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Abstract—A studv of U(VI) adsorption bv fernhydnte was conducted over a wide range of U(VI)
concentrations pH and at two partial pressures of carbon dioxide A two-site ( strong- and weak-affinity
sites =Fe,OH and =Fe,,OH respecuvelv) surface complexation model was able to describe the exper-
imental data well over a wide range of condiuons with onlv one species formed with each site type an
inner-sphere mononuclear, bidentate complex of the type (=Fe0.)UQO-, The existence of such a surface
spectes was supported bv results of uramum EXAFS spectroscopv performed on two samples with U(VI)
adsorpuon densitv 1n the upper range observed in this studv (10 and 18% occupancv of total surface
sites) Adsorpuion data in the alkaline pH range suggested the existence ot a second surface species
modeled as a ternarv surface complex with UO.COY binding to a bidentate surtace site Previous surface
tomplexation models for U( V1) adsorption have proposed surface species that are 1dentical to the pre-
dominant aqueous species € g multinuclear hvdrolysis complexes or several U(VI)-carbonate complexes
The results demonstrate that the speciation of adsorbed U(VI) mav be constrained bv the coordination
environment at the surface giving nse to surface speciation for U( VI) that 1s significantlv less complex

—-s\.

than aqueous speciation

INTRODLCTION

THE MOBILITY OF U 1n water-rock s\stems 1s dependent both
upon 1ts abilitv to form insoluble precipitates and particularly
at relauvely low total uranium concentrations upon its ten-
dencv to adsorb to solid substrates Considerable advances
have been made in developing a coherent set of thermodv-
namic data for describing the solution and mineral equilib-
rnum behaviour of U (GRENTHE etal 1992) but despite an
ex nsive range of investigauions of the adsorption behaviour
of uranium (reviewed in WAITE et al  1994) considerable
uncertainty still remains concerning the best approach to
model uranium adsorption to mineral phases

Figures | and 2 show the complex distnbution of U(VI)
aqueous species as a function of pH n the absence of car-
bonate and at equilibnum with two different parual pressures
of CO, The calculations were made with the equilibnum
speciation computer code HYDRAQL (PAPELIS et al,
1988) using the thermodvnamic data given 1n Table | The
s tbilitv of well-crystallized 3-UO-(OH), in the absence of
carbonate 1s illustrated 1n Fig 1a the aqueous speciation 1s
dominated bv mononuclear U( V1) species at all pH values
In this svstem but the multunuclear species (UO-.)-
{OH)3* and (UQ-);(OH)¢ are also important At low total
dissolved U(V1) concentrations (<1078 M), these muln-
nuclear spectes are much less important (Fig 1b) If it 1s
assumed that the precipitation of 8-UO,{ OH ), 1s kinencally
hindered and the solubihitv 1s controlled by an amorphous
phase multinuclear spectes can predominate at higher total
¢ ssolved U( V1) concentrations ( Fig 1c) However, in equi-
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Iibrium with air aqueous speciation of U( V1) n the neutral
to alkaline pH range 1s dramatcallv influenced by the for-
mation of strong carbonate complexes (Fig 2a) Different
species predominate at different parnal pressures of CO,
(Fig 2b)

Qualitative observations of U( V1) sorption have been re-
ported for a large range of single and complex substrates For
example STARIk et al (1938) studied the sorpuon of trace
concentrations of U{ V1) 1o Fe oxvhvdroxides and found ad-
sorption to be greatest at a pH of approximatelv 5 Ura-
nium( V1) adsorption decreased in the presence of carbonate
TRIPATHI (1983) and Hsi and LANGMUIR ( 1985 ) found that
carbonate played a critical role tn the distnibunion of U(VI)
between the surtaces of Fe oxide phases and solution They
observed that at higher carbonate concentrations when the
U0,(CO;)3” and UO-(CO;)3 species dominate in solution
{(Fig 2) there was a sharp decrease in the extent of U(V1)
adsorption with a resultant high-pH or desorption’ edge
TRIPATHI (1983) found that very high U(VI) adsorption was
observed under condinons where (UQ- ),CO;(OH)3 was the
predominant U( V1) aqueous species

