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Abstract

The local molecular structure of Cd sorbed to kaolinite was examined with X-ray absorption fine structure spectroscopy (XAFS) over a range
of pH and initial Cd solution concentrations, ([Cd,glin). Quantitative analysis of kaolinite samples with [Cd,q]in of 100 uM and pH 7, shows a
single hydration sphere around Cd, consistent with an outer-sphere adsorption complex. At pH 9, a Cd—M coordination (where M stands for Si or
Al) at second shell distance indicates the formation of inner-sphere adsorption complex(es) on edge sites. Although adsorption to Al edge sites is
probably preferred, the similarity in atomic numbers between Al and Si and the small difference in bond lengths prevents us from distinguishing
complexation to Si- versus Al-edge sites based on the XAFS data. The possibility of precipitation of Cd solid phases was ruled out due to similar
local environment around Cd in samples prepared under air (where carbonate species would be present) and N, atmospheres, and the absence of a
Cd—Cd coordination characterizing a Cd-bearing solid phase. Finally, analysis of kaolinite samples with [Cdyqlin of 3 pM, 10 pM, and 100 uM at
pH 9 shows a consistent change in Cd—M distance and Debye—Waller factor as a function of [Cd,q]in, suggesting a change in the type of inner-
sphere complex being formed as a function of loading. Whether this means that there is a change in the relative importance of Al versus Si edge
sites with loading, or whether adsorption of Cd to edge sites alters binding to other nearby sites, or some other factor, has not been determined at

this time.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Development of a molecular-based understanding of metal
binding to mineral surfaces is crucial for accurate predictive
modeling of metal fate, transport, and retardation. Clay minerals
can play an important role in metal transport in soil and aquifer
environments and have been the focus of many studies for
contaminant remediation (Papini et al., 2001; Kugler et al.,
2002; Yavuz et al., 2003).

Kaolinite is a 1:1 non-swelling clay that is widely
distributed. Kaolinite can be immobile, or it can be a mobile
colloid (Kaplan et al., 1995). When associated with stationary
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kaolinite particles, a metal’s mobility would decrease. In
contrast, association with colloid-sized kaolinite may increase
the mobility of the metal. Individual kaolinite layers are
composed of one gibbsite-like sheet of Al octahedra (in which
two of the three octahedral sites are filled) bonded through
shared oxygen atoms to one sheet of Si tetrahedra. Layers are
held together by hydrogen bonding between oxygen atoms of
the siloxane sheet and hydroxyl groups associated with the
gibbsite sheet. Because of this hydrogen bonding, and because
there is little isomorphic substitution for Al in the octahedral
positions and for Si in the tetrahedral positions, the permanent
charge and thus the exchange capacity of kaolinite is minimal in
comparison to the swelling clays (Ferris and Jepson, 1975;
Sposito,1984; Chorover and Sposito, 1995).

Kaolinite clay has two general classes of sites with the
potential to interact with dissolved metal cations: (1) sites on the
basal (001) faces of the clay; and (2) sites at the particle edge
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(Sposito, 1990; Brady et al., 1996). Functional groups
associated with the siloxane basal face are Si—O-Si sites,
which are generally considered to be unreactive (Sposito, 1984).
Limited isomorphic substitution creates sites of permanent (i.e.,
not pH dependent) negative charge that are relatively diffuse.
Cations are exchanged at such sites and have been shown,
through molecular modeling, to sit above ditrigonal cavities
associated with the siloxane basal surface (Vasconcelos et al.,
2007). On the gibbsite face, sites where a hydroxide group is
bridged between two Al atoms (AI-OH—Al) may be reactive,
although modeled surface charge density for kaolinite has
indicated that edge sites associated with the gibbsite sheet show
a much stronger Lewis base behavior as compared to sites on
the gibbsite basal face (Brady et al., 1996). At the particle edge,
three types of sites arise from the kaolinite structure and are
described in some detail by O’Day et al. (1994). These are: (1)
sites where an OH group is bonded to a single Al atom (Al—
OH); (2) sites where the surface oxygen atom bridges Al and Si
atoms (Al-0O-Si); and (3) sites where a surface oxygen atom is
bonded to one Si atom (Si—0). At the particle edge, AI-OH and
Si—O are regarded as the most reactive sites for adsorption of
ions (Sposito, 1984) while bridging Al-O-Si are not usually
considered in such reactions (O’Day et al., 1994).

As with other metal-mineral interactions (Brown and Parks,
2001; Manceau et al., 2002; McNear et al., 2005; Brown et al.,
2006) interactions between metals and the kaolinite surface are
being explored at the molecular scale by combining traditional
geochemical approaches with synchrotron-based techniques
such as X-ray absorption fine structure spectroscopy (XAFS).
Results to date indicate that the sorption behavior of a metal to
kaolinite is dependent on a number of experimental parameters
including the identity of the metal itself, pH, ionic strength,
aging, and metal:solid ratio. Note that sorption is used in this
manuscript to refer generally to accumulation of the metal at the
kaolinite surface, when the mechanism(s) of accumulation is not
known or when more than one mechanism is involved. When
metal cations sorb to kaolinite, absorption of the cation within
the structure of the clay is not expected due to hydrogen
bonding between subsequent layers, but adsorption (inner or
outer-sphere) and precipitation (three-dimensional accumula-
tion) may occur.

