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LETTER TO THE EDITOR

Citrate Enhanced Uranyl Adsorption on Goethite: An EXAFS Analysis

Citric acid promotes the adsorption of uranyl (U(VI) as UO2+
2 )

on goethite (α-FeOOH) at pH≤ 5. Enhanced adsorption does not
appear to follow a simple stoichiometric relationship between total
citrate and total uranyl. An excess of citric acid relative to uranyl,
or a high concentration of surface-bound citrate is required. An
extended X-ray absorption fine structure spectroscopy (EXAFS)
study was conducted to help understand the surface interactions
between citrate, UO2+

2 , and goethite between pH 3.5 and pH 5.5.
Two principal surface species were found to be necessary and suf-
ficient to describe the uranyl EXAFS spectra for the range of ad-
sorbed citrate concentrations studied. (The possibility of additional
minor surface species has not been eliminated, but inherent uncer-
tainties in the data do not permit their clear identification.) One
species is identified as an inner-sphere, uranyl–goethite complex,
which exists at pH 5.5 in the absence of citrate. A second species is
interpreted to be an adsorbed uranyl+ citrate complex, which dis-
places the binary uranyl–goethite complex as the concentration of
adsorbed citrate increases. The EXAFS spectra from samples with
intermediate adsorbed citrate concentrations were reproduced us-
ing linear combinations of the spectra from these two end-member
species. The uranyl+ citrate surface complex appears to domi-
nate adsorbed uranyl speciation at ligand : metal ratios of 10 : 1,
or when the total surface-bound citrate approaches saturation. Al-
though the exact structural configuration for the uranyl+ citrate
surface complex cannot be identified at this time, coordination be-
tween uranyl and one or more citrate molecules appears to involve
both a bidentate bond (four-membered ring structure) and a puta-
tive eight-membered ring structure. The distribution and type of
surface species should provide useful constraints on the develop-
ment of model simulations of surface complexation behavior in this
system. C© 2001 Academic Press

Key Words: surface complexation; adsorption; uranyl; uranium;
U(VI); citrate; citric acid; tricarballylic acid; acetate; acetic acid;
EXAFS; X-ray absorption spectroscopy; organic ligand.
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3 Experimental conditions: 1µM UO2+
2 , 68 m2 L−1 goethite, 0.1 M NaCl,

PCO2 ∼ 0.
INTRODUCTION AND BACKGROUND

Adsorption models that simulate partitioning of solutes on mineral surfa
range from those that are highly empirical and system-specific to more m
anistic approaches that incorporate molecular level interactions and sto
metric relationships. Surface complexation models (SCMs) are represen
of the latter (see Ref. 1). Although SCMs are difficult to apply in comp
natural systems they are nevertheless important for interpreting general co
tions between macroscopic solute partitioning and thermodynamic relation
between individual system components. Fundamental to the developmen
possible application of these adsorption models is the ability to identify
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types and relative proportions of surface complexes in experimental sys
and to search for consistency between reaction stoichiometry and the stru
of chemical species.

In this study, we are interested in the interactions between organic lig
and heavy metals at mineral oxide surfaces. The structures of ternary adso
complexes (defined herein to involve metal ions, anionic complexing liga
and metal oxide surfaces) are not well characterized. Our specific mode
tem contains citric acid (2-hydroxy-1,2,3-propanetricarboxylic acid), goet
(α-FeOOH), and U(VI) as the uranyl ion, UO2+

2 . Citrate and goethite are repre
sentative of common constituents of soil and groundwater systems (e.g., (2
Uranyl is a high-priority contaminant at many DOE sites.

In the absence of complexing ligands, uranyl adsorption on goethite incre
from nearly zero below pH 3.5 to approximately 95% above pH 5 (4).3 In
the experimental systems, uranyl adsorption was not significantly affecte
citrate as long as its concentration was less than a factor of 2 greater than u
and the surface concentration of citrate was well below the surface cap
However, at higher citrate concentrations (20–100µM citrate, 1µM UO2+

2 ),
adsorption of uranyl between pH 3 and pH 5 increases up to∼95%. Under these
conditions the surface citrate concentration is equivalent to 0.2–0.8 mole
nm−2 (possibly approaching monolayer coverage depending on the orient
of citrate on the surface). Model-based interpretations of traditional macrosc
measurements often cannot provide distinguishing stoichiometric signature
the surface reactions. Deducing speciation from adsorption as a function o
is model dependent as a consequence of different approaches used to a
for the influence of electrostatic surface potential on the free energy of su
complexes.

