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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 UO§+)
on goethite («-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, UO%*, 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 4 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 4 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.  © 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.

INTRODUCTION AND BACKGROUND

types and relative proportions of surface complexes in experimental systel
and to search for consistency between reaction stoichiometry and the struct
of chemical species.

In this study, we are interested in the interactions between organic ligan
and heavy metals at mineral oxide surfaces. The structures of ternary adsorpt
complexes (defined herein to involve metal ions, anionic complexing ligand
and metal oxide surfaces) are not well characterized. Our specific model s
tem contains citric acid (2-hydroxy-1,2,3-propanetricarboxylic acid), goethit
(a-FeOOH), and U(VI) as the uranyl ion, l%(’.’) 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 increas
from nearly zero below pH 3.5 to approximately 95% above pH 5 (4).
the experimental systems, uranyl adsorption was not significantly affected |
citrate as long as its concentration was less than a factor of 2 greater than ura
and the surface concentration of citrate was well below the surface capaci
However, at higher citrate concentrations (20-100 citrate, 1 uM UO§+),
adsorption of uranyl between pH 3 and pH 5 increases t®%6. Under these
conditions the surface citrate concentration is equivalent to 0.2—0.8 molecul
nm~2 (possibly approaching monolayer coverage depending on the orientati
of citrate on the surface). Model-based interpretations of traditional macroscoy
measurements often cannot provide distinguishing stoichiometric signatures
the surface reactions. Deducing speciation from adsorption as a function of |
is model dependent as a consequence of different approaches used to acc
for the influence of electrostatic surface potential on the free energy of surfa
complexes.

EXAFS spectroscopy was used to characterize the local coordination en
ronment of uranyl adsorbed on goethite in the presence of citrate under aque
conditions. Of particular interest was the distribution of uranyl species unds
the conditions where uranyl is strongly sorbed with or without citrate (e.g.,
or above pH 5.5 where uranyl adsorption remai85%). In anticipation of
possible types of metal ligand coordination that could be present, two additior
ligands were included in the test samples. The —OH deficient citrate analc
tricarballylic acid (1,2,3-propanetricarboxylic acid), which was also found tc
promote the adsorption of uranyl on goethite under similar conditions, was us
to help understand the significance of the hydroxyl group of citrate in the inte
action between citrate and adsorbed uranyl. Aqueous uranyl-acetate comple
were included as structural models for bidentate four-membered —U—-O—C—(
rings (5).

