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INTRODUCTION 

Huinic substances are present throughout the environment in soil and natural water. 
They are organic macromolecules with a variable structural fornula, molecular weight., and a 
wide variety of functional groups .depending on their origin. In natural waters, humic 
substances r e p m n t  the main component of the "dissolved organic carbon" (DOC). The 
DOC may vary considerably from 1 mg/L at sea water surfaces to 50 mg/Latthe &ace in 
darkwatet~wamps.~ Thereis~ngevidencetfiatallactini.lesfo~co~l~~wi~humic 
substances in natural waters? Therefm, humic substances can play an important role in the 
environmental migration of radionuclides ,by enhancing their transport. Retadation thpugh 
humic substance interaction may be also possible due to formation of precipitating 
agglomerates. Forremediation and restmation of contaminated environmental sites and risk 
assessment of future nuclear waste repositories, it is important to improve the predictive 
capabilities for radionuclide migation through a better understanding of the interaction of 

A large research program at the Institute of Radiochemistry at the Forschungszentrum 
Rossendorf is devoted to the study of the influence of humic acids (HA) on the 
environmental migration of uranium (VI) 6y a broad range of analytical and spectroscopic 
~nethods.~ The research is related to the environmental problems due to large uranium 

- radionuclides with humic substances. 
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mining and processing faciIities in the Engebirge (Ore Mountains) which were operational in 
the Eastern part of Germany until 1990. Seepage waters from uranium miIl tailing piles and 
from flooded mine shafts, which contain both uranium and humic substances, can act as a 
transport medium for the migration of uranium and its decay products into our environment. 

By an operational definition, HA's are the part of humic substances which is soluble in 
alkaline and precipitating in acidic medium. The protolytic and complexation behavior of 
HA's is determined by their functional groups and substituents. The most important 
functional groups are carboxylic and phenolic OH groups. The amount of carboxylic and 
phenolic OH groups can vary considerably depending on the natural origin of the HA from 
1.5-5.7 meq/g and 2.1-5.7 meq/g, respectively? Several phenomenological parameters, 
such as stability constant, complexing capacity, and loading cxipac,ity, quantitatively describe 
the complexation behavior of HA's with U r n .  For example, the following stability 
constants have been qmted for the 1:l and 1:2 complex of uranyl with HA at pH of 45 
and ionic strength ofO.1: log p15.16 and log that 
can be bound by HA at pH 4 is approximately 10-18% a€ its proon-exchange capacity 
(PEC).6i7 

It is important to describe the complexation behavior of HA not onIy on a 
phenomenological but also on a molecular level. Extended X-ray Absorption Fie  Structure 
(EXAET) analysis is.a standard technique which can provide molecular-level information on 
the nearest-neighbor structure of a chosen absorbing atom8 In the present study, EXAFS 
spectroscopy was appIied to measire coordination numbers and distances of U(vr) to its 
nearest neighbors when it interacts with HA's. The molecular structure of €€A's is so 
complex that only generic structural fornubare discussed in the literature (ca. Schdten et 
a'). Therefore, our structural analysis of h&mtian with KA's was based on the 
folIowing strategy: I) Ihvestigafion of solid and aqueous uranyl complexes with simple 
organic m o l d &  which might represent "building blocks" of HA's. The god is to identify 
ce& structures o f U 0  complexes, such as chelate xjngs, monodentate, and bidentate 
configurato&, depending on the prekce of carboqdic and phenolic OH groups and their 
positions xdative toeach other in a given molde .  2) Investigation of the U(W) interdog 
with synthetic HA model substances. Synthetic HA is characterized by a chemical behavior 
similar to natural HA but with a considerably simpler overall structure.1o 3) Comparison of 
stnrcturalparametersobtained~mU(vL)modelsystemswiththosewhereU~interacted 
withHA'sisolatedfromnaturaIsources. 

In the present paper, we report EXAFS studies of solid samples of uranyl acetate, 
salicylate, pmethoxybenzoate, and aqueous solutions of both uranyl acetate and malonate. 
The sfructural parameters are compared with those of uranyl humates which were prepared 
under various conditions &om one synthetic and two qatural HA's. 

