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Abstract—Interactions between oxide minerals and natural organic matter affect metal adsorption properties
of mineral surfaces, but the mechanisms of metal bonding are not well understood. Extended X-ray absorption
fine structure (EXAFS) spectroscopy analyses were performed on aqueous pastes containing Cu(ll) and
goethite (-FeOOH) with humic acid adsorbed at 0, 14, 28, 57, 88, 216, and 236 §daethite, and with
aqueous suspensions of humic acid only. Analyses were conducted at the Cu K edge with 40 mmol Cu(ll)
kg~ * goethite or 2 mmol Cu(ll) kg* suspension for the humic acid system. Samples were equilibrated at pH
5.6ina 0.1 M NaNQ background electrolyte. For all systems, analysis of EXAFS results suggests that Cu(ll)

is present in a distorted octahedral configuration containing four short equatorial (1.94—1.97 A) and two longer
axial bonds with oxygen. When the concentration of adsorbed humic acid on goethite was increased from 0
to 28 g kg%, the axial Cu-O bond length decreased to 224.03 A, which was less than for individual
humic acid (2.32+ 0.02 A) or goethite (2.29- 0.03 A) samples. The apparent decrease in the axial Cu-O
bond length was attributed to a decrease in the ligand field splitting energy. When humic acid ligands replace
equatorial water molecules in the Cu(ll) coordination sphere, a weaker ligand field strength occurs. For
absorbed humic acid up to 88 g kfgoethite, second-shell iron neighbors were observed between 3.17 and
3.20 A, suggesting that Cu(ll) was bonded on average to both inorganic (goethite) and organic (humic acid)
functional groups. In addition, derivative X-ray absorption near edge structure (XANES) spectra for Cu(ll) on
goethite—humate complexes 88 g kg 1) were poorly fit by use of a linear combination of spectra for Cu(ll)

on goethite or humate alone. At humate concentrations between 216 and 236 gdaghite, second-shell

iron neighbors could not be identified, and the Cy;Q distance (2.32+ 0.02 A) and derivative XANES
spectra strongly resembled that of Cu(ll) adsorbed to humate only. Analysis of the XANES and EXAFS data
suggested that Cu(ll) was bonded on average to both inorganic and organic functional groups as a type A
ternary complex at lower levels of adsorbed humate, and to organic groups as a type B complex at higher
levels. Copyright © 2001 Elsevier Science Ltd

1. INTRODUCTION tive binding at high-affinity sites such as amine, polyphenol,
and sulfhydryl groups (Stevenson, 1994). The molecular con-

In S.O'tls(’j ph:/lilosmcage an(:t oxu(j)e gwlnegl;Sareoofteq fount(tj figuration of metal bonding to humic acid is difficult to assess
associated with organic matter (Oades, )- Organic ma erexperimentally. Humic acid also binds strongly to iron oxide

%r;lmlgera:hsu:;ac;ﬁtat cr?dn(;(ient:/at:lorési”?s Ic;w ar]stlrg;grtiln%tly d mineral surfaces by inner-sphere surface complexation
uence the mobility a oavallability ol contaminants ad- (McBride, 1994). Thus, in a system consisting of organic

sorbed in soil (Bertsch and Seaman, 1999). Associations in- . . . . -
matter associated with a mineral surface, possible binding

volving humic acid, a chemically reactive fraction of natural . - .

] . arrangements include metal cations bonded to the mineral
organic matter, have been found to affect the adsorption of . .

. . . ) . . surface only, metal cations bonded to adsorbed organic matter
organic and inorganic contaminants to mineral surfaces (Davis, g

. that is itself bound to the surface (type B ternary complex), or
1984; Schellenberg et al., 1994). . . . o

a bonding arrangement that involves cation bridging between

Iron, aluminum, and manganese oxide minerals are particu- . . ) .
clay and organic bonding sites (type A ternary complex; Fig. 1;

larly important in soils because of their high (pH dependent) McBride. 1994
affinity for heavy metal cations and oxyanions, which often cbrae, 1° )- . )

bond through inner-sphere surface complexes (Bertsch and 't 1S Possible that the solubility of Cu(ll) observed in mac-
Seaman, 1999). Certain metal cations such as Cu(ll), Hg(ll), roscopic e>.(per|r'nents may stem from the reactivity of specific
and Pb(ll) also have a greater bonding affinity for humic acid Metal binding sites. For example, Tipping et al. (1983) found
than other cations (Kerndorff and Schnitzer, 1980). The heter- that Cu(ll) sorption increased when humic acid was adsorbed to
ogeneous nature of humic acids causes the metal binding prop-90€thite. The binding was attributed to higher energy sites
erties to be very complicated. For example, Cu(ll) bonds more created by the interaction between goethite and humic acid,
strongly to natural organic matter at low levels of Cu(ll)y rather than from additional sites contributed by the humic acid.
(Buffle, 1988). This phenomenon has been attributed to selec- At the molecular level, the structure of such binding sites may
involve ligands containing inorganic and organic functional
groups that form type A ternary complexes. In contrast, Davis
*Author to whom correspondence should be addressed (dean_(1984) found that the sorption of Cu(ll) tg-Al,O; in the
hesterberg@ncsu.edu). presence of adsorbed organic matter was similar to that for
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Inner-sphere

Fig. 1. lllustration of some possible bonding configurations of Cu(ll) on goethite—humate complexes: inner-sphere
complexation of Cu(ll) at goethite sites, and type A and B ternary complexes.

dissolved Cu(ll)—organic complexes. This result suggested that
on the molecular level, type B complexes may have formed,
where the cations bond to the adsorbed organic matter. Rob-
ertson and Leckie (1994) found that pH-dependent Cu(ll) bind-
ing in mixtures of goethite and humic acid was not a simple
linear combination of binding properties of the single compo-
nent systems, but Cu(ll) binding by humic acid was diminished

2. EXPERIMENTAL METHODS
2.1. Synthesis and Characterization of Goethite

Goethite (-FeOOH) was synthesized by oxidizing dissolved EeCl
4H,0 for 48 h (Schwertmann and Cornell, 1991). Poorly crystalline
iron oxide phases were removed by reacting the goethite with a mixture
of 0.2 M NH,C,O, + 0.2 M HC,O, in the dark fo 2 h (Kunze and
Dixon, 1986). The goethite was washed onceéwtitV NaCl to remove

by the presence of goethite. The authors offered the possibility dissolved oxalate and washed multiple times with deionized water to
that goethite competes with Cu(ll) for humic acid binding sites. reduce the ionic strength. The mineral was concentrated into a paste

The aim of the present research was to better understand onand reacted with 30% 4, and heated to 85°C for 10 min to remove
P surface-bound organic residues. After washing with deoxygenated and

amolecular level the nature of metal bonding in a clay—organic deionized water, the dispersed goethite was gravity settled and the

complex, specifically Cu(ll) on goethitex{FeOOH) with ad-

<2-um fraction collected (Gee and Bauder, 1986). The stock suspen-

sorbed humic acid. Molecular-scale research has addressedion of the<2-um fraction containing 36.3 g goethite kgin deion

binding of organic matter to mineral surfaces and metal bond-
ing to clay and oxide minerals or organic matter, but few have
performed a structural analysis of metal bonding in clay—
organic systems. EXAFS studies of Cu(ll) bonding at goethite
surfaces (Bochatay et al., 1997; Parkman et al., 1999) and by
humic acids (Xia et al., 1997; Korshin et al., 1998) showed that
Cu(ll) forms a distorted octahedron with the extent of distortion
differing between the two sorbents. One study involving Cu(ll)
bonding with illite—humate complexes suggested that Cu-O

distances were less than those in the absence of adsorbed humig

acid (Hesterberg et al., 1997).