METHODS

Adsorption models that simulate partitioning of solutes on mineral surfacesReagents used were uranyl nitrate hexahydrate (Johnson Matthe
range from those that are highly empirical and system-specific to more me#fisodium citrate dihydrate (Mallinckrodt, Reagent Grade), tricarballylic acic
anistic approaches that incorporate molecular level interactions and stoicHidldrich, 1,2,3-propanetricarboxylic acid), anhydrous sodium acetate (Sigmz
metric relationships. Surface complexation models (SCMs) are representafi@NGs)s - 9H20 (Baker, Analyzed Reagent), NaOH (Baker, £f@ee), and
of the latter (see Ref. 1). Although SCMs are difficult to apply in complekiCl (Baker, Conc. Reagent). Water was deionized-i8 M. Goethite was
natural systems they are nevertheless important for interpreting general correla-
tions between macroscopic solute partitioning and thermodynamic relationships
between individual system components. Fundamental to the development antiExperimental conditions: LM UO%*, 68 n? L—1 goethite, 0.1 M NaCl,
possible application of these adsorption models is the ability to identify tH&o, ~ 0.
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TABLE 1 EXAFS contain the general types of spectral features observed in these syste
EXAFS Sample Parameters Nonsystematic error was found to be dominated by the spline function used
isolate the EXAFS, leading to ca. 6% deviation, Bystematic error up to 6%
TLigand Tu Goethite g2 was observed and attributed to slight differences in normalization values ft
Sample pH (mM) (mM) (g9/L) mol/m?)  different model compounds. Principal component analysis (single value decor
position) of selected spectrawas conducted using the program WinXAS (15), fc
(UOg)z(Cit)g’ (ag) 5.0 50 50 — —_ lowing the theory and procedures outlined by Wasserman (16) and Ressler (1
Uo§+(aq) 5.5 — 50 — — Samples with conditions that favored end-member speciation (i.e., uranyl
UOz(Ac)2*(aqf 5.5 500 10 — — citrate+ goethite at pH 3.5 and uranylgoethite at pH 5.5) were analyzed
Teit: Tu=10:1 3.5 0.4 0.04 2 0.29 using shell-by-shell simulations of the spectra based on phase and amplitu
Tcit:Tu=0 55 — .96 10 0.50 functions obtained from FEFF 7 (18, 19). To improve the sensitivity towarc
Teig:Tu=1:2 55 0.02 0.04 2 0.29 fitting shells beyond the nearest neighbor oxygens, the fittedalsr@nd U—
Teit:Tu=2:1 55 0.35 0.175 10 0.25 Oegquatorial COMponents were subtracted from the EXAFS spectra to produc
Teit:Tu=5:1 55 0.2 0.04 2 0.29 residual EXAFS spectra, which were subsequently fit. In no instance did tt
Teit:Tu=10:1 55 0.4 0.04 2 0.29  number degrees of freedom during fitting exceed the total number allowed
Teip:Tu=11:1 35 0.15 0.16 4.6 0.59 vary, Niree, according td\ee = 2(AK)(AR) /7, whereAkis the range ok space
Teit:Tu=10:1 55 0.4 0.04 2 0.29  being fit, andAR is the width of the characteristic frequency in the Fourier

Transform (FT). For the pH 3.5 and 5.5 citrate/carballylatgranyl sorption
Note. Cit, Citric acid; Ac, acetateTc, tricarballylate; Tcit, total citrate, samples, it was necessary to constrain the Debye-Walfgn@lues for carbon
mol L~1; Ty, total uranyl, mol I=1; NaCl, 0.1 M. to prevent them from floating to unrealistically low values (i0.001 °A@).
aThis represents the maximum amount that could have been adsorbék,speculate that this tendency is related to the use of harmérterms in a
but not a measured amount. BET surface area for goethite sampeor system (i.e., ring structures) where asymmetric distributions of U-C distanc
56 nt/g. are likely to occur, which can lead to underestimatiorséfand/or CN (20).
b Species distribution estimated to be 98%- 3, 10%x = 2. In the present case, the data ranges do not allow additional degrees of freed
required foranharmonicfits, norisitjustified to use any given anharmonic mode
Calculations on multiple scattering (MS) in the uranyl cation were performe
prepared under C&free conditions in a manner similar to that described inusing the four-legged path,4Daxia—U=0,,;,—U, based on its ability to fit
Ref. (6). The goethite was sterilized by autoclaving prior to use, and solutiom®del compound spectra and on previous investigations regarding this multir
were sterilized by filtration at 0.2m.* Stirred goethite suspensions (2—10 g/L)scattering pathin U |y -edge EXAFS (12, 21). Accuracies of bond distances anc
at pH 4.5, room temperature, and 0.1 M NaCl were purged withoNemove  coordination numbers (CNs), relative to XRD structure reports, were estimate
carbonate. Adjustments to the pH were made using HCI o3-€e NaOH. to be+0.03 Aand+30%, respectively (12, 22).
Citrate or tricarballylate, then uranyl, were added to goethite suspensions ahe potential for formation of precipitates or dissolution of goethite by cit-
aliquots of stock solutions. After8 h the suspensions were analyzed for pHate are worth noting. Dissolution of goethite should not interfere with the
and centrifuged at approx. 1700 rcf for 30 min. Since there was no noticeabenclusions of this study if the product is simply dissolved iron species an
change in adsorption between 4 and, 8n was taken aadequate for a stable there is not significant sequestration of citrate. Thermodynamic calculatior
adsorbed concentration (shorter time periods were not studied in detail). EXAm®dict that significant dissolution of goethite could occur due to the forma
measurements for samples equilibrated for 8 and 48 h were essentially idelfiein of FeOHCit (aq) at pH below 4.5. However, an analysis of total iron by
cal. Supernatant samples taken for dissolved iron analysis were filtered throagfmic absorption has shown dissolveg,ke< 0.1 1M for the sorption sam-
0.2 um filters and acidified prior to analysis by graphite furnace automic aples. The rate of dissolution appears to be slow relative to the time scale
sorption spectroscopy. the experiments. Furthermore, thermodynamic predictions do not yet incluc
Thermodynamic speciation calculations (fof 23 were made using the pro- citrate—goethite surface complexes, which will moderate the formation of dis
gram HYDRAQL (7) with a thermodynamic database using constants obtaingelved Fe—citrate species. Formation of an adsorbed iron—citrate species is &
from Refs. (8—11). Goethite pastes were transferred under a nitrogen atmosphgressibility. However, FTIR analysis of this system (G. D. Redden and P. Per
to 2-mn-thick Teflon sample holders and sealed with Mylar tape. EXAFS analn, 1999, unpublished data) does not indicate the presence of a surface com
ysis of the samples began within 12 h of sample preparation. Solution sapetween adsorbed citrate and dissolved iron within the experimental timefrarr
ples were loaded into 3-mm-thick Teflon sample holders or polystyrene bottlegrmation of a uranyl—citrate precipitate in the presence of goethite was al:
with Mylar windows. Sample conditions are summarized in Table 1. Uraniumconcern. However, this possibility was discounted because solution samp
Ly -edge EXAFS spectra were measured at room temperature at the Stanfegpared with uranyl and citrate concentrations higher than those in equilibriu
Synchrotron Radiation Laboratory beam-line 4-1 as described elsewhere (d#th adsorbed uranyl and citrate showed no evidence of precipitation.
and were processed using the EXAFSPAK software (13). EXAFS spectra were

