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Abstract—X-ray absorption spectroscopy (XAS) and adsorption-desorption measurements have been per-
formed to assess the relationship between the structure and reversibility of copper complexes on montmoril-
lonite clay. By varying the solution pH and background electrolyte concentration, the adsorption of copper on
either the edge sites or permanent charge sites of montmorillonite was controlled. This allowed the structure
and reversibility of copper complexes on each of these site types to be assessed independently of each other.
XAS analysis of copper adsorbed on the permanent charge sites indicated outer-sphere surface complexes,
with these complexes showing sorption reversibility. For copper complexes formed on the edge sites of
montmorillonite, XAS data confirmed the presence of monomer and dimer copper surface complexes.
Sorption irreversibility at edge sites was noted at copper coverages less tham&es/g clay at pH4.2 and

at coverages greater than p@noles/g clay at pH6.8. At pH=6.8, higher Cu-Cu coordination numbers
indicated the copper sorption irreversibility may be due, in part, to the formation of dimer surface complexes.
The coordination numbers at pHt.2 indicated the irreversibility could be due to the formation of dimers or

due to formation of surface complexes on high energy edge stegpyright © 2001 Elsevier Science Ltd

1. INTRODUCTION number of experimental studies have explored this issue despite
the assumed connection between the type of metal ion-surface
association and relative metal ion mobility in aqueous geo-
chemical settings.

Some studies have shown that metal ions adsorbed as outer-

Hayes and Traina, 1998). Although the importance of sorption sphere complexes can be displaced by high concentrations of

processes in sequestering metal ions is well known, the char-WeaKly adsorbing ions such as Neor Ca&* while metals
acteristics of the sorption processes that determine the extent of2dSorbed as inner-sphere complexes cannot be as easily dis-
metal ion bioavailability or mobility are largely unknown. In ~ Placed (Chen and Hayes, 1999; Papelis and Hayes, 1996;
particular, the influence of the structure and composition of Strawn and Sparks, 1999). In addition, several recent studies
adsorbed metal complexes on desorption processes has nohave attributed differences in desorption behavior to the type of
been widely addressed in the geochemical literature. complex or phase formed on clays and oxides (Strawn et al.,
Fe, Mn, and Al Oxides' |‘]ydroxidesl and Oxyhydroxides as 1998; Martinez and MCBride, 2000; Thompson et aI., 2000) In
well as aluminosilicate clay minerals are among the most Some instances (Strawn et al., 1998; Thompson et al., 2000),
significant geosorbents for metal ions in subsurface geochemi- inner-sphere complexes, characterized as either monomeric or
cal settings. Spectroscopic studies have identified a variety of polymeric, tended to desorb to a greater extent than the pre-
types of metal ion complexes that can form on the surface cipitate phases found under these experimental conditions. In
functional groups of these types of metal oxides and clays. addition, when surface precipitates were found, the extent of
These include outer-sphere complexes (Papelis and Hayesdesorption or metal solubility varied depending on the type of
1996; Chen and Hayes, 1999; Bargar et al., 1996; Strawn et al., precipitate and aging time (Martinez and McBride, 2000;
1999), inner-sphere complexes (O’Day et al., 1994a; Schlegel Thompson et al., 2000).
etal., 1999; Strawn and Sparks, 1999), multinuclear complexes One method to more fully understand the relationship be-
and surface precipitates (Chisholm-Brause et al., 1990; O’'Day tween the structure and composition of metal sorption com-
et al., 1994b; Papelis and Hayes, 1996; Bargar et al., 1997a;plexes and desorption behavior, is to systematically study de-
Chen and Hayes, 1999; Scheidegger et al., 1998; Hudson et al. sorption under conditions where the types of sorption
1999; Strawn and Sparks, 1999). These complexes differ in the complexes formed can be identified and assessed indepen-
degree of hydration of the adsorbed metal, the number and typedently. Metals form several types of complexes on smectite
of atoms neighboring the adsorbed metal, and the number of clays that are geochemically important and can be assessed
surface atoms to which the sorbed Species may be attachedjndependently by Varying the experimenta| conditions of ad-
With these differences, adsorbed metals are likely to vary in sorption. Specifically, metals can form complexes on the silox-
their stability and resistance to desorption. Only a limited ane ditrigonal cavities of the permanent charge interlayer or on
the hydroxyl edge sites where the crystal structure is inter-

* Author to whom correspondence should be addressed (ford@ rupted. Divalent metal ion adsorption has been distinguished by
engin.umich.edu). the effect of solution pH and background electrolyte concen-
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Sorption processes often control the speciation of metal ions
in low temperature aqueous geochemical environments (Davis
and Kent, 1990; Hayes and Katz, 1995), and thus influence
metal mobility, toxicity and bioavailability (McBride, 1994;
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tration on adsorption on these sites (Papelis and Hayes, 1996;and edge sites of montmorillonite, and their potential effect on
Zachara et al.,, 1993; Chen and Hayes, 1999; Fletcher andreversibility and bioavailability, it is important to assess both
Sposito, 1989; Strawn and Sparks, 1999). With increasing molecular structure and reversibility simultaneously. By char-
background electrolyte concentration, ions such as da acterizing the types of copper surface-associations formed un-
Ca" exchange for copper on the permanent charge sites, der varying pH and background electrolyte concentrations on
causing decreased copper adsorption on these sites. With in-montmorillonite clay using X-ray absorption spectroscopy
creasing pH, hydroxyl edge sites on clays deprotonate, increas-(XAS) and then assessing the kinetic reversibility of copper
ing copper adsorption on these sites. The relative distribution of adsorption under similar conditions, the structural basis for
divalent metal ions between the two types of adsorption sites reversibility trends has been explored in this study. In view of
can be changed by varying the pH and background electrolyte the similarities of sorption behavior of copper (this study) and
concentration. Using this information the molecular structure other divalent metal ions such as Pb (Strawn and Sparks, 1999)
and macroscopic adsorption behavior of metal ions on the and Co (Papelis and Hayes, 1996) on montmorillonite as a
permanent charge sites can then be assessed independently déinction of pH and background electrolyte concentration, the
adsorption on the edge sites (Zachara et al., 1993; Chen andreversibility trends reported here may be indicative of behavior

Hayes, 1999; Papelis and Hayes, 1996).
To date, a number of spectroscopic investigations have pro-
vided insight into the structure of copper complexes formed on

clay interlayer sites. These studies indicate that copper adsorbs

in the interlayer as an outer-sphere complex (Brown and
Kevan, 1988; McBride, 1982; Hyun et al., 2000) and as inner-

expected of other transition metal cations.