The objective of this study was to determine whether Cu(ll)
bonding with goethite—humate complexes primarily involves
coordination with inorganic or organic binding sites, or with
unique sites that involve both inorganic and organic functional
groups.

ized water was stored at 3°C. A representative subsample of the stock
suspension was freeze dried and analyzed by X-ray diffraction (&o K
radiation) to confirm the mineralogical purity. The final goethite sample
surface area, measured by the single-point BET method (Quantachrome
Monosorb), was 93 3 nm? g~ *. Organic carbon (5.g C kg %) on the

dried samples was measured by the Walkley Black method (Nelson and
Sommers, 1996).

2.2. Soil Collection and Humic Acid Extraction

Soil samples were collected from a creagghrtina alterniflorasalt

arsh located on the west bank of the Newport River Estuary
4°43N, 76°40W) near Morehead City, North Carolina, USA
(Broome and Craft, 2000). The wet samples were double sealed into
low-density polyethylene bags and immediately placed in ice. Plant
roots and other debris were removed by passing the sample sequentially
through 5-mm and 2-mm stainless steel sieves. To preserve the state of
reduced organic sulfur in the soil organic matter, this step and all
sample preparation work were performed in a glove box under an
oxygen-scrubbed Ar(g) atmosphere and under a safe light<Phem
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fraction was homogenized with a rotary mixer with a stainless steel
propeller blade, and the water content was determined gravimetrically
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The samples were shaken for 18 h at 25°C in a reciprocating
water-bath shaker; then the pH was checked and adjusted to pH 5.6 as

by oven-drying the subsamples at 110°C. The sample was divided into needed with 0.1 M HNQ Shaking was continued for a total of 24 h
250 g (oven dry weight basis) subsamples that were sealed individually before centrifuging (900X g for 20 min). The suspension mass was

in low-density polyethylene bags and stored in a freezer until the humic
acid was extracted.

The humic acid extraction procedure followed the protocol of the
International Humic Substance Society (Swift, 1996), with some nota-
ble modifications. To prevent sample exposure to oxygen and ultravi-
olet light, all steps except filtering and HCI-HF washing were per-
formed under an Ar(g) atmosphere and a safe light. All reagents were
prepared daily in oxygen-free water, which was prepared by boiling the
deionized water, purging with oxygen-scrubbeg(dy while cooling,
and storing in glass containers.

Twelve 20-g subsamples 6f2-mm soil were placed into 250-mL
polypropylene centrifuge bottles and acidified with HCI to pH 2 (Swift,
1996). Composites of six subsamples were placed into two 2-L high-

increased to 36 g (12.5 g goethite Ky with 0.1 M NaNQ; the final

Na concentration was 0.1 M. The supernatant solution was analyzed for
dissolved organic carbon by high-temperature catalytic combustion on
a Shimadzu 5050 TOC analyzer.

Weakly adsorbed organic matter and dissolved organic carbon were
removed from the goethite suspensions by washing five times with 0.1
M NaNOs. The washing procedure involved bringing the mass of the
suspension to 36 g and shaking for 20 min. The supernatant solutions
were analyzed for dissolved organic carbon. Assuming a constant level
of 480 g organic carbon kg humic acid, it was found that the actual
amounts of sorbed humic acid were 0, 14, 28, 57, 88, 216, and 236 g
kg~?* goethite.

On the basis of these sample preparation methods, essentially all

density polyethylene bottles, and the samples were adjusted to pH 12 humic acid in the goethite—humic acid samples should be adsorbed, not

with NaOH. After bringing the final volume to 1.2 L with deionized
water, the samples were shakemn foh according to the International

precipitated. A separate experiment to determine humic acid adsorption
characteristics on goethite yielded an adsorption isotherm (data not

Humic Substance Society procedure. The samples were divided againshown) characterized as an L-curve (Sposito, 1984), with a maximum

into the 12 centrifuge bottles and centrifuged at 150@ for 10 min.
The supernatant solutions were decanted into two 2-L bottles. The
solutions were acidified to pH 1 and set aside for 16 h to flocculate the
humic acid (Swift, 1996). The acidified suspensions were centrifuged,
and the supernatant solutions containing fulvic acid were decanted.
The settled humic acid was resuspended with 0.1 M KOH, rinsed
into a single 1-L bottle, and brought to pH 11 and 550 mL volume by
addirg 1 M KOH and deionized water. Solid KCl was added to obtain
a 0.3 M KCI background solution (Swift, 1996), and the sample was
shaken for 30 min and centrifugedrfé h at45,000X g to reduce the

ash content (inorganic components). To further reduce the ash content,

the supernatant solution was passed through syringe filters withr@.2-
pores (Gelman Supor). After adjusting to pH 1 with HCI, the humic
acid was concentrated by centrifugation, then washed two times with
0.1 M HCl and 0.3 M HF to remove inorganic residues (Swift, 1996).
To exchange Cl with NO; (the background anion used in subsequent

level of 280 g adsorbed humic acid khgoethite at pH 5.6 in 0.1 M
NaNO; background solution. Furthermore, for samples of humic acid
alone at pH 5.6 in a 0.1 M NaN{background solution and various
levels of adsorbed Cu(ll), we could not separate humic acid by exten-
sive centrifugation. Also, in preparing the humic acid, a pH< (in

0.3 M NaNQ; background solution) was required to precipitate and
separate the material by centrifugation.

2.4. Copper(ll) Sorption to Humate/Goethite Samples

After humic acid was adsorbed, the entrained solution in each
sedimented sample was determined, and the mass of the suspension
was brought to 34 g with 0.1 M NaNOThe suspensions were adjusted
to pH 5 with 0.1 M HNQ,. Under an Ar atmosphere, 514 of 35 mM
Cu(NG;), (pH 3) was added slowly to each centrifuge tube while the
contents were stirred vigorously. Thermodynamic equilibrium calcula-

experiments), the humic acid was resuspended at pH 2.3 by adding tions of the resulting solution were performed using MINTEQA2

deionized water and NaOH, and Nap€xalt was added to yield a 0.3
M NaNO; background solution. The sample was brought to pH 2 with
HNO;, shaken for 30 min and centrifuged at 908Qy; next, the clear

(Allison et al., 1990), with constants supplied by Lindsay (1979). The
calculations indicated that at the initial Cu(ll) concentration added
(assuming no adsorption), the solution was undersaturated with respect

supernatant solution was decanted. The humic acid was then repeatediyto Cu(OH), and CuO, with 99% of Cu(ll) present as €u(aq). The

washed with deionized water and centrifuged until the supernatant
solution tested negative for CI(AgNO; test).