Similar results were found by Ho and coworkers for U(VI)
sorpuon on hemaute (HO and DOERN 1985, Ho and
MILLER, 1986) and magnetite (SAGERT et al , 1989) These
authors were interested in the 1dentity of the adsorbed uranyl
species particularlv in the presence of carbonate Based on
the electrophoretic mobility of particles with adsorbed U(VI),
Ho and coauthors concluded as did TRIPATHI (1983) that
(U0, ),CO;(OH )3 was an important adsorbing species when
carbonate 1s present HO and DOERN (1985) suggested that
(UO,)3(OH )? was the major U( VI) adsorbing species 1n the
absence of carbonate

A number of authors have apphied the surface complexa-
tion approach to modelhing the parutioning of U( V1) between
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FIG 1 Distnbution of mayor U( VI) species in the absence of CO-
(I =01) pC (—log concentrauon) of species as a function of pH
(a) Solubilits of B-UO-(OH), showing dominant species as a function
of pH 1 U0 2 (UQO,)(0H)¥* 3 UO,OH®, 4 (UO,)s-
(OH)? 5 UO,{OH)} 6 UO,(OH)37 (b) Speciation of U(VI) at
a 10tal dissolved concentration of 10™* M (c) Speciation of U{ V1)
at a 1otal dissolved concentration of 10™*M precipitation of crvstalline
U (V1) oxides prohibited 1n the calculation

sohd and solution phases over the last ten vears The basic
modelling approach has been similar 1n each case, with mmor
differences in the mode of description of the electrical double
laver and more importantly differences in the proposed sur-
face complexes For example Hs! and LANGMUIR (1985)
used the tniple laver model of Daviset al (1978) 10 descnbe

their expennmental results as a function of pH and dissolveq
carbonate They assumed that the dominant aqueous phage
species UO,OH™* and (UQ,);(OH)3 were adsorbed 1n the
absence of carbonate and found good agreement betweer the
expenmental results and model ssmulationsusingthe 1 4y,
ing surface complexation reactions

=FeOH + UO%* + H,O —
=FeO™-UO,OH* + 2H* (),
and
=FeOH + 3U03" + SH,0 «
=FeO™-(UO:(OH)i + 6H™ ()

where =FeOH represents an hvdroavl funcuonal grov - op
the surface and the left-hand side of the equationsare  1ep
n terms of svstem components rather than the predominant
aqueous species ( DzoMBak and MOREL 1990) The poss
bilitv of formaton of bidentate and tridentate surface com
plexes was also considered by Hsi and LANGMUIR (1985)
with a bidentate complex of the form (==FeO ™) -(UG,),
(OH)% (1n conyuncuon with =FeO -UO,0H ~) fiting the
data as well as Eqn 2

In the presence of carbonate Hsi and LANGMUIR (1985)
found 11 necessan 1o assume the formation of strong U VI)
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Table 1 U(VI) Aqueous Phase Reactions®

Reaction logkK
(1=0)
— UO,* + OH = UO,OH" 88
™ UO + 20H = UOLOH),° 160
s e
UO,> + 30H" = UO,(OH)," 220
— 2 - 2-
UO,* + 40H" = UO,(OH), 230
|
200, + OH = (UO,),{OH)* 112
— 2« - 2
2U0% + 20H" = (UD,),{OH), 2237
3UO,> + 40H = (UO,),(OH)* 441
T 3UO0,* + 50H = (UO,)(OH)e 54 44
3UO,” + 7TOH" = (UO,);(OH),” 670
4UO,* + TOH = (UO,),(OH)," 76 1
I
UO,* + CO* = UO,CO,° 97
UO,> + 2CO,> = UO,{CO,).> 170
UO,> + 3CO,* = UD,(CO,),* 2163
2U0,” + CO,> + 30H" = (UO,),CO,(OH),” 40 82°
B UO,(OH), = UO + 20H" 2307