Molecular-level analysis of metal binding to kaolinite has
been carried out for Sr(Il), and various divalent transition
metals. Irrespective of pH and aging, Sr(II) is adsorbed to
kaolinite as a hydrated outer-sphere complex at negatively
charged (basal and edge) sites (Parkman et al., 1998; Chen and
Hayes, 1999; Sahai et al., 2000). In contrast, transition metals
such as Cu(Il), Co(II), and Ni(Il) show more complex behavior.
At high ionic strength (0.1 M NaNQOs), the hydrated Cu(Il) ion
is adsorbed as an outer-sphere complex at low pH values (2.5—
4.5) but occurs as both mononuclear and binuclear inner-sphere
complexes at the particle edge at higher pH values (Peacock and
Sherman, 2005). Under similar conditions (pH values ~7-8,
0.01-0.1 M NaNOs), Co(ll) is adsorbed as inner-sphere
bidentate complexes at the particle edge (O’Day et al., 1994).
The exact complex depends on surface coverage, and multi-
nuclear complexes were observed at surface coverages below

monolayer. With aging, precipitation of a hydrocalcite-like
solid, containing both Co and Al, also occurs due to dissolution
of the kaolinite (Thompson et al., 2000). Eick et al. (2001)
showed that Ni(II) sorption occurred in two stages: rapid surface
adsorption was followed by slower precipitation of a Ni—Al
layered double hydroxide (LDH). Further, through desorption
experiments, these authors also showed that there were strong
kinetic influences on precipitate growth and structure.

Sorption complexes of Cd(Il) with kaolinite have not been
examined at the molecular level, despite Cd being a widespread
priority contaminant that is toxic to ecosystem and human
health (EPA, 2002). Bulk batch adsorption experimental results
suggest that Cd can adsorb both as an outer-sphere complex at
negatively charged basal sites and as an inner-sphere complex at
the edges of the clay (Schindler et al., 1987; Spark et al., 1995;
Angove et al., 1997). Specifically, the extent of Cd sorption
over the pH range of approximately 4—7 is ionic strength
dependent. At solution ionic strength of 0.05 M (KNO;), Cd(II)
sorption showed low proton stoichiometry (0.2), consistent with
outer-sphere adsorption at exchange sites on the Si basal plane.
However, at more alkaline pH values, Cd(Il) is sorbed in a
manner not dependent on ionic strength. It has been suggested
that Cd(II) forms a bidentate inner-sphere complex with sites on
the kaolinite edge at these more alkaline pH values (Schindler et
al., 1987; Angove et al., 1997), and that sorption likely occurs at
aluminol sites. The objective of this study was thus to
characterize the molecular-scale structure of surface complex
(es) formed when Cd(II) is sorbed at the kaolinite—water
interface. Our work focused on the local binding environment of
Cd(Il) sorbed to kaolinite at a range of different pH and
initial Cd concentration conditions and over a relatively short
reaction period (i.e. in the absence of significant kaolinite
dissolution).

2. Materials and methods
2.1. Sorption experiments

Cadmium sorption to kaolinite was examined as a function
of pH at constant initial Cd(II) concentration (sorption edge),
and as a function of Cd(II) concentration at constant pH
(sorption isotherm). Both experimental series were run with a
background electrolyte of 0.1 M NaClO,. pH values of 4.5-9.0
and a [Cd,glin of 100 uM were used in the sorption edge
experiment. This Cd concentration was chosen to maximize the
extent of Cd(Il) sorption to kaolinite, and thus optimize the
signal to noise ratio for the XAFS measurements, while
maintaining solutions that were undersaturated with respect
to Cd(OH),. [Cd,qlin Were between 9—-100 pM in the sorption
isotherm experiment and the initial pH in each sample was 9.
Final pH values in the sorption isotherm experiment was 8.6.

Prior to sample preparation, the aqueous phase speciation
of Cd was predicted using the thermodynamic model
PhreeqC, version 2 (Parkhurst and Appelo, 1999). Under the
experimental conditions of both sets of experiments (pH and
[Cdaqlin) and ambient conditions, all parent solutions (i.e
initial conditions, modeled in the absence of clay) were
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predicted to be supersaturated with respect to otavite
(CdCO3). Thus, EXAFS analysis was carefully checked for
any evidence of potential precipitation. As discussed below,
there was no evidence of precipitation under the conditions of
our sorption experiments. As there is sorption of Cd in the
presence of clay, speciation of the parent solution provides a
conservative means of predicting the potential for precipita-
tion in the experimental solutions. Hepinstall et al. (2005) did
not detect any loss of Cd in their control samples under
conditions predicted to be supersaturated with respect to
otavite. Further, a white precipitate observed (Papelis et al.,
1995) in sorption experiments of Cd(II) to alumina at elevated
Cd(II) concentrations was determined by EXAFS not to be
otavite but to be Cd(OH), or Cd hydroxycarbonate. Both these
results suggest that precipitation of otavite will not contribute
to loss of Cd from solution under the experimental conditions
of this work. However, in this study, loss of dissolved-phase
Cd due to precipitation was assessed by performing parallel
adsorption edge experiments under both ambient conditions
(presence of CO,), as described above, and under N,
atmosphere (anaerobic chamber: 95% high purity N,, 5%
H,). All solutions used were purged with N, prior to being
placed in the chamber. Subsequently, all supplies, solutions
and clay samples (pre-weighed into acid-washed vessels) used
in the preparation of sorption samples were further purged of
0O, and CO, overnight in the anaerobic chamber prior to the
reaction period.

The clay used was the well ordered source clay KGa-1b
(Clay Minerals Society Source Clay, Purdue University, IN).
The clay was washed following Sutheimer et al. (1999), which
includes rinsing repeatedly in 1 M NaCl adjusted to pH 3 with
HCI until the pH of the supernatant is 3.0, then repeated
washing in deionized water until the conductivity of the
supernatant decreases to 300 mS/cm and the pH is higher than
5.5 (Sutheimer et al., 1999). KGa-1b clay pre-cleaned in this
manner has a point of zero net proton charge (pH,np) of 5.1
+0.2 (Sutheimer et al., 1999), BET surface area of 12.6 m*/g

(Sutheimer et al., 1999), and mean particle diameter of 586 nm
(Sutheimer et al., 1999).