2. MATERIAL AND METHODS
2.1. Preparation of Clay

“Cheto” Ca-montmorillonite from Apache Co. Arizona was obtained

sphere monomer or multlinuclear complexes on edge (Hyun et from the Clay Mineral Society Repository (University of Missouri,

al., 2000), steps or kink clay sites (Farquhar et al., 1996). A

Columbia, MO), and pretreated to remove organic and inorganic im-
purities using methods based on those described by Kunze and Dixon

recent electron paramagnetic resonance (EPR) spectroscopi¢19ge). The steps in the cleaning procedure were:

study performed on copper adsorbed to montmorillonite (Hyun
et al. 2000) suggested that copper formed outer-sphere assoc
ations in the interlayer at low pH, inner-sphere surface com-
plexes on edge sites at intermediate pH and dimers at higher
pH. A number of spectroscopic studies have also been per-
formed using other transition and heavy metals and non-swell-
ing aluminosilicate clays. For example, based on an XAS and
extended absorption fine structure analysis (EXAFS) study,
Co(ll) has been found to form multinuclear complexes under

conditions in which sorption to the edge sites of montmoril-

lonite was expected (Papelis and Hayes, 1996; Chen and
Hayes, 1999; O'Day et al.,, 1994a). Using EPR, Clark and

McBride (1984) found that copper adsorbed on the edge sites of
the aluminosilicates allophane and imogolite as inner-sphere
complexes. Furthermore, a recent study by Schlegel et al.
(1999) using polarized EXAFS analysis of Co sorbed to self-

supporting films of hectorite confirmed the presence of mono- 4.

nuclear inner-sphere Co complexes under pH and surface cov-
erage conditions where multinuclear species formation was
intentionally avoided. Based on the results from these systems,
copper was expected to form similar associations in the systems
selected for this work, i.e., outer-sphere complexes in the
interlayer of montmorillonite, and mononuclear and multinu-
clear complexes at the clay edge, depending on the pH and
surface coverage conditions.

Although many studies have characterized the surface asso-

ciations between metal ions and smectite clays, only a few have
assessed reversibility (McClaren et al., 1983; Wu et al., 1999).

1. The clay fraction €2 wm) was separated by sedimentation of the
clay suspension for a period of time that, based on Stokes Law
calculations, would remove the larger sized particte wm). The
supernatant clay fraction was then removed and put aside. The
sedimented fraction was resuspended and the procedure was re-
peated until no clay particles remained in the supernatant after
sedimentation. The collected supernatant from each sedimentation
step was consolidated and concentrated for further treatment.

Free iron oxide was removed by heating 250 mL of the clay
suspension in 150 mL of a sodium citrate reagent (75.3 g/L sodium
citrate, 8.3 g/L NaHCQand 70 g/L NaCl) to 75 to 80°C and adding

a spatula full ¢ 1 g) of dithionite-citrate-bicarbonate. After heating
for an additional 15 min, the suspension was centrifuged (10000 g
10 min) and the supernatant removed. The clay was then resus-
pended in the sodium citrate reagent, heated for 10 min, centrifuged
(10000 g 10 min) and the supernatant removed. To remove excess
reagent, the clay was washed several tinmes N NaCl.

3. Free carbonate was removed by suspension ir-4B sodium
acetate (136 g/L) followed by washing several times in 1N NaCl.
Organic matter was removed by suspension in 30@,theating to

80 to 85°C for 15 min followed by centrifugation (10000 g 10 min)
and removal of the supernatant. This was repeated until the super-
natant was colorless. To remove exces©OHthe clay was then
suspended in water, heated to boiling for 5 min and centrifuged to
separate the clay. This procedure to remove exces3, Hvas
repeated twice.

The clay was then washed il N NaCl followed by repeated
washing in water to removed excess NaCl. The final form of the
montmorillonite was Na-montmorillonite.

2.

5.

2.2. Adsorption as a Function of pH and lonic Strength

Adsorption of 50uM copper on montmorillonite as a function of pH

From a rate and extent of desorption viewpoint, these studies Was measured under varying ionic strength conditions. In a 12 mL

have shown that a fraction of the adsorbed metal ion is revers-

polypropylene tube, 5 mL suspension samples were prepared by com-
bining montmorillonite (0.5 g/L) and either HNGor NaOH for pH

ibly adsorbed and a fraction irreversibly adsorbed. However, g stment The 5 mL samples were equilibrated under atmospheric
these studies were performed under conditions where the typesconditions at 30°C for 20 to 28 h. As metal ion adsorption reactions
of surface complexes formed were unknown, and thus irrevers- occur in milliseconds and very little mass transfer limitations are
ible and reversible fractions could not be attributed to edge site eXPECteg " thﬁ dilute C'aﬁ’ Sy Shenions “SEd”'”bth? StU‘tj%’v the g‘et?'t‘a’as
. ~ .. assumed to have reached equilibrium well before the end of the
or permanent charge adsorption or '_[O the Iogal Coordlnfitlng equilibration time. This was confirmed through experiments showing
environment of the adsorbed metal. Given the differences in the the same adsorption behavior for shorter equilibration times (several

structure of surface-associations formed on permanent chargehours) as for 24 h.
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After this equilibration period, the final pH (error: 0.1 (95% confi- librium distribution between the solution and clay was measured as
dence interval op < 0.95)) was then measured and the clay was described earlier. The desorption isotherm was determined by remov-
separated from the solution supernatant by centrifugation (12000 g 40 ing a portion of the total copper in the system, allowing the copper to
min). The supernatant copper concentration was subsequently mea-desorb for 24 h and measuring the equilibrium distribution between the
sured using an atomic absorption spectrophotometer (AAS) (error solution and clay. By measuring the desorption step over the same time
0.005uM (p < 0.95)). The amount of copper adsorbed was calculated period as adsorption and comparing the adsorption and desorption
as the difference between the copper concentration in a control sampleisotherms, a reversible reaction could be delineated from those that
prepared without solid and the sample supernatant concentration. Es-were either kinetically or thermodynamically limited in the desorption
timates of adsorption coverages of copper on edge sites were madestep and thus irreversible based on the functional definition used in this
using an edge site surface area (18gnestimated from assumed unit  study. If the desorption isotherms coincided with the adsorption iso-
cell dimensions of montmorillonite (Sposito, 1984). therm, adsorption was generally reversible. If the desorption step
exhibited a steeper slope than the adsorption step, with more adsorbed
at lower solution copper concentration, a portion of the adsorbed metal
was not able to desorb and requilibrate in the time frame allowed and