EXAFS spectroscopy was used to characterize the local coordination
ronment of uranyl adsorbed on goethite in the presence of citrate under aq
conditions. Of particular interest was the distribution of uranyl species un
the conditions where uranyl is strongly sorbed with or without citrate (e.g
or above pH 5.5 where uranyl adsorption remains>95%). In anticipation of
possible types of metal ligand coordination that could be present, two addit
ligands were included in the test samples. The –OH deficient citrate an
tricarballylic acid (1,2,3-propanetricarboxylic acid), which was also found
promote the adsorption of uranyl on goethite under similar conditions, was
to help understand the significance of the hydroxyl group of citrate in the in
action between citrate and adsorbed uranyl. Aqueous uranyl–acetate com
were included as structural models for bidentate four-membered –U–O–C
rings (5).

METHODS

Reagents used were uranyl nitrate hexahydrate (Johnson Matt
trisodium citrate dihydrate (Mallinckrodt, Reagent Grade), tricarballylic a
(Aldrich, 1,2,3-propanetricarboxylic acid), anhydrous sodium acetate (Sig
Fe(NO3)3 · 9H2O (Baker, Analyzed Reagent), NaOH (Baker, CO2-free), and
HCl (Baker, Conc. Reagent). Water was deionized to∼18 MÄ. Goethite was
1 0021-9797/01 $35.00
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TABLE 1
EXAFS Sample Parameters

TLigand TU Goethite 0U
a

Sample pH (mM) (mM) (g/L) (µmol/m2)

(UO2)2(Cit)2−
2 (aq) 5.0 50 50 — —

UO2+
2 (aq) 5.5 — 50 — —

UO2(Ac)2−x
x (aq)b 5.5 500 10 — —

TCit : TU = 10 : 1 3.5 0.4 0.04 2 0.29
TCit : TU = 0 5.5 — .96 10 0.50
TCit : TU = 1 : 2 5.5 0.02 0.04 2 0.29
TCit : TU = 2 : 1 5.5 0.35 0.175 10 0.25
TCit : TU = 5 : 1 5.5 0.2 0.04 2 0.29
TCit : TU = 10 : 1 5.5 0.4 0.04 2 0.29
TCit : TU = 1.1 : 1 3.5 0.15 0.16 4.6 0.59
TCit : TU = 10 : 1 5.5 0.4 0.04 2 0.29

Note. Cit, Citric acid; Ac, acetate;TC, tricarballylate;TCit, total citrate,
mol L−1; TU, total uranyl, mol L−1; NaCl, 0.1 M.

a This represents the maximum amount that could have been adso
but not a measured amount. BET surface area for goethite samples= 70 or
56 m2/g.

b Species distribution estimated to be 90%x = 3, 10%x = 2.

prepared under CO2-free conditions in a manner similar to that described
Ref. (6). The goethite was sterilized by autoclaving prior to use, and solut
were sterilized by filtration at 0.2µm.4 Stirred goethite suspensions (2–10 g/
at pH 4.5, room temperature, and 0.1 M NaCl were purged with N2 to remove
carbonate. Adjustments to the pH were made using HCl or CO2-free NaOH.
Citrate or tricarballylate, then uranyl, were added to goethite suspensio
aliquots of stock solutions. After∼8 h the suspensions were analyzed for p
and centrifuged at approx. 1700 rcf for 30 min. Since there was no notice
change in adsorption between 4 and 8 h, 8 h was taken asadequate for a stable
adsorbed concentration (shorter time periods were not studied in detail). EX
measurements for samples equilibrated for 8 and 48 h were essentially id
cal. Supernatant samples taken for dissolved iron analysis were filtered thr
0.2µm filters and acidified prior to analysis by graphite furnace automic
sorption spectroscopy.

Thermodynamic speciation calculations (for 25◦C) were made using the pro
gram HYDRAQL (7) with a thermodynamic database using constants obta
from Refs. (8–11). Goethite pastes were transferred under a nitrogen atmos
to 2-mn-thick Teflon sample holders and sealed with Mylar tape. EXAFS a
ysis of the samples began within 12 h of sample preparation. Solution
ples were loaded into 3-mm-thick Teflon sample holders or polystyrene bo
with Mylar windows. Sample conditions are summarized in Table 1. Uran
LIII -edge EXAFS spectra were measured at room temperature at the Sta
Synchrotron Radiation Laboratory beam-line 4-1 as described elsewhere
and were processed using the EXAFSPAK software (13). EXAFS spectra
obtained by subtracting a spline fit from each background-subtracted spec
and werek3-weighted. The EXAFS spectrum for each sample was fit with a
ear combination of end-member spectra from: (a) theTCit : TU = 10 : 1 sample5

at pH 3.5 and (b) the pH 5.5 citrate-free samples using nonlinear least sq
optimization. Uncertainty in the linear combination fits was estimated by
ting a series of spectra from binary physical mixtures of model compou

(autunite/schoepite and autunite/adsorbed uranyl) (14). These solids were
sen because they could be measured out as single components and becaus