*Stabihty constants from Grenthe et al (1992)
*Stability constant from Tnpath: (1983)

carbonate complexes at the surface in order 1o fit their ad-
sorption data Thev assumed that the dominant solution
phase species was the dominant adsorbing species 1¢ wntng
the left-hand side of the equauons in terms of components

again

=FeOH + UO%* + 2C0}{" + H* —
=FeOH3-UO:(COy)i" (3)

and

=FeOH + UO3* + 3CO}" + H* ~
=FeQH:-UO:(CO;);~ (4)

By considenng these additional surface species HSsl and
LANGMUIR (1985) were able to obtain excellent agreement
between model simulations and U(VI) adsorption data on
goethite for a single total inorganic C content (Cy = 102
M) However, the model simulations were less successful 1
descr 1@ adsorption data for Cr = 107> M

Pa. .Eand WAITE (1991) applied the proposed model of
Hsi and LANGMUIR (1985), including the same reaction set
and stabihty constants to model U(VI) sorption on the
amorphous Fe oxide component of a weathered schist These
uthors found poor agreement between model simulations
and their expennmental data At the total carbonate concen-
trations used 1n therr study (2 mM), the UO.CO$ aqueous
SPecies was important in the pH range 4 8-6 4 and the fit
of the model simulations to the data were greatly improved
When  was assumed that a =FeO~-UQ,CO$ surface com-
plex med

In the apphications of surface complexation models to de-
¥nbe U( V1) adsorption by tron oxides tnvestigators have
Usuallv assumed that the predominant aqueous species are
volved i1n surface complex formauon Because U(VI)

aqueous speciation 1s complex this has led to a wide range
of proposed surface species and a unified approach to the
modeling 1s lacking Major differences among the modeling
approaches include (1) the most appropnate choice of surface
species at low pH where complexation bv carbonate s un-
important and (2) the number tvpe and presumed impor-
tance of U(VI)-carbonate-surface ternarv complexes Al-
though polynuclear U(VI) species are known to be ther-
modvynamicallv stable 1n aqueous solution {Figs 1 2) the
likelthood of polvnuclear species at the surface, eg
=FeO ™ ~(UQO,),(OH)s, has not been tested 1in adsorption
studies bv a svstematic vanation of the total U(VI) concen-
tration Although surface species should 1deallv be 1dentified
bv spectroscopic methods detection limit problems make 1t
difficult 10 confirm bonding structures at low U(VI) concen-
trations

In this paper we report the results of studies of U(VI)
adsorpuion on fermhvdnte over a wide range of solution and
suspension conditions In addiuon to the batch expenments
U Extended X-rav Absorpuon Fine Structure (EXAFS) data
were collected and anah zed for two fernhvdnite samples with
high adsorption densitv A surface complexation model with
simple surface speciation is used to descnibe the adsorption
data Both the surface complexanion model and the results
of X-rav absorption spectroscopv suggest that the species
formed 1s a unique product of the coordination environment
at the surface which 1s independent of the predominant
U (V1) species in solution

EXPERIMENTAL

Matenals

Fermhvdnte s a microcnstalline hvdrous Fe ovide that mav exhibit
a number of different crvstalline phases with a stoichiometry near
Fe O; H-O (TOWE and BRADLEY 1967 SCHWERTMANN and
FISCHER 1973 MANCEAU et al 1990 WayCHUNAS et al 1993
REaetal 1994) The least crvstalline torm ot terrihvdrite displavs
two broad X rav diffraction peaks indicanng poor structural order
and small parucle size and has been referred 10 as two line lern
hvdnte (SCHWERTMANN and FISCHER 1973 MURAD and
SCHWERTMANN 1980) Two-line fermhvdnte was precipitated bv
raising the pH of a Fe’*/HNO; solution to 6 0 and then aged for
65 hat pH 6 and 25°C1n aconunuouslv surred pH and temperature-
controlled vessel