obtained by subtracting a spline fit from each background-subtracted spectrum RESULTS AND DISCUSSION
and werek3-weighted. The EXAFS spectrum for each sample was fit with a lin-
ear combination of end-member spectra from: (a)fse: Ty = 10: 1 sample EXAFS spectra for uranyl adsorbed on goethite in the presence of citra

at pH 3.5 and (b) the pH 5.5 citrate-free samples using nonlinear least squajiggH 3.5 and 5.5 are shown in Fig. 1. Spectra for model specie%*((a@),
optimization. Uncertainty in the linear combination fits was estimated by ﬁ(UOg)X(citratej;‘-(aq), UQ(acetateﬁ‘X(aq)), and uranyl adsorbed in the ab-
ting a series of spectra from binary physical mixtures of model compounggnce of citrate are also shown. Species distributions for the solution samp
(autunite/schoepite and autunite/adsorbed uranyl) (14). These solids were ¢fire calculated for the conditions listed in Table 1. The solution containin
sen because they could be measured out as single components and becaus@tigjll and citrate is predicted to be composed of approximately 90% of th
(UOz)g(citrate)E‘(aq) complex and 10% of the Ugxitrate) (aq) compleX

4 Autoclaving goethite and filter-sterilizing solutions were found to be neces-® Note: A recent determination of the uranyl—citrate stability constants b
sary and effective to prevent biodegradation of citrate. Autoclaving goethite hBdrkowskiet al.(23) apparently did not consider the formation ofa 2 : 2 complex
no obvious effect on the surface titrations or the XRD spectrum for the material.their analysis. Other spectroscopic studies (24, 25) indicate that this spec

5 The T¢it : Tu nomenclature refers to the ratio of total citrate to total uranyprobably exists and can be significant. Therefore, formation constants fro
in a system. 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 comlt

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

The uranyl-acetate solution complex, used as a model for a bidentate strudiii) Spectra for the samples witficjt: Ty = 10:1 at pH 3.5 and 5.5 are
ture (four-membered U-O—-C-O ring resulting from uranyl coordination witimilar to one another. This suggests that the dominant uranyl species, or mix
the carboxyl group) is predicted to be a mix-el% UQ,(acetate}(aq), 9% species, is the same in both cases. Spectra for these two samples are also diffe