The humic acid was freeze dried, and total carbon #8®g kg %)
and nitrogen (48.G- 0.4 g kg %) were measured by combustion with
a CHN analyzer (Perkin Elmer). A portion was digested by use of 30%
H,0, to oxidize organic sulfur, and sulfate was measured{18g S
kg~%) by ion chromatography (Dionex) with an AS-4A column (Douek
and Ing, 1989).

2.3. Humate Sorption to Goethite

suspensions were adjusted to pH 5.6 with 0.1 M NaOH and capped.
The final mass of each suspension was 36 g, and the Na concentration
was 0.1 M. The centrifuge tubes were wrapped in aluminum foil and
shaken for 24 h. During the 24-h period, the pH was periodically
checked. The suspensions were centrifuged (30@dfor 20 min) and
decanted, and the dissolved Cu concentrations were determined by use
of atomic absorption spectrometry (Perkin Elmer). For all samples, at
least 98% of the initially added Cu was adsorbed, so the final concen-
trations were 40 mmol Cu(ll) Kg' goethite. The Cu—humate/goethite
pastes were then sealed under Ar (g) and stored at 3°C for EXAFS
analysis.

Samples containing humate and goethite were prepared in a 0.1 M To produce a sample of Cu(ll) bound to humic acid only, an aliquot

NaNO; background solution at pH 5.6, and they were prepared with
different levels of adsorbed humic acid. All samples were prepared in
deoxygenated water as before. While working under an Ar(g) atmo-

of stock solution containing 20 mg of humic acid was added to a 40-mL
Teflon centrifuge tube. The mass of the suspension was increased to 8 g
with 0.1 mol/L NaNQ, and the pH was decreased to pH 5 with 0.1 M

sphere and a safe light, 12.4 g of well-mixed goethite stock suspension HNOs. A 575-uL aliquot of 35 mM Cu(NQ), solution was added to
(containing 0.45 g goethite on a dry weight basis) were added to each yield a Cu concentration of 2 mmol kg suspension. The suspension

of five 40-mL Teflon centrifuge tubes. The samples were centrifuged at
9000 g for 20 min to remove excess water. The amount of entrained
water was determined gravimetrically to ensure that it did not dilute the
final samples more than 3%.

was adjusted to pH 5.6 with 0.1 M NaOH. The sample mass was
increased to 10 g with 0.1 M NaN@and the samples were shaken at
25°C for 24 h. The final pH was 5.6 0.1.

In a separate 50-mL sample bottle, the freeze-dried humic acid was 5 5 ExAFS Data Collection

dissolved in 0.1 M NaN@adjusted to pH 11 with 0.1 M NaOH. The
sample was shaken vigorously for 1 h, and the pH was checked

EXAFS data for goethite and humic acid samples were collected at

periodically. Before adding the humate suspension, the goethite in eachthe National Synchrotron Light Source, Brookhaven National Labora-

centrifuge tube was resuspended in 0.1 M NaN&hd 0.1 M NaOH

tory, Upton, NY, at beamline X-11A. The electron storage ring oper-

was added to bring the pH to 8 while each mineral suspension was ated at 2.528 GeV, with maximum beam current at 300 mA. The

stirred continuously, an appropriate amount of humate stock was
slowly added corresponding to 0, 15, 30, 60, 90, 220, or 240 ¢ kg

monochromator consisted of two parallel Si(111) crystals. Samples
were mounted in a Plexiglas holder and aligned 45° to the incident

goethite. The goethite—humic acid suspensions were acidified to pH 5.6 beam. As a reference for the edge position, the spectrum of a metallic

with 0.1 M HNGQ;; then the suspension mass was brought to 35 g.

Cu foil was collected in transmission mode behind the sample. The
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reference K edge, = 8987 eV) was assigned to the maximum of the  Normalized Florescence Intensity
first derivative of the Cu foil spectrum. Fluorescence spectra for goe-
thite and humate samples were collected with a 13-element Ge solid-
state detector. Six to 10 scans were collected at room temperature and
averaged to improve the signal to noise ratio. Energy shifts caused by |-
the drifting of the monochromator were corrected by referencing to the
apparent edge position of the Cu metal foil. The vertical position of the
0.5-mm premonochromator slit was optimized periodically to correct
for any movement in beam position.

0 g HA kg™ Goethits

14 g HA kg" Goethite
2.6. EXAFS Data Analysis :

Standard methods were employed for analyzing the extended X-ray
absorption fine structure (EXAFS) spectroscopy data (Sayers and Bunk-
er, 1988). By use of the computer program MacXAFS 4.1 (Bouldin et
al., 1995), the background was subtracted from the raw adsorption data
by use of a modified cubic spline technique that consisted of three knots
at unequal distances. The data were cube weightee (3) to com-
pensate for damping of the EXAFS spectrum at higher energies. The
data were converted to a wave vector and Fourier transformed (k
2.56-10.91 A% to isolate first- and second-shell components. Single
point glitches caused by the monochromator were deleted from the
data. In some instances, the glitch spanned several inverse angstroms
(7.0-7.5 A% and could not be removed. The Fourier-transformed
spectra were fit ifR-space using FEFFIT. THe-space fitting range for
goethite and goethite—humate samples was 1.00 to 3.23 A, and the
fitting range of the humate only sample was 1.00 to 2.76 A. The number
of fitting parameters did not exceed the number of independent points
(Npp) throughout the fitting process, wheb,, = (2 Ak AR/m),
where Ak is thek range being fit and\R is the width of theR-space
Fourier window (Lytle et al., 1988).

The Debye-Waller factorof®), which accounts for thermal and static 1
disorder, was fixed at 0.008 for intermetallic (Cu-Fe) fitting and 0.006
for distorted first-shell (Cu-Q,.) neighbors. These fixed values eor
responded closely to those found in the literature (Bochatay et al.,
1997; Xia et al., 1997; Korshin et al., 1998; Fitts et al., 1999; Parkman
et al., 1999). In addition, the Debye-Waller factors are within the range
that we determined when fitting known organic and inorganic Cu(ll) Q L 1 1 1
standards. Phase shifts from oxygen backscattering were obtained 8980 9000 9020 9040 9060
experimentally by a FEFF 6.0 (Zabinski et al., 1994) generated file of
tenorite (CuO). Tenorite possesses a-42 distorted octahedral ar- Energy (eV)
rangement that contains two O at 1.95 A, two O at 1.96 A, and two O
at 2.78 A (Asbrink and Norrby, 1970). For the fitting of Cu-Fe coor- Fig. 2. Stacked, normalized X-ray Cu K-XANES spectra of agueous
dination shells, an input file was created in which Cu was substituted Cu(NG;), solution, Cu(ll) on goethite with varying levels of adsorbed
for Fe atoms in goethite located at 2.90 A. & value of 0.75 was humic acid, and Cu(ll) on humic acid.
obtained from the analysis of equatorial Cu-O coordination numbers
determined by FEFF 6.0 for an actual tenorite standard (Aldrich Chem-
icals). Because of the high signal to noise ratio (40) in our study and the
accuracy of modern ab initio EXAFS codes, all final EXAFS best-fit
indexes R%) were <2%. TheR? index is similar, though not identical,
to the reduced®, where lower values equate with higher confidence
limits (Lytle et al., 1988). Standard errors reported for fitting parame-
ters were those calculated by MacXAFS 4.1 (Bouldin et al., 1995).