The elementar unit of the fermhvdrite structure 1s an Fe** 1on
surrounded bv six close pached O ~ or OH~ anions 1¢ an Fe oc-
tahedron (WAYCHUNAS et al  1993) Larger umis consist of the Fe
octahedra joined bv shanng edges forming shont double chains of
ociahedra these link further 1o other chains by shanng corners to
form a cross linked structure similar to goethite or akaganeite (WAY
CHUNAS et al 1993} Electron micrographs indicate sphenical crvstal
morphology (SCHWERTMANN and TAYLOR 1977) but these parucle
are expected 1o be comprised of large aggregates of the cross-linked
dioctahedral chains (WAYCHUNAS et al  1993) The pnmarv particle
size 1s behieved 1o consist of 15-40 A spheres (MURPHY etal 1976ab
DousMa and DE BRUYN 1976) but wide angle X rav scattenng
studies suggest a crvstallite coherence length of 8-15 A (WAYCHUNAS
etal 1994)

A pnmarv U(VI) stock solution (10 000 mg U/L)in 10% HNO;
was prepared from analvtical grade uramvi mitrate solution A sec
ondarv stock (59 mg U/L) prepared in 001 M HNO, was prepared
for addition of aliquots to batch adsorption expennments For batch
expeniments with verv dilute total U( V1) concentrations ( 107" Mor
less) a U tsotope was used as a radiotracer The 2*¢U was obtained
from the Chemistn Division of the U K Atomuic Energy Authomtv
(Harwell) as a standard solution 1n 2 M nitnc acid AH other chemicals
used were reagent grade
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Batch Experiments

Ahguots of the aged fernhydme slurn were transferred 10 open
polypropylene centnfuge tubes and sufficient NaNO. was added 10
bnng the suspensions to the desired 1onmc sirength (alwavs 0 1 M
NaNQ;, except in the 1onic strength dependence expeniments) Con-
centrations of fernhydnte used were 1073 M (as Fe) in most of the
batch studies For studies at pH > 7 0 sufficient NaHCO, was added
to achieve equilibrium with atr at the desired expennmental pH The
pH of the sturry was adjusted to the desired expennmental vaiue im
mediately before and afier NaHCO; addiion and the tube was shaken
for 24 h 1n a water bath a1 25°C Several 2-mm holes were dnlled in
the centrifuge tube hds m order to keep the svstem open to the at
mosphere At the end of the 24 h penod the pH was remeasured
but not adjusted pH dnft was alwavs less than 0 15 pH units The
desired amount of U( V1) was then added (usually 107* M except
n the studies of dependencv on total U concentration) with im
mediate readjustment of the pH to the value measured just prior 10
U(V1) additon With the exception of the studv of adsorption ki
netics the precipitate and aqueous phases were separated bv cen
trifugation after 48 h of mixing The pH was measured again at the
ume of samphng The dissolved U concentration was tvpicaliv de-
termined bv kineuc phosphorescence anahvsis ( discussed below ) ex
cept n cases where venn low concentrations of U(V1) were added
In these expenments the arificial 1sotope 2*U was added and ad
sorption was quanufied bv isotopic dilution using alpha-spectrometry
(see below )

While most of the expenments were conducted under atmosphernc
conditions some investigations were performed tn a glove boy at an
elevated partial pressure of carbon dioxide The gas composiuon used
in the glovebox was a 50 50 mixture of ordinan air with a 2% CO,/
98% N, special gas mixture yielding a final gas composiion of 1%
CO,/10% O,/89% N,

Analvtical Methods for Dissolved U(V 1)

The U(VI]) concentration of the supernatant was determined 1n
most experiments with a kinetic phosphorescence analvser ( model
KPA-10 Chemchek Instruments Richland WA) In pracuce ade
1ecuon limit of about 10°° M U(VI) can be readilv achieved and
even lower derection hrmits are achieyed when minor mterfening sub-
stances eg chlonde are absent from the sample Companson with
results obtained by alpha-spectromein and inductneh coupled
plasma-mass spectrometric analvsis confirmed that the hineuc phos-
phorescence analvser ( KPA) results were accurate 1o within 3%

Alpha spectrometry was used for the determination of U(VI) when
the concentration tn solution was below the detecion limu of the
KPA technique In these instances 10~ M or 10~% M of the aruficial
1sotope 2*U (rather than natura! U) was added 10 the batch exper-
iments A known quantitv of 22U (another aruficial 1sotope ) was
added to supernatant samples as a vield tracer Afier standard chemical
separation steps (PAYNE and WAITE 1991) the uranium iso1ope
activities were measured using an Ontec Alpha-King alpha-spectrom-
eter and the concentration of U 1n solution was determined from
the relative count rates of **U and #*U