4 Autoclaving goethite and filter-sterilizing solutions were found to be nece
sary and effective to prevent biodegradation of citrate. Autoclaving goethite h
no obvious effect on the surface titrations or the XRD spectrum for the mater

5 TheTCit : TU nomenclature refers to the ratio of total citrate to total urany
in a system.
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EXAFS contain the general types of spectral features observed in these sys
Nonsystematic error was found to be dominated by the spline function use
isolate the EXAFS, leading to ca. 6% deviation, 1σ . Systematic error up to 6%
was observed and attributed to slight differences in normalization values
different model compounds. Principal component analysis (single value dec
position) of selected spectra was conducted using the program WinXAS (15)
lowing the theory and procedures outlined by Wasserman (16) and Ressler

Samples with conditions that favored end-member speciation (i.e., uran+
citrate+ goethite at pH 3.5 and uranyl+ goethite at pH 5.5) were analyzed
using shell-by-shell simulations of the spectra based on phase and ampl
functions obtained from FEFF 7 (18, 19). To improve the sensitivity towa
fitting shells beyond the nearest neighbor oxygens, the fitted U–Oaxial and U–
Oequatorial components were subtracted from the EXAFS spectra to prod
residual EXAFS spectra, which were subsequently fit. In no instance did
number degrees of freedom during fitting exceed the total number allowe
vary,Nfree, according toNfree= 2(1k)(1R)/π , where1k is the range ofk space
being fit, and1R is the width of the characteristic frequency in the Fouri
Transform (FT). For the pH 3.5 and 5.5 citrate/carballylate+ uranyl sorption
samples, it was necessary to constrain the Debye-Waller (σ 2) values for carbon
to prevent them from floating to unrealistically low values (i.e.,<0.001 A

a
2).

We speculate that this tendency is related to the use of harmonicσ 2 terms in a
system (i.e., ring structures) where asymmetric distributions of U–C distan
are likely to occur, which can lead to underestimation ofσ 2 and/or CN (20).
In the present case, the data ranges do not allow additional degrees of fre
required for anharmonic fits, nor is it justified to use any given anharmonic mo
Calculations on multiple scattering (MS) in the uranyl cation were perform
using the four-legged path, U=Oaxial=U=O′axial=U, based on its ability to fit
model compound spectra and on previous investigations regarding this mu
scattering path in U LIII -edge EXAFS (12, 21). Accuracies of bond distances a
coordination numbers (CNs), relative to XRD structure reports, were estim
to be±0.03 A
a

and±30%, respectively (12, 22).
The potential for formation of precipitates or dissolution of goethite by c

rate are worth noting. Dissolution of goethite should not interfere with t
conclusions of this study if the product is simply dissolved iron species
there is not significant sequestration of citrate. Thermodynamic calculat
predict that significant dissolution of goethite could occur due to the form
tion of FeOHCit−(aq) at pH below 4.5. However, an analysis of total iron b
atomic absorption has shown dissolved Fetotal < 0.1 µM for the sorption sam-
ples. The rate of dissolution appears to be slow relative to the time scal
the experiments. Furthermore, thermodynamic predictions do not yet inc
citrate–goethite surface complexes, which will moderate the formation of
solved Fe–citrate species. Formation of an adsorbed iron–citrate species i
a possibility. However, FTIR analysis of this system (G. D. Redden and P. P
son, 1999, unpublished data) does not indicate the presence of a surface co
between adsorbed citrate and dissolved iron within the experimental timefra
Formation of a uranyl–citrate precipitate in the presence of goethite was
a concern. However, this possibility was discounted because solution sam
prepared with uranyl and citrate concentrations higher than those in equilibr
with adsorbed uranyl and citrate showed no evidence of precipitation.

RESULTS AND DISCUSSION

EXAFS spectra for uranyl adsorbed on goethite in the presence of cit
at pH 3.5 and 5.5 are shown in Fig. 1. Spectra for model species (UO2+

2 (aq),
(UO2)x(citrate)x−x -(aq), UO2(acetate)2−x

x (aq)), and uranyl adsorbed in the ab
sence of citrate are also shown. Species distributions for the solution sam
were calculated for the conditions listed in Table 1. The solution contain
uranyl and citrate is predicted to be composed of approximately 90% of
(UO2)2(citrate)2−2 (aq) complex and 10% of the UO2(citrate)−(aq) complex.6

6 Note: A recent determination of the uranyl–citrate stability constants
Borkowskiet al.(23) apparently did not consider the formation of a 2 : 2 compl
in their analysis. Other spectroscopic studies (24, 25) indicate that this spe

lprobably exists and can be significant. Therefore, formation constants from
Rajan and Martell (8) were used in the calculations.
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FIG. 1. EXAFS spectra for model uranyl systems and uranyl adsorbed on goethite in the presence of citric acid. Dashed lines are best-fit linear com

(see Table 2) of spectra from the binary (uranyl only, pH 5.5) and proposed ternary (TCit : TU = 10 : 1, pH 3.5) complexes. The pH of the three model systems was
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5.5 (Cit, citrate; Ac, acetate; Tc, tricarballylate).