Duplicate samples and controls (no clay or no Cd) were
prepared in acid-washed polypropylene bottles to a final
volume of 200 mL, clay concentration of 2.06 g/L, and 0.1 M
NaClOy4. Cd was added as Cd(NOs), (Fisher ICP standard
solutions) and ultrapure water (Milli-Q®) was used throughout.
The pH was adjusted in each sample using NaOH or HNOs,
recording the amount of acid or base added and not exceeding
1% of'the initial volume. Samples were prepared under ambient
conditions with the exception of a subset of samples in the
adsorption edge experiment, described above. While equili-
brating over a 4 hour period (Hepinstall et al., 2005), the
samples were shaken gently at 100 rpm on a shaker table at
room temperature (22+2 °C). Following the reaction period,
samples were centrifuged for 20 min at 7500 rpm. The
supernatants were removed and filtered through 0.2 uM
hydrophobic filters (Millipore PTFE filters), discarding the
first milliliter of filtrate, diluted as necessary, and acidified prior
to analysis for dissolved Cd concentrations. The Cd-sorbed
kaolinite pastes were kept at 4 °C until analysis by XAFS
within 4 days.

2.2. Analysis of dissolved Cd(Il) concentrations

Dissolved Cd concentrations ([Cd],q) in samples and
controls were quantified by Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES; Optima 3000 XL,
Perkin Elmer) using an internal standard (Y) and matrix
matched standards. The amount of Cd sorbed was calculated as
the difference between the initial concentration and that
measured in the sample supernatants.

2.3. XAFS experiments and data analysis

Table 1 summarizes samples used for XAFS measurements.
Sample holders for Cd-sorbed kaolinite pastes and the aqueous

Table 1
List of samples for XAFS analysis
Sample [Cdaq]in [Cdaq]eq [Cdadsorbed]eq Png atm % Cd Edge
e | ——adsorbedleq b
(M) (M) b (umol /mz) adsorbed step
a Cd(I) perchlorate standard solution measured in transmission
b 100 96.1 0.14 7.2 Air 2.9 7%
c 100 85.0 0.32 8.2 Air 8.7 23%
d 100 59.0 1.43 9.1 Air 37.8 62%
e 100 73.0 1.10 8.9 N, 26.8 65%
f 1000 n.a.° na.° 8.7 Air na.° 0.3¢
g 10 3.8 0.26 8.8 Air 66.0 29%°
h 3 0.6 0.10 8.8 Air 85.0 17%°¢

All samples were measured in fluorescence mode unless otherwise noted. Edge steps are obtained by XAFS.

 Initial concentrations were within 2% of the values shown.

b Reported values of [Cdagleqs [Cdsorbedleq» PHeq> and % Cd sorbed are based on duplicate samples. Relative standard deviation of pH.q values was <1%. Relative
standard deviations of [Cdaqleqs [Cdsorbedleq, and % Cd sorbed values were greatest at circumneutral pH (7 and 8) and at low [Cd,q]in, but did not exceeded 20%.
¢ Precipitation occurred in both Cd control (no kaolinite) and Cd—kaolinite samples at elevated initial Cd concentration (1000 pM).

4 Measured in transmission.
¢ Measured with a Pd 4 filter.
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standard (Cd(ClOy),) were Plexiglas cells with windows sealed
with Kapton tape. Crystalline standards for XAFS measure-
ments were prepared by spreading commercial powders on
Kapton tape and folding it several times until the desired
thickness was achieved, i.e. the proper edge-step for EXAFS
analysis was achieved. The aqueous standard for Cd(II) was
0.1 M Cd(NO3), in 0.1 M NaClOy. The pH of this solution was
adjusted to 3.0. XAFS experiments were performed at the
Materials Research Collaborative Access Team (MR-CAT)
sector 10-ID at the Advanced Photon Source (APS).

Cd K-edge (26711 eV) XAFS was measured in transmission
mode for standard compounds and in fluorescence mode for clay
samples. The undulator was tapered and held at fixed gap, while
the X-ray energy was scanned by using the Si(111) reflection of
the double-crystal monochromator. Higher harmonics were
rejected by using a Pt mirror. The beam was defined by
I mm x 1 mm slits. Linearity checks (Kemner et al., 1994) were
performed for all the samples and indicated less than 0.2% non-
linearity at 50% decrease in beam intensity. Incident beam
intensity was monitored by an ion chamber filled with nitrogen
(about 1% absorption) and varied less than 20% over the scan
energy range. Energy calibration was monitored during data
collection by acquiring reference Cd foil spectra simultaneously.

Transmission XAFS spectra were collected by an ion
chamber filled with nitrogen and argon in roughly equal
amount while fluorescence spectra were collected using a Stern-
Heald detector filled with Kr. A total of 20 to 120 3-minute
quick scans were collected, depending on the Cd concentration
on each sample, to obtain a signal-to-noise ratio sufficiently
high for EXAFS analysis. A Pd 4-absorption-length filter was
used in some measurements to optimize the signal-to-noise
ratio. A total of 20 3-minute quickscans were collected for each
standard compound.