UO,(acetatéd(aq), and 91% Uglacetate] (aq) species at pH 5.5. from the spectrum for uranyl adsorption at pH 5.5 without citrate. Since uran:
From an initial inspection of the extracted EXAFS spectra shown in Fig. @ipes not adsorb significantly onto goethite at pH 3.5 and in the absence of citr:
four qualitative conclusions can be drawn. (4), this emphasizes the association between uranyl and citrate in both samp

(iv) AstheTcj: Ty ratio decreases the spectra appear to progress toward t

() The uranyH-citrate+ goethit€ spectra are clearly different from that of fpectrum for uranyl adsorbed to goethite in the absence of citrate.

(UOg)z(mtrate)E (aqg). Therefore, the adsorbed uranyl species are structural
distinct from the uranyl—citrate solution species. To test the proposal that two principal surface species can be used to desci
(i) Although uranyl+ citrate+ goethite spectra bear some resemblance tadsorbed uranyl in the presence of citrate, the set of spectra were fit with
the spectra for U@*(aq), and UQ(acetatei*x(aq), differences are apparent insimple linear combination of the pH 3.5¢jt: Ty = 10:1, spectrum plus the
thek = 6 to 11 A1 region. These differences are more apparent in the residisglectrum for the urany goethite sample at pH 5.5 (no citrate). As shown by
spectra when the strong Uz and U-QquatoriaiCOMponents are subtractedthe dashed lines in Fig. 1, all major features of the spectra could be reproduc
from the total EXAFS spectra (Fig. 2). in this way. The relative contributions of each of the end-member compone
spectra in the linear combinations are summarized in Table 2. Adding spec
for any of the three aqueous species in the analysis did not improve these f
”The notation % + y + 2" is used to indicate samples with the indicatedLikewise, substituting the spectrum for pH 3Tg; : Ty = 10: 1 with any of the
combination of constituents. agueous species could not reproduce the linear combination behavior.
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FIG. 2. (A) Residual EXAFS spectra generated by subtraction gfaand Qquatoriaishells. (B) Fourier transform (FT) plots for EXAFS residual spectra.
(C) Total EXAFS spectra. (D) FT plots for total EXAFS data. Solid lines are experimental data. Dashed lines are fit results based on paramet@moptin
U, uranyl; C, citrate; T, tricarballylate; Ac, acetate; G, goethite. UCG/UTG samples have ligaadOUL.*This feature also contains the=2tOMS frequency.
fTriangular U—Carboxy-Oeq—U MS frequency. See text for details.
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TABLE 2 This system was also analyzed by single value decomposition (principal col
Two Component, Least-Squares Fits to Sample Spectra ponent analysis) using WinXAS, following the theory and procedures outline
previously by Wasserman (16) and Ressler (17). All urangitrate spectra that
Fitting components had been previously fitted with linear combinations of the pH 3.5 and pH 5.
end members were used to construct ghenatrix, which was decomposed
Sample pH %A %B by WinXAS) according to A] = [E] x [V] x [W]T, where E] contains the

eigenvectors describing an orthogonal basis set spanning the space define

Teit:Ty=10:1 3.5 108 the spectra,\[] is the eigenvalue matrix, an\] T is the transpose of amx n
Teit:Tu=0:1 5.5 0 100 orthogonal matrix. This procedure was conducted using multiple permutatio
Teit:Tu=1:2 5.5 46.2 53.8 spline fits (i.e., number of spline ranges, spline weighting) to spectra i
Ter:Tu=2:1 5.5 58.6 414 Grder to assess the uncertainty arising from spline misfit. Two eigenvecto
Tei:Ty=1:1 3.5 68.0 32.0 (i.e., components) were required to account for all major features in the spect
Teii:Tu=5:1 5.5 87.3 12.4° agdition of a third component to the basis set yielded minor improvements t
Teit:Tu=10:1 5.5 100.0 0.0

the reconstructed spectra (cf., Fig. 3). The sum of residuals (i.e., the differenc
nn o between original and reconstructed spectra) obtained with three components\

