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The nature of crystallographic reactive sites on the lepidocrocite (γ FeOOH) surface has been determined by atomic force microscopy (AFM) and extended X-ray absorption fine structure (EXAFS) spectroscopy and compared to the surface bonding properties of goethite. To this end, the specific surface areas of lepidocrocite particles, and of their crystal faces, were calculated from the size and shape of individual particles determined by AFM, and the structure of Cd surface complexes was determined from Cd–Fe EXAFS distances. The combined results show that Cd forms solely mononuclear surface complexes, even at 100% surface coverage, and that hydrated Cd octahedra sorb on basal { 010} and lateral { hk0} , { h0l} faces of lepidocrocite platelets by sharing edges with surface Fe octahedra. The absence, or scarcity, of corner-sharing linkage between Fe and Cd octahedra on the surface of lepidocrocite is in contrast to goethite (αFeOOH), where this type of complex is predominant. The explanation for the observed difference of Cd sorption mechanism on these two polymorphs lies not in the shape and relative surface area of their crystallographic faces, but in their different bulk structures and, specifically, in the stacking mode of anion layers (O2− , OH− ) which is hexagonal in αFeOOH and cubic in γ FeOOH. This study demonstrates that the stacking mode of anions in the sorbent solid is a key factor in determining the structure of surface complexes on mineral surfaces. °C 2000 Academic Press Key Words: Cd; adsorption; lepidocrocite; goethite; EXAFS; X-ray absorption spectroscopy; AFM; atomic force microscopy; surface complex.



INTRODUCTION



Determining the interaction of metals on mineral surfaces is important for understanding metal uptake and partitioning among coexisting mineral phases in the natural environment. Macroscopic studies, based on surface titrations, have led to the development of surface sorption mechanisms, which depend intrinsically on surface complexation models (1–3). In the past decade, our understanding of the actual sorption mechanism of 1
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metals on mineral surfaces has advanced considerably, particularly since atomic scale methods, such as scanning probe microscopy (SPM) and extended X-ray absorption fine structure (EXAFS) spectroscopy, became available (4). Observations by atomic force microscopy (AFM) provide data on the size, shape, and surface microtopography of individual crystallites (e.g., 5–7), from which specific surface area of both particles and individual crystal faces can be quantified (8, 9) and the density of crystallographic surface sites can be calculated (10). EXAFS, on the other hand, allows the direct determination of the distances between the sorbed metal and the sorbent anions (1st atomic shell) and cations (2nd–3rd atomic shells), from which the sorbate–sorbent polyhedral linkage, and hence the nature of reactive surface sites, can be determined (11). At the mineral surface, not all crystallographic surface sites can bind adatoms, and the density of chemically active sites can thus be evaluated from the combination of AFM and EXAFS spectroscopy. Schlegel et al. (12) for the first time used this dual approach to determine the nature and density of Co sorption sites on hectorite layer edges. In the present study, these two complementary techniques are employed to determine the structure of Cd surface complexes and the density of reactive surface sites on lepidocrocite (γ FeOOH). Cd was chosen because of its weak hydrolyzing properties (13), which eliminate surface polymerization effects (11). Lepidocrocite surface properties are compared to those of goethite (αFeOOH), and it is shown that the differences detected by EXAFS spectroscopy can be explained by the hexagonal (hcp) and the cubic (ccp) close packing of the anion layers in goethite and lepidocrocite, respectively. COMPARATIVE STRUCTURE OF GOETHITE (αFEOOH) AND LEPIDOCROCITE (γFEOOH)



Goethite crystals have a prismatic to acicular morphology (Fig. 1a). The crystal faces were indexed in the early 20th century shortly after the invention of X-ray techniques (14, 15), and the original choice of crystallographic axes has been retained (7, 8, 16–18). Natural and synthetic goethite crystals are bounded primarily by {110} faces and secondarily by {100} faces, which
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FIG. 1. Various morphologies of goethite (a) and lepidocrocite (b) crystals. (1) Diamond-shaped morphology of natural (19, 21, 22) and synthetic (20) goethite crystals. (2) Synthetic form obtained by Weidler et al. (7, 8). (3 and 4) Natural goethite specimen from Steeprock Lake, Ontario (3) and from Cornwall (4) (after (16)). (5) Natural lepidocrocite specimen from Eiserfeld, near Siegen, Westphalia (after (16)). (6) From (18) after (53). Representations are not to scale.