The software used in the data analysis include FEFF8
(Ankudinov et al., 1998) for calculation of theoretical EXAFS
and AUTOBK (Newville et al., 1993), IFEFFIT (Newville,
2001) and their graphical interfaces ATHENA and ARTEMIS
(Ravel and Newville, 2005) for background subtraction and
fitting. Data analysis was carried out in the standard way
described in Koningsberger and Prins (1988). The several scans
were aligned by the reference spectra and merged in energy
space. Pre-edge background was removed and spectra normal-
izedto a step height of 1. Edge energies, £y, were chosen at the
inflection points of the absorption edges. Post-edge back-
ground was removed to isolate the EXAFS oscillations in
energy space (x(E) data) that were then converted to wave-
number space (x(k) data) where thephotoelectron wavenumber
is given by k = \/2m(E — Ey)*/ ', with E=ho being the energy of
the incident photon. The (k) data is described by the EXAFS
equation:

SINFi(k) _ A
wlk) =y k’sz( ) 280 28 Wgin kR, + 5(0)] (1)
J J

where the sum is taken over the possible scattering paths the
ejected photoelectron traverses before it comes back to the
absorber atom. Here, Fj(k), 0,(k), and A(k) are the effective

scattering amplitude and phase shift and mean free path of the
scattering photoelectron, S§ is the passive electrons reduction
factor, N is the multiplicity of the path, R; is the half-length of
the path, and o; is the relative mean-square displacement of
length of the path (Debye—Waller factor).

Effective scattering amplitudes F;(k) and phase shifts 0,(k)
are calculated by FEFF for a cluster of atoms based on their
coordinates. These values are used in a least-squares fitting
routine to obtain the values of the structural parameters N;, R;,
and o; that best fit the data. The value of S% is calibrated by
measuring and fitting standard compounds of known structure.
For the present work, we used a crystalline CdO standard
(Acros Organics; measurement not shown) to find the
empirical S3 value of 1.03+0.09 we used in all fits. Other
crystalline standards used were Cd(OH), and CdCO; (Sigma-
Aldrich Co.).

Quantitative analysis of the EXAFS for the sorption
samples was restricted to the range R=1.2 A to R=3.2 A.
This range was appropriate due to increased signal-to-noise
ratio with decreasing pH (edge step in Table 1) and because
features beyond R=3.0 A had very low amplitude in all
measurements. Fits to all samples and standards were
performed using simultaneous k-weighting of 1, 2, and 3 to
decrease the possibility that correlations between fitting
parameters compensate for a misfit in a particular k-weighting.
All fits initially included a first shell of oxygens and a second
shell was included subsequently in the model when it
eliminated a clear misfit and significantly decreased the 72
and R-factor values (see below). The good quality of the fits in
this first shell region can potentially dominate the calculation
of goodness-of-fit parameters and bias the analysis. To better
assess the quality of the fits beyond the first shell region, the
contribution to the goodness-of-fit parameters in the range
R=2.2 A to R=3.2 A was isolated by leaving out the range
where the oxygen paths contribute the most. Typically, values
of the R-factor for the entire fitting range were about 0.001 or
less.

The quality of a fit is determined by the EXAFS reliability
factor R, which measures the relative misfit with respect to the
data, and y; which takes into account the uncertainty level in
the data as well as the number of free parameters allowed to
vary in a fit (Vig,), and the number of variables used in the
model (Nya), Where v=~Njq, =Ny, (Newville, 2001). In an
ideal situation, a good fit has y2 =1 (in practice, the value of %2
is typically a few orders of magnitude larger than 1) with
standard deviation of \/2/v. A fit is considered better than
another when the reduction of %2 is of the order of 2\/%, or
two standard deviations. The value of y2 is used to compare
two fits to the same data while the R-factor determines how
well the theoretical fit follows the experimental data. Taking the
particular characteristics of the data analyzed in this work (with
typical v values of 2), a fit is considered significantly better
than another when there is a reduction of x2 approximately by a
factor of 2, accompanied by a smaller value of R.

The average uncertainty in the data, &, is estimated by
IFEFFIT as the root-mean-square average of the EXAFS signal
at large values of R between 15 and 25 A (Newville, 2001),
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Fig. 1. Adsorption edge (a) and adsorption isotherm (b) for Cd(Il) to kaolinite clay. The pH-dependent adsorption of Cd(II) to kaolinite (a) was measured in parallel
under N, (open squares) and ambient conditions (filled squares). The adsorption isotherm (b) was measured at pH 9. Values plotted are for duplicate samples.

where no structure is expected to be found and the signal is
dominated by random noise. The typical value of ¢ found for all
the fits presented in this work is ~0.0001. This value is likely
too small, as this approach usually underestimates the in-band

noise. This explains the seemingly large values of x5 found
throughout this work. As the main purpose of %2 is to compare
different fits to the same data, the overestimated character of its
values is irrelevant.
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3. Results and discussion
3.1. Cd adsorption edge

As expected from previous observations (Hepinstall et al.,
2005), the extent of Cd sorption to kaolinite at [Cdyglin of
100 uM increased with increasing pH (Fig. 1a). The extent of
Cd sorbed at pH values below ~7 could not be quantified; the
extent of Cd(IT) remaining in solution after the experimental
sorption period was not significantly different from the control
solutions. At pH values 7, 8, and 9, and under ambient
conditions, approximately 3, 9 and 38% of [Cd,q]in Was sorbed
at equilibrium, respectively, resulting in sorption densities of
approximately 0.14, 0.32 and 1.43 umol/m? (Table 1). Sorption
of Cd under ambient and N? conditions showed the same trends
(Fig. 1), suggesting that the presence of CO, and the potential
precipitation of otavite did not contribute to loss of Cd(Il) from
solution in these experiments (i.e., there was no observed
otavite formation). Further, loss of Cd in the control samples

under ambient conditions over the 4 hour experimental period
was less than 5%.

Analytical error of Cd(Il) analysis by ICP—OES was 0.57%
(1). The adsorption at pH 7, which is outer-sphere, may serve
as a baseline for comparison for the other pH values, but with
the caveat that the amount of outer-sphere adsorption may
change with pH as the overall particle surface charge changes.
The adsorption density at pH 7 under the experimental
conditions (100 uM [Cd,glin and 0.1 M NaClO,) was found
to be ~0.14 pmol/m? (Table 1, Fig. 1a). Based on this value,
outer-sphere sorption is predicted to account for approximately
50% of Cd(II) sorption at pH 8 and to contribute to a limited
extent (<10%) to sorption at pH 9.