Samples for XAS analysis were prepared similarly only with larger thus was considered irreversible.
volumes to obtain enough copper-adsorbed solid for the experiment.  Using a series of copper concentrations that ranged from 0 to 150
The solids were then concentrated to a wet paste for the XAS spec- uM adsorption-desorption isotherms were performed at a constant pH
troscopy. X-ray absorption spectra were collected in the fluorescence of 4.2 and 6.8. The adsorption isotherms were prepared in the same way
mode at the Cu K-edge at the Stanford Synchrotron Radiation Labo- as described above except a range of copper concentrations was used
ratory. The samples were run using either a 13 element Ge array and 5 mM PIPES buffer was added to the 5618 montmorillonite
fluorescence detector at 20K or a Lytle fluorescence detector at room samples to maintain a consistent pH over the adsorption and desorption
temperature. No effect of temperature was found. Si (220) monochro- steps. PIPES buffer has been shown to not bind metals (Yu et al., 1997)
mators were used for all samples. The monochromator was detunedand it was found to have no effect on adsorption of copper on mont-
50% at the highest energy of the scan to minimize contributions from morillonite at the pH values used in the experiments. After adsorption,
higher-order harmonics. An of 8979 eV was used for all of the the pH of the samples were measured. The samples were then centri-
samples. Multiple scans were collected for each sample, the number fuged (12000 g 40 min) and half of the supernatant (2.5 mL) was
depending on the metal ion concentration, to obtain a signal-to-noise removed and saved for AAS measurement. For the desorption step, 2.5
ratio sufficiently high for EXAFS analysis. The data were reduced mL of a copper-free solution containing the same ionic strength, buffer
using EXAFSPAK software (George and Pickering, 1995). For each concentration and having the same pH was placed in the centrifuge
sample the spectra collected were averaged and the background abtube. The clay was then resuspended and equilibrated for 20 to 28 h at
sorption was subtracted by fitting a straight line through the pre-edge 30°C. The pH was measured and the supernatant sampled in the same
region. The background subtraction in the EXAFS region was per- manner as the adsorption step. Using the AAS measurements (error:
formed by fitting a three-segment spline through this region and sub- 0.005uM (p < 0.95)) of the supernatant copper, the amount adsorbed
tracting the fit from the data in the region above the edge. The on the solid in the adsorption and desorption steps was calculated as
background-subtracted spectra were normalized using a Victoreen described above accounting for the lower total copper concentration
polynomial and tabulated McMaster atomic absorption fall-off coeffi- during the desorption step.
cients. The spectra were then converted from energy to frequency space The amount of irreversibly adsorbed copper was calculated as the
using the photoelectron wave factor, k (Brown et al., 1988; Teo, 1986). difference between the amount adsorbed in the desorption step and
The normalized background-subtracte@tweighted unsmoothed EX amount adsorbed assuming the copper was fully reversible. This was
AFS spectra were Fourier transformed to obtain the radial structure done by first calculating the total amount of copper in the desorption
functions (rsfs). Individual major peaks in the Fourier transform were step as the total amount added in the adsorption step minus the amount
backtransformed to produce filtered EXAFS to isolate individual shell removed before desorption (i.e., half the solution phase copper during
contributions to the EXAFS. Least-squares fitting of each shell was adsorption). Assuming copper adsorption is fully reversible, the de-
performed to determine the coordination number (N) and bonding sorption equilibrium would fall on the adsorption isotherm at a point
distance (R). The fit was further optimized by simultaneously fitting all that has the same total amount of copper in the system as the desorption
major peaks to the unfiltered rsf. The phase and amplitude functions for step. This point was determined and the amount of irreversible copper
Cu-O were calculated using FEFF 6.01 (Rehr and Albers, 1990) and was calculated as the difference between the amount on the solid under
confirmed using model compound spectra. Similarly, the phase and experimental conditions and the expected amount on the solid if fully
amplitude functions for Cu-Cu were calculated using FEFF 6.01. For reversible. In the case where experimental error was within the range of
the small second shell Cu-Cu peaks found in many of the Fourier the reversible amount for a given total, it was assumed to be completely
transformed spectra in this study, the peak position was affected by the reversibly sorbed.
noise of the spectra. In particular if the k-range used in the transform

2.3. X-ray Absorption Spectroscopy

included the noisier data found for the higher values (typicatylB 3. RESULTS
A~ or above) or did not include enough data (k-range below approx
imately 11.5 A'%) the peak would shift resulting in approximatety 3.1. Adsorption as a Function of pH and Background

0.03 A variation in the fitted Cu-Cu peak. To avoid this, the k-range
was kept at an intermediate value (11.5-12.5"Aand optimized to

minimize the peak shift. Variability was also minimized by using The adsorption of copper on montmorillonite as a function of
similar spline fits for each sample.

To allow for meaningful comparison of the coordination numbers of pH was measured in the presence of different concentrations of
the samples with small Cu-Cu peaks, several fitting parameters were background electrolyte (NaN{» Adsorption (Fig. 1)vas con-
allowed to float within a certain range\E, = 2-3 eV; ¢*=0.007- sistent with previous research that distinguished divalent metal
0.008 R. Wit_h these constraints the peaks coulq be_ fitted well and the jgp adsorption on edge and interlayer sites based on the back-
visual peak size correlated with the fitted coordination numbers. ground electrolyte concentration and pH dependence of adsorp-
tion (Fletcher and Sposito, 1989; Chen and Hayes, 1999; Pa-
pelis and Hayes, 1996; Zachara et 4B93). Under conditions
For the purposes of this study copper adsorption was considered with high Na concentrations (Fig. 1: [NaD.1 mol/L) where

reversible if, over period of time equivalent to the equilibration time for  {he surface hydroxyl edge sites are expected to predominate
adsorption, copper desorbed and reached the same equilibrium as for - . . ’
adsorption. To determine reversibility under this definition, adsorption adsorption of copper on montmorillonite was pH-dependent. At

and desorption isotherms were compared. For the adsorption isotherms,/Ower Na concentrations (Fig. 1: [Nap.02 mol/L and 0
copper was equilibrated with montmorillonite for 24 h and the equi- mol/L) adsorption at pH values less than 7 increased with

