data are in agreement with previous research
(Thompson et al. 1999; Voegelin and Kretzschmar 2005)
and suggest the formation of LDH surface precipitates
under alkaline conditions. Distinct from surface complex-
ation reaction, surface precipitation of LDH does not rely
on surface sorption sites, therefore resulting in rather weak
competitive sorption of Co(II) or Ni(Il) in binary-solute
systems at pH 7.5. However, further study is needed to
ascertain whether Ni and Co co-precipitated in one LDH
phase or formed through separate LDH phases.

To conclude, the macroscopic and spectroscopic find-
ings together suggest that the competitive behavior and the
corresponding microstructures of Co(Il) and Ni(Il) on 7-
Al,O5 are dominantly controlled by solution pH. This
provides a crucial scientific basis to understand the
potential risk of Co(Il) and Ni(II) in the aqueous environ-
ment. Specifically, in this work, the sorption amount of
Co(Il) was significantly reduced by the simultaneous
presence of Ni(Il) at pH 6.0, implying that the competition
of Ni(Il) increases environmental contamination risk of
Co(II) in an acidic environment, such as acid mine drai-
nage or tailings disposal systems.

Acknowledgements This study was co-funded by the National
Natural Science Foundation of China (No. 41473084), the Project of

@ Springer

China Geological Survey (No. 12120114092001), the 1000 Youth
Talent program. We are also grateful to the Beijing Synchrotron
Radiation Facility (SSRF) and Shanghai Synchrotron Radiation
Facility (SSRF) for use of the synchrotron radiation facilities at
beamline IW1B and 14W, respectively.

References

Aimoz L, Taviotguého C, Churakov SV, Chukalina M, Dihn R, Curti
E, Bordet P, Vespa M (2012) Anion and cation order in iodide-
bearing Mg/Zn—Al layered double hydroxides. J Phys Chem C
116(9):5460-5475

Li K, Xue D (2006) Estimation of electronegativity values of
elements in different valence states. J Phys Chem A
110(39):11332-11337

Li W, Livi KJ, Xu W, Siebecker MG, Wang Y, Phillips BL, Spark DL
(2012) Formation of crystalline Zn—Al layered double hydroxide
precipitates on y-alumina: the role of mineral dissolution.
Environ Sci Technol 46(21):11670-11677

Sparks DL (2005) Toxic metals in the environment: the role of
surfaces. Elements 1(4):193-197

Thompson HA, Parks GA, Brown GE (1999) Dynamic interactions of
dissolution, surface adsorption, and precipitation in an aging
cobalt(Il)-clay-water system. Geochim Cosmochim Acta
63(11-12):1767-1779

Voegelin A, Kretzschmar R (2005) Formation and dissolution of
single and mixed Zn and Ni precipitates in soil: evidence from
column experiments and extended X-ray absorption fine struc-
ture spectroscopy. Environ Sci Technol 39(14):5311-5318




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2250
  /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 (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


		2017-10-24T09:45:39+0530
	Preflight Ticket Signature