EXAFS analysis was performed on samples at pH 7, 8, and 9
from both ambient and N, experiments. EXAFS results for both
conditions were consistent within fit uncertainties, and thus,
discussion here is focused on the ambient samples. Precipitation
of Cd-bearing solid phases was ruled out due to the absence of
Cd-Cd coordination. Brief further discussion of precipitation

Re(FT[K x(k)]}

¢ data

fit (O+M model)
—— Cd-O path

—— Cd-M path

d pHS

data
fit (O+H model)
— fit (O+M model)

b pH7

data
fit (O+H model)

a perchlorate

data
fit (O model)
—— fit (O+H model)

20 3 3.5

R (A)

Fig. 3. (Color online) Fits for Cd perchlorate and pH series samples.
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and samples prepared under N, conditions follows (section 3.3).
EXAFS oscillations (multiplied by & to enhance features at
high & values) for ambient samples at pH 7, 8, and 9 and
[Cdaglin of 100 pM, as well as the Cd(Il) perchlorate standard,
representing the hydrated Cd(II) cation, are shown in Fig. 2.

Fits to the adsorption edge samples and to the hydrated Cd
(I) standard data are shown in Fig. 3. In order to minimize the
noise level in the Fourier transformed data, the very last half-
oscillation in each data set was left out of the transform. The
kaolinite data were Fourier transformed in the range k=2.1 A~
to k=8.6 A”' while the perchlorate data were Fourier
transformed in the range k=2.1 A~! to k=9.5 A~'. Hydrated
Cd(I) (i.e. Cd(CIO4), standard) was fit using a simple model
consisting of a hydration shell of 6 water molecules at Cd—O
interatomic distance of 2.27 A (Table 2), in agreement with the
literature (Boyanov et al., 2003; Ohtaki and Radnai, 1993).

When sorbed as either an outer-sphere or inner-sphere
complex, Cd(II), by definition will be surrounded most closely
by oxygen atoms from waters of hydration (outer-sphere) or a
combination of waters of hydration and oxygens from the clay
surface that bind to the central metal atom and displace one or
more waters of hydration. However, unlike metal cations like
Pb, where anisotropy created by the lone pair induces different
Pb—O distances for water oxygens and mineral oxygens (Bargar
et al., 1997, Strawn and Sparks, 1999), oxygen distances
surrounding Cd(II) (first shell range: R=1.2 A to R=2.2 A)
have been successfully fit (low values of x2 and R) using a
single Cd—O shell (Boyanov et al., 2003). Excluding the Cd—O
path contribution to the goodness-of-fit parameters (as dis-
cussed in sec. 2.3 above), the fit to the perchlorate data that
includes a hydrogen path (Boyanov et al.,, 2003) yielded
%2=698 and R=0.021 as opposed to x2=1710 and R=0.083
for the model with an oxygen path only.

Correspondingly, the sample at pH 7 was successfully fitted
with a single layer of hydration, like that for the reference
hydrated Cd(IT). Again, as for the reference compound,
including both an oxygen first shell and hydrogen second
shell gave the best fit (Fig. 3b, Table 2). Because the EXAFS
measurement was performed on pastes, the signal is heavily
weighted toward adsorbed Cd(II) and not aqueous Cd(II). This
result suggests that the Cd(II) cation is sorbed as an outer-sphere
complex at pH 7, and that the layer of hydration surrounding the
central Cd(I) ion is not disturbed by interactions with the
surface, in a manner similar to what has been proposed by the
molecular modeling studies of Vasconcelos et al. (2007). A
schematic representation of the basal plane adsorption site is
shown in Fig. 4a.

In contrast, this hydration model gives a poor fit to the
sample at pH 9 (data not shown; x2=5026 and R=0.110). A
good fit is achieved with a first shell of 4.9 oxygen atoms (Table
2) and without contribution from the hydrogen path. Inclusion
of the Cd—O path alone was not sufficient to fit the feature in the
EXAFS signal for this sample between R=2.2 A and R=3.2 A,
as is clearly shown in Fig. 3d. A second shell arising from inner-
sphere adsorption of Cd(Il) at the kaolinite edge sites was thus
included in the fit. At pH 9, previous studies have indicated that
sorption is not dependent on ionic strength and is consistent
with inner-sphere sorption at deprotonated edge sites. This
second shell is given the label M to represent either Al or Si as
they are not readily distinguishable by EXAFS, due to their
similar backscattering amplitudes. Consistent with this, numer-
ical values obtained from fits attempted using a O+ Si model
and a O+ Al model were consistent within the uncertainties of
the fit. Contribution from hydrogen atoms was not required to
fit the sample at pH 9, which is also suggestive of inner-sphere
sorption of Cd(II) to kaolinite at pH 9. Hydrogen atoms are not