The uranyl–acetate solution complex, used as a model for a bidentate
ture (four-membered U–O–C–O ring resulting from uranyl coordination w
the carboxyl group) is predicted to be a mix of<1% UO2(acetate)+(aq), 9%
UO2(acetate)02(aq), and 91% UO2(acetate)−3 (aq) species at pH 5.5.

From an initial inspection of the extracted EXAFS spectra shown in Fig
four qualitative conclusions can be drawn.

(i) The uranyl+ citrate+ goethite7 spectra are clearly different from that o
(UO2)2(citrate)2−2 (aq). Therefore, the adsorbed uranyl species are structu
distinct from the uranyl–citrate solution species.

(ii) Although uranyl+ citrate+ goethite spectra bear some resemblance
the spectra for UO2+2 (aq), and UO2(acetate)2−x

x (aq), differences are apparent
thek = 6 to 11 A−1 region. These differences are more apparent in the resi

spectra when the strong U–Oaxial and U–Oequatorialcomponents are subtracted
from the total EXAFS spectra (Fig. 2).

7 The notation “x + y+ z” is used to indicate samples with the indicated
combination of constituents.
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(iii) Spectra for the samples withTCit : TU = 10 : 1 at pH 3.5 and 5.5 ar
similar to one another. This suggests that the dominant uranyl species, or m
species, is the same in both cases. Spectra for these two samples are also d
from the spectrum for uranyl adsorption at pH 5.5 without citrate. Since ur
does not adsorb significantly onto goethite at pH 3.5 and in the absence of c
(4), this emphasizes the association between uranyl and citrate in both sam

(iv) As theTCit : TU ratio decreases the spectra appear to progress towar
spectrum for uranyl adsorbed to goethite in the absence of citrate.

To test the proposal that two principal surface species can be used to de
adsorbed uranyl in the presence of citrate, the set of spectra were fit w
simple linear combination of the pH 3.5,TCit : TU = 10 : 1, spectrum plus the
spectrum for the uranyl+ goethite sample at pH 5.5 (no citrate). As shown
the dashed lines in Fig. 1, all major features of the spectra could be reprod
in this way. The relative contributions of each of the end-member compo
spectra in the linear combinations are summarized in Table 2. Adding sp
for any of the three aqueous species in the analysis did not improve thes

Likewise, substituting the spectrum for pH 3.5,TCit : TU = 10 : 1 with any of the
aqueous species could not reproduce the linear combination behavior.
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FIG. 2. (A) Residual EXAFS spectra generated by subtraction of Oaxial and Oequatorialshells. (B) Fourier transform (FT) plots for EXAFS residual spec
(C) Total EXAFS spectra. (D) FT plots for total EXAFS data. Solid lines are experimental data. Dashed lines are fit results based on parameter opion.
U, uranyl; C, citrate; T, tricarballylate; Ac, acetate; G, goethite. UCG/UTG samples have ligand : U= 10 : 1.∗This feature also contains the U=OMS frequency.

†Triangular U–Ccarboxy–Oeq–U MS frequency. See text for details.
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TABLE 2
Two Component, Least-Squares Fits to Sample Spectra

Fitting components

Sample pH %A %B

TCit : TU = 10 : 1 3.5 100a 0a

TCit : TU = 0 : 1 5.5 0 100
TCit : TU = 1 : 2 5.5 46.2 53.8
TCit : TU = 2 : 1 5.5 58.6 41.4
TCit : TU = 1 : 1 3.5 68.0 32.0
TCit : TU = 5 : 1 5.5 87.3 12.4
TCit : TU = 10 : 1 5.5 100.0 0.0

Note.Component “A”: pH 3.5,TCit : TU = 10 : 1; and Component “B”: pH
5.5, uranyl only, no citrate. Uncertainty is estimated at 6% (1σ ) from study of
binary physical mixtures of model compounds. See text for details. Fit der
standard deviations fall well below this level and hence are not quoted.

a
 Consideration of component “B” did not improve the spectrum simulation,
but cannot be discounted.