A-Rav Absorption Spectrometry

EXAFS data were collected on the U L, edge over the energy
range 17 100-18,160 eV a1 the Stanford Svachrotron Radiation Lab-
oratory (SSRL) on beamhne 4-1 using S (111) monochromator
crysials Samples were held within milied slots 1in 4 mm thick Teflon
plates Kapton tape over the slots heid the sample pastes in place
Fluorescence vield spectra were collected under ambient condstions
using an Ar-filled 1on chamber with soller slit and Sr filter assembly
to it scattered radiation (STERN and HEALD 1979) Transmussion
spectra were collected for a solid model compound uraninite (UO;)
Mimimal (5% ) detuning of the monochromator was necessarv to re-
move beam harmonics

Samples for EXAFS data collection were prepared 1n the same
manner as that used in the batch adsorption expenments. and then
were concentrated as wet pastes 2 L batches of fermhvdnie (107> M
as Fe) were precipitated by raising the pH of a Fe** /HNO, solution

to 6 0 and then aged for 65 h at pH 6 and 25°Cin a continuoyg},
surred pH and temperature-controlied vessel Sufficient N 3,y
added 10 bning the suspenstons to an 1onic strength of 0 1 I ynig
The pH of the slurnes were then adjusted to pH S (sample UF3);,
5 5 (sample UF4) and held constant at the selected pH values for %
h Uranium( V1) was then added to a concentration of 10~ M the
suspension was mixed at constant pH for 48 h and then was ¢op
centrated to a wet paste by centnfugation U/Fe molar ratios in the
preciprtates were 0044 and 0077 respectively for samples UF3
and UF4

RESULTS AND DISCUSSION

The concentration of dissolved U (V1) measured - haich
expeniments decreased rapidlv within the first few -5
dicating a rapid 1mtial adsorption process (Fig 3) Subse
quently, a slower sorption process that continued for at leag
200 hours was observed This tvpe of sorption Kineties 55
typical for the binding of inorganic 1ons 10 fernhvdnte and
other mineral surfaces (DaVis and KENT, 1990) The rate
of the mitial adsorption process 1s probablv controlied by
film diffusion at the extenor of particles which takes only
minutes to reach equiibrium if mass transport 1n the bulk
solution 1s not himiting FULLER et al (1993) have <hown
that the slower process ( for arsenate sorption ) on fer ‘dnie
15 due to diffusion 1nto large aggregates formed bv the fern
hydrite particles We assume that a ssmilar mechanism man
account for the slow rate of U(VI) adsorption observed in
our experiments For all subsequent batch expeniments with
fernhvdnte, a reacuon ume of 48 h was chosen to approx
mate equilibrium since greater than 95% of the adsorption
occurred within this reaction time

Uranium (V1) adsorption to fermhvdrite (1 mM as Fe) as
a function of pH and 1onic strength 1n svstems opzr to the
atmosphere 1s shown in Fig 4a Adsorption increa  from
near zero at pH 3 5 to greater than 99% of the 1otal U(VI)
at pH 5 5 and then decreased 10 zero in the pH region 8-9
Similar observations have been made bv HS1 and LANGMUIR
(1985), and the results suggest that U(VI) adsorption de
creases 1n the weakly alkalhine pH range due to the formation
of aqueous U (VI)-carbonato complexes (Fig 2) Withinex
penmental error, U( V1) adsorption was independent of 10mc

100 - — —
N r‘,—o—-—
o 80 . 1
'g o o2 Y
7} 60 ¥
©
2 4
E 40 R Nas N
= . pHSO Foy, =10 M
3 20 UVl =10 M 1
otM} N?:
. alr
0 ) Equilibrated wi o
) 100 200 300

Time (Hours)