Table 2
Fit results for Cd perchlorate and the pH series of samples
Shell N o2 (1073 A7?) R (A) AE, (eV) 7 R
(a) Cd(ll) perchlorate
(6] 6.0£0.2 8.7+0.5 2.27+0.01 -1.06+0.29 698 0.021
H 2xNg 17.6+7.2 2.93+0.04
(b) Cd(Il) + kaolinite— [Cd ], 100 uM—pH 7
(6] 5.9+0.2 9.0+£0.9 2.27+£0.01 -1.96+0.38 603 0.015
H 2%xNg 10.5+6.2 2.91+0.04
(c) Cd(ll) + kaolinite— [Cd [, 100 uM—pH 8
Model 1
(0] 4.8+0.3 9.0+14 2.26+0.01 —2.40+0.67 3582 0.055
H 2XNg 13.5£13.0 2.90+0.07
Model 2
(0} 5.1+0.3 10.1+1.3 2.27+0.01 —1.74+0.53 3500 0.053
M? 1 (fixed) 15.8+12.5 3.32+0.08
(d) Cd(I1l) + kaolinite— [Cd,];, 100 uM—pH 9
(0] 4.9+0.3 10.1£1.0 2.26+0.01 —2.14+£0.54 1614 0.038
M? 1 (fixed) 12.345.8 3.34+0.04

x> and R restricted to the range R=2.2 A to R=3.2 A.
# Stands for either Al or Si (see text).
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Fig. 4. (Color online) Schematic representation of possible adsorption sites on the surface of kaolinite. (a) basal plane site (from Vasconcelos et al. (2007)); (b) some
edge site geometries: (mm) monodentate mononuclear; (mb) monodentate binuclear; (bm) bidentate mononuclear. Colors: Cd (brown), Al (blue), Si (maroon), O (red),

and H (gray).

expected to contribute to the XAFS signal when there is
disorder in the hydration shell (deviation from perfect
octahedral symmetry) and/or in the presence of heavy
backscatterers.

Fitting of the sample at pH 8 was not as straightforward as
shown in Table 2 and Fig. 3c; neither the O+H nor the O+M
models gave satisfactory results. A combination of the two
models perhaps would give the best fit, and this is consistent
with the fact that the pH value of this sample is intermediate to
the samples at pH 7 (O+H model) and pH 9 (O+M model), so
that perhaps more than one species or process occurs. However,
the finite data range limits the resolution of Fourier transforms
and prevents reliable separation of individual components of the
two models in analysis of this sample.

3.2. Cd adsorption isotherm

The adsorption isotherm for Cd to kaolinite at pH 9 showed
typical L-type sorption behavior (Sposito, 1984) with adsorp-
tion being outside of the linear range (i.e. approaching site
saturation) at [Cd,qin of 100 pM (Fig. 1b). The O+M model
that provided a good fit for the Cd—kaolinite samples at [Cd,q]in
of 100 uM was now applied to samples prepared at lower
[Cdaglin- Fig. 2 shows k*-weighted y(k) for the concentration
series (3 uM, 10 pM, and 100 uM at pH 9). The amount of Cd
adsorbed at [Cdaglin 10 pM and 3 pM is quite low (Table 1, Fig.
1) resulting in signal-to-noise ratios too small for EXAFS
analysis. This problem was circumvented by inserting a 4-
absorption-length Pd filter between the sample and the
fluorescence detector, effectively filtering out the background
and improving the signal-to-noise ratio to acceptable levels for
quantitative analysis.

The three data sets were fit simultaneously with a single AE,.
This is a useful technique when applying the same model to fit a
series of samples in which a few parameters change while the
remaining are expected to be similar. Moreover, fitting data sets
simultaneously increases the number of independent data points.
This decreases errors associated with the fitting parameters and

Table 3

Fits to data for the concentration series of samples

Shell N o (1073 A7) R (A)

(d) Cd(Il) + kaolinite— [Cd 4] 1, 100 uM—pH 9

(0] 4.9+0.2 10.1£1.0 2.26+0.01
M 0.5 39+23 3.33+0.02
M 1.0 12.1£3.2 3.34+0.02
M 2.0 23.5+53 3.34+0.03
(g) Cd(1l) + kaolinite— [Cd 4], 10 uM—pH 9

O 5.1+£0.3 11.0+1.1 2.26+0.01
M 0.5 49+49 3.26+0.03
M 1.0 13.6+£6.9 3.27+£0.04
M 2.0 25.7£9.9 3.27+0.06
(h) Cd(Il) + kaolinite— [Cd 4] sy 3 uM—pH 9

(6] 4.6+0.2 10.0+1.1 2.26+0.01
M 0.5 6.2+5.1 3.21+£0.03
M 1.0 15.7+6.5 3.21£0.04
M 2.0 29.8+9.8 3.20+0.06

The first shell (O) parameters that yield the best fit were used to fit the second
shell (M) for various fixed values of N,,. The three data sets were fitted
simultaneously with a single AE, value and %, and R are restricted to the range
R=22 A to R=32A.

The following values were found:

Np=0.5: AEy=—2.38+0.45 eV, 3>=575, and R=0.029.

Ny=1.0: AE,=—2.17£0.23 eV, >=719, and R=0.033.

Ny=2.0: AE;=—2.01%0.52 eV, %2=1483, and R=0.067.



LF Vasconcelos et al. / Chemical Geology 249 (2008) 237-249 245

a5 ® data
— O+M model (Nm=0.5)

— O+Mmodel (N_=1)
— O+M model (Nm=2) T

g 2
m?’*?
4|
=
o
& 0
-2
2 25 3
R(A)

Fig. 5. (Color online) Fits to the data for the 100 pM and pH 9 sample using the O+M model with different fixed values of Ny,.

12 T
| * data |
fit (O+M model)
10 —— (Cd-Opath
—— Cd-M path

Re{FT[K % (K)]}

2 25 3
R(A)

Fig. 6. (Color online) Fits to the data for the concentration series of samples. N,, value fixed at 1.
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decreases correlations between variables, which ultimately
results in increased confidence in the final fitted values.
Simultaneous k-weightings of 1, 2, and 3 were also used in the
fit. Like the adsorption edge series, absence of Cd-Cd
coordination suggests precipitation of solid phases did not occur.