ed spectra

spline fit. The third and higher components also contribute high-frequency noise
FIG. 3. Target transformation results for the pH 3.5 10 : 1 and pH 5.5 no-citrate samples. Solid black lines show the experimental data. Transform

are given by the gray lines (one-component basis set), black dashed lines
THE EDITOR 215

ived

This system was also analyzed by single value decomposition (principal c
ponent analysis) using WinXAS, following the theory and procedures outli
previously by Wasserman (16) and Ressler (17). All uranyl+ citrate spectra that
had been previously fitted with linear combinations of the pH 3.5 and pH
end members were used to construct theA matrix, which was decompose
(by WinXAS) according to [A] = [E] × [V] × [W]T , where [E] contains the
eigenvectors describing an orthogonal basis set spanning the space defin
the spectra, [V] is the eigenvalue matrix, and [W]T is the transpose of ann× n
orthogonal matrix. This procedure was conducted using multiple permuta
of spline fits (i.e., number of spline ranges, spline weighting) to spectr
order to assess the uncertainty arising from spline misfit. Two eigenvec
(i.e., components) were required to account for all major features in the spe
Addition of a third component to the basis set yielded minor improvement
the reconstructed spectra (cf., Fig. 3). The sum of residuals (i.e., the differe
between original and reconstructed spectra) obtained with three componen
22% smaller on average than with two components. The amount of residua
the locations (inE or k space) of poor spectral reproduction varied depend
upon the choice of spline. Hence, a substantial fraction of the residual dec
(two-component basis sets), and black dotted lines (three-component bases).
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(derived from the original spectra) to reconstructed spectra, which can lo
the sum of residuals by 10 to 20%. These observations and the excelle
obtained with two components (Fig. 1) suggest the spectra to be dominat
two components. However, the presence of a third minor component cann
eliminated.

The pH 3.5TCit : TU = 10 : 1 and pH 5.5TCit : TU = 0 : 1 spectra were teste
for their suitability as end-member components using the target transform p
dure, which projects vectors onto the space spanned by [E]. This procedure will
distort the spectra if they are not consistent with the data. The target transfo
and original spectra are compared in Fig. 3. The one-component transform
semble the average of the spectra and are different from the original sp
The two-component target transformed spectra closely resemble the or
spectra, suggesting they are plausible end-member components. Only
improvements in the transformed spectra are obtained when three compo
are used, and, as discussed above, the improvement may be partially attr
to uncertainty caused by the spline fits.

In subsequent discussions regarding Fourier transforms (FTs), all peak
tances reported are uncorrected for phase shift (i.e.,R+1R). However, we
refer to true interatomic distances in all discussions regarding quantitativ
results and hypothetical structures.

Structural information about uranyl adsorbed to goethite in the abse
of citrate was obtained from shell-by-shell theoretical fits to the pH
uranyl+ goethite sample EXAFS. Fit results, summarized in Table 3, confirm
known transdioxo structure (U–O distance for linear O=U=O≈ 1.77 to 1.79 A

a
)

in this and the other samples. Fitting the uranyl+ goethite spectrum also yield
backscattering neighbors at 3.36 A

a
and 4.16 A
a
, which can be fit well with

shells of Fe atoms. These distances are consistent with uranyl coordinat
goethite surfaces via two equatorial oxygen atoms (12). Chlorine neighbo
2.85 A
a
were required to fit the frequency corresponding to the Fourier transf

peak at 2.3 A
a

(Fig. 2B), presumably as ternary ligands attached to adsor
uranyl. We conclude that uranyl is present as an inner-sphere UO2–goethite sur-
face complex. In the discussion that follows, we note that this binary spe
coexists with a uranyl+ citrate surface complex. Whether this species rema

a simple binary complex in the presence of citrate, or includes citrate asso-and shown to have significant amplitude, e.g., Refs. (21), (12), and FEFF 7 cal-

his
ciated through an electrostatic interaction (or both) cannot be determined in

TABLE 3
Shell-by-Shell EXAFS Fit Results

pH Tligand : TU Oax Oeq1 Oeq2 C1 or Cl C2 or Fe C3 or Fe

3.5 Citrate CNa 2.0c 3.9 (2) — C1: 1.7 (4) C2: 1.8 (4) C3: 1.3 (4)
10 : 1 R (A

a
)b 1.770 (1) 2.387 (3) — 2.93 (1) 3.10 (1) 4.08 (1)

σ 2 (A
a
2) .0032 (1) .0060 (5) — 0.002d (2) 0.002d (2) 0.002d (2)

5.5 Citrate CNa 2.0c 3.9 (4) — C1: 1.8 (6) C2: 1.9 (7) C3: 2.3 (9)
10 : 1 R (A

a
)b 1.776 (2) 2.386 (4) — 2.93 (1) 3.10 (2) 4.11 (1)

σ 2 (A
a
2) .0031 (1) .0065 (7) — 0.004d (2) 0.004d (2) 0.004d (2)

5.5 No CNa 2.0c 2.1 (5) 4.0 (5) Cl: 0.4 (1) Fe: 1.0 (9) Fe: 0.3 (1)
ligand R (A

a
)b 1.792 (2) 2.30 (3) 2.44 (2) 2.95 (1) 3.36 (3) 4.16 (3)