931.5 The maximum Foun t  of 
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SAMPLE PREPARATION 

Solid Uranyl Model Compounds 

For uranyl acetate (sample AI), we used the commercidy available uranyl acetate 
dihydrate (p.A., Merck) without further purification. Uranyl salicylate (sample A2) and 
uranyl 0-methoxybenzoate (sample A3) were synthesized following a modified procedure 
used in Ref. 11. The last part of the synthesis was modified to yield anhydrous crystals. If 
no crystal water is present in the compound, the presence of an additional oxygen 
coordination in the equatorial uranyl shell can be excluded during the EXAFS analysis. 
Anhydrous bis(salicylato)dioxouranium(VI) was prepared by dissolving -&yI acetate 
dihydrate and salicylic acid with a molar ratio of 1:2 in ethanol at 65°C. Anhydrous 
bis(me~oxybenzoato)dioxouranium(VI) was prepared in a similar manner by dissolving 
uranyl acetate dihydrate and 0-methoqbemic acid in a molar proportion of 1:2 in ethanol at 
60°C. For both cases, acetic acid and ethanol were separated fiom the mixture by 
lyophilization. The resulting pmducts were dissolved in ethanol and concentrated again to 
remove the rest of acetic acid. Finally, the crystals were washed several times in benzene 
and ;fireezedried Elemental and thermal a d y &  (EA and TA) confirmed that the synthesis 
had resulted in a 1:2 uranyl salicylate and 1:2 uranyl mehtoxybemate without water of 
hydration. . 

TabIe 1. Sample composition and caIcdat& speciation.for model solutions of uranyl ions 
with acetic acid (Ac) and maIonic acid (Mil). . 

Aqueous Uranyl Model Solutions 

Table 1 shows the molar ratio, pH, and ionic strength of the aqueous solutions of 
uranyl acetate (samples B1-B3) prepared. Solution B1 was prepared from a uranyl nitrate 
stock solution by adding acetic acid. Solutions B2 and B3 were made from uranyl acetate 
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dihydrate and acetic acid. The pH was adjusted by adding NaOH. For each solution the 
speciation was calculated by using the corresponding complex stability and acid dissociation 
constants,12 the speciation modeling soha re  EQ3/6,13 and the NEA Data Base.14 From 
the results of the calculation that are shown in Table 1, one can see that solution B1 contains 
only the hydrated uranyl species. Solation B2 is a mixture consisting predominantly of the 
hydrated uranyl ion and the 1:l complex. The remaining 17% is a mixture of monomeric 
and dimeric hydroxyl specks. Due to a large excess of acetic acid, solution B3 contains only 
the tris-acetato complex. 

The concentration, pH, and ionic strength of a solution containing 100% of the 1:2 
uranyl malonate complex (sample B4) is also given in Table 1. The solution was prepared 
from urany1 nitrate hexahydrate and malonic acid. The pH was @.usted by. adding NaOH. 
The speciation was calculated similar to the uranyl acetate solutions with the corresponding 
constants for malonic acid and uranyl 1nal0nate.I~ 

UranyI Humates 

Uranium (VI) was sorbed onto HA’s by two Merent ways: Samples C143 were 
prepared by shaking solid HA in a solution of hinyl nitrate or uranyl perchlorate for 45-50 
hours. Samples Dl-D5 are precipitates formed when uranyl solution was added to dissolved 

Table 2. Sample preparation conditions for uranyl humates by sorption on solid HA 
(samples C) and pnxipitation out of HA: solution (samples D). 

* Uranium Ioading, given in parentheses, was determined by photospectrometric measurement of &e urany1 

concentration Ieft in solution after separating the uranyl humate. 
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HA. We used three different HA'S: Fluka HA (untreated and purified), AIdrich HA, and 
synthetic HA. Details of the purification of Fluka HA and of the synthesis of HA and their 
characterization by different analytical methods, e.g., eiemental analysis, determination of 
functional groups, IR spectroscopy, and capillary electrophoresis, are given by Pompe et 
al." Table 2 summarizes the sample preparation conditions. Two sample preparations are 
described in detail below to iUustrate the meaning of the columns in Table 2. 