28 g HA kg™ Goethitd
57 g HA kg Goethitdl

88 g HA kg Goethitd

216 g HA kg™ Goethitd

236 g HA kg Goethitq

Humic Acid

Malinowski (1991), the null hypothesis tests whether the target (stan-
dard spectrum) is an acceptable solution. Thus, the tested target is
retained as valid when the probability of the calculdtad greater than

a given critical threshold value such as 0.05 (5% probability). Further-
more, linear combination fitting (Vairavamurthy et al., 1997) was used
to fit derivative XANES spectra for the samples containing the go-
ethite—humate complex, using Cu(ll) on goethite or humic acid as
2.7. XANES Analysis end-member standards. This nonlinear, least-squares fitting procedure
computed the fractions of end-member (standard) spectra that (when
summed) yielded the best fit (lowegt) to the spectrum for a Cu—
goethite—humate sample.

Copper K X-ray absorption near edge structure (XANES) spectra
were quantitatively analyzed by use of a combination of principal
component analysis (PCA) and linear combination fitting. To define the
number of independent absorbing components in the XANES spectra
for the samples containing Cu(ll) bound to goethite—humate com-
plexes, PCA was performed on the data matrix composed of six
normalized K-XANES spectra and first-derivative XANES spectra for

these samples (Malinowski, 1991). The normalized spectra (back- g6 2 shows the normalized XANES spectra for Cu(ll) in
ground and baseline corrected) and first-derivative spectra were inter-

polated to fit the same energy scale. By use of target transformation, @dU€0US solution, adsorbed on humic acid or goethite, and
two criteria, the SPOIL value and thetest, were used to determine  adsorbed on goethite—humate complexes. The XANES spectra
whether the spectra of the end-member standards (Cu(ll) on goethite appear to be very similar, with white-line peaks at 8995 eV.
and Cu(ll) on humic acid) could adequately represent spectral features girst derivative spectra (Fig. 3) for adsorbed Cu(ll) show that

of the six samples containing goethite with adsorbed humic acid. . oo . . .
According to Malinowski (1991), tested targets (in this, case Cu(ll) on the absorption edges in Figure 2 have two different inflections

goethite and Cu(ll) on humic acid) with SPOIL values between 3 and Corresponding to derivative peaks at 8986 eV peak) and
6 represent marginal targets. In the one-tailedest proposed by 8991 eV @ peak). TheB peak represents the main absorption

3. RESULTS
3.1. Cu-K XANES Spectra
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Derivative Fitted Percent of Cu(ll) Bound to Goethite
2.56

100 |

272 291
263
L}

u

80

0.3 M Cu(NO,), sol

0 g HA kg Goethite 401

14 g HA kg™ Goethite

0.58
0.51
) |

0 50 100 150 200 250
Adsorbed Humic Acid (g HA kg™)

28 g HA kg Goethite

59 g HA kg" Goethite Fig. 4. Results of linear combination fitting analysis with Cu—

goethite and Cu—humic acid bonding as fitting standards. Data show
the percentage of Cu—goethite spectrum giving the besg#italues

88 g HA kg" Goethite are noted above each data point.

chemical species would better fit the spectra of samples con-
taining the goethite—humate complex. In the case of the first
derivative spectra, which show distinetand 8 peaks, PCA
indicated that three significant components were needed to
describe the sample data. The standard of Cu(ll) on goethite
was an acceptable species (SPGIL1.75; probabilityF >
0.05), whereas Cu(ll) on humic acid was a marginal species

216 g HA kg™ Goethite
0.2
236 g HA kg™ Goethite

Humic Acid

0.0 (SPOIL= 5.07; probabilityr < 0.05). This result suggests that
the samples with Cu(ll) on goethite—humate complexes contain
1 I L 1 L at least one additional chemical species with derivative
8980 9000 9020 9040 9060 XANES spectral features that are unique compared with those

of Cu(ll) on either goethite or humic acid.

Figure 4 shows results of linear combination fitting of the

Fig. 3. Stacked, first-derivative Cu K-XANES spectra for the data derivative XANES spectra for Cu(ll) in goethite—humate sam-
shown in Figure 2. ples by use of Cu(ll) on goethite only and Cu(ll) on humic acid

as fitting standards. These results showed no particular trend
with increasing humic acid loading on goethite. If Cu(ll) was

transition (1s— continuum). Thea peak, on the low energy  partitioning between inorganic and organic functional groups in
side of thep peak in Figure 3, is influenced by the degree of proportion to adsorbed humic acid level, then one would expect
bond covalency and the degree of local structural disorder (Kau a linear decrease in Cu(ll) goethite character with increasing
et al., 1987; Palladino et al., 1992). Tageak intensity for the adsorbed humic acid level. However, Figure 4 shows that
aqueous 0.3 M Cu(Ng), solution was greater than for all of  Cu(ll) in the goethite—humic acid systems retained character-
the adsorbed Cu(ll) samples. With increasing amounts of ad- istics of Cu(ll) on goethite for adsorbed humic acid up to 88 g
sorbed humic acid (0—88 g kg), thea peak in the normalized kg~ . At adsorbed humic acid levels 216 g kg *, derivative
derivative spectra became less intense. At adsorbed humateXANES spectra were best fit as nearly 100% Cu(ll) bonded to
concentrations= 216 g kg *, the « intensity approached a  humic acid, which supports the notion that Cu(ll) was bound to
minimum value and the spectra more strongly resembled Cu(ll) the adsorbed humic acid (type B ternary complex). The good-
adsorbed to humic acid only. This result suggested that Cu(ll) ness of fit §? values) for the linear combination fitting results
was principally bonded to the adsorbed humic acid rather than shown in Figure 4 were 2.56, 2.63, 2.72, 2.91, 0.58, and 0.51
goethite and formed type B ternary complexes (goethite—hu- for humic acid loadings of 14, 28, 57, 88, 216, and 236 gkg
mate-Cu) at higher surface loading of humate. goethite, indicating that the combination of the end-member