σ 2 (A
a
2) .0021 (1) .011 (4) .011 (4) 0.006c 0.016 (9) 0.010c

5.0 Tricarb. CNa 2.0a 3.7 (3) — C1: 2.3 (3) C2: 2.6 (4) C3: 1.9 (4)
10 : 1 R (A

a
)b 1.770 (2) 2.391 (3) — 2.92 (1) 3.11 (1) 4.09 (1)

σ 2 (A
a
2) .0029 (1) .0052 (6) — 0.004c 0.004c 0.004c

5.5 Acetate CNa 2.0a 6.0c (4) — C1: 2.3 (2) — C3: 2.3 (2)
50 : 1 R (A

a
)b 1.772 (1) 2.439 (3) — 2.843 (3) — 4.293 (4)

σ 2 (A
a
2) .0021 (1) .0084 (5) — .0040 (5) — 0.007 (1)

a Coordination number (±30%).
b Interatomic distance (±0.03 A

a
).

c Parameter value held constant.

culations demonstrate that there is no justification for arbitrarily neglecting t
d Parameter values linked during fits. Estimated standard deviations ar
confidence interval limits are obtained by multiplying the ESDs by 2.81 (eq
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this analysis. It is possible that the spectra for both types of species wou
similar. Perturbations in the water–oxygen shell around adsorbed uranyl ca
by an outer-sphere citrate bond could be minor and would result in wea
undetectable contributions to the EXAFS spectra.

The surface complex (or set of complexes) that predominates atTCit : TU =
10 : 1 presumably involves an association (bonding) or interaction (e.g.,
bilization through charge screening) between uranyl and citrate. Possibi
regarding the atomic arrangements between adsorbed uranyl and citrate in
the following: (i) Uranyl acts as a bridging link between the goethite surf
and citrate. In this case, an iron neighbor should be apparent in the EX
spectra (e.g., Ref. 12). (ii) A uranyl precipitate or multimer may form. T
role that citrate would play in this case is not immediately obvious altho
the structure for the (UO2)2(citrate)2(aq) species elucidated by NMR (25) an
EXAFS (24) shows uranium atoms held in close proximity by bridging o
gens donated by citrate. A signature of this type of surface species wou
the presence of uranium backscattering in the EXAFS. (iii) Citrate can ac
a bridge between goethite and uranyl. This type of complex is intuitively
pealing given the multiplicity of acidic functional groups on citrate, and the f
that citrate is strongly adsorbed to goethite in the lower pH region in this st
(iv) Uranyl–citrate aqueous complexes could adsorb as outer-sphere or d
layer species. This possibility seems unlikely due to the negative surface c
present under the experimental conditions, and because existing thermody
data predicts uranyl-citrate solution complexes to be anionic. Signatures o
latter two types of complexes would be oxygen and carbon shells reflecting
boxyl and hydroxyl group coordination with uranyl, and the absence of F
U neighbors.

Shell-by-shell fits were performed on the “end-member” spectra for ura
adsorbed to goethite in the presence of citrate (pH 3.5, 5.5,TCit : TU = 10 : 1).
Because of the complexity of the spectra, a systematic approach was foll
in which fits to the residual spectra were attempted using all reasonable co
nations of C, Fe, U, and Cl neighbors. Fits using Fe and U were found to pro
poor descriptions of the spectra, unless the transdioxo multiple scattering fe
was completely neglected. This feature has previously been discussed at
e given in parentheses and refer to the last digit of the numerical result. The 99.5%
, equatorial).
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FIG. 4. Molecular structure of eight-membered ring Cd(II)(OH2)(H2O)2–
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feature (12). The absence of an Fe neighbor suggests that uranyl is not di
bonded to the goethite surface in the presence of citrate. Chlorine was sim
found to provide relatively poor fits to the residual FT features. In contrast,
residual spectrum could be fit well using three carbon neighbor shells at ca
3.1, and 4.1 A
a
.