Sample (2 was prepared by shaking synthetic HA in a uranyl nitrate solutionat a pH c 
1 for 50 hours. The concentrations were 400 mg HA per mL solution and 176 mg U O  per 
gram HA (see columns 3 and 6 in Table 2). After centrifugation to separate the solid and 
liquid phases, the uranyl humate was washed several times with triply distilled water. For 
EXAFS measurements, the s&e was dried by lyophilization (cdlumn 5 iri Table 2). The. 

uptake by the HA was 170 mg/g (in parentheses in coiumn 6 of Table 2) which 
corresponds to 97% of the total U o .  The uranium uptake was measured only for a few 
selected samples. 

To prepare sample D4, purified HA (Fluka) was first dissolved at pH 12. Then the pH 
was lowered to 5.7 with HClO4. After adding 0.1 M acidic U02(C104)2 solution, the pH 
was adjusted to 5.3 by adding NaOH. The uranyl humate precipitated immediately upon 
adding the m y 1  solution. The precipitate was separated from the solution by centrifugation 
and washed several times. This sample was measured by EXAFS as a wet paste. 

Uranium edge X-ray absorption spectra @AS) were measured at mom temperature 
in6tansrmss ion mode at' the Stanford synchtron Radiation m r a t o r y  (SSRL) on wiggler 
bean;line 4-1 using a Si(220) double-crystal monwbromator. Several samples were ' 
measured at the Hamburger Synchtronstrahlungslabor (HASYLAB) using a Si(311) 
double-crystal monochromator at the bend magnetbeamline ROMO II. In order to obtain an 
energy calibration, the kU3 spectnun of a solid uranyl nitrate he-dydrate sample was 
measured simdtaneously. To reduce the bigher-harmonic contknt of the X-ray beam at 
SSRL, the two Si cryst& were &&ed by 50%. For the EXAFS data analysis, we used the 
software package EXAI?ASPAKL6 Theoretical scattering amplitudes and phases were 
calculated with the program FEFF6.'7 The threshold of the Uranium Lm edge was set at 
17185 eV. During the fit, a constant 

* In the present work, structural analysis was restricted to the fmt two uranium 
coordination shells by fittjng the Fourier-fdtered EXAFS spectrum. Fourier atering was 
performed to isolate the EXAFS contribution of the first two coordination shells from 
contributions of higher order shells which were observed for several samples. During the 

shift of -13 eV was applied. - 
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fit, the coordination number of the axial oxygen atoms in the uranyl group, U0z2+, was kept 
constant at two. The remaining five parameters, e.g., coordination number, distances, and 
Debye-Waller OW) factors, were allowed to vary. In a future publication, we will present a 
more detailed structural analysis of solid and aqueous model compounds where higher 
coordination shells and multiple scattering effects (see below) are included to fit the 
experimental EXAFS. 

RESULTS AND DISCUSSION 

. Solid Uranyl Model Compounds 

The experimental EXAFS spectra of samples A143  and thek corresponding Fourier 
are shown in Fig. 1. The'structural parameters for the first two uranium transforms 

coordirmtion shells obtained firom the fit are presented in Table 3: 

Fig. 1. Left panel: Experimental U edge -.of samples AI - B4. Right panel: Fourier-transformed 

EXAFS of samples A1 - B4. 
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Sample ' u-0, U-0, 
. .  

. .N R(A) &A3 N R(AI ..&A3 
. i.77 .' b.003 4.8(4)* 2.41 0.W' 

. . .  
. .  - .  .. . . 

AI fLrranjrlacetate) . 2  
I .  