Electrolyte Concentration

2.4. Adsorption-Desorption Isotherms at Constant pH
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Fig. 1. Copper (5QuM) sorption on montmorillonite clay (0.5 g/L)
with 0.0 M (©), 0.02 M (¢) and 0.1 M (J) added NaNQ
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concentration resulted in a displacement of the copper from the
interlayer sites and a shift in copper adsorption from the inter-

layer to the edge sites. This interpretation and copper adsorp-
tion are similar to that found and described previously for Co

sorption as a function of pH and Na concentration (Papelis and
Hayes, 1996). Based on this interpretation, Figure 2 illustrates
the expected distribution of copper between the edge and
interlayer sites under the pH and Na concentration conditions
found in the adsorption experiments. Consistent with the data,
Figure 2 shows edge site adsorption is favored with increasing
Na concentration and pH, while adsorption on the interlayer is

favored for low pH, low Na concentration conditions.

3.2. EXAFS Spectroscopy of Copper Surface Associations

To compare the isotherm data with the local copper coordi-
nating environment, EXAFS spectra were collected for samples
prepared under conditions comparable to the sorption experi-

decreasing Na concentration. This is consistent with increasedments (Table 1). XAS analysis of such spectra provide infor-
adsorption on the permanent charge sites with decreasing Namation on the type, number and distance of the atoms within a
concentration. At the lowest Na concentration, pH-independent 6 A radius of the adsorbed copper. For the first shell of atoms
sorption was observed suggesting that copper exchange reacsurrounding the central copper atom, the interatomic distances
tions on permanent charge sites was the predominant sorptioncan be estimated within an error af 0.01 to 0.02 A. The
process. This behavior indicates that an increase in the Nacoordination number can be estimated within an error-df0

[Na] M

0.1 —

Interlayer

Edge site
adsorption

Fig. 2. Schematic diagram illustrating the effect of pH and Na concentration on the distribution of adsorbed copper on
the permanent charge interlayer and edge sites of montmorillonite. The solid dots are Na atoms.



Structure and reversibility of Cu-montmorillonite 2713

Table 1. Experimental conditions and results of EXAFS analysis.

results of EXAFS fitting

Cu-O Cu-Cu
montmorillonite [Na+] adsorbed Cu predominant
concentration (g/L) M pH (uwmoles/g) adsorption sites N RA) A% N RA) o4 A?» AE (eV)
0.5 0.00 4.0 90 permanent charge 39 197 0.0048 — — — 28
0.5 0.00 6.0 90 permanent charge 3.7 197 0.0048 — — — 23
0.5 0.00 10.0 97 permanent charge & edge 3.7 1.97 0.0047 0.9 298 0.00782.3
0.5 0.02 4.0 53 permanent charge & edge 4.5 197 0.0043 0.4 298 0.00722.3
0.5 0.02 6.8 75 permanent charge & edge 3.9 197 0.0047 0.4 298 0.00862.2
0.5 0.02 7.7 90 permanent charge & edge 3.8 1.97 0.0047 0.4 297 0.00722.4
0.5 0.10 6.2 40 edge 41 196 0.0047 06 298 0.0079-2.7
0.5 0.10 10.0 97 edge 39 197 0.0045 12 298 0.0075-2.6
Cu(OH), (s) — — — — 35 198 0.0046 25 299 0.0044 -22
2.7 580 0.0032 —-2.2
Cu(NG;), (aq) — — — — 45 197 0.0041 — — — -2.2

to 20% (O’Day et al., 1994b). The distances and coordination that hydrated Cu is usually considered to be octahedrally co-
numbers for the second and higher shell of atoms surrounding ordinated with the two axial oxygens distorted to longer inter-
the copper can also be determined, however, the information is atomic distances. In earlier studies, the axial oxygens have
less precise, depending on the number of absorber-scattererither not been able to be fit (Cheah et al., 1998) or only fitted
pairs considered (Brown et al., 1988). The EXAFS spectra and after making assumptions as to the axial and equatorial inter-
radial structure functions (rsfs) for copper model compounds atomic distances (Korshin et al., 1998). As the method and
and copper sorbed to montmorillonite are shown in Figures 3 utility of the information gained by fitting an octahedral coor-
and 4. The peaks on rsfs correspond to the atoms neighboringdination is controversial and is not significant to the main
the central copper with the x-axis position corresponding ap- conclusions of this study, the Cu-O shell was fit using a
proximately to the interatomic distance but uncorrected for tetrahedral coordination. For similar reasons, fitting the Cu-O
phase shift. For example, in the rsf for the Cu(QKh) model first shell as a mixture of square pyrimidal and trigonal byp-
compound (Fig. 3), a first shell peak was found at a distance of rimidal configurations based on the results of Pasquarello et al.
just unde 2 A from the central copper atom. A second shell (2001) was deemed unwarranted.
peak is also seen at approximately 3 A. After fitting these peaks ~ The other feature that was found for some of the samples was
using the procedures described in the materials and methodsa Cu-Cu peak in a second shell néx A on thersf. This
the first peak was found to be consistent with a shell of Cu-O indicates copper coordination in multinuclear clusters on the
and the second peak with a second shell of Cu-Cu neighbors. surfaces with the coordination number correlated to the number
The coordination numbers and interatomic distances from of copper atoms in the cluster surrounding the central copper
the EXAFS analysis for each of the peaks as a function of atom.
solution conditions is given in Table 1. As with earlier EXAFS Previous work has shown the presence of Cu-Al or Cu-Si
studies of copper, the spectra in this study (Figs. 3, 4, 5, 6 and peaks on rsfs of copper adsorbed to alumina or silica (Cheah et
Tables 1, 2) show a first shell coordination number ranging al., 1998). For montmorillonite, these peaks were not apparent.
from 3.5 to 4.5 at 1.97 A indicating an average of 4 oxygen Evidence that the second shell peak was a Cu-Cu peak and not
atoms at this distance surrounding the central copper atom a Cu-Si or Cu-Al peak was provided by filtering and backtrans-
(Cheah et al., 1998; Bochatay et al., 1997). It should be noted forming this feature on the rsf. By looking at the maximum