A survey of the interatomic uranium–carbon distances in solid phase r
forming complexes with oxygenated organic ligands found in the Cambr
Structure Database (26) produced the following summary: 2.8–2.9 A

a
for

four-membered rings; 3.2–3.4 A
a

for five-membered rings; 3.2–3.6 A
a

for six-
membered rings (no results available for larger rings). The 2.93-A

a
U–C distance

is most consistent with a four-membered ring resulting from a bidentate c
plex with a carboxylate group, O2U�HO

O
b�C–(R). This distance has also bee

reported for bidentate coordination of carbonate to uranyl and actinyl compl
(12, 10). To further constrain interpretation of this U–C distance, EXAFS sp
tra were collected from solutions containing uranyl–acetate complexes. EX
analyses of solid UO2(acetate)−3 by Deneckeet al. (5) yielded a uranium–carbon
distance of 2.89 A
a
, that was interpreted in terms of a four-membered biden

ring structure. The study by Denecke also pointed out the importance of the
ear U–Ccarboxyl–Cmethyl–U multiple scattering path in the EXAFS spectra. O

fit results for aqueous UO2(Ac)(2−x)
x (Table 3) are consistent with this report an

with the XRD structure for solid UO2(acetate)−3 (27). In analyzing the spectrum
from UO2(acetate)2−x

x (aq),8 we considered all multiple scattering paths of up
five segments andreff up to 7 A

a
. The following multiple scattering paths wer

found to be necessary to reproduce the spectrum; linear U–Ccarboxyl–Cmethyl–
Ccarboxyl–U and U–Ccarboxyl–Cmethyl–U (nominally 3 and 6 paths, respectively,
reff = 4.293 A
a

for UO2(acetate)−3 (aq)) and triangular U–Ccarboxyl–Oequatorial–U
(nominally 12 paths atreff = 3.28 A

a
). The fits to UO2(acetate)2−x

x (aq) confirm
the assignment of Ccarbonyl to the EXAFS components with amplitude at 2.2
2.3 A
a

in the FTs. It is also significant in that a strong C signal at 4.29 A
a

for
uranyl acetate indicates that the ring structure is rigid.

The question arises as to how one should account for the U–C distanc
ca 3.1 and 4.1 A
a

(Table 3). These distances should be considered too shor
too long, respectively, to be consistent with a monodentate U–O–C topo
given the observed U–O distance of 2.39 A

a
and a typical value of 1.25 A

a
for
O. However, the presence of C shells at these distances could be expla
larger uranyl–citrate ring structures. That contributions can be seen in s

This stoichiometry is based on a predicted species distribution of 9

2(acetate)3 and 10% UO2(acetate)2.

ison,
t-

for
citrate complex calculated using the PM3 Hamiltonian. See text for details.

ectly
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ring structures is supported by the observation of C and O atoms at 3.32
4.25 A
a
, respectively, in aqueous PbEDTA2− (28). In the case of citrate coordi

nation to uranyl, it is possible to draw five-, six-, seven-, and eight-membe
rings. The five- and six-membered rings require uranyl coordination to the
rate hydroxyl group. An EXAFS analysis was conducted for a sample w
uranyl adsorbed on goethite in the presence of tricarballylic acid instea
citrate. Tricarballylate is similar to citrate in all aspects except it lacks a
droxyl group at the beta position. As summarized in Table 3 (and can
seen by inspection of Fig. 2), the oxygen and carbon shell distances fo
uranyl+ tricarballylate+ goethite sample are essentially identical to those of
uranyl+ citrate+ goethite samples. Therefore, five- or six-membered ring str
tures are not consistent with the uranyl+ citrate surface species, and apparen
the hydroxyl group does not play a role in the association between uranyl an
rate. This is not surprising considering the extremely high deprotonation con
for the hydroxyl group. In both citrate and tricarballylate systems the spectra
Tligand : TU = 10 : 1 at pH 3.5 or 5.5 also lack compelling evidence for Fe at
neighbors.

To obtain estimates of U–C distances expected in seven- and eight-mem
ring uranyl–citrate complexes, gas-phase structures for citrate were calcu
using the semiempirical quantum mechanical PM3 Hamiltonian and the C
software from Oxford Molecular. The PM3 Hamiltonian was chosen beca
it accurately reproduces carboxylate bond lengths and angles. Cd was
sen as a surrogate for uranyl because basis sets are not readily availab
uranyl and the Cd–O bond lengths are similar to those observed for Oequatorial

in the EXAFS analyses. Citrate was prevented from bonding at axial locat
around the metal by placing water molecules as ligands at these locations
model accurately reproduced the EXAFS-derived U–C distances observe
UO2(acetate)2−x

x (aq). Calculations for the seven-membered ring predicted U
distances of ca 3.2, 3.5, and 3.8 A

a
. In contrast, the eight-membered ring, whic

has a more open structure, was calculated to have U–C distances in two di
ranges: 3.15 to 3.30 A

a
and 4.0 to 4.24 A
a
. Similar results were obtained from calcu

lations using the AM-1 Hamiltonian for Sn(II)(OH2)(H2O)2–citrate complexes
and from simple molecular mechanics simulations of U(VI)O2(OH2)(H2O)2–
citrate complexes. The 4.0- to 4.24-A

a
U–C distance is most consistent wit

those derived from EXAFS in the sorption samples. Based on this compar
we tentatively conclude that theTCit : TU = 10 : 1 sorption samples contain eigh
membered ring structures involving uranyl and citrate. The structure derived
the eight-membered Cd(II)(OH2)(H2O)2 complex with citrate is illustrated in
0%Fig. 4. This structure differs from that proposed for aqueous (UO2)2(citrate)2−2 ,
in which five- and six-membered rings were invoked (24, 25). To our knowledge,