FIG 3 Adsorption of 10=7 M U(VI) on fernhvdre (107> M 2
Fe)in 0 1 M NaNO, as a function of ime at pH 4 § and 5 0 Svsie™
open to the atmosphere

o

“% U(V1) Adsorbed

—
A

% U(V1) Adsorbed

Fic
as Fe
atme
on iw
as Fe,

streng
dence
eling
sugge«
1S CO1
penc
Al
fermh
an ads
rator
nthvdr
lratior
ofalU
would
Tne
«¢n g
oo
Concer
In the
alkahn
Moved
added
U(vh



co““nuou"‘

't NaNo, va

"1 M Nan
mple UF3,
! values for 5,
10~ M 4

- wag on
T .losp

samples LR

"ed in bayey
L4 hOU\’S in
3) Subse
1 for at leag
neugs s
rite and
) The rae
ntrolled by
takes onjy
in the bylk
1ave shown
‘errhvdnie
W the fem
Jnism mas
2rved in
i s with
0 approu
adsorption

A as Fe) as
‘pen 1o the
ased from
stal U(VDH
..en 8-9

NGMUIR
rption de
formation
Within ex-
nt of ionic

10°M
=10 ™ 4

1 NaNO,
with air

400

1073 M s
0 Svstem

0

Adsorpuon of U (VI) on fermhvdrite 5469

® O - 000am & e
a I=002M H =“
L= 1=01M A . ;
g O o 1zosm % s
.
P ]
e & o )
o e 4
4 L] .
g 40 I .‘ [} T
1 K Fe,, = 10°M °*
2 o7 o2 U(VD),, = 10°°M 1
Equilibrated withair ¢ &
0 n j " : . : . -’I Al
2 3 4 5 [ 7 8 9 10
pH
(b) 1. a® .';"" VTS a
A
o Fe,, z0001M ®
o 80+ 4 Fe:: =0 02M i a 4
o '
a2 A
[
3 60 - 4
h-)
< .
& 40F 4 4
3 * s
2 5
- U(Vi),,, = 10°M J
® ? r (14 i =M0 ™
t Equilibrated with air
0 e L L XK PN
1 2 3 4 5 6 7 8 9 10

pH

FIG 4 {a) Adsorpuon of 10™* M U(VI) on fernhvdnte (107> M
as Fe) as a function of pH and 1onic strength Svstem open to the
atmosphere (b) Adsorption of 107 M U( V1) as a function of pH
on two different concentrations of fernhvdnite (0 02 M or 0 001 M
asFe)in 0 1 M NaNO; System open to the atmosphere

strength 1n the acidic pH range but exhibited a shight depen-
dence on 10nx strength 1n alkaline solution Previous mod-
eling studies of trace cation adsorption on hydrous oxides
suggest that the formation of an inner-sphere surface complex
1s consistent with observations of adsorption that are inde-
pendent of 10nic strength (DAviS and KENT 1990)

At a given pH, dissolved U(V1) decreased if additional
femhvdnie was present (Fig 4b) This result 1s expected if
an acsorption reaction controls the dissolved U( V1) concen-
trat 1 since more surface sites are present when more fer-
nhvdnie 1s added The resuit also confirms that the concen-
tration of dissolved U( V1) was not controlled by the solubility
of a U(VI) precipnate, since the addition of more fernhydnte
would not be expected 10 affect dissolved U( V1) 1n that case

The dependence of adsorption on the total U(VI) con-
centration n the batch expenments 1s shown in Fig 5 Ad-
sorpion data are shown for batch expenments with total U(VI)
concentrations of 10°* M, 10* M 10° M and 10™* M
n the acidic pH range and for 107 M and 10™* M in the
all  ne pH range The pH “edge™ 1n the acidic pH range
moved to a higher pH region as the total U( V1) concentration
added was increased This trend 1n adsorption with increasing
U(V1) concentration 1s opposite from that expected if poly-

nuclear U( V1) complexes formed at the surface In solution
multinuclear species increase 1n 1mportance as the total dis-
solved U( V1) concentration increases (see Fig 1bc) because
of the exponenual dependence on UQO3* 1n the mass law
equation for these species By analogy 1if a multinuclear
U( V1) surface complex formed at the lower U(V1) concen-
trations the proportion of total U( V1) adsorbed at a given
pH should increase as the U(VI) concentration increases
(assuming surface sites in excess) Instead the proportion of
total U( V1) adsorbed at a given pH decreases as the U{VI)
concentration increases (Fig 5) This trend as a function of
U( V1) concentration 1s consistent with that typicallv observed
for transition metal cations { BENJAMIN and LECKIE, 1981)
which are known to form mononuclear surface complexes
(Davis and KENT 1990 CHISHOLM-BRAUSE et al 1990
ROE etal 1991)