run parallel to the length of the crystals (19–22). Vicinal {110} faces generally replace {010} faces, which if present are usually small (16). Goethite needles often terminate in {021} and sometimes in {111} faces, both of which have small relative surface areas. Apart from the study by Szytula et al. (23) the crystallographic structure of goethite has been systematically refined over years in the nonstandard orthorhombic space group Pbnm (cab setting instead of abc) (24–27) in order to preserve the original assignment of crystallographic axes and faces of natural goethite specimen. The goethite structure can be described either in polyhedral or close-packed anionic terms. In the former description, it is viewed as clusters of FeIII O3 (OH)3 octahedra which are OHbridged by edges and form double-chains or ribbons along [001] (see, e.g., Fig. 5 in (38)). These units are cross-linked by their corners (O bridges). Each Fe atom is surrounded by four nearest ˚ and Fe across edges (4 E), two in the [001] direction at 3.01 A, ± ˚ two in the [035] direction at 3.28 A. Fe atoms also have four ˚ The next-nearest Fe neighbors across corners (4 C) at 3.46 A. structure of goethite can be regarded alternatively as an arrangement of O/OH atoms in hexagonal close packing along the [100] direction, with Fe3+ ions occupying half of the octahedral sites (Fig. 2a). The arrangement of successive layers can be described symbolically by . . .AcBcAcBcA. . ., where the capital letters stand for unequivalent crystallographic sites occupied by O/OH groups and the lower case letters represent the positions of Fe (28). The surface structures of {110} and {100} faces are unambiguous because there is only one way to cleave the goethite framework in these planes, that is by breaking corner O bridges (Figs. 2a and 3a). The surface functional groups on these faces customarily are denoted A-type or C-type if they are singly or doubly coordinated to Fe atoms, respectively. Recently, Rakovan et al. (29) calculated ab initio the atomic structure of the {010} surfaces and suggested that the cleavage occurs in the middle of double octahedral rows, i.e., by breaking edge linkages at 12 b



and not at 14 b as erroneously stated in (29) (Fig. 2a). However, {010} faces are infrequent and minute (especially for the Cornwall specimen goethite (16)), implying that they are relatively unstable. This is consistent with the observation that goethite crystallites are often diamond-shaped in cross-section, looking down the needle c axis (19–22) (Fig. 1a). This inconsistency between theoretical models and observation arises because crystallographic faces in Fig. 1 of Rakovan et al. (29) were indexed in the unconventional, and clockwise, cba coordinate system whereas ab initio calculations were performed in the customary, anticlockwise, cab setting (Pbnm space group). Thus, {100} faces were mistaken for {010} by Rakovan et al. (29), and the cleavage through the O plane, which has been assumed in previous surface structure and sorption studies (11, 30–33), is correct. The crystal shape and close-packing structural representation of γ FeOOH are contrasted to those of goethite in Figs. 1 and 2. Lepidocrocite crystals typically have a lath or tabular habitus, elongated in the c direction. Their surface area is dominated by the {010} basal face, but the morphological development of lepidocrocite crystals is generally too feeble and imperfect to allow an easy labeling of lateral faces. According to Peacock (16), “the commoner thin plates show only a pair of minute faces (hk0) and rounded (h0l) surfaces giving various spade-shaped outlines”; apart from {010}, the only other definitely established form is {120}; and the {506} face measured on a few crystals could actually correspond to {101}. Lepidocrocite also contains doublechain units of edge-sharing Fe octahedra, but the double chains are linked by edges instead of corners as in goethite (34–36, and Fig. 5 in (38)). Therefore, each Fe atom is neighbored by six ˚ and two next-nearest nearest Fe through edges (6 E) at 3.08 A, ˚ The stacking sequence of Fe across single corners at 3.87 A. close-packed anionic layers is cubic in lepidocrocite and, therefore, can be symbolized as . . .AcBaCbAcB. . . (28). We will show in this study that the difference in the anionic (OH− , O2− ) stacking mode of the αFeOOH and γ FeOOH structures is the key to understanding the difference in the structure of Cd surface
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FIG. 2. (a) Structure of goethite projected on (001) and anionic packing showing the hexagonal close packed (hcp) arrangement of anions (ABAB) with double rows of filled octahedral sites. The octahedra share edges within the chains and corners between chains. Crystallographic axes are oriented according to the Pbnm setting. (b) Structure of lepidocrocite projected on (001) and anionic packing showing the cubic close packed (ccp) arrangement of anions (ABCABC) with double rows of filled octahedral sites. The octahedra share edges within and between the chains. The trace of the unit cell is represented in the two polyhedral representations.



complexes observed by EXAFS on these two polymorphs. The surface of lepidocrocite contains C-type hydroxyls on {010}, and A-type and C-type functional groups along double chains (Fig. 3b). Unlike goethite, the preferential growth direction of lepidocrocite laths ([001] direction) is perpendicular to the elongation of double chains. CURRENT THOUGHTS ON CADMIUM SORPTION MECHANISM



The sorption mechanism of Cd on the FeOOH polymorphs has been investigated comprehensively in the past five years (11, 37, 38). In their study of the sorption mechanism of Cd on goethite (Gt), Spadini et al. (11) used a large surface area goethite sample (66 ± 3 m2 /g) and recorded EXAFS spectra of samples containing 0.16 (Gt-11%), 1.0 (Gt-65%), and 1.5 (Gt100%) wt% Cd. The surface coverage was varied by 1 order of magnitude, from 11% to 100%. Two Fe shells at ∼3.3 and ˚ were found at low Cd loading, the short Cd–Fe distance ∼3.5 A vanishing with increased surface loading. On the basis of the polyhedral description of the structure of Fe and Cd reference compounds, the short distance was assigned to edge-sharing Cd–Fe surface complexes (labeled E), and the longer distance to double corner-sharing Cd–Fe surface complexes on A-type (labeled 1 C) and C-type (labeled 2 C) functional groups (Fig. 3). The disappearance of the short Cd–Fe EXAFS distance of