Note.Component A - PH 3'5’TC”_: Tu = 10_: 1; and Component "B™ pH 22% smaller on average than with two components. The amount of residual &
5.'5’ uranyl iny, no citrate. Uncertainty is estimated at 6%) (ttom_study of _ the locations (inE or k space) of poor spectral reproduction varied depending
binary phy5|c_a| _mlxtures of model compounds. See text for details. Fit de”"ﬁﬁon the choice of spline. Hence, a substantial fraction of the residual decre:
standard deviations fall well below this level and hence are not quoted. associated with the third component could be attributed to uncertainty in tf

a H H wpy A B . .
Con&deratlpn of component “B” did not improve the spectrum SImUIatlor%:pline fit. The third and higher components also contribute high-frequency noi
but cannot be discounted.

pH 3.5 10:1 Cit:U

v (k)xk’

oH 5.5 0:1 Cit:U |

k(A7)

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. Transformec
are given by the gray lines (one-component basis set), black dashed lines (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 lovikis analysis. It is possible that the spectra for both types of species would |
the sum of residuals by 10 to 20%. These observations and the excellentditsilar. Perturbations in the water—oxygen shell around adsorbed uranyl caus
obtained with two components (Fig. 1) suggest the spectra to be dominateddlgyan outer-sphere citrate bond could be minor and would result in weak
two components. However, the presence of a third minor component cannotineletectable contributions to the EXAFS spectra.
eliminated. The surface complex (or set of complexes) that predominatégiatly =

The pH 3.5T¢jt: Ty = 10:1 and pH 5.9¢;jt: Ty = 0: 1 spectra were tested 10:1 presumably involves an association (bonding) or interaction (e.g., st
for their suitability as end-member components using the target transform prob#ization through charge screening) between uranyl and citrate. Possibilitie
dure, which projects vectors onto the space spanneB]b¥ his procedure will  regarding the atomic arrangements between adsorbed uranyl and citrate incl
distort the spectra if they are not consistent with the data. The target transforrttes following: (i) Uranyl acts as a bridging link between the goethite surfac
and original spectra are compared in Fig. 3. The one-component transformsared citrate. In this case, an iron neighbor should be apparent in the EXAF
semble the average of the spectra and are different from the original specipectra (e.g., Ref. 12). (ii) A uranyl precipitate or multimer may form. The
The two-component target transformed spectra closely resemble the origimdé that citrate would play in this case is not immediately obvious althoug!
spectra, suggesting they are plausible end-member components. Only mtherstructure for the (Ug)»(citratey(aq) species elucidated by NMR (25) and
improvements in the transformed spectra are obtained when three componEXAFS (24) shows uranium atoms held in close proximity by bridging oxy-
are used, and, as discussed above, the improvement may be partially attribg@t donated by citrate. A signature of this type of surface species would |
to uncertainty caused by the spline fits. the presence of uranium backscattering in the EXAFS. (iii) Citrate can act

In subsequent discussions regarding Fourier transforms (FTs), all peak didridge between goethite and uranyl. This type of complex is intuitively ap
tances reported are uncorrected for phase shift (Rer, AR). However, we pealing given the multiplicity of acidic functional groups on citrate, and the fac
refer to true interatomic distances in all discussions regarding guantitativetfiat citrate is strongly adsorbed to goethite in the lower pH region in this stud
results and hypothetical structures. (iv) Uranyl—citrate aqueous complexes could adsorb as outer-sphere or diffu