L B B BN ELELELE B UARAE RARRE RARLE MRS RARRE RARRS
"* 3 E 3 3
¥ 106N\ /\ n{"\ A . !"Xf Cu(OH),(s) ‘%é n CUOH)(5)
] E £ E
;é 0%'/\ VA M §C NO t g"lf €
] V \v/ LYY u(NO,),(aq) -?;;E
| |xI|||||||[|||l|= =) 3
£ 6 10 12 L 5 6

k(A“) R(A)

(A) (B)

Fig. 3. EXAFS spectra (A) and radial structure functions (B) for model compounds. Dotted lines indicate fit to the data
using parameters from EXAFS analysis.
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Fig. 4. EXAFS spectra (A) and radial structure functions (B) for copper adsorbed to montmorillonite under conditions
described in Table 1. Dotted lines indicate fit to the data using parameters from EXAFS analysis.

amplitude envelope, it has been proposed that light backscat-significantly shorter compared to Co-Co distances in
terers such as Si or Al can be distinguished from heavier Co(OH)(s). Hydrotalcite-like structures, with some Al substi
backscatterers such as Cu (Cheah et al., 1998). For all of thetuting for Co in the second shell, were proposed to explain the
spectra in this study with a second shell peak the maximum shorter Co-Co distances (O'Day et al., 1994a; Merlen et al.,
amplitude envelope ranged from 8.5 to 9.5A This is char 1995; Bargar et al., 1997a, 1997b; Towle et al., 1997; Schei-
acteristic of a heavier element such as Cu (Cheah et al., 1998).degger et al., 1998). The possibility that Al is in the second
To interpret the structural and coordination environment of shell was considered in this study to test if a significant im-
the copper clusters, data for Cu(Qk$) were also collected. provement in the fit would result, however, no improvement
Expectations are that as clusters grow they would approach thatwas found (data not shown). It thus appears these structures are
of Cu(OH),(s) unless the surface imposes other constraints or not present for copper adsorbed to montmorillonite under the
solid-solutions form with dissolved Al ions. The Cu-Cu inter- conditions investigated.
atomic distances (R) of the montmorillonite samples are iden-  The local coordinating environment of copper on mont-
tical to that for Cu(OH)(s). Other studies have found a reduc  morillonite was different depending on the type of site to
tion of second shell metal-metal distances compared to the which copper adsorbed. Edge site adsorption is expected to
metal dihydroxide precipitates. For example in the study of Co dominate at high background electrolyte concentration (see
on alumina (Katz and Hayes, 1995) and Co on kaolinite (O’'Day Fig. 2). Montmorillonite samples prepared under these con-
et al., 1994a), second shell Co-Co distances were found to beditions had a Cu-Cu second shell peak (Fig. 4, Table 1) with
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Fig. 5. EXAFS spectra (A) and radial structure functions (B) for copper adsorbed to montmorillonite at pH 6.8 (see Table
2 for details). Dotted lines indicate the fit to the data using parameters from EXAFS analysis.

Cu-Cu coordination numbers near or below 1. A coordina- tions, found no second shell peak (Papelis and Hayes, 1996;

tion number of less than one has been interpreted to meanChen and Hayes, 1999).

adsorption involves both monomers and dimers at these

coverages (Cheah et al., 1998). The coordination numbers 3 5 Reversibility of Adsorption of Copper Surface-

are less than that found for cobalt on montmorillonite where Associations on the Permanent Charge and Edge

the C(_) Co coordination numbe_rs ranged between 4 a_nd 7 Sites of Montmorillonite

(Papelis and Hayes, 1996). This may be due to the higher

coverage (approximately twice as great) used in the cobalt The reversibility of adsorption on montmorillonite was mea-

study. In addition, this may be due to the formation of surface sured under a variety of Na concentrations and pH values to

precipitates of cobalt under conditions where copper surface delineate the reversibility of complexes formed on the perma-

precipitates do not form. nent charge and edge sites. As shown earlier (see Figs. 1, 2)
Under low background electrolyte concentration and low adsorption on the permanent charge sites is favored at low pH

pH conditions where permanent charge sites on montmoril- and low Na concentrations while adsorption on the edge sites is

lonite are expected to predominate adsorption (see Fig. 2), favored at high pH and high Na concentrations. By performing

the lack of a Cu-Cu peak in the rsfs is consistent with the adsorption-desorption measurements under these conditions

formation of hydrated outer-sphere complexes on these sites(Table 3), the shifts in copper distribution between permanent

(Fig. 4 and Table 1). This agrees with previous studies charge and edge sites can be correlated with reversibility.

showing outer-sphere complex formation for Cu on the The reversibility of adsorption was assessed by adsorption

permanent charge layer of smectites (Brown and Kevan, and resuspension in a solution with half the equilibrium ad-

1988; McBride, 1982). It is also consistent with EXAFS sorption solution concentration. The amount of copper de-

spectra of Co on montmorillonite that, under similar condi- sorbed in the system was then measured by sampling the
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Fig. 6. EXAFS spectra (A) and radial structure functions (B) for copper adsorbed to montmorillonite=dt. Dlsee
Table 2 for details). Dotted lines indicate fit to the data using parameters from EXAFS analysis.

solution after re-equilibration. If adsorption was fully reversible to correspond to a relative decrease in edge site adsorption. In
the copper would be expected to requilibrate to a lower equi- addition, the higher concentration of reactive edge sites at
librium point on the adsorption isotherm. Reversible adsorption pH=6.8 resulted in an increase in adsorption from=pH2 to
should thus have a desorption isotherm that follows the adsorp- 6.8 for the high background electrolyte conditions ([N&]1
tion isotherm. If at least some of the copper is irreversibly mol/L) where edge site adsorption predominates (Figs. 1, 2).
adsorbed, the desorption isotherm will exhibit a steeper slope, Thus, this increase in adsorption with pH can be attributed to
with more adsorbed at lower solution concentrations. By look- edge site adsorption.
ing at the differences in the adsorption and desorption iso- For conditions where edge site adsorption is expected to
therms, the trends in adsorption reversibility as a function of predominate ([Na}0.1 mol/L), irreversible adsorption was
coverage for a given pH and background electrolyte concen- found at both pH4.2 and 6.8. At pH4.2, irreversibility
tration (and thus distribution of copper between edge and occurred at low coverages<QO umoles/g clay; <1.25
permanent charge sites) can be determined (see Table 3). wmoles/nt edge sites) and appeared to level off with more
Figure 7 shows the results of the adsorption-desorption mea- reversibility occurring at higher coverages. While edge site
surements. As expected, for both pH.2 and 6.8 adsorption  adsorption is favored at this Na concentration, the small num-
increases as the Na concentration decreases from 0.1 mol/L tober of reactive edge sites at this pH may allow adsorption to
near 0 mol/L. This increase in adsorption is a result of increased occur on permanent charge sites at higher coverages. For ex-
adsorption on the permanent charge sites and also is expectedample, it may be the edge sites became saturated at low