T

it
f
io

t
t

fa

s
c
,
o
w
n
h

,

n
m
r
m
t
io
i
t
a
v
c
d
n

ti
r
o
g
e
s
n
o
r
o
n

c
u
p

r
in
o
m
c
c
a

tinct

aya
rom
er-
ding
03-
act
es

ty,
h-

,
.

ica,

7.
H.,

y.”

he
s-

he
pt.

n-
,”

l
D,

ry,

y,
218 LETTER TO

the structure of aqueous UO2(citrate)− has not been determined. It is also im
portant to note that these basic model calculations for possible uranyl–c
bonding structures are used primarily as a tool to aid in the interpretation o
EXAFS spectra and are not presumed to represent independent confirmat
the structures.

It is theoretically possible that uranyl bound to the goethite surface in
presence of citrate is a mixture of species. However, the excellent linear
component fit of the spectra for samples with intermediateTCit : TU ratios would
be unlikely in this case. We note that the ratio of uranyl to citrate in the sur
complex would be greater than one if both bidentate and eight-membered
structures are present simultaneously.

As mentioned earlier, adsorption of uranyl on a macroscopic scale doe
follow a simple, stoichiometric relationship between the total uranyl and
rate in our experimental systems. Under the conditions used in this study
sorption of citrate on goethite appears to be favored over the formation
uranyl+ citrate+ goethite species (4). A significant fraction of citrate at lo
surface concentrations is not associated with uranyl. A strong associatio
tween citrate and the goethite surface is consistent with the observed hig
sorption capacity of goethite for citrate (≥0.8 molecule/nm2) and the ability
of citrate to reverse the net surface charge below pH 4 (29). It is plausible
consistent with the preceding discussion, that a uranyl+ citrate surface complex
involves citrate acting as a bridging link. However, the number of citrate fu
tional groups associated with goethite cannot be conclusively assigned fro
present study. Overall, the relationship between uranyl adsorption and inc
ing surface citrate concentration could be explained by an increase in the nu
of carboxyl groups of adsorbed citrate that are not coordinated to the goe
surface, an increasingly negative net surface charge that promotes format
surface species with cations (UO2+

2 ), or simple mass action. Given the comb
nation of bidentate and eight-membered rings structures proposed in this s
we can speculate that uranyl lies between two citrate molecules. Presum
the complex shown in Fig. 4 would be attached to surface adsorbed citrate
bidentate bond opposite the eight-membered ring. Since this arrangement
leave additional carboxyl groups oriented toward the solution, there coul
additional capacity to complex uranyl (or other metals) and citrate in an exte
polymer network.

SUMMARY

In summary, we propose the following interpretation for uranyl adsorp
promoted by citrate. At pH 3.5, the dominant uranyl species is an adso
UO2+

2 + citrate complex that includes bidentate coordination with at least
carboxylate group from citrate forming a four-membered ring. Bidentate ei
membered uranyl citrate ring structures also appear to be simultaneously pr
apparently as part of the same complex. The alpha hydroxyl group doe
participate in coordination with uranyl. Although the EXAFS analysis can
identify the nature of the bond with goethite, a ligand bridging structure is c
sistent with the aqueous sorption data based on the strength of citrate adso
on goethite, that adsorption of anionic uranyl–citrate solution complexes w
be inhibited by the negative surface charge imparted by adsorbed citrate, a
absence of evidence for an Fe neighbor in the uranyl+ citrate+ goethite surface
species. This species exists at pH 5.5 when the concentration of adsorbed
is high TCit : TU = 10 : 1). In the absence of citrate, uranyl adsorption occ
predominantly as an inner-sphere uranyl surface complex. This binary com
also exists as a minor species at pH 3.5 for the sample with aTCit : TU ratio of
1 : 1, suggesting that the negative surface charge induced from citrate adso
may stabilize neighboring inner-sphere uranyl–goethite complexes. The b
complex is displaced by uranyl+ citrate complex(es) as the concentration
adsorbed citrate increases. The inner-sphere uranyl–goethite surface co
found at pH 5.5, and lowerTCit : TU ratios, could include an electrostatic asso
ation with citrate ions; however, an outer-sphere complex would not be expe
to significantly alter the uranyl EXAFS spectra relative to the binary complex

therefore would not be observed. The possibility that multiple surface spec
involving uranyl and citrate are present has not been entirely excluded. Ura
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adsorption in all cases involves the formation of surface species that are dis
from solution species present under the same conditions.
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