Structural information about uranyl adsorbed to goethite in the abserieger species. This possibility seems unlikely due to the negative surface chal
of citrate was obtained from shell-by-shell theoretical fits to the pH 58resentunderthe experimental conditions, and because existing thermodyna
uranyl+ goethite sample EXAFS. Fitresults, summarized in Table 3, confirm thiata predicts uranyl-citrate solution complexes to be anionic. Signatures of t
known transdioxo structure (U-O distance for lineatl®0~ 1.77 to 1.79°A latter two types of complexes would be oxygen and carbon shells reflecting ce
in this and the other samples. Fitting the uranyoethite spectrum also yields boxyl and hydroxyl group coordination with uranyl, and the absence of Fe c
backscattering neighbors at 3.36ahd 4.16 ‘A which can be fit well with U neighbors.
shells of Fe atoms. These distances are consistent with uranyl coordination t8hell-by-shell fits were performed on the “end-member” spectra for urany
goethite surfaces via two equatorial oxygen atoms (12). Chlorine neighborsadsorbed to goethite in the presence of citrate (pH 3.5, Tg;b, Ty = 10:1).
2.85 Awere required to fit the frequency corresponding to the Fourier transfoiBecause of the complexity of the spectra, a systematic approach was follow
peak at 2.3°A(Fig. 2B), presumably as ternary ligands attached to adsorbadwhich fits to the residual spectra were attempted using all reasonable com!|
uranyl. We conclude that uranyl is present as an inner-sphege-gt@thite sur- nations of C, Fe, U, and Cl neighbors. Fits using Fe and U were found to provic
face complex. In the discussion that follows, we note that this binary specjgsor descriptions of the spectra, unless the transdioxo multiple scattering featt
coexists with a urany- citrate surface complex. Whether this species remaingas completely neglected. This feature has previously been discussed at len
a simple binary complex in the presence of citrate, or includes citrate asamd shown to have significant amplitude, e.g., Refs. (21), (12), and FEFF 7 ¢
ciated through an electrostatic interaction (or both) cannot be determinedcirations demonstrate that there is no justification for arbitrarily neglecting thi

TABLE 3
Shell-by-Shell EXAFS Fit Results
pH Tiigand: Tu Oax Oeq1 Oeq2 CyorCl Cy or Fe GorFe
35 Citrate CN 2.0 3.9(2) — G:1.7 (4) G:1.8(4) G:1.3(4)
10:1 R (A)P 1.770 (1) 2.387 (3) — 2.93 (1) 3.10 (1) 4.08 (1)
o2 (A2 .0032 (1) .0060 (5) — 0.002(2) 0.002 (2) 0.002 (2)
5.5 Citrate CN 2.0 3.9 (4) — G:1.8(6) G:1.9(7) G:2.3(9)
10:1 R (A)P 1.776 (2) 2.386 (4) — 2.93(1) 3.10 (2) 4.11(1)
o2 (A2 .0031 (1) .0065 (7) — 0.084(2) 0.004 (2) 0.004 (2)
55 No CN 2.0 2.1(5) 4.0 (5) Cl:0.4 (1) Fe: 1.0 (9) Fe: 0.3 (1)
ligand R (A)P 1.792 (2) 2.30 (3) 2.44 (2) 2.95(1) 3.36 (3) 4.16 (3)
o? (A?) .0021 (1) 011 (4) .011 (4) 0.006 0.016 (9) 0.010
5.0 Tricarb. CN 2.0 3.7(3) — G:2.3(3) G:2.6(4) G:1.9 (4)
10:1 R (A)P 1.770 (2) 2.391 (3) — 2.92 (1) 3.11(1) 4.09 (1)
o2 (A2 .0029 (1) .0052 (6) — 0.064 0.004 0.004
5.5 Acetate CR 2.0 6.0° (4) — C1:2.3(2) — G:2.3(2)
50:1 R (A)P 1.772 (1) 2.439 (3) — 2.843 (3) — 4.293 (4)
o? (A?) .0021 (1) .0084 (5) — .0040 (5) — 0.007 (1)

@ Coordination number#£30%).

b Interatomic distance#£0.03 A).