Table 2. Results of EXAFS analysis of montmorillonite samples prepared under conditions comparable to adsorption-desorption experiments
(Figures 3 and 4).

results of EXAFS fitting

[Na+] adsorbed Cu predominant edge site adsorption cu-0 Cu-Cu
(M) pH  (umoles/g) adsorption sites reversibility N RA) A% N R@A) X A% AE, (eV)

0.00 6.8 150 permanent charge — 3.6 197 0.0044 — — — —29
0.02 6.8 135 permanent charge and edge — 3.7 196 0.0047 0.5 298 0.00802.5
0.10 6.8 33 edge reversible 3.7 196 0.0047 04 296 0.0074-2.0
0.10 6.8 7 edge irreversible 3.7 196 0.0046 0.7 298 0.0075-2.1
0.10 6.8 100 edge irreversible 38 196 0.0052 0.8 297 0.0078-2.9
0.10 6.8 120 edge irreversible 36 196 0.0046 0.7 298 0.0081-2.6
0.005 4.2 140 permanent charge — 3.8 197 0.0047 — — — =25
0.02 4.2 65 permanent charge and edge — 45 197 0.0043 0.4 298 0.00722.3

0.10 4.2 21 edge irreversible 3.6 197 0.0048 0.5 3.00 0.0077-2.9
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Table 3. Experimental conditions for reversibility experiments. increases at low coverages until it reaches a maximum and
subsequently decreases to zero at higher coverages. Simi-

cgﬁ(é';quf;?ig?\n?g?L) [N(‘;’\‘Aﬁ] oH predomlnsailpetsadsorptlon larly, Figure 8B shows the trend at [Nap.1 mol/L and
pH=6.8 where irreversibly adsorbed copper is near zero at
0.5 0.005 4.2  permanent charge low copper coverages and increases at higher coverages.
0.5 0.02 4.2 permanent charge and edge By comparing the trends for the lower Na concentrations
82 838 gg [e)grgrianent charge with those at [NaF0.1 mol/L, the reversibility of adsorption
05 0.02 6.8  permanent charge and edge ON the permanent charge sites can be assessed. If adsorption
0.5 0.10 6.8 edge on the permanent charge sites is irreversible, the adsorption-

desorption isotherms at lower Na concentrations should
show increased irreversibility as indicated by a larger dif-

coverages and the reversibility observed at higher coverages isf€rence between the adsorption and desorption isotherms on

due to adsorption on the permanent charge sites. At {8 Figure 7 and correspondingly higher values of irreversible
and [NaE0.1 mol/L, a region exists where adsorption was COPPer on Figure 8. If adsorption on the permanent charge
predominantly reversible <50 pmoles/g clay; <3.13 sites is reversible, the adsorption-desorption experiments
umoles/n? edge sites) with an irreversible region at higher should show decreased irreversibility as the copper adsorp-
adsorption coverages. Under these conditions, the population oftion shifts from the edge sites to the permanent charge sites.
reactive edge sites is quite high and therefore the trends in From the data it appears the permanent charge sites are
adsorption-desorption at [NaD.1 mol/L can be attributed to ~ reversible. Accordingly, the trend of irreversible adsorption
the edge sites. This is evidenced by the pH dependence ofWith copper adsorption levels at pH.2 and [Naj-0.02
adsorption at all coverages in the adsorption-desorption iso- mol/L shows the same increase in irreversibly adsorbed

therm (e.g., changes in adsorption level at different pHs at copper and subsequent maximum found for [N&]1 mol/L,
[Na]=0.1 mol/L, Fig. 7; also see Fig. 1). however the increase is less dramatic as copper adsorption

As Na concentrations decrease and adsorption on theincreases and the maximum occurs at a higher total adsorbed
interlayer sites increases, the trends in reversibility change. copper level. This is consistent with the expected shift in the
To visualize the trends more clearly, Figure 8 shows the distribution of copper from edge sites to reversible perma-
irreversibly adsorbed copper measured in the adsorption- nent charge sites. For the lowest Na concentration at
desorption isotherms of Figure 7 as a function of the total pH=4.2 ([Na]=0.005 mol/L) it appears the proportion of
amount of copper adsorbed. It should be noted that the copper on the edge sites decreases to such an extent that
desorption experiments did not involve repeated desorption irreversible adsorption never reaches a maximum. A similar
steps and thus were not designed to determine the totalchange in the irreversibility trends with Na concentration
amount of irreversibly adsorbed copper at a given coverage. can be seen at pH6.8 where the increase in irreversible
Rather they show the trends in irreversible sorption as a adsorption found at higher coverages at [N8]1 mol/L
function of coverage. For example, the trend at [N@]1 becomes less dramatic and occurs at higher total adsorbed
mol/L and pH=4.2 explained earlier is shown clearly (Fig. copper levels as the Na concentration decreases (Fig. 8).
8A) with irreversible adsorption increasing as adsorption This is also consistent with increasing adsorption on revers-
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Fig. 7. Adsorption (white symbols) and desorption (dark symbols) of copper on montmorillonite (0.5 g/L)-a4:D(R)
and pH=6.8 (B) with 0.005 M NaNQ (pH 4.20, ), 0.0 M NaNQ, (pH 6.80, ), 0.02 M NaNQ (¢, 4) and 0.1 M NaNQ
(O, m) added. The 95% confidence intervals are less than or equal to the symbol sizes shown in the plot.
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Fig. 8. Irreversibly adsorbed copper on montmorillonite calculated from the adsorption-desorption isotherms in Figure 7.
pH=4.2 (A) and pH=6.8 (B). NaNQ=0.1 M (d); NaNG;=0.02 M (¢); NaNO,=0.0 M (pH=6.8) or 0.005 M
(PH=4.2)©).

ible permanent charge sites and decreased adsorption onsamples (N-0.7—0.8) where irreversible adsorption was found.
edge sites with decreasing Na concentration. When less than 1, increasing coordination numbers have been

Thus the reversibility studies have shown that, under the interpreted to be due to an increase in the proportion of dimeric
conditions studied, adsorption on the permanent charge sites isspecies on the surface (Cheah et al., 1998). A:pt8 the data
reversible while adsorption on the edge sites is both reversible is thus consistent with an increase in the ratio of dimers to
and irreversible depending on the pH and coverage. Irreversible monomers on the surface for the higher coverage samples
adsorption on edge sites occurred at adsorption levels less thanvhere irreversible adsorption was measured.