PCA performed on the normalized K-XANES spectra of the standards gave a poorer fit for the samples with loadings
six Cu samples containing goethite with adsorbed humic acid between 14 and 88 g kg compared with those at loadings of
revealed two significant components. However, neither 216 and 236 g kg
XANES spectra for Cu(ll) on goethite nor Cu(ll) on humic acid On the basis of the following observations, XANES and
came out as likely targeted species for describing the sample derivative XANES spectral analyses support the hypothesis
spectra because SPOIL values equaled 9.9 and 7.8, respecthat type A ternary complexes were significant in the four
tively, and probabilities of values for both standards were goethite—humate samples containing adsorbed humic &cid
0.0001 (i.e.,<0.05). This result indicated that some other 88 g kg *: (1) PCA analysis indicated that the spectra have

Energy (eV)



0 g HA kg Goethite

236 g HA kg™ Goethite

f— Q -

10 Humic Acid

k (A7)

Fig. 5. Stacked, normalizéd-weighted EXAFS spectra for Cu(ll) in
aqueous solution, on goethite, on goethite with adsorbed humic acid,
and on humic acid only. Solid and dotted lines represent the normalized
data and best fits, respectively.

characteristics that are not fully accounted by the spectra for
Cu(ll) on either goethite or humic acid alone; (2) linear com-
bination fitting indicated that derivative XANES spectra for

these samples are better characterized by Cu(ll) on goethite

than Cu(ll) on humic acid, with no linear trend with increasing
humic acid; and (3) poorer fits (greatgf) were obtained for
these four samples compared with the two samples with higher
levels of adsorbed humic acid where analysis of XANES data
indicated the dominance of a type B ternary complex.

3.2. Cu-K EXAFS Spectra
Normalizedk®-weighted EXAFS spectra for aqueous Cu(ll)

T. E. Alcacio et al.

several data points in some cases and could not be removed.
Figure 6 shows the radial structure functions (RSFs) derived
from Fourier transformations of tHé-weighted EXAFS spec

tra in Figure 5.

The position of the peaks in the RSFs correspond to relative
distances (uncorrected for phase shift) between Cu(ll) and
atoms in local coordination shells. The strongest peak, occur-
ring between 1.56 and 1.59 A in Figure 6, corresponds to
first-shell O atoms. A weaker peak representing additional
first-shell O atoms was also distinguishable above the back-
ground spectral noise between 2.1 and 2.3 A. The spectra for
most samples containing goethite displayed a distinct single
peak between 2.7 and 3.0 A, which is due to iron neighbors
(Fig. 7, discussed below). This peak is not present for goethite
samples with adsorbed humic acid levets216 g kg . The
presence of iron in the second coordination shell indicates that
Cu(ll) was bonded (on average) as an inner-sphere complex on
the goethite surface. Also, from Figure 6, differences in the
imaginary part of the Fourier transform between Cu(ll) on
goethite vs. Cu(ll) on goethite with absorbed humic acid can be
seen. Furthermore, the imaginary parts for Cu(ll) on goethite
with humic acid adsorbed at 216 and 236 g kare essentially
identical to that for Cu(ll) on humic acid.

Quantitative EXAFS fitting results are shown in Table 1, and
the goodness of fit can be seen from the modeled Fourier-
transform magnitude and imaginary parts in Figure 6. For all
samples, the average coordination environment of Cu(ll) was
reflective of distorted octahedra. The strong first-shell peak
with a maximum between 1.56 and 1.59 A (Fig. 6) corresponds
to first-shell equatorial Cu-O bonds (Cuys{p at (phase-shift
corrected) distances of 1.94 to 1.97 A (Table 1). The weaker
peak, with a maximum between 2.1 and 2.3 A (Fig. 6), contains
contributions from both axial and equatorial Cu-O bonds. Axial
Cu-O bonds (Cu-Q,,) have (corrected) distances between
2.24 and 2.32 A (Table 1).

For samples containing humic acid, nitrogen and carbon
cannot be easily distinguished from oxygen in the fitting of the
EXAFS spectra. However, Cu-N bonding was discounted and
excluded from the fitting for the following reasons. Previous
EXAFS investigations of Cu(ll) bonding with humic acid have
identified Cu-Q,;, bonds with coordination distances that are
slightly less (2.02-2.13 A) than we found (Xia et al., 1997:
Korshin et al., 1998). Frenkel and Korshin (1999) performed ab
initio calculations of the XANES region for Cu(ll) on humic
acid and suggested that Cu-N bonding best explained the data.
However, analysis of our XANES data indicated that they did
not exhibit the necessary near edge features that suggest Cu-N
bonding. In other studies that have investigated Cu(ll) interac-
tions with humic acid by use of electron paramagnetic reso-
nance spectroscopy, the ligand environment was dominated by
oxygen atoms (McBride, 1978; Bloom and McBride, 1979;
Boyd et al., 1981a). One study did suggest minor amounts of

and the various adsorbed species are presented in Figure 5Cu-N bonding in dried fulvic acids extracted from sewage

along with the modeled EXAFS spectra generated from the
fitting results in Table 1. The weighting factor produces an
EXAFS spectrum with oscillations of about equal amplitude
across the entirk range, but it also amplifies spectral noise at
high k (Sayers and Bunker, 1988). Some of the data in Figure
5 also contained a glitch from 7 to 7.5 A that consisted of

sludge; however, aqueous suspensions were dominated by
Cu-O bonding (Senesi and Sposito, 1984). We also excluded
the possibility that the neighbors at 2.24 to 2.32 A were due to
second-shell carbon atoms. In copper(ll) acetate, carboxylic
acid functional groups are bonded to Cu(ll) atoms, with second
(Cu-0O-C) crystallographic angles and distances-a25° and
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Table 1. EXAFS spectra fitting results.

Humic acid Neighboring Distance Coordination Debye-Waller
loading atom A) no. (A? AE

0 g/kg Cu-Qq 1.96+ 0.01 5.51+ 0.90 0.007+ 0.001 —-11.22
Cu-O,, 2.29+ 0.03 1.58+ 0.70 0.006
Cu-Fe 3.20+ 0.05 0.58+ 0.39 0.008

14 g/kg Cu-Q, 1.96+ 0.01 5.00+ 0.66 0.003+ 0.001 -8.59
Cu-O,, 2.27*+0.02 1.49+ 0.57 0.006
Cu-Fe 3.18+ 0.02 0.97+ 0.31 0.008

28 g/kg Cu-Qq 1.96+ 0.01 4.56+ 0.63 0.007+ 0.001 —10.29
Cu-O,, 2.24+ 0.03 1.09+ 0.60 0.006
Cu-Fe 3.18+ 0.02 0.70+ 0.29 0.008

59 g/kg Cu-Q, 1.97+0.01 5.16+ 0.83 0.006+ 0.001 -11.30
Cu-O, 2.29+ 0.02 1.30* 0.63 0.006
Cu-Fe 3.17+ 0.05 0.43+ 0.35 0.008