¢ Parameter value held constant.

d parameter values linked during fits. Estimated standard deviations are given in parentheses and refer to the last digit of the numerical reSedt. Tt
confidence interval limits are obtained by multiplying the ESDs by 2.81 (eq, equatorial).
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FIG. 4. Molecular structure of eight-membered ring Cd(ll)(&)tH20),—citrate complex calculated using the PM3 Hamiltonian. See text for details.

feature (12). The absence of an Fe neighbor suggests that uranyl is not direitly structures is supported by the observation of C and O atoms at 3.32 a
bonded to the goethite surface in the presence of citrate. Chlorine was similarg5 A respectively, in aqueous PbEDTA(28). In the case of citrate coordi-
found to provide relatively poor fits to the residual FT features. In contrast, thation to uranyl, it is possible to draw five-, six-, seven-, and eight-membere
residual spectrum could be fit well using three carbon neighbor shells at ca 2.938gs. The five- and six-membered rings require uranyl coordination to the ci
3.1,and 4.1°A rate hydroxyl group. An EXAFS analysis was conducted for a sample wit
A survey of the interatomic uranium—carbon distances in solid phase ringranyl adsorbed on goethite in the presence of tricarballylic acid instead
forming complexes with oxygenated organic ligands found in the Cambridgérate. Tricarballylate is similar to citrate in all aspects except it lacks a hy
Structure Database (26) produced the following summary: 2.822M@rA droxyl group at the beta position. As summarized in Table 3 (and can t
four-membered rings; 3.2-3.4 far five-membered rings; 3.2-3.6 for six-  seen by inspection of Fig. 2), the oxygen and carbon shell distances for t
membered rings (no results available for larger rings). The 2.98-@ distance  uranyl+ tricarballylate+ goethite sample are essentially identical to those of the
is most consistent with a four-membered ring resulting from a bidentate coonranyl+ citrate+ goethite samples. Therefore, five- or six-membered ring struc
plex with a carboxylate group,@l<8> C—(R). This distance has also beentures are not consistent with the urasytitrate surface species, and apparently
reported for bidentate coordination of carbonate to uranyl and actinyl complexie hydroxyl group does not play a role in the association between uranyl and c
(12, 10). To further constrain interpretation of this U-C distance, EXAFS spemte. This is not surprising considering the extremely high deprotonation constz
tra were collected from solutions containing uranyl-acetate complexes. EXAfS the hydroxyl group. In both citrate and tricarballylate systems the spectra fi
analyses ofsoliq Uglacetatej by Deneckeet al. (5) yielded a uranium—carbon Tigand: Tu = 10: 1 at pH 3.5 or 5.5 also lack compelling evidence for Fe aton
distance of 2.89 Athat was interpreted in terms of a four-membered bidentatesighbors.
ring structure. The study by Denecke also pointed out the importance of the lin-To obtain estimates of U-C distances expected in seven- and eight-membe
ear U-Carmoxy-Cmethy—U multiple scattering path in the EXAFS spectra. Ouring uranyl—citrate complexes, gas-phase structures for citrate were calcula
fit results for aqueous UHAC)? ™ (Table 3) are consistent with this report andusing the semiempirical quantum mechanical PM3 Hamiltonian and the Cac
with the XRD structure for solid Ugacetat@' (27) In ana|yzing the spectrum software from Oxford Molecular. The PM3 Hamiltonian was chosen becaus
from UO,(acetated *(aq) & we considered all multiple scattering paths of up tdt accurately reproduces carboxylate bond lengths and angles. Cd was c
five segments ancsy up to 7 A The following multiple scattering paths were Sen as a surrogate for uranyl because basis sets are not readily available
found to be necessary to reproduce the spectrum; lineakddol-Cmetny—  Uranyl and the Cd-O bond lengths are similar to those observedefpadbal
CearboxyrU and U-Garboxy-CmethyU (nominally 3 and 6 paths, respectively, atin the EXAFS analyses. Citrate was prevented from bonding at axial locatior
Feit = 4.293 Afor UO,(acetate] (aqg)) and triangular U=GrooxyOequatoriatrU around the metal by placing water molecules as ligands at these locations. T
(nominally 12 paths atey = 3.28 A)_ The fits to UQ(acetateﬁ*x(aq) confirm model accurately reproduced the EXAFS-derived U-C distances observed
the assignment of Groonyi to the EXAFS components with amplitude at 2_2_U02(acetate§*x(aq). Calculatigns for the seven-membered ring predicted U—(
2.3 Ain the FTs. It is also significant in that a strong C signal at 4:2@A distances of ca 3.2, 3.5, and 3.8IA contrast, the eight-membered ring, which
uranyl acetate indicates that the ring structure is rigid. has a more open sutructure, was c:glculated to have U-C distances in two disti
The question arises as to how one should account for the U-C distancetgges: 3.15t0 3.304nd 4.0to 4.24 ASimilar results were obtained from calcu-
ca 3.1 and 4.1 ATable 3). These distances should be considered too short dations using the AM-1 Hamiltonian for Sn(ll)(Of(H20),~citrate complexes
too long, respectively, to be consistent with a monodentate U-O-C topologjfyd from simple molecular mechanics simulations of U(\(QH2)(H20)2—
given the observed U-O distance of 2.3®Ad a typical value of 1.25 Aor  Citrate complexes. The 4.0- to 4.2444-C distance is most consistent with
C-0. However, the presence of C shells at these distances could be explathege derived from EXAFS in the sorption samples. Based on this comparisc