˚ (E complex) with increased surface coverage was in∼3.3 A terpreted as the preferential sorption of Cd on needle end faces at low coverage (E {021} ), and subsequent sorption onto planes parallel to the needle elongation (C{100} , C{110} ) at intermediate to high coverage. Indeed, since {021} faces have a much smaller surface area than the {100} and {110} faces, their growth velocity is higher (7) implying that they contain relatively higher affinity surface sites (at least for the sorption of cations). The sorption of Cd on goethite recently was reinvestigated by Parkman et al. (37) and Randall et al. (38). In both stud˚ was found which ies a single Cd–Fe correlation at ∼3.7–3.8 A correlates reasonably well with the expected distance for doublecorner (C) surface complexes, based on the polyhedral approach of Spadini et al. (Fig. 10 in (11)). The slightly lower interatomic ˚ for the C linkage reported by Spadini et al. distance of ∼3.5 A (11) comes from a mistaken determination in their work. The apparent absence of E complexes in the two most recent studies results from the fact that sorption experiments were carried out at higher surface loading, i.e., higher Cd/Fe ratio on goethite crystals with a lower surface area. The proportion of high-energy E complexes was therefore too low to be detected by EXAFS. Parkman et al. (37) and Randall et al. (38) also studied the sorption mechanism of Cd on lepidocrocite. A short Cd–Fe dis˚ characteristic of an E surface complex, was tance of ∼3.3 A, found at all surface loadings. A longer Cd–Fe correlation at ˚ was also inferred, suggestive of a corner-sharing ∼3.7–3.9 A
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FIG. 3. Sorption mechanism of octahedrally coordinated Cd on goethite (a) and lepidocrocite (b). A, B, and C correspond to the anionic layer sequence. Goethite has an hexagonal (ABAB), and lepidocrocite a cubic (ABCABC), anionic close packing. A-type functional groups are singly, B-type triply, and C-type doubly coordinated to Fe atoms. Two types of Cd surface complex can exist, bonded to the edge (E) and to the vertex (C) of one Fe octahedron. The left superscript coresponds to the number of bonds between Fe and Cd octahedra, and the right subscript indicates the nature of the crystallographic plane.



iron shell (C complex). No structural interpretation was proposed by Parkman et al. (37) to explain the difference of EXAFS results for αFeOOH and γ FeOOH, whereas Randall et al. (38) concluded that Cd sorbs, like on goethite, on free Fe edges at the termination of double chains on {001} planes. As said previously, double chains in lepidocrocite are elongated along the [100] and not the [001] direction, and the structural interpretation of Randall et al. (38) is therefore erroneous. This mistaken assignment of Cd surface complexes comes from an inversion of the a and c crystallographic axes in all polyhedral representations of the lepidocrocite structure published in the literature (39–42), except in that of Cornell and Schwertmann (18). Furthermore, we will show in this study that the density of free edge sites at chain terminations is far too low to accommodate as much as 1.21 wt% Cd, which is the maximum sorbed Cd



concentration reported by Randall et al. (38). This deficit in free edges prompts a reexamination of the sorption mechanism for Cd on lepidocrocite. MATERIALS AND METHODS



Cd-Sorbed Lepidocrocite Lepidocrocite was prepared following the protocol given in (42). Briefly, lepidocrocite was formed by oxidizing aqueous Fe(II) from a FeCl2 · 4H2 O salt at pH 6.8. The solid was washed and freeze-dried before use, and its purity was checked by X-ray diffraction. The specific surface area determined by BET using N2 gas is 63.3 ± 1.2 m2 /g. The concentration of surface sites (>[SOH]tot ) that can protonate or deprotonate was
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determined from the release of protons to solution from pH = 3.4 to pHPZNPC = 7.3 (43). >[SOH]tot equaled 0.0923 mmol/g, corresponding to a total density of protonatable sites equal to 0.88 site/nm2 . Sorption experiments were performed in closed reactors immersed in a water bath (25◦ C) and under argon bubbling. Stock solutions were prepared with bidistilled water. The activity coefficients of ionic species were kept constant with NaClO4 . Samples with 100% (Lepi-100%) and 13% (Lepi-13%) surface coverage were obtained by adding 30 and 3 mL, respectively, of a 5 mM Cd solution to 1 g of lepidocrocite suspended in 30 mL of 0.3 M NaClO4 . The Cd solution was prepared by dissolving CdO in nitric acid. Prior to the addition of the Cd solution, the suspension was acidified to pH 6 by the dropwise addition of 0.2 M HClO4 . The final pH of 7.5 was reached by adding slowly a 0.01 M NaOH solution from a pH-stat apparatus overnight. The two samples were washed twice with 0.3 M NaClO4 , and then with bidistilled water. The concentration of sorbed Cd was determined using inductively coupled plasma atomic emission spectroscopy to be 1.5 × 10−5 mol/g for Lepi-13% and 11.5 × 10−5 mol/g for Lepi-100%, indicating that 100% of solution Cd was sorbed on the former sample and 77% on the latter. AFM Images of particle morphology were obtained using a Digital Instruments Nanoscope IIIa Multimode Scanning Probe Microscope in TappingMode (TMAFM) under ambient conditions (23◦ C and 41% relative humidity). Etched silicon tips (Digital Instruments, Inc.) with an average force constant of 38 N/m were used. Lepidocrocite particles (Lepi-13%) were suspended in ∼3 mL of deionized water in a glass vial and sonicated for 15 s. A few µL were pipetted from the top of the suspension volume after ∼10 s of settling time. This solution was dropped onto a sheet of muscovite preheated on a hotplate to ∼60◦ C and freshly cleaved with adhesive tape immediately prior to depositing the suspension. Images of 1–2 µm2 in area were scanned typically at 0.75 Hz. Larger imaged areas were scanned at 0.5 Hz and smaller images, a few hundred nm2 , at 1.5 Hz. The AFM was allowed to come to thermal equilibrium for approximately 3 h prior to capturing images used to make morphological measurements in order to avoid image distortion due to scanner drift at these low scan rates. Particle dimensions were determined using cross-section measurements. Care was taken to minimize error in width and length measurements caused by the asymmetrical tip shape for particles of at least a few tens of nm thickness. For example, vertical {100} faces on the right sides of particles elongated perpendicular to the scanning direction showed apparent slopes of ∼55◦ , corresponding to the slope of the front edge of the tip as it scans from right to left, and the same faces on the left sides of the particles showed steeper slopes of ∼80◦ . Therefore, particle widths and lengths were determined between points marking the intersection of upper and edge surfaces in cross-sections and