88 g/kg Cu-Qq 1.97+0.01 6.32+ 0.97 0.010+ 0.001 —12.60
Cu-O,, 2.30+ 0.01 2.27+ 0.65 0.006
Cu-Fe 3.20+ 0.03 0.79*+ 0.38 0.008

216 g/kg Cu-Qq 1.94+ 0.01 5.17+ 0.76 0.006+ 0.001 —10.36
Cu-O, 2.31+0.02 1.12+ 0.57 0.006

236 g/kg Cu-Qq 1.94+ 0.01 4,96+ 0.76 0.005+ 0.001 -10.21
Cu-O, 2.31+0.02 1.24+ 0.57 0.006

Dissolved humate Cu-Q 1.94+ 0.01 5.41+ 0.85 0.005+ 0.001 —6.95
Cu-O, 2.32+0.02 1.15* 0.63 0.006

2 Constrained during fitting.

2.89 A (Brown and Chidambaram, 1973). This Cu-C distance 4. DISCUSSION
is greater than distances found in our study (2.24-2.32 A).
For samples that contained between 0 and 88 g humic aci

kg™t goethite (Table 1), the peak between 2.7 and 3.2 Ainthe  Analysis of the XANES and EXAFS data suggested that the
RSFs (Fig. 6) corresponds to actual Cu-Fe distances betweency(il) coordination environment strongly resembles that of a
3.17 and 3.20 A. Higher-shell Fe(lll) neighbors cannot be type B ternary complex at adsorbed humate levels of 216 or
easily distinguished from Cu(ll) because of similarities in their 23g g kg%, where Cu(ll) is bonded primarily to organic
crystal ionic radii (Shannon, 1976) and number of electrons functional groups of the adsorbed humate. When Cu(ll) is
(hence backscattering amplitudes). However, a survey of adsorbed to goethite—humate complexes containing humic acid
Cu-Cu distances in different Cu oxide and hydroxide minerals 5t <88 g kg*, the metal appears to form an inner-sphere,
revealed that shortest Cu-Cu distances typically range from pidentate complex with single iron octahedral sites (which
2.92 t0 2.96 A (Asbrink and Norrby, 1970; Ostwald et al., contain two hydroxyls bonded to one iron). The trend of de-
1990). These compounds do contain additional Cu(ll) atoms at creasing axial Cu-O bond length when adsorbed humic acid
greater distances; however, the coordination numbers deter-yyas petween 0 and 28 g kg also suggested that humic acid
mined _With_ EXAFS were two to three times greater tha_lt those was bonded to Cu(ll) that was simultaneously bonded to the
found in this study (Cheah et al., 2000). Because the interme- goethite surface. At adsorbed humic acid levels from 14 to 28 g
tallic coordination numbers were less than those for CuO or kg1, we propose that Cu(ll) was primarily in type A ternary
Cu(OH),, we assumed that the higher shell metallic backscat complexes (containing both organic and inorganic functional
tering was attributable to Fe(lll) atoms. groups). These conclusions were based on the following de-

Figure 7 summarizes the data for Cu-O and Cu-Fe distancestajled discussions of Cu-O and Cu-Fe coordination parameters.
as a function of humic acid adsorbed on goethite. As shown in

Figure 7 and in Table 1, the axial Cu-O distances decreased
with increasing level of adsorbed humic acid between 0 and
28 g kg %, then increased for levels up to 88 g'Kg This trend EXAFS fitting results (Table 1) showed that for Cu(ll) on

in the axial Cu-O distances was consistent with observations on goethite, the first coordination shell contains an average of
replicated sets of samples that were analyzed but not reported5.5 + 0.9 oxygens at 1.96- 0.01 A and~1.6 + 0.7 oxygens
because the quality of the data was lower. With adsorbed humic at 2.29+ 0.03 A. This type of arrangement indicates that Cu(ll)
acid= 88 g kg *, the mean equatorial distances were between ions are coordinated in distorted octahedra. In contrast, transi-
1.96 and 1.97 0.01A for Cu(ll) adsorbed on goethite and on  tion metals such as Ni(ll), Co(ll), and Cr(lll) form holosym-
goethite—humate complexes (Fig. 7; Table 1). For adsorbed metric complexes at mineral surfaces (Charlet and Manceau,
humic acid concentrations 216 g kg * goethite, Cu-Q, 1992; O'Day et al., 1994; Scheidegger et al., 1997). The elec-
distances were the same as for Cu(ll) on humic acid (94  tronic configuration of Cu(ll) causes it to undergo a Jahn-Teller
0.01 A), and higher-shell iron atoms were not identified be- distortion (Huheey, 1978) and adopt one of several distorted
cause satisfactory fits were obtained without including higher- geometries that include square planar, square pyramidal, and
shell Fe(lll) atoms in the fitting (see RSF fitting in Fig. 6). tetragonal complexes (Asbrink and Norrby, 1970; Toman,

d4.1. Structure of Cu(ll)-Surface Complexes

4.2. Copper—Oxygen Coordination
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distances as a function of adsorbed humic acid concentration.
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Fig. 6. Stacked radial structure functions showing the magnitude and . : . . . .
imaginary parts of the Fourier-transformed EXAFS spectra for Cu(ll) orbitals in the coordinated metal ion and influence the ligand

in aqueous solution, on goethite, on goethite with adsorbed humic acid, field splitting energy (LFSE). The LFSE is the energy differ-
and on humic acid only. Solid and dotted lines represent the Fourier- ence between thejend b, sets of orbitals (Fig. 8, Huheey,
transformed data and best fits, respectively. Radial distances are not1978). The trend of decreasing CysQ, distance for adsorbed
corrected for phase shift. humate between 0 and 28 g kbis consistent with changes in
the ligand field at the Cu(ll) metal center. The relative ability of
1977; Ostwald et al., 1990; Starova et al., 1991). The Jahn- ligands to influence the LFSE has been measured and is re-
Teller theorem states that the overall energy of a molecule can ferred to as the spectrochemical series (Huheey, 1978). The
be lowered by decreasing the degeneracy and symmetry of theligand field strength increases in the following ordef: S<
nonbonding and antibonding interactions (Huheey, 1978). For OH™ < COOH < H,O < pyridine < NH3 (Huheey, 1978).
transition metals in an octahedral field (Fig. 8), d orbitals are Replacement of weaker-field equatorial ligands with stronger

arranged such that they contain doublg) (and triple (t,) ligands increases the LFSE and the axial Cu-ligand distance.
degeneracies (Huheey, 1978). FoY metals such as Cu(ll), For example, it was observed that the Cy;Q distance in

only three electrons occupy the higher-energylevel. The creased from 2.27 to 2.44 A when two or more pyridine or
degeneracy of theyeset of orbitals (¢ and de_,2) is removed, glycine ligands displaced water in the equatorial plane of Cu(ll)

thus stabilizing one of the two orbitals by lengthening either ions (Ozutsumi and Kawashima, 1991; D’Angelo et al., 1998).
two axial or four equatorial metal ligand bonds. Stabilization of When Cu(ll) reacts with a humate—goethite complex, we pro-
the occupied orbital (2€) at the expense of the partially filled  pose that a ligand exchange reaction occurs in which water was
orbital (1e") results in the observed distortions (Cotton and replaced by weaker field carboxylic or phenolic ligands from
Wilkinson, 1988). the humic acid in an inner-sphere complex.