20 umoles/g (1.25umoles/nt edge sites) at pH4.2 (see, e.g., At pH=4.2 and [Na}0.1 mol/L at coverages (2dmoles/qg)
position of peak irreversibility at [Naj0.1 mol/L in Fig. 8A). where irreversible adsorption was observed the Cu-Cu coordi-
At higher coverages at pH4.2, adsorption was reversibly  nation number was intermediate between the reversible and
adsorbed to edge sites or permanent charge sites. At6p3] irreversible adsorption samples at .8 (N=0.5). For the

adsorption levels less than Hnoles/g (3.13:moles/n?) were [Na]=0.02 mol/L samples at pH4.2 and 6.8, the Cu-Cu
predominantly reversible while at higher coverages adsorption coordination numbers (N0.4 and 0.5 respectively) were sim-
was irreversible as indicated by the dramatic increase in irre- ilar. As expected from the predominance of adsorption on
versibility for [Na]=0.1 mol/L (Fig. 8B). interlayer sites under these conditions, the lowest Na concen-
tration samples (0.005 mol/L at pH4.2 and 0.0 mol/L at
pH=6.8) displayed no second shell Cu-Cu peak and was con-

3.4. EXAFS Spectroscopy of Irreversibly Adsorbed ! ) 4 -
sistent with fully hydrated copper in the interlayer.

Copper Surface Associations on Montmorillonite

To gain insight into the local coordinating environment of 4. DISCUSSION
the irreversibly adsorbed copper on the edge sites of montmo-
rillonite, EXAFS spectra were collected for samples prepared 4 1. Structure of Adsorbed Copper Complexes
under conditions corresponding to reversible and irreversible
copper adsorption observed in Figures 7 and 8. Figures 5and 6 The results of the EXAFS analysis show on the edge sites of
show the EXAFS spectra for p#6.8 and 4.2 respectively and  montmorillonite, copper forms dimers or a combination of
Table 2 shows the results of the fitting procedure. AtH848 monomers and dimers at all the coverages studied. Of the
and [Na}=0.1 mol/L, where adsorption is predominantly on the possible structures of dimers outlined in the literature (Hatha-
edge sites (Fig. 2), spectra were collected for a low coverage way, 1987; Cheah et al.,, 1998) the structure that is most
sample (33umoles/g) where adsorption had very little irrevers-  consistent with the Cu-O and Cu-Cu coordination numbers and
ibility (Figs. 7, 8) and three higher coverage samples (77, 100 interatomic distances (Table 1) is planar double bridged (Fig.
and 120umoles/g) where adsorption was found to be irrevers- 9). This structure is the basic building block of Cu(Qfs) as
ible. All had second shell Cu-Cu peaks, with the sample where evidenced by the similarity of the Cu-Cu interatomic distances
reversible adsorption is expected (38noles/g) having a of Cu(OH),(s) (2.99 A) and the adsorbed dimers (2.98 A).
slightly lower coordination number (N0.4) than the other Consistent with this structure and EXAFS showing 4 coordi-
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Fig. 9. Proposed planar double bridged structure of adsorbed copper

dimers on montmorillonite edge sites and alumina surface hydroxyl
sites. The oxygens are proposed to be from water molecules or oxygen
or hydroxyl sites on the soil surface (Adapted from Hathaway, 1987).

nated oxygens around each copper, dimers on the edge sites of

montmorillonite may be lying in the plane of the surface and  Fig. 10. Hydrated structure of copper characteristic of outer-sphere
coordinated by hydroxyl or oxygen ligands or complexed by a complexes formed in the interlayer of montmorillonite. The hydrated
combination of surface sites and water molecules. The forma- structure separates the copper atoms to beyond the range where Cu-Cu
tion of dimers has been reported by others on montmorillonite interactions can be detected using EXARSE(A).

edge sites using EPR (Hyun et al., 2000), and on the surface of
silica using EXAFS (Cheah et al., 1998). The Cu-Cu inter-
atomic distances for the dimers on silica were significantly ; X
shorter (2.6 A). The lower interatomic distance indicates the 2dsorbed on the edge sites (Fletcher and Sposito, 1989).
dimer structure on silica differs from that on the edge sites of  P€raps a more interesting result is the reversibility trends
montmorillonite. The study by Cheah et al. (1998) proposed found on the edge sites of montmorillonite. The adsorption-

that the dimers on the silica surface were in a square pyramidal 9€S0rption isotherms indicate that copper adsorption on the
structure. edge sites is both reversible and irreversible depending on the

For copper adsorbed on the permanent charge sites of mont-PH and coverage. The irreversibility of adsorption has been
morillonite, EXAFS showed no second shell peak. This is reported for smectite clays but the origin of the irreversibility
consistent with the formation of an outer-sphere complex has not been addressed (McLaren et al., 1983; Wu et al., 1999).

where the copper is surrounded by a shell of at least one |ayerPossibIe explanations include the formation of kinetically irre-
of water molecules with the copper atoms far enough apart such versible multinuclear complex on the edge sites of the clay or

that no Cu-Cu peak appears in the EXAFS spectra. Past spec-as a result of the presence of edge sites of variable affinity, with

troscopic studies of copper adsorbed to the interlayer of smec- the affinity differences among edge sites causing the variation
tite clays (Brown and Kevan, 1988; McBride, 1982) and ©f reversibility with coverage.