The trend n adsorption with U( VI) concentrauon means
that the average free energv of adsorption ( per mole ) decreases
with increasing surface coverage Plotting the data obtamed
at pH 4 50 (£0 035) in 1sotherm form (log dissolved U(VI)
vs log adsorbed U(V1)) results in a Freundhch isotherm
with a slope of approximatelv 0 64 over four orders ot mag-
nitude 1n U(VI) concentration (WAITE et al 1994) This
indicates that U( V1) adsorption was not proportional 10 the
dissolved U concentration (1 e the isotherm 1s nonhinear)
Note also that the pH edge in the alkaline region shifted
to a lower pH range 1n the batch experniments with higher
U(V1]) concentration This shift also implies a decrease 1n
the average free energv of U( V1) adsorption with increasing
surface coverage n the alkahne pH range

The pH dependence of U (V1) adsorption as a function of
the parual pressure of CO, 1s 1llustrated in Fig 6 Increasing
the partial pressure of CO, to 1% resulted in a vern small
increase in the proportion of U( V1) adsorbed 1n the acidic
pH range but caused a significant decrease 1n U(VI) ad-
sorption 1n the pH range 7-9 The effect 1s consistent with
the hvpothesis that the formation of aqueous U(VI)-car-
bonato complexes is responstble for the decrease in U(VI)
adsorption observed in the alkaiine pH range In a qualitauve
wav the result can be viewed as a competition between the
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al, 1991, MUSTREDE LEON et al , 1991) to calculate EXAFg
phase and amplitude functions for U-—O (axial and equg

tonal) U—Fe, and U— U atom absorber-backscatiere,
painngs Testing of ssmilar FEFF-derived abmmtioph  apng
amplitude functions for the U— O pairs had been dc. . pre

vioush by a colleague wn the fitting of many model compoung
spectra (H A Thompson, pers commun ) Further testing
of U— 0 and U—U phase and amplitude functions were
done on our uranminite spectra In all cases, the fits were of
excellent quality Separate phase and amplitude functiong
were necessary 1n all cases for the U—O axial and U—~¢Q
equatonal pairs as the former contnbutes much more am

phtude to the EXAFS spectrum No model compound spectra
were avatilable 1o test the calculated U — Fe functior
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FIG 6 Adsorpuon of 107 M U(VI) on fermhvdrie (1072 M as
Fe) as a funcuion of pH and partial pressure of CO-1n 0 1| M NaNO.

fermnhvdnte surface and aqueous carbonate anions for coor-
dination of the uranv] cation

EXAFS Data Analsis

X-rav absorption spectroscopv ( XAS) was developed as a
quantitative short-range structural probe during the 1970s
and 1s apphed increasingly in studies in the geosciences
(BROWN 1990) XAS 1s an element-specific bulk method
giving informauon about the average local structural and
compositional environment of the absorbing atom In EX-
AFS the extended fine structure bevond an X-rav absorption
edge vields structural information for an element afier Founer
transformation of the fine structure (see review article b
BROWN 1990) Because of the method of sample preparation
1n the current studv U was present in significant quantities
onh at the surface of ferrnihvdrite Thus although EXAFS 1s
a bulk technigue 1ts application here vielded structural in-
formauon about adsorbed U(V])