When the concentration of humate on the goethite surface  This can have opposite effects, depending on the order in
was increased from 0 to 28 g kg, a decrease in the mean  which the Cu(ll) is bonded in ternary complexes with goethite
Cu-0,,,, distance (2.29-2.24 A) was observed (Fig. 7; Table and humic acids. For type A complexes, the metal ion forms a
1). Humic acids contain a diverse content of functional groups bridge with the goethite surface and with the humic acid, and
(Stevenson, 1994), each with unique abilities to polarize d hence the LFSE decreases along with the Cy:Qdistance
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strong field amine or amide functional groups, that replace
equatorial water molecules on Cu(ll).

The XANES region is sensitive to changes in the ligand
environment and can be used to provide an independent mea-
sure for estimating how electron transitions and multiple scat-
tering are influenced by adsorbed humic acid. The decrease in
the a peak intensity shows that the Cu(ll) coordination envi-
ronment depended on the concentration of adsorbed humic
acid. Higher-shell iron atoms were identified for humic acid
concentrations< 88 g kg * goethite. If Cu(ll) ions form a
bridge (type A ternary complex) between the mineral surface
and humic acid under these conditions, then a decrease in the
peak intensity is expected because stronger field water mole-
cules undergo ligand exchanges with weak field organic groups
(carboxylic or phenolic acids) in the equatorial plane of go-
ethite-bound Cu(ll) ions. The occurrence of a Type A ternary
complex would explain the poorer XANES fits using only Cu(ll)
on goethite or on humic acid as end members, and the PCA results
suggesting that a third species is needed to fit the derivative
XANES spectra for Cu(ll) on the goethite—humate complex.

At higher adsorbed humate levels, one would expect the
proportion of Cu—humate bonding to increase if the adsorbed
humic acid competes with Cu(ll) for goethite surface sites. At
concentrations between 218 and 236 g kghe « peak inten-
sity (Fig. 3), the linear combination fitting (Fig. 4), and the
Cu-Q,, and Cu-Q,, distances (Table 1) strongly indicated
that Cu(ll) bonded like that of Cu(ll) with humic acid only. In
addition, the inability to fit EXAFS spectra with higher-shell
iron atoms at 218 and 236 g humate Rgurther supports the
argument most Cu(ll) was not coordinated directly to goethite.
Therefore, the XANES data support our conclusion that metal
bonding reflects type B ternary complexes (goethite—humate—
metal geometry) at adsorbed humic acid level218 g humic

Fig. 8. Ligand field splitting energy (LFSE) and the arrangement of acid kg*l,

d orbitals in an octal_'ledral field before distortion. Coordina;ing ligands In addition to multiple scattering effects, the XANES region
approach the d orbitals along the x-, y-, and z-axes. A right-handed S . -, .
coordinate system is used for all of the orbitals. also contains information about electron transitions. The main
electron transition involves 1s electrons being excited to the
continuum, which is largely populated by unfilled p states

because there are less water molecules bonded to Cu(ll). In the(SMith et al., 1985). Polarized EXAFS studies involving well-
case of type B complexes, the Cu(ll) bonds strictly to adsorbed °rdered single-crystal Cu(il) compounds have yielded signifi-
humic acid, and hence more water molecules (of greater ligand €@nt €xperimental and theoretical information about-ddp,

field strength) may coordinate to Cu(ll) and increase the axial €l€ctron transitions. It was found that taepeak intensity is
distance. Therefore, the decreasing trend in the axial Cu-O influenced by the degree of axial distortion (Garcia et al., 1989)
distance between 14 and 28 g humate kgoethite suggests and by the covalency of the equatorial ligands bonded to the
that the humic acid bonds with Cu(ll) as a type A ternary Cu(ll) atom (Kau et al., 1987). The source of theelectron
complex. Type B complexes were dominant between 214 to transition has been attributed to a shakedown effect, where the
236 g humate kg* goethite, on the basis of the larger axial final electron state is lower in energy than the direct-2glp
Cu-O distance. Samples with adsorbed humate levels of 59 andtransition (Kau et al., 1987). The path to the final state involves
88 g kg * may contain a combination of type A and type B & 1s— 4p, excitation combined with a ligand-to-metal charge
ternary complexes. transfer (Blair and Goddard, 1980).

Our proposed mechanism is consistent with that of previous ~As demonstrated by the 0.3 M Cu(N)Q spectra (Fig. 3),
studies involving Cu(ll) with humic acids, in which a ligand water molecules coordinated in the equatorial plane produce a
exchange reaction was identified that involved the displace- stronga peak intensity. Humic acid molecules are much larger
ment of water molecules by carboxylic acid ligands (Bloom than water molecules. When comparing the derivative XANES
and McBride, 1979; Boyd et al., 1981a). The binding of Cu(ll) spectra (Fig. 3) of Cu(ll) in humic acid to 0.3 M Cu(NJ, the
by the humic acid occurred in equatorial positions (Boyd et al., diminisheda peak for the former suggests that the humic acid
1981b). Hence, the decreasing Cu-O axial distances observeds more sterically hindered when approaching the Cu(ll) and
with goethite—humate complexes suggests that it is predomi- cannot bond in the equatorial plane with the same degree of
nately weak field ligands such as carboxylic acids, rather than angular overlap as water. Such steric hindrance would affect
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the ability of the ligand to transfer charge to the metal when
core electrons are removed in s 4p, transitions.

4.3. Cu(ll) Binding Sites on Goethite

Other EXAFS surface studies involving Cu(ll) on goethite
have shown the existence of Jahn-Teller distorted octahedra
containing four short equatorial bonds and two elongated axial
bonds (4+ 2) (Parkman et al., 1999). However, the average
Cu-0,,,, distance obtained in our study (2.29 0.03A) was
less than that determined by Parkman et al. (1999) (2.8102
A). This discrepancy may be due to differences in the signal to
noise ratios of the EXAFS data, which can strongly influence
the ability to accurately determine coordination numbers and
interatomic distances of distorted coordination shells (Heald,
1988). {

In addition, sample preparation procedures could affect the
axial Cu-O distance, particularly if precipitates formed at the
mineral surface. In studies involving Cu(ll) equilibrated with
goethite suspensions at pH 8, Cu(Qd) was the dominant
phase (Bochatay et al., 1997; Parkman et al., 1999), as indi-
cated by the resemblance in the intermetallic distances and
coordination numbers. Approximately two Cu neighbors were
identified at either 2.92 or 2.96 A (Bochatay et al., 1997;
Parkman et al., 1999). This result differs remarkably from the
number of second metal neighbors (0:58).39) found in our
study at 3.20+ 0.05 A (Table 1). Therefore, we discounted the

formation of Cu—hydroxy clusters or precipitates forming on 7T O’ OH’ or Hzo

the goethite surface because larger intermetallic coordination - Cu(||)

numbers were not observed, and because of differences in the

reported distances. Fig. 9. Proposed coordination of Cu(ll) in an edge-sharing, bidentate