not those marking the intersection of the edges with the mica substrate. There is some error in these dimensions, given the apparent or real rounding of particle edges where two faces meet. It is not known how much of this rounding is caused by subtleties in the tip shape at this smaller scale or true blunting of edges because of the variable pH of the synthesis and/or titration solutions. Uncertainties in absolute dimensions of particles, however, are much smaller than the range of particle sizes and shapes. EXAFS Cd K-EXAFS spectra were collected at ambient temperature on Station 9.2 at the synchrotron radiation source (SRS) at Daresbury, U.K. A 13-element Ge solid-state detector was used to record Cd K-edge fluorescence-yield EXAFS spectra. Counting times were adjusted to obtain at least 106 good counts per energy step at energies above the Cd K edge. EXAFS spectra (χ (k)) were derived from raw absorption spectra by modeling the postedge atomic absorption background with a two-range spline, and normalizing the amplitude to the absorption jump (1µ). Radial structure functions (RSFs), uncorrected for phase shift, were obtained from the Fourier transform of k 2 -weighted EXAFS spectra using a Kaiser window (44). Interatomic distances (R) and coordination numbers (CN) for the first oxygen shell (Cd–O pair) and for the Fe shells (Cd–Fe pairs) were calculated by leastsquares minimization of theoretical to experimental Fourierfiltered EXAFS contributions. Phase and amplitude functions for Cd–O and Cd–Fe pairs were calculated with the FEFF 7.01 code (45) from a Cd-doped lepidocrocite theoretical standard. RESULTS



AFM TMAFM images show that the lepidocrocite is dominantly multidomainic and that individual particle morphology is highly variable (Fig. 4). Multidomainic crystals are typically obtained using the synthesis procedure of Schwertmann and Cornell (42) and indicate a relatively rapid rate of formation. These crystals are relatively large and occur as either a series of elongated laths joined on {100} faces with only minor separation at their ends (Fig. 4a,b) or more rarely as a central nondomainic region with separated protruding laths at either ends as described by Cornell and Schwertmann (18). Small single crystals have tabular or lathlike shapes with {010} basal faces, {100} lateral faces, and dominantly {001}, {101}, or {102} terminations (Fig. 4c). Other terminating faces observed in the c direction included {103} and {201}. Terminating faces on multidomainic crystals are similar to those of the single crystals, although {001} faces dominate over {h0l} faces. Rounded ends as described by Peacock (16) commonly were observed. Some particles appeared to be completely blunted at their ends (Fig. 4e). Blunting of the serrated ends of multidomainic crystals can take place at high pH (46), which may have occurred locally during the synthesis and/or Cd sorption titrations. The surface area of our lepidocrocite (63.3 m2 /g) is close to that of 67 m2 /g reported by Weidler (47) for
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FIG. 4. TMAFM images of multidomainic (a, b) and small monodomainic lepidocrocite particles (b, c). Maximum particle heights are (a) 149 nm and (b) 87 nm. Particle heights in (c) are 4.50 and 2.53 nm as determined in cross-section (d). Small monodomainic particles represent the high specific surface end-member. Blunted multidomainic particles (e) represent the low specific surface end-member. Average height of particle in (e) is 75 nm. Magnetite with cubic crystal forms is associated with some lepidocrocite particles (f).