Because the contribution of the Cd—M path to the signal is
very small, floating the three structural parameters (N, R, o)
results in an unstable fit with large error bars and unreliable
results, whereas fixing one of the parameters to a certain value
yields a robust, trustworthy fit. Fixing N in this case had the
strongest physical basis. The coordination number of the bulk
Cd(I) atom at the solid surface is expected to be at the most 2
(bidentante complex). The presence of amounts of Cd forming
monodentate complexes and in a fully hydrated state should
decrease this number but not by a large fraction.

Based on the arguments above, we fitted the second shell
with fixed Ny, of 0.5, 1, and 2 and let R and o vary - the
structural parameters relative to the Cd—O path that yield the
best fit were used. We also tried a model with N,,=0.3 but
rejected this possibility due to poor fit and unrealistic Debye—
Waller factor values. The fit results are shown in Table 3. When
the M coordination is fixed at 2, the model gives a comparably
poor fit and yields very high Debye—Waller factors, clearly
trying to minimize the M contribution. Values of yx; and R
indicate that the best value of N, lies between 0.5 and 1, which
can be regarded as an indication of multiple sites involved. This
can be visually inspected in Fig. 5. The Debye—Waller factors
increase with rising Ny, to compensate for the increase in
amplitude. It is important to notice that the Cd—M distances
obtained from the fits are virtually unchanged for each [Cdaqlin
regardless of the N,, value used.

Fig. 6 shows fits to the three data sets (with N,,=1) showing
individual contributions of the Cd—O and Cd—M paths. As
anticipated, the first shell of oxygen atoms does not change with
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changing [Cd,q]in. However, the distance shift in the Cd-M
paths is very clear amongst samples, and this shift translates to
an increase in the Cd-M distance with increased [Cdyglin.
Specifically, the Cd—M distance increased from 3.210 A at
3 uM to 3.340 A at 100 pM [Cduglin. These changes in
interatomic distance are well outside the uncertainties and can
thus be statistically considered real.

While the basal surface of kaolinite presents a preferred
adsorption site at the hexagonal cavities, at the particle edges
various possible adsorption geometries exist, be it an Al based
or a Si based site. Moreover, researchers are not in complete
agreement about the active participation of many of these sites
and to what degree. It is important to point out that each
geometry will yield a different Cd—M distance. To illustrate this
point, three different A1-O  inner-sphere Cd(Il) adsorption
geometries are shown in Fig. 4b. They are: monodentate-
mononuclear (mm), monodentate-binuclear (mb), bidentate-
monoclear (bm). The Cd—Al distances can be estimated as
described below.

Assuming an Al-O distance of 1.93 A (Bish, 1993) and a
Cd-O distance of 2.26 A (this work), the monodentate-
mononuclear (mm) geometry suggests a Cd—Al distance of
422 A, while the monodentate-binuclear (mb) geometry,
assuming an Al-O—Al angle of 105° (Bish, 1993) suggests a
Cd-Al distance of 3.75 A. Finally, in the bidentate-mono-
nuclear (bm) geometry there is no reason to believe the O—Al—
O angle should be constrained as the Al-O bonds are free to
dangle. In fact, Eng et al. (2000) point out that adsorption of
aqueous complex to a-Al,Oz leads to significant surface
relaxation. We assume that Cd would keep the octahedral
arrangement of oxygen ions around it which imposes a O—Cd—
O angle of about 90° (that is not totally true as the Cd—O
coordination is found to be about 5 for the pH 9 samples (Table
3), which would indicate a slightly larger angle). The range of
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Fig. 7. (Color online) Real part of Fourier transform of the data for the precipitation study. The inset shows a comparison between the data for the 1000 pM samples and

Cd(OH), and CdCOs solid standards.
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Table 4

Fit results for the precipitation study

Shell N o (107 A72) R (A) AE, (eV)
(d) Cd(ll) + kaolinite— [Cd ] ;, 100 uM—pH 9 (air)

(0] 49+0.3 10.1+1.0 2.26+0.01 —2.14+0.54
M 1 (fixed) 12.3+£5.8 3.34+0.04

(e) Cd(Il) + kaolinite— [Cd 4] i 100 uM—pH 9 (N>)

(0] 4.6+0.3 10.3+1.1 2.26+0.01 —2.32+0.49
M 1 (fixed) 11.8+£5.5 3.33+0.03

() Cd(Il) + kaolinite— [Cd 4], 1000 uM—pH 9

(6] 6.2+0.6 9.6+1.7 2.294+0.01 1.69+0.39
(0] 1 (fixed) 5.842.0 2.55+0.01

Cd 2.5+0.6 11.0+3.9 3.52+0.04

Cd-M distances of 3.20-3.34 A yields an Al-O—Al angle in
the range 81° to 88°. For a non relaxed surface (Al-O—Al angle
of 105°), the Cd—Al distance resulting is 2.68 A.

The data presented here do not allow for reliable identifica-
tion of which (if any) of these sites play a role in the adsorption
process. The range of Cd—M distances found in this work is
consistent with a combination of these sites. From the data set, it
can be inferred that at certain pH ranges, a particular

combination of inner-sphere Cd(II) complexes takes place.
Further work is needed in order to check the validity of this
inference.

3.3. Precipitation study

The control solutions (i.e., solutions in the absence of
kaolinite) that were prepared under ambient conditions for
adsorption edge experiments were theoretically supersaturated
with respect to otavite. Yet, there was no evidence for otavite
precipitation; there was no loss of Cd from control solutions.
There was also not evidence from EXAFS of Cd-Cd
interactions in kaolinite-containing samples. To ensure that we
were correct in the conclusion that Cd-containing precipitates
did not form in experimental solutions, either in the presence or
absence of kaolinite, we conducted two additional experiments.