A2 (uranyl salicyl*) 2 1.78 0.003 3.6(2) 2.32 0.003 
I 

A3(vranyIme&oxybeazoakI -~ 2 1.78 0.002 4 3 0  2.44 0.010 , 

Bl(uO,2* 100%) 2 1.77 0.02  4.8(3) . 2.42 0.007 

B2 (UO? 48%, UO,Ac+35%) 2 1.77 0.002 4-90  2.40 . 0.008 

B3 (UO,(AcL- 1 W o )  2 1.78 0.002 4.7(5) 2.46 0.006 

B4 (UO7h4al,> 100%) 2 1.79 0.002 4.6(3) 2.37 0.007 

The crystal structure of uranyl aceete dihydrate has been determined by singlecrystal 
X-ray diffraction @RD).18 The bond lengths between uranium and the two axial oxygen 
atoms are 1.74 A and 1.76 8, The equatorial plane of the uranyl group contains five oxygen 
atoms: one oxygen at 2.34 A from a water molecule, two oxygen atoms at 2.37 A from two 
different bidentate bridging acetate p u p s ,  and two oxygen atoms at 2.45 A from a chelating 
acetate group. As shown in Table 3, the uranium-oxygen bond distances agree within B.02 
A with the weighted average distances measured by XRD. Due to the limited datatange in k 
space, the different bond lengths of the equatorial oxygen atoms are not resoived by 
EXAFS. The broader distribution of U-0, distances is indicated by a larger DW factor of 
the equatorial shell as compared to the axial shell. A coordination number of 4.8(&15%) for 
the equatorial shell agrees nicely with the crystal structure. Based on the agreement of 
structural parametm obtained by EXAFS and XRD, we conclude that thwretical s c a t t e ~ g  
phases and amplitudes calculated by FEFF & be used to fit the EXAFS of organic uranyl 
complexes of unkpown stnxcfme. 

The experimental EXAFS m e  of uranyl salicylate (sample A2) differs from that of 
uranyl ace& (see Fig. 1). The fit shows that the equatorial coordiuation of the uranyl group 
consists of approximately four oxygen atoms at a distance of 2.32 ~e US,.&nd 
distance has a narrow distribution as indicated by the small DW factor of O.OO3 (see Table 
3). For a discussion of possible uranyl salicylate structures, it is essential to include 
informationpobtained by other analytical techniques. TA and EA measurements -west that 

. 

. .  

T&le 3. EXAFS stnrctural parametm for the first two .uranium coopdination shells in solid 
m y 1  model mmpounds and uranyl model ~lutions. 

*) Uncertainties, given in parentheses, are statistid errors and do not reflect possible systematic errors. 
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the uranyl ion forms an anhydrous bis-salicylato complex. The coordination of uranium 
with a water molecule, as in thq case of uranyl acetate, can be ruled out. The IR spectra of 
uranyl salicylate did not show evidence of free phenolic OH groups as in the case of salicylic 
acid. Therefore, it can be concluded that the phenolic OH group of salicylic acid participates 
in the uranyl complexation. Together with the carboxylic OH group, a six-member chelate 
ring can be formed in the equatorial plane by each of the two salicylato molecules 
surrounding the uranium atom. 

In 0-methoxybemic acid the phenolic OH group is replaced by a methyl group and can 
not participate in the complex formation. By comparing the E M S  spectra of uranyl 
salicylate and uranyl methoxybemate given in Fig. 1, it can be seen that the two uranyl 
complexes have different structures. The fit reveals that the comp1.exes A2 and A3 differ in 
their U-0 bond length and DW factor of the equatorial d u m  shell. An average U-0, 
bond distance of 2.44 A is close to that of the chelating acetate group of sample Al. Sample 
A3 in Fig. 1 shows pronounced peaks at' 2.8 A and 3.7 A in the I?" (unwmted for EXAFS 
phase shifts). Similar peaks have been reported recently in an-EXAFS study of monomeric 
tris-carbonato and trimeric bis-carbonato complexes with U(VI).19 It was'shown that 
multiple scattering pathways within the usanyl group and along the linear U-C-0 
configuration contribuk significantly to the EXAFS FT peaks centered at 3.0 %i and 3.6 %L, 
respectively. If a similar explanation is valid for sample A3, the terminal carbon of the 

. carboxylic group can give rise to the peak at 3.7 A,originating from multiple scattering dong 
.the l i n ~  U-C-C configuration. The large DW factor for the equatorial oxygen bond 
-distance indicates a broad distribution. This may result from the presence of a bridging 
configuration of the cahxyIic gmup. - 