multidomainic crystals with 13% of the surface area described as micropores of ∼1.5 nm width. Some images contain a few particles with cubic or octahedral morphologies indicating a cubic crystal structure (Fig. 4f). These crystals are associated with lepidocrocite morphologies



typical of aging transformations observed in high pH KOH solutions (Fig. 2b in (46)). Although lepidocrocite can form cubic crystals at extreme pH or in the presence of Si (46), interaction of the lepidocrocite powder with a magnet indicated that some magnetite is present. Magnetite can form under locally high pH
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TABLE 1 Specific Surface Area and Sorption Density of Cd on the Various Crystallographic Faces of Lepidocrocite This study



After (38)



Crystallographic faces



Maximum theoretical sorption density



Specific surface area (m2 /g)



Exp. sorption densitya



Specific surface area (m2 /g)



Exp. sorption densitya



{010} {100} {001}



a 1 Cd per 23.8 Aa2 1 Cd per 36.3 Aa2 1 Cd per 38.5 A2



47.3 11.3 4.7



a 1 Cd per 68 Aa2 1 Cd per 16 aA2 1 Cd per 7 A2



82.3 4.0 1.7



a 1 Cd per 127a A2 2 1 Cd per 6 A a 1 Cd per 2.6 A2



a



Experimental sorption density assuming that Cd sorbs only on one face.



conditions, obtained during the titration with base in the synthesis procedure (p. 84 in (42)). The XRD analysis showed no phases other than lepidocrocite, indicating that magnetite comprises less than a few percent of the sample. Using a measured particle diameter of ∼150 nm, the surface area of the magnetite is estimated at 7.7 m2 /g. Given the broad range in lepidocrocite size and morphology (e.g., Fig. 4) observed in images of 26 isolated particles, we measured the dimensions of individual particles selected to provide lower and upper bounds to the range of specific surface areas. Literature data comparing BET surface areas with particle morphologies as observed by SEM and TEM and our own AFM observations support the conjecture that the dominant particle morphology is that of multidomainic crystals with serrated ends (39, 46). Using AFM images to determine specific areas of multidomainic particles with a large number of domains of varying sizes is a difficult task. Therefore, we determined specific surface areas on particles with no or few protruding laths at their ends. The lower bound to specific surface area was determined on large particles, 45–75 nm thick, that were assumed to lie on the {010} surface based on the morphology of the end laths (e.g., Fig. 4e). The upper bound to specific surface area was determined on small monodomainic particles that rested on the {010} surface (small particles around large multidomainic crystal in Fig. 4b) as demonstrated by thicknesses of four to seven layers in b (2.5–4.4 nm). Five particles, measured to provide the lower bound to specific surface area, yielded average particle length, width, and thickness of 270 ± 43, 96 ± 10, and 55 ± 13 nm. The average total specific surface area was 16.7 ± 1.9 m2 /g (range of 14.7–18.8 m2 /g), with 9.5 ± 2.0 m2 /g on the {010} faces, 5.3 ± 0.6 m2 /g on {100}, and 1.9 ± 0.4 m2 /g on {001}. Thirteen particles were measured to provide the upper limit of specific surface area. These had average length, width, and thickness dimensions of 52 ± 23, 24 ± 9, and 3.6 ± 0.8 nm, producing an average total specific surface area of 186 ± 36 m2 /g (range of 135–239 m2 /g). Specific surface areas of the {010}, {100}, and {001} faces were 147 ± 38, 27 ± 10, and 12 ± 5 m2 /g, respectively. In order to account for the BET surface area of 63.3 m2 /g, at a minimum a two end-member model representing the range of surface areas is needed. Using the specific surface areas of the



two end-members given above, 72.5% of the lower bound value and 27.5% of the upper bound value are needed to account for the measured BET surface area. Thus, the mean surface areas of the {010}, {100}, and {001} faces are 47.3, 11.3, and 4.7 m2 /g, respectively (Table 1). The contribution to total specific surface area of a few weight percent magnetite would be insignificant to this calculation. EXAFS Cd K-EXAFS spectra of Lepi-100% and Lepi-13% are essentially identical and they are compared in Fig. 5 to the Cd-sorbed goethite reference Gt-65% from Spadini et al. (11). Figure 5



FIG. 5. k 2 -weighted Cd K-edge EXAFS spectra of Cd-sorbed lepidocrocite compared to Cd-sorbed goethite.
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shows that the two Fe oxyhydroxide polymorphs do not have the same spectral envelope and wave frequency. Since sorbed Cd is 6-fold coordinated with oxygen on αFeOOH and γ FeOOH, these spectral differences must originate from differences in Cd–Fe interactions and, therefore, suggest that Cd does not form the same kind of surface complex on the two minerals. In general, the spectra for lepidocrocite samples have a higher amplitude than for goethite, and this difference will be shown to result essentially from a higher Cd–Fe contribution in the γ form. The shift in frequency observed on the right side of the ˚ −1 (see arrows in three first oscillations at about 4, 6, and 8 A Fig. 5a) suggests a modification of Cd–Fe interatomic distances. This is confirmed below by least-squares spectral analysis. Figure 6 compares RSFs for Lepi-13% and Lepi-100% together with the two Cd-sorbed goethite references Gt-11% and Gt-65% (11). Peak P1 corresponds to the Cd-O pair, and the least-squares fit of this contribution yielded d(Cd–O) = 2.24– ˚ (Table 2). This value is similar to those determined pre2.25 A ˚ Parkman et al. (37) viously by Spadini et al. (11) (2.25–2.31 A), ˚ and Randall et al. (38) (2.25–2.26 A) ˚ and is character(2.28 A), istic of 6-fold coordinated Cd. Cd-sorbed lepidocrocite and goethite exhibit contrasting second and third shell interactions. For goethite, two peaks, labeled P2 and P3 in Fig. 6, are observed at low surface coverage, and only one (P3) is observed at high loading. Previous investigators (11, 37, 38) showed that peak P2 corresponds to edge-sharing