EXAFS studies of Co adsorbed to the permanent charge sites The EXAFS spectra collected under the conditions of revers-
of montmorillonite (Papelis and Hayes, 1996: Chen and ible and irreversible adsorption on the clay edge sites served to

Hayes, 1999) resulted in similar conclusions for interlayer €St the hypothesis that multinuclear complex formation is

sorption. The structure is illustrated in Figure 10. causing the irreversibility (Table 2, Figs. 5, 6). At pi8.8 the
Cu-Cu coordination number changed from 0.4 at a coverage

with reversible adsorption (3@8moles/g) to 0.7 to 0.8 at higher
coverages where irreversible adsorption was found (77-120
Based on the adsorption-desorption isotherms, copper ad-umoles/g). This indicates the ratio of dimers to monomers on
sorption on montmorillonite permanent charge sites is revers- the surface increased for the higher coverages where irrevers-
ible. Given the hydrated structure and the weak association, ible adsorption was found. This data is consistent with the
evidenced by the ability of background electrolyte cations to formation of irreversible dimers and reversible monomers on
displace interlayer metal cations, it is not surprising the outer- the montmorillonite edge sites. While dimers are forming at
sphere complexes formed by copper on these sites are reversiow coverages, the low coordination number indicates a large
ible. This is also consistent with previous studies that assessedproportion of the copper is adsorbed as monomers. Lower
the ideality of Me-Na exchange behavior on montmorillonite energy and easily desorbed monomers would be expected to
(Sposito and Mattigod, 1979; Gast, 1969, 1971; Gast et al., desorb preferentially relative to higher energy and less revers-
1969; Sposito et al., 1981; Sposito et al., 1983a, 1983b, 1983c). ibly sorbed dimers. Monomers, in fact, could be the fraction of
These studies found ideal or near-ideal metal exchange be-copper that is shown to be predominantly reversible at low
havoir on smectite clays. The ideal exchange behavior was coverage €50 umoles/g; pH=6.8; [NaJ=0.1 mol/L; Figs. 7,
attributed to adsorption on the permanent charge sites and8). At higher coverages, where the population of dimers in-

deviations in ideality were attributed to small amounts of metal

4.2. The Reversibility of Copper-Surface Associations
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Fig. 11. The structure of montmorillonite clay showing the possible
functional groups and locations of copper edge site adsorption. The
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mation of dimers seems to be the most feasible explanation for
the data at pH6.8 and is a plausible explanation for the data
at pH=4.2 (Figs. 7, 8). At pH=6.8 the formation of irreversible
dimers that increase in number with coverage relative to re-
versible monomers is supported by both the EXAFS data and
the energetics of adsorption. For pH4.2, the EXAFS data are
less conclusive. At this pH irreversibility may be due to dimer
formation or due to formation of monomeric surface complexes
on a high energy site. This conclusion is supported by recent
research on desorption of Co(ll) complexes from kaolinite, a
clay that has only edge sites. Thompson et al. (2000) showed
the fraction of copper desorbed was significantly lower for
samples where multinuclear complexes (hydrotalcite precipi-
tates) formed than for smaller adsorbates. Future research char-
acterizing individual types of edge sites along with more reli-
able methods to distinguish among them will be needed to
provide greater insight into this issue.

5. CONCLUSIONS

shaded circles represent hydroxyl groups, the unshaded circles repre-

sent oxygen atoms and the dark circles represent the central atoms in

the tetrahedral layer (Si or ismorphically substituted metals) or octa-
hedral layer (Al or isomorphically substituted metals).

creases relative to the population of monomers, dimers
likely dominate, thus causing the irreversibility shown for
the higher coverages>60 umoles/g; pH=6.8; [Na]=0.1
mol/L; Figs. 7, 8).

For pH=4.2 at a coverage where irreversible adsorption on
the edge sites was observed (@holes/g; pH=4.2;; [Na]=0.1
mol/L; Figs. 7, 8) the coordination number £N0.5) was inter-
mediate between the reversible and irreversible coverage re-
gions for copper samples at p+6.8. While the coordination
number does not clearly show dimer formation on the edge
sites is correlated with irreversibility at pH4.2, it is likely
explanation for the observed irreversibility.

An alternative explanation for the edge site reversibility
trends is the existence of different types of copper binding sites
on the edges of montmorillonite. For other clays it has been
speculated that adsorption on some sites is irreversible while
adsorption on other sites is reversible (Clark and McBride,
1984). Figure 11 shows the structure of montmorillonite and
the types of edge sites that could be involved with adsorption.
Both SiOH and AIOH sites are believed to be the predominant
sites for formation of metal complexes on montmorillonite clay
edges while the Si-O-Al sites have been speculated to be
involved in binding of metals on other clays (O’'Day et al.,
1994a). It may be the irreversible adsorption found atgkR2
results from complexes formed on a high affinity site present at
this pH. The data at pH6.8 might also be explained by
adsorption to different site types, with reversible adsorption at
low coverage on a pH-dependent site that is not involved in
adsorption at pH4.2 and irreversible adsorption to another
site that could be similar to the aforementioned site atgt2
or another site that becomes important in adsorption at higher
pH. Based on energetic arguments, however, it is difficult to

This study characterized the structure and reversibility of
copper adsorbed to the permanent charge and edge sites of
montmorillonite. Adsorption in the interlayer sites was consis-
tent with outer-sphere complex formation and was reversible.
For the edge sites of montmorillonite adsorption was as mono-
mers and dimers and was irreversible at coverages less than 20
pumoles/g clay at pH4.2 and at coverages greater than 50
pwmoles/g clay at pH6.8. At pH=6.8, Cu-Cu coordination
numbers were higher for irreversible complexes on the edge
sites. This is consistent with the formation of a larger propor-
tion of irreversible dimers with increasing coverage. The coor-
dination numbers at pH4.2 indicates the irreversibility may
be due to the formation of irreversible dimers or due to differ-
ences in the adsorption complexes formed on the various types
of edge sites

In view of the fact that copper sorption behavior on mont-
morillonite as a function of pH and electrolyte concentration is
very similar to other metals such as Pb, Cd, and Co (Strawn and
Sparks, 1999; Zachara et al., 1993; Hayes and Chen, 1999;
Papelis and Hayes, 1996), one might be tempted to conclude
that reversibility trends reported herein might be generalized to
these other metal cations, but studies to date provide conflicting
evidence. In some cases, sorption irreversibility has been noted
and reported to result from the formation of multinuclear spe-
cies or precipitates and increasing aging time (Thompson et al.,
2000; Martinez and McBride, 2000) while in other cases nearly
complete reversibility is noted (Strawn et al., 1998; Strawn,
1999). More work is needed to address sorption reversibility as
a function of metal ion type, coverage, pH and aging time
before such generalizations, if any, can or should be made. In
the broader context of predicting metal ion mobility, bioavail-
ability, and transport in low temperature aqueous geochemical
environments, improvements in geochemical models await fur-
ther studies establishing the structural basis for metal ion sorp-
tion reversibility.
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