Aqnw'us Uranyl Model SoIutions 

According to the calcdated speciation described above, uranyl ions in solution B 1 are 
coordinated by water molecules. At a pH of 0.5, ligands such as nitrate, chloride, 
PerChIorate, and .acetic acid do not coordifliife uranium in a 0.05 M uranyl solution. The best 
fit of the.Ru.rier-fiItered EXAFS is obtained with five oxyg& atoms at 2.42 forming the 
second uranium coordination sheU Similar structural parameters as those listed for sample 
B1 in Table 3 have been obtained for other uranyl solutions at very low pH. For example, 
the U-O distances in a 

In a 0.05 M uranyl nitrate solution at pH 1.8, two U-O coordination shells at 
distances of 1.77 A and 2.40 ;f were observed.21 

Due to a higher pH and the larger acetate concentration of sampIe332 compared to 
sample B 1, solution B2 should contain the &yl complex with a 1: 1 molar ratio in addition 
to the hydrated uranyl ion. The measured E M S  spectrum given in Fig. I represents a 

M UO&12 solution in 1.2~10-~ M HCl are 1.78 A and 2.41 

. 
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superposition of all uranyl species present in the solution. As can be seen fkom Table 3, the 
nearest-neighbor structure of U o  in solutions Bl  and B2 is the same within the 
experimental error. If there is any 1:l complex present in solution B2, it is either 
undetectable by EXAFS or exhibits similar structural parameters as UO2(H20)?. 

Based on thermodynamic data, the trisLacetato complex is the only uranyl species 
present in solution B3. The EXAFS spectrum of solution B3 differs from those of samples 
B1 and B2, especially in the 6-10 8,-' region (see Fig. 1). The fit of the Fourier-filtered 
E M S  shows an expansion of the equatorial U-0 bond by 0.05 compared to samples B 1 
and B2. The value of 2.46 8, is close to the value of 2.45 A for the chelating carboxylic 
carbon in solid uranyl acetate. Therefore, it is very likely that the carboxylic groups 
coordinate as bidentates. In a bidentate configuration, carboxylic carbon and methyl carbon 
at 2.8 8, and 4.34 A should be observable by EXAFS, mpectively. 

The EXAFS spectrum of sample B4 with a 1:2 molar ratio of uranyl to malonic acid is 
different from those of the other model solutions, as shown in Fig. I. A two-shell fit of the 
Fourier-filtered EXAFS gives a slightly longer axial U-0 bond of 1.79 A and a significantly 
contrdcted equatorial U-0 bond of 2.37 A compared to solutions Bl-B3. The equatorial 
bond length matches that of a bridging acetic carbon rather than a chelating acefic carbon in 
solid uranyl acetate dihydrate. This le& to the conclusion that the carboxylic OH groups 
form a monodentate configuration with the m y 1  ion: Note that the FI' of sample B4 does 
not exhibit a pronounced peak at 3.8 fL, as in the case of samples A3 and B3, where 
chelating carboxylic groups are presumed to dominate the uranium coordination in the 
equatorial plane. This conclusion also agrees with stnzcaires proposed in the literature where 
the termhd d x y l i c  pups of two malonic acid molecules form two six-member Mgs in 
the equatorial plane ofthe ~ y i s r o u p . ~  

Uranyl Humates ' 

hpection of the EXAFS spectra of uranyl humates given i.n.Fig. 2, one notices that all 
samples have similar EXAET except for sample D1 which Hers  in phase in the 6-11 A-1 
range. This situation is more clearly reflected in the structural parameters for the first two 
Uranium coordiEliitioIl she& given in Table 4. Fig. 3 shows the Fourier-filtered EXAFS, the . 
conresponding FT'sj and the best fit for the two uranyl humate samples. 