FIG. 6. Radial structure function (RSF) of Cd-sorbed lepidocrocite and goethite. Peak P1 corresponds to the Cd–O interaction in the first coordination sphere, P2 to the edge-sharing Cd–Fe interaction, and P3 to the corner-sharing Cd-Fe interaction.



TABLE 2 Structural Data for Cd from EXAFS



Sample γ FeOOH-13%



Atomic shell



˚ CN σ (A) ˚ 1E (eV) R (A)



Rp



O shell One-shell fit Fe shell One-shell fit Two-shell fit



2.24 3.29 3.29 3.9



5.4 2.7 2.5 1.0



0.10 0.11 0.11 0.12



−4.0 −7.2 −7.3 −7.3



0.006 0.04 0.03



γ FeOOH-100% O shell One-shell fit Fe shell One-shell fit



2.25 3.28



5.0 1.8



0.11 0.12



−5.2 −9.9



0.005 0.06



Note. R is interatomic distance, CN is coordination number, σ is the Debye– Waller factor, 1E is the shift in threshold energy relative to FEFF phase shift P function, and Rp is the figure of merit for the spectral fitting Rp = (k 3 χexp −a P 3 3 2 2 k χth ) / (k χexp ) . Uncertainty in CNO is estimated to ±1, in R to ±0.02 A for the oxygen shell and to ±0.05 for the first Fe shell. Uncertainty in CNFe is more difficult to evaluate (see text for discussion); it may be ±1 for Lepi-13% and is probably higher for Lepi-100%.



Cd–Fe (E surface complex) and peak P3 to double-corner sharing (C surface complex) interactions (Fig. 3a). The disappearance of peak P2 with increasing sorbate concentration in goethite results from the low proportion of the high-affinity E surface complex at intermediate to high surface coverage. Stated another way, the absence of peak P2 at high Cd loading of goethite does not mean that the E complex no longer exists, but its proportion is too low to be detected by EXAFS because this technique yields an averaged picture of all atomic environments of a given atomic species. Only one second-shell contribution is detected for γ FeOOH at 13% and 100% surface coverage. Another noteworthy difference between Cd on γ FeOOH and αFeOOH is the unusually high amplitude of the second peak in lepidocrocite, especially at high loading. The enhancement of this contribution mainly accounts for the increase in the amplitude of the EXAFS signal noted earlier. The absence of peak P3 for Cd on γ FeOOH, the high amplitude of peak P2, and its invariance with the surface loading clearly indicate that Cd bonds differently on lepidocrocite than on goethite. Quantitative information on the local structure and the nature of bonding of Cd complexes on γ FeOOH was obtained by simulating Cd–Fe contributions after inverse Fourier filtering peak P2 in the RSFs. For Lepi-13%, the best one-shell fit was ob˚ (Fig. 7a, Table 2). The quality of the tained with 2.7 Fe at 3.29 A fit is fair, but a phase mismatch between theory and data is observed at low and high k values. A slightly better fit was obtained ˚ (Fig. 7b), but since the by adding a second shell of 1 Fe at ∼3.9 A number of adjustable parameters increases with the number of atomic shells, the existence of this second shell is less conclusive. Our results agree with those of Parkman et al. (37) and Randall et al. (38). The first authors found that Cd is surrounded in aver˚ in γ FeOOH, and a second Fe shell contribuage by 2 Fe at 3.31 A ˚ was inferred. Randall et al. (38) also tion of about 1 Fe at ∼3.77 A reported that the EXAFS signal is dominated by the contribution ˚ and they postulated the existence of ∼1.1–1.5 Fe at 3.26–3.30 A,
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and this apparent loss of atomic neighbors may not necessarily correspond to a structural decrease of Fe neighbors (i.e., change of Cd surface bonding), but may also reflect an increase in surface disorder with increasing surface coverage, due to a greater variability of Cd atomic positions. Also, the fact that ˚ vs Cd2+ has a much greater ionic radius than Fe3+ (1.03 A ˚ (48) probably contributes to increase the static disor0.64 A) der by increasing the incoherency in Cd–Fe distances on the lepidocrocite surface. These considerations are supported by the relatively high value of the Debye–Waller disorder term, σ , ˚ for Cd–Fe pairs. When which varies between 0.10 and 0.12 A ˚ the classical assumption of a Gaussian distribution σ > 0.12 A, of interatomic distances becomes incorrect (49) and EXAFS results exclude the full distribution of interatomic distances, leading to CNEXAFS < CNstructural . Consequently, it is perhaps unwise to give too much weight to CN calculations, and CNFe values of 1.8 (Lepi-100%) and 2.5 (Lepi-13%) probably correspond to minimum structural values.