by larger uranyl—citrate ring structures. That contributions can be seen in sy¢htentatively conclude thattffe; : Ty = 10: 1 sorption samples contain eight-
membered ring structures involving uranyl and citrate. The structure derived f

the eight-membered Cd(I1)(OH(H20), complex with citrate is illustrated in
8 This stoichiometry is based on a predicted species distribution of 90Btg. 4. This structure differs from that proposed for aqueousi)bl(@itrate)g‘,
UO,(acetatey and 10% UQ(acetatey. inwhich five- and six-membered rings were invoked (24, 25). To our knowledg
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the structure of aqueous YQitrate)” has not been determined. It is also im-adsorption in all cases involves the formation of surface species that are distir
portant to note that these basic model calculations for possible uranyl—citriitam solution species present under the same conditions.
bonding structures are used primarily as a tool to aid in the interpretation of the
EXAFS spectra and are not presumed to represent independent confirmation of
the structures.

It is theoretically possible that uranyl bound to the goethite surface in the
presence of citrate is a mixture of species. However, the excellent linear two- ) )
component fit of the spectra for samples with intermedrafe: T ratios would Special thanks and acknowledgments go to the valuable assistance of Me

be unlikely in this case. We note that the ratio of uranyl to citrate in the surfadfot? with the experiments and the support of Prof. James Leckie, both fro

complex would be greater than one if both bidentate and eight-membered rii§ Department of Civil and Environmental Engineering at Stanford Univer
structures are present simultaneously. sity, Stanford, CA. We thank Steve Wasserman for his consultations regardi

As mentioned earlier, adsorption of uranyl on a macroscopic scale does ﬁé}\tSAFgggli/;esDc(’;érgf?ra' Tfr:z'iﬂworg Wgsoséjfdpo:eg by DQE-B()E: (DE_ACOE
follow a simple, stoichiometric relationship between the total uranyl and cif?! ). iceo unaer aho Operations Office Contrac

rate in our experimental systems. Under the conditions used in this study, %ﬁ;g?gﬁ?mﬁzi th_e N"’Ilt:on"’_ll lnStf'tUt?EOf _EnV|ronme|3n|_t|a| I—I|EalthdScS:|efnce‘
sorption of citrate on goethite appears to be favored over the formation of % 2 )'8t68 Catlonad nstltutg OC; r(ljvlronmr:e nta h ia tS San > et{\‘
uranyl+ citrate+ goethite species (4). A significant fraction of citrate at lo E-EMSP (54860-CA), and NIH and DOE-OBER through the SSRL Biotech

surface concentrations is not associated with uranyl. A strong association B%ngy Program.

tween citrate and the goethite surface is consistent with the observed high ad-

sorption capacity of goethite for citrate-Q.8 molecule/nrf) and the ability

of citrate to reverse the net surface charge below pH 4 (29). It is plausible, and REFERENCES
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