The structural parameters of samples C 1 U  and D2-D5 are the same to within the error 
inherent to EXAFS analysis and can be summarrzed - as follows: The U-0 distance to the 
axial oxygen atoms averages 1.78(2) A with a DW factor of 0.002 A2; and the equatorial 
shell consists of approximately 5 oxygen atom at 2.38(2) A with a DW factor of 0.013(3) 
A2. In sample Dl the bond distance U-0, of 2.30 is much shorter. The longer U-0,: 
bond of 1.83 8, is explained by the roughly inverse relationship between the electron density 
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along the axial and equatorial U-0 bonds. The agreement of the nearest-neighbor structure 
of U o  when it interacts with both F l u b  HA and the synthetic HA can be interpreted as a 
success of the synthesis. Although the synthetic HA differs in its molecular structure and 
number of functional groups fiom the natural HA, it shows identical functionality with 
respect to interaction with uranyl ions. This is a somewhat surprising result if one considers 
that the uranyl humate samples were prepared fiom different HA starting materials at 
different pH and measured as wet pastes or dried powders. How can this be explained and 
why has one sample Merent sbnrctural parameters? 

The main difference between sample D1 and the other uranyl humates is that D1 was 
prepared at high pH and with a uranium concentration that accounted for the loading capacity 
of dissolved HA. The amount of uranyl ions to prepare Dl  at pH 8-10 was 15% of the 
measured PEC at pH of 4. Due to the i n c ~ e d  deprotonation of the carboxylic and phenoric 
.OH groups at higher pH, the actual Ioading capacity of the HA may be even higher than 
15%. 

" 8  '10 l2 ' 14 . .. 6 . k(rf") . ' .... . . . 1 

. 4 '  

E$$2 Left p e t  Experheatal U edge EXAFS of samples C1- D5. Right pGek FOurieNrandomed 

EXAFS of SampIes c1- D5. 
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Table 4. EXAFS structural parameters for the first two uranium coordination shells in 
uranyl humates. 

Sample U-O,, U-0, 

name N R(A) &Az) N R(A) &(A2) , 

c 1  2 ' 1.77 0.002 45(6). 2.37 0.010 

c2 2, 1.78 0.002 5.2(6) 2.38 0.014 , 

' 

, D 4  2 1.78 0.002 4-86) 2.38 0.011 

D5 2 1.78 0.002 5.203) ' 2.37 0.013 

* Uncertainties, given in pmntheses, ~IE statistical emrs and do not reffectpossl'ble Systematic errors. 

For samples Cl-C3, which were prepared at pH S I, fewer .functional groups wizl 
deprotonate and can complex with uranyl ions. Additionally, the uranyl concentration in 
solution relative to the HA% PEC at pH 4 exceeded the lS-18% level for.sahple3 Cl-C3 and 
D2-DS. For example, the PEC of purified HA (Flula) wasdefindby the total number of 
COOH and phenolic OH groups and was measured to be 8.5 rneq/g.'O The amount of 
U(VI) during the preparation of sample D5 cozrtqmnds to 53% of its PEC. The measured 
uptake of U o  by the HA was 43% (Table 2). High levels of uranium uptake are possible 
as a result of sorption on non-specific sites in addition to sitwpcific sorption onto certain 
functional groups. The EXAFS spectra of such samples represent a superposition of 
uranium atoms sorbed onto WeRnt specific and non-specifjic sites. For the case of sample 
D1, the amount of U(VI) was below the saturation level of the specific sorption sites. A 
similar short U-0, distance as observed for sample D1 was measured only for soIid uranyl 
salicylate. A comparison with other solid and aqueous m y 1  model complexes leads to the 
conclusion, that the phenolic OH groups in sample Dl  participate in the uranyl humate 
interntion and cause the observed short U-O bond of 2.30 A 

. 

. 
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structural parameters for the nearest-neighbors environment of U O  in uranyl humates. 
The influence of carboxylic and phenolic OH groups on the structure of uranyl complexes 
was also studied by measuring the E M S  of selected simple model compounds in solid and 
liquid phases. 