DISCUSSION



Nature and Theoretical Density of Surface Sites



FIG. 7. Fourier filtered Cd–Fe contribution to EXAFS for Lepi-13% (a, ab) a and Lepi-100% (c). (a) One-shell fit by assuming a2.7 Fe at 3.29a A (σ = 0.11 A). (b) Two-shell fit a by assuming 2.5 Fe at 3.29 A (σ = 0.11 A)a and 1.0 Fe aat a 3.9 A (σ = 0.12 A). (c) One-shell fit by assuming 1.8 Fe at 3.28 A (σ = 0.12 A).



˚ As stated above, of a higher Fe shell contribution at ∼3.8–3.9 A. ˚ the Cd–Fe distance of ∼3.3 A is characteristic of the E surface ˚ of the C surface complex, and the Cd–Fe distance of ∼3.8 A complex (11). An optimal one-shell fit for Lepi-100% was obtained by as˚ (Fig. 7c). As for Lepi-13%, a twosuming 1.8 Fe at 3.28 A shell fit was attempted, but, owing to the lower amplitude of the Cd–Fe EXAFS signal in this sample, the second Cd–Fe contribution is weak and the two-shell fit was less robust (results not shown). The lower number of Fe nearest neighbors in Lepi100% (1.8) compared to Lepi-13% (2.5–2.7) is consistent with the drop in amplitude of peak P2 with increasing Cd loading observed on the RSFs (Fig. 6). A similar observation was made by Spadini et al. (11) for Cd-sorbed ferrihydrite and goethite,



The {100} plane of lepidocrocite contains Fe octahedra that have free edges, thus Cd almost certainly forms a surface complex on this plane (Fig. 3b). Figure 8a shows that this plane contains four surface Fe atoms per bc unit cell surface area ˚ 2 . Since un˚ 2 ), which makes 1 Fe site per 12.1 A (12.5 × 3.87 A der our sorption conditions Cd atoms form only mononuclear surface complexes, even at 100% surface coverage, Cd atoms sorb, at most, on one of every three sites, which corresponds to ˚ 2 (i.e., 2.7 Cd/nm2 ) a maximum density of 1 Cd site per 36.3 A 4 (Table 1). On {010}, Cd can form an E or a 2 C surface complex, as indicated in Fig. 2b. The possible formation of an E-type complex on the basal surface of γ FeOOH must be emphasized because such a complex does not form on the basal surface of αFeOOH. In the AcBaC cubic layer sequence of γ FeOOH, Fe octahedra in two successive c − a positions share an edge, whereas in the AcBcA hexagonal layer sequence of αFeOOH, the two successive octahedra share a face (F complex) (Figs. 2a and 3a). Therefore, no E complex can form on the large {100} and {110} faces of αFeOOH, only a C complex. Since the {010} face is the largest face for γ FeOOH, and Cd octahedra are essentially bridged through edge-sharing to Fe surface octahedra regardless of the surface coverage (cf. EXAFS results), then the 4 E surface complex should predominate over 2 C on this face. Figure 8b shows that the {010} plane contains one 4 E site per ˚ 2 ), which correac unit cell surface area (3.08 × 3.87 = 11.92 A ˚ 2 (i.e., 4.2 Cd/nm2 ) sponds to a maximum of 1 Cd site per 23.8 A in order to avoid the formation of Cd–Cd pairs (Table 1). As indicated in Figs. 3b and 8c, Cd can form an E or a C complex on {001}. These two complexes have the same theoretical ˚ 2 (i.e., 2.6 maximum density of 1 Cd per 3.08 × 12.50 = 38.5 A Cd/nm2 ).



INFLUENCE OF Fe-OXYHYDROXIDE STRUCTURE ON Cd SORPTION



FIG. 8. Maximum density of surface crystallographic sites on {100} (a), {010} (b), and {001} (c) faces of lepidocrocite. Cd octahedra are represented in dark grey and Fe octahedra in light a a grey. The unita cells are represented by dashed lines: a = 3.08 A, b = 12.50 A, and c = 3.87 A.
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and that it does not form Cd–Cd pairs (Table 1). Clearly, if Cd sorbs on only one of the sets of edge faces, or even on all edge surfaces, it must do so to some extent as Cd–Cd pairs, which are not observed in the EXAFS data. Therefore, sorption onto the basal {010} surfaces must occur and can explain the higher density of reactive sites measured with Cd (1.09 Cd/nm2 ) than by deprotonating the surface via base titration (0.88 sites/nm2 ). Indeed, (010) faces contain structural hydroxyl groups, which are not deprotonated in the 3.4 –7.3 pH range, similar to B-type groups on goethite (50, 51). Thus, titrating the surface with base leads to underestimation of the density of surface OH groups reactive toward Cd sorption. If Cd is assumed to sorb exclusively on {100} or {001} lateral planes, then the demonstration of the importance of sorption onto the {010} planes is even stronger. For example, Randall et al. (38) postulated that Cd sorbs only on {001} (or actually on {100} owing to the inversion of axes). On Lepi-100% this is impossible because it corresponds to an experimental maximum density of ˚ 2 as compared to a theoretical maximum value of 1 1 Cd per 16 A ˚ 2 (Table 1). The same reasoning can be applied to site per 36.3 A the lepidocrocite sample studied by Randall et al. (38). The mean thickness of their lepidocrocite particles was not reported, but it can be estimated from average length and width values (300 and 125 nm, respectively) and from the BET specific surface area of 88 m2 /g. The calculation yields an average thickness of 6 nm, which corresponds to a specific surface area of 4 m2 /g for {100} and 1.7 m2 /g for {001} faces (Table 1). From these values, it is possible to calculate the maximum experimental density of Cd on edge sites for the richest Cd-containing sample studied by Randall et al. (1.21 wt% (38)). This calculation yields 1 Cd site ˚ 2 for {001} (Table 1). The ˚ 2 for {100} and 1 site per 2.6 A per 6 A experimental Cd site density obtained by assuming that all Cd sorbs on the termination of lepidocrocite laths is therefore more than 1 order of magnitude greater than the calculated maximum crystallographic density. Sorption Mechanism