First, EXAFS signals were compared from samples at pH 9
and [Cdyglin of 100 pM between samples prepared under
ambient and N, atmosphere (N, atmosphere would prevent Cd-
carbonate in the form of otavite from forming). EXAFS
oscillations (multiplied by A&° to enhance features at high &
values) are shown in Fig. 2. The O+M model was used to fit
both samples. The EXAFS signals and fits to both samples

Re{FT[k (K]}

. data
fit (Cd(OH), model)
Cd-0 Path
Cd-0 path
Cd-Cd path

f 1000 pM

e 100 pM (N,)

data
fit (O+M model)
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Fig. 8. (Color online) Fits to the data for the precipitation study.
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show very similar structures and fitting parameters (Fig. 7 and
Table 4). Neither sample shows spectroscopic evidence for the
precipitation of otavite. Similar comparison was made at pH 8
and pH 7 with the same outcome (data not shown here).

Second, a Cd—kaolinite sample was prepared at the elevated
[Cdaqlin 0f 1000 pM and at pH 9 (Table 1) to promote precipitate
formation. Once the pH was adjusted to 9, a white precipitate
was immediately apparent. EXAFS analysis, including compar-
ison with CdCO5; and Cd(OH), crystalline standards (Fig. 7,
inset) suggested that the precipitate was Cd(OH), rather than
CdCO; (otavite). Comparison of EXAFS results from this
experiment, including EXAFS of crystalline standards, with the
Cd—kaolinite reacted samples confirmed the absence of Cd
precipitates in the Cd—kaolinite experiments.

Quantitative confirmation of these assumptions are obtained
from the fits to the data (Fig. 8). Fitting models based on the
structure of CdCO5; and Cd(OH), were used in the attempts to
fit the [Cdaqlin 1000 uM data. As expected, the fit using the
CdCO;5; model was unsatisfactory (not shown) while the Cd
(OH), model yielded a statistically good fit with fitting
parameters consistent with the Cd(OH), standard, as can be
seen in Table 4. Thus, precipitation of otavite does not appear to
occur even at elevated initial Cd concentrations under the
conditions of our experiments. However, Cd(OH), does form at
high concentrations.

4. Summary and conclusions

The results of this work indicate pH dependence in the
predominant mechanism(s) of Cd(IT) uptake at the surface of
kaolinite. At pH 7.0 and ionic strength of 0.1 M, the extent of
Cd(II) adsorption is small and the local environment surround-
ing the adsorbed Cd(II) is not significantly different from that of
hydrated Cd(II). These results are consistent with outer-sphere
adsorption of Cd(II). This adsorption mechanism contrasts the
mechanisms proposed by Schindler et al. (1987) based on batch
uptake experiments of Cd to kaolinite. Those authors suggested
that at pH 4—7 Cd(II) is adsorbed as an inner-sphere complex at
AIOH edge sites. The proposed sites of Cd(II) adsorption at pH
7 is the kaolinite basal plane, based on the fact that previous
work has shown Cd(II) adsorption to be essentially constant
with pH at circumneutral values, and based on the XAFS results
presented in this work. Adsorption of Cd(II) on the basal plane
is corroborated by the molecular dynamics model of Vasconce-
los et al. (2007), who showed that Cd(II) forms an outer-sphere
complex with the kaolinite basal plane at pH 7, interacting only
through electrostatic attraction.

With increased pH, there is increasing deprotonation of
AIOH and SiOH sites on the edge of the kaolinite particles,
although the Si sites deprotonate at low pH (Brady et al., 1996;
Sutheimer et al., 1999). At pH 8, the extent of Cd adsorption had
increased relative to that at pH 7, and the EXAFS results are
most consistent with a more complex sorbed speciation of Cd
(II) at this pH value; Cd(II) appears to be bound by a
combination of both the inner-sphere complex that dominates
sorption at pH 9 and the outer-sphere complex that dominates
sorption at pH 7.

At pH 9, the extent of Cd(II) adsorption is increased and the
EXAFS indicate that Cd(II) is adsorbed dominantly as an inner-
sphere complex, although it is likely that some additional Cd(IT)
is still adsorbed outer-spherically on the basal plane. EXAFS
analysis also confirmed that although predicted by thermo-
dynamic modeling of the initial solution conditions (pre-
adsorption), the precipitation of solid phases did not occur in
amounts large enough to be identified by XAFS at [Cduglin
concentrations as high as 100 uM and following reaction time
periods as long as 4 h.

At any concentration and pH where edge site adsorption
dominates over siloxane basal surface adsorption, the EXAFS
signal is expected to be a combination of contributions coming
mostly from Cd adsorbed to Al-edge sites and also potentially
some Si-edge sites. As pointed out above, Al and Si are similar
backscatterers and therefore cannot be distinguished based just
on their backscattering amplitude and phase. The most probable
way to distinguish a Cd-Si site complex from a Cd—Al site
complex would be if the Cd—Si and Cd—Al distances were
further apart than the resolution of the Fourier transform.

For the y(k) data range of 2.1 A™' to 8.6 A~ ! used in these
studies, the resolution in R-space is approximately 0.25 A,
which by analysis of the numbers in Table 3, seems to be, in the
best case scenario, comparable to the difference in distances.
Our attempts to produce a model containing both Si and Al
contributions failed to properly fit the data. Hence, although the
EXAFS data indicate some change in the adsorption complexa-
tion as a function of loading at pH 9, we cannot distinguish
whether this is due to a change in relative contributions of Si-
versus Al- sites or to some other factor.

Thus, overall, our results indicate that Cd(II) may adsorb to
kaolinite by a variety of different mechanisms as influenced by
pH and [Cd.glin. Further work expanding this research to
different ionic strength and temperature conditions could help to
better understand the potential array of controls on Cd sorption
to kaolinite.
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