The average Cu-Fe distance measured for the Samp|e5 Conconfiguration with binding sites on the 001 surface of goethite.
taining Cu(ll) on goethite (3.28 0.05 A) gives insight into the
surface configuration of adsorbed Cu(ll). Most of the surface
area of goethite is due to the 110 surface, with lesser amounts
contributed by the 001, 100, and 010 surfaces (Schwertmann
and Cornell, 1991; Barron and Torrent, 1996). Although the
110 surface is dominant, the surface chemistry of goethite is
strongly influenced by hydroxyl groups that are singly coordi-
nated with Fe on the 001 surface (Hiemstra et al., 1989).
Hiemstra et al. (1989) modeled the reactivity of the 001 surface
of goethite and found that Fe-QHunctional groups strongly
contribute to the charging behavior of the mineral. Therefore,
we suggest that Cu(ll) reacted with the 001 surface and bonded
with oxygens at single iron octahedral sites to form a bidentate
edge-sharing complex.

If the geometry of the 001 surface is similar to that within the
bulk goethite structure (i.e., no relaxation occurs), adsorption
sites will contain O-Fe-O angles near 80°. The mineral

howardevansite [NaCuk@/O was used as a model to . - . . - .
[ B6/0.)ql illustrates this point. With hentschelite, face sharing between

evaluate Cu-Fe bond lengths for the proposed surface CornIOIexCu(II) polyhedra and iron octahedra produces intermetallic

(Hughes et al., 1988). Howardevansite contains edge-shared Cu ) . .
and Fe polyhedra with O-Fe-O angles ©f79°, which are Cu-Fe distances 0f2.86 A (Sieber et al., 1987). On the basis

similar to unrelaxed functional groups on the 001 goethite g];rt:f:e ;r?grs]'d;;ag'r?tnﬁ;’ geezogggg;éhigmemg:ttr?;?k;ﬁg;
surface. The intermetallic Cu-Fe distance for howardevansite is ing 9 Involv ! plex

3.14 A (Hughes et al., 1988), which compares favorably with edges with single iron sites at 001 faces (Fig. 9).
the Cu-Fe distances found in our study (3.17-3.20 A). This
geometrical comparison suggests that edge-shared bidentate
complexes J(E(Oc,l)) are plausible. Under the experimental conditions used here, analysis of
It is possible that Cu(ll) also bonds to other surface sites on XANES and EXAFS spectra indicated that Cu(ll) was coordi-

the goethite, given that the EXAFS spectrum reflects the aver-
age coordination environment. For example, hydroxyls that are
single and doubly coordinated to iron are present on the 110
and 100 faces (Spadini et al., 1994) and could bind Cu(ll) in
such a way that only one iron atom is present. In addition,
Cu(ll) could bond on the 010 and 100 surface with oxygens that
are coordinated with two iron neighbors. However, in all of
these bonding configurations, Cu-Fe distances would range
from 3.30 to 3.45 A and thus are greater than our measured
values of 3.17 to 3.20 A for samples containing goethite.
Again, our geometric calculations assume that the bond angles
of the surface functional groups are similar to those in the bulk
solid. A tridentate model involving face sharing between Cu(ll)
polyhedra and iron octahedra is not feasible because the Cu-Fe
intermetallic distances would be less than 3.17 A. An exami-
nation of the mineral hentschelite [Cufi@O,),(OH),] best

5. CONCLUSIONS
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nated predominantly with goethite—humate complexes as type iron(lll) complexation by the carboxylate group of humic acgil
A ternary complexes for adsorbed humic acid levels of 14 and _ S¢i- Soc. Am. J5, 1241-1242.

1 Broome S. W. and Craft C. B. (2000) Tidal salt marsh restoration,
28 g kg " and type B ternary complex for levels between 216 creation, and mitigation. IiReclamation of Drastically Disturbed

and 236 g kg—_l- The type B ternary complex inVOlV_eS Cu(l_l) Lands(eds. R. I. Barnhisel, R. G. Darmody, and W. L. Daniels), pp.
bound to humic acid, which in turn is bound to goethite. Unlike 939-959. American Society of Agronomy.

at lower adsorbed humate levels, humate levels with 216 and Brown Gh l\él- and Chif(ijambar_am_R- (1973) Dinuclear copper(ll) acetate
236 g ka * showed no higher-shell Ee(lll) atoms. The higher monohydrate: A redetermination of the structure by neutron-diffrac-
" lg gf’ deorbed mig . r(nt)l i 9 it _ ion analysisActa Cryst B29, 2393-2403.

evels o _a sorbed hu C_ acid apparently made the goetnite g, e 5. (1988)Complexation Reactions in Aquatic Systems: An An-
surface sites less accessible to Cu(ll). The proposed type A  alytical ApproachHalsted Press.

complex involves Cu(ll) bonded with goethite 001 surfaces as Charlet L. and Manceau A. (1992) X-ray absorption spectroscopic
an inner-sphere complex, with humic acid involving carboxylic ~ Study of the sorption of Cr(lll) at the oxide-water interface.

; ; : ; Colloid Interface Scil148,443-458.
or phenolic acid functhnal groups. Our conc!usmns were based Cheah S. F., Brown G. E. Jr., and Parks G. A. (2000) XAFS study of
on EXAFS data showing average Cu-Fe distances of 3.17 t0 ¢, model compounds and &u sorption products on amorphous

3.20 A for adsorbed humate levets88 g kg *. With increas SiO,, y-Al 05, and anataseAm. Mineral.85, 118-132.
ing adsorbed humic acid (0-28 g kY, a decrease in axial ~ Cotton F. A. and Wilkinson G. (1988dvanced Inorganic Chemistry
Cu-O distance occurred, indicating that stronger-field water _ Wiley Interscience.

. . . D’Angelo P. D., Boltari E., Festa M. R., Nolting H. F., and Pavel N. V.
molecules were replaced with weak-field carboxylic or phe- (1998) X-ray absorption study of copper(Il)—glycinate complexes in

nolic a}cid groups in the equatorial plane of surface-bound  agueous solutions). Phys. Chem. B02,3114-3122.
Cu(ll) ions. Because clay—organic complexes are common in Davis J. A. (1984) Complexation of trace metals by adsorbed natural
soils and sediments, ternary complexes involving Cu(ll) are _ organic matterGeochim. Cosmochim. Ac#8, 679—691.

likely to occur and to influence the binding and dissolution of P°u€k M. and Ing J. (1989) Determination of sulfur and chlorine in
in th | pulp and paper samples by combustion/ion chromatograpulp
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