Density of Surface Sites Calculated from Solution Chemistry and AFM The theoretical densities of surface sites, calculated above for the different crystallographic planes, can be compared to experimental values calculated from solution chemistry and AFM. The maximum amount of Cd, which could be sorbed on γ FeOOH (Lepi-100%), was 11.5 10−5 mol/g. For a specific surface area of 63.3 m2 /g as determined by BET, the maximum sorption density ˚ 2 (i.e., 1.09 Cd/nm2 ). If all of the Cd sorbed equals 1 Cd per 92 A onto only one set of crystal faces, the maximum sorption den˚ 2 for the specific sities would be 1 Cd atom per 68, 16, and 7 A surface areas of the {010}, {100}, and {001}faces, respectively, determined from the AFM measurements (Table 1). These experimental values can be compared with theoretical predictions ˚ 2 on {100}, ˚ 2 on {010}, 1 site per 36.3 A of 1 site per 23.8 A ˚ 2 on {001} obtained by assuming that Cd and 1 site per 38.5 A sorbs on all possible surface sites of all crystallographic planes,



From the results given above it is obvious that the sorption mechanisms for Cd on goethite and lepidocrocite are distinctly different. While it is clear that surface sorption by edge-sharing is only evident at low coverage for goethite, sorption by this mechanism is also observed at 100% coverage for lepidocrocite. Our calculation of surface site densities shows that there are not enough surface sites available on edge faces of lepidocrocite crystallites to account for all of the sorbed cadmium. Therefore, the explanation of the large number of E complexes (CN ∼ 1.8– ˚ on γ FeOOH as compared to 2.5 and Cd–Fe distance of ∼3.3 A) αFeOOH must be related to a difference in structure of goethite and lepidocrocite, and specifically to the difference of the stacking mode of anion layers. The four proposed Cd surface complexes on γ FeOOH, namely, 3 E {100} , 4 E {010} , 2 E {001} , and 2 C{001} , are represented in Fig. 3b. The figure shows that edge-sharing surface complexes can form on all crystallographic planes by preserving the anionic
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layer sequence of the substrate. The formation of 2 C{001} is theoretically possible, but close examination of Fig. 3b shows that anions (O, OH, or H2 O) of the sorbent and of the sorbate are no longer close-packed (see empty arrow). Thus, the formation of a 2 C{001} complex leads to a structural defect, and this complex should be energetically less stable than 2 E {001} . The same reasoning can be applied to αFeOOH. On {100} and {110} faces, the formation of an 2 E complex results in an ABC layer stack, and sorbate OH or H2 O ligands in the C position are no longer close-packed with O/OH anions from the sorbent which are in A positions (see empty arrow in Fig. 3a). Therefore, this comparative study of the sorption mechanism of Cd on αFeOOH and γ FeOOH suggests that the stacking mode of anions in the sorbent structure exerts a strong control on the structure of surface complexes on mineral surfaces. A parallel analysis can be made with the epitaxial growth of Co magnetic films on single-crystal Cu surfaces. The structure of Co is hexagonal close-packed (hcp, ABAB), whereas that of Cu is face-centered cubic (fcc, ABCABC). The stacking sequence of the first three Co layers deposited on a C-type surface of the Cu substrate was determined by polarization-dependent EXAFS (52). The first two Co layers were shown to sorb on A and B sites, thus extending the Cu fcc lattice (i.e., ABCABC-AB), but the third Co layer sorbed on A sites, initiating a hcp stacking sequence (i.e., ABCABC-ABA). ACKNOWLEDGMENTS The authors acknowledge scientific advice from four anonymous reviewers. K.V.R. thanks Le Centre National de la Recherche Scientifique (CNRS) for a visiting fellowship during the summer of 1999. We are grateful to the SRS at Daresbury (U.K.) for the provision of beamtime. K.L.N. thanks the U.S. Department of Energy/Environmental Management Science Program for funding under Grant DE-FG07-97ER14834.
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