Uranyl acetate, uranyl salicylate, and uranyl 0-methoxybenzoate were selected as solid 
model compounds and studied by E M .  From previous XRD analysis it is known that in 
uranyl acetate dihydrate the carboxylic group coordinates with the uranium in two ways with 
different U-0 distances. For the bridging carboxylic group, the U-0, bond distance is 2.37 
A. For the chelating carboxylic group, the U-0, bond is 0.08 A longer than for the bridging 
configuration, The agreement between the structural parameters obtained by EXAFS and 
XRD confmed the conclusion of earlier E M S  studies ofi-uranyl compounds that 
theoretical scattering amplitudes and phases calculated by FEW can be used successfully in 
the u L~ edge EXAFS analysis.= 

We are not aware of any XRD studies of c rys tabe  anhydrous bis-(salicylato) 
dioxouranium(VI) and anhydrous bis-(methoxybenzoato) d ioxouranium~.  These two 
model compounds were measured with EXAFS to study structural changes of the uranyl 
complex when the phenolic OH group is replaced by Om$. In addition, the configuration 
of a COOH group and a phenolic OH group in ortho position to each other is often 
considered as an important structural element of HA's. In m y 1  salicylate, approximatery 
four short U-0, bonds were observed at 2.32 A By replachg.the phenolic OH group of 
salicylic acid by O C H 3 ,  the structure of the resulting uranyl complex chang& signjficantly as 
indicated by an increase of the U-0, bond length by 0.12 'Based on the EXAFS and IR 
spectroscbpic'data, the strudGre of the uranyl bis-salicylato Complex is dominated by the 
formation of six-member cheIate rhgs involving the carboxylk and phenolic OH groups. 
The uranyl bis-m&o~benki.towqlex is characterized by abidentate confiiguration of the 
carboxylic oxygen atoms. - 

EXAFS-is a valuable tool for structural analysis especially of amorphous systems. 
Structural parameters of'kveral uranyl species in aqueous solutions with acetic ind malonic 
acids were determined by EXAFS. For EXAFS measurements it is important - .  to prepare 
samples which contain only one uranyl species. If several species are present 
simultaneously, the resulting avekge EXAFS signal may be difficult if not impossible to 
interpret. Therefore, prior to the preparation of the uranyl solutions, the appropriate 
conditions, e.g., metal and ligand concentrations and pH, were calculated based on 
thermodynamic data. For both solid and aqueous uranyl model system, the bond distance 
of uranium to the equatorial oxygen atoms is most sensitive to differences in the 
coordination. A short U-0 distance of 2.37 A is observed for end-on coordination of the 
carboxylic group of the bis-malonato complex. For chelating bidentate coordination of the 
carboxylic group in the case of the uranyl tris-acetato complex, the U-0 bond length is 
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approximately 0.07 A longer. A medium U-0 bond distance of 2.41 A is observed for the 
U O ~ ( H ~ O ) ~ ~ +  species. 

HA's are characterized by a complicated structure and one could expect that the E M S  
signal of different HA's would look similar due to averaging over the large number of 
functional groups. Out of eight samples studied by EXAFS, seven uranyl humates exhibit 
similar structural parameters. Under the chosen sample p r e p d o n  conditions, no difference 
was observed between dried powders and wet pastes and natural and synthetic €€A's. Only 
one uranyl humate sample @1) exhibits significant different axial and equatorial U-0 bond 
lengths. Although the interpretation of this result is limited by the number of samples 
studied, this difference is discussed in terms of uranyl sorption on specific and non-specific 
sites depending on proton exchange capacity and loading capacity-of the HA's, and the pH 
and uranium concentration during the sample preparation. For the majority of uranyl 
humates, the structural parameters represent an average over uranyl sorbed on specific and 
non-specific sites. Based on the comparison of structural parameters observed in solid and 
aqueous uranyl model compoimds, the short U-Oqbond distance in sample D1 is interpreted 
as site specific sorption involving phenolic OH groups. This preliminary conclusion needs 
to be supported further by systematic l%AFS. experiments on a series of uranyl humates 
prepared from chemically modified HA's to b ldk  certain fuuctiond groups and with lower 
uranium concentrations in soIution. 

In summary, pronounced changes observed in the equatorial uranyl coordination of 
organic uranyl model compounds ahd uranyl humates as a function of the uranyl speciation 
is encouraging for further EXAFS studies to obtain a better molecular-level understanding of 
the uranyl humate interadion. For certain complex confi#ons, eg., chelating carboxyfic 
groups, the amount of structural information will be k&wd further by including more 
d&tant coordioatioll shells and multiple scattering.eff@& . .-. in the EXAFS analysis. 
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