Because of the lack of availability of suitable model com-
pounds we used the ab imtio routine FEFF-5 03 (REHR et

k° welghted y
Aa b 2 1

2 4 6 8 10 12 14 16
k(AY

Flg; 7 Extracted EXAFS spectrum from sample UF4 weighted
bv A

Sample spectra were analvzed with the EXAFSP  _ pro.
grams available at SSRL Figure 7 shows the extracted EXAFS
signal from sample UF4 Though the signal 1s somewhar
nowsy well-defined EXAFS oscillations continue out to 16
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-t Founer transforms of the EXAFS spectra of samples
yF4 and UF3 are shown m Fig 8 The first four-peak region
of the Founer transform (or EXAFS structure function)
contains information on the vanous U—0O bonds Ths re-
gon was backtransformed nto k-space and fit with the FEFF-
den dfunctions (Fig 9a) Analogously the fifth peak near
3 A which contains the U-—Fe contnibutions, was back-
transformed 1nto k-space and fit (Fig 9b) Three U—Oand
one U—Fe shell were used to fit the data (U—Oua,
U= Oecqustonats U™ Osortung, and U—Fe) Fits without the
adsorbed (longest bond length) equatonal U— O pairs were
notably poorer than fits that included this shell Also, a well-
defined U — Fe shell was necessary for a reasonabie fit par-
ucularly at higher k values

Besides filtering the separate EXAFS contnbutions in the
EX. 7S structure funcuon for fitting we also fit the entire
EXArS function with four shells This produced very stmilar
U— O results but shghtly different U — Fe results However,

as we discuss below, all fits are consistent with edge-shanng
uranvl groups sorbed onto Fe oxyhydroxyl octahedra, 1¢e, a
mononuclear, bidentate sorption complex (Fig 10) The dif-
ference in the fits between full-pattern and filtered EXAFS
1s believed due to major U— O contributions that super-
impose onto the U— Fe peak 1n the structure function, and
which cannot be separated by filtening The fit results for
sample UF3 are very similar to those for UF4 All results are
shown in Table 2

Our results differ only shightly in bond distances and co-
ordination numbers from those of MANCEAU et al (1992),
as do our EXAFS spectra and structure functions This may
be due to shght differences 1n sample preparation and also
1o the larger A-range of our data However, the U—Fe dis-
tances we obtain are quite similar Due to the relatively well-
defined size of the uranvl group 1n crystal structures (e g,
ABERG 1969 1970, 1971 ABERG etal 1983) we can pos-
tulate the U— Fe distance for 1dealized fernhydnte-uranyl
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FiG 9 Fit to Founer-filtered EXAFS contnbutions in sample UF4 from (a) U — O peak region of structure function
over k-range 30-135 A~' (b) U—Fe peak region of structure tunction over A-range 30-150 A™' Filtered data
potnts are shown and the sohd line 1s the fit model The Founer transform of each fit 1s shown at the nght The sohd
line 1s the transform of the fit and the dashed line represents the filtered data
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FiG 10 Model structure for the bidentate surface complex of UO?* on fernhvdrite showing the edge shanng bond
with an 1ron ociahedron that 1s part of a dioctahedral chain Q,, represents axial oxvgen atoms of UQ™* Q. represents
equatonal oxvgen atoms of UO3* not involved in the complex and O represents equatorial oxvgen atoms shared

with the iron octahedron

bidentate sorption complexes These can share two uranl
equatornial oxygens with the adjacent apices of edge-sharing
Fe oxvhvdroxvl octahedra in several wavs (see COMBES
1988) or there can be edge-shanng with a single Fe oavhyv-
droxvl octahedron In the former case the U~ Fe distances
are on the order of 4 2-4 3 A or more and there are two Fe
second neighbor 10ns contnbuting to the backscattering In
the latter case there 1s a single Fe 1on second neighbor 1o the
Uion and the U— Fe distance 1s about 3 3-35 A

All of our fits indicate only 0 4~1 | Fe neighbors at a dis-
tance of 333-341 A Attempts to fit U—U painngs for
these distances showed poor agreement both in phase and
amphiude U~—U distances could also not be fit for any
larger distances suggesung that either uranvl multinuclear
complexes do not exst on the fermhvdrite surface or that
the U—U backscattening makes onlv a neghgible conin

bution to the EXAFS As our FEFF-5 03 calculations ind
cated a backscattenng amplitude for U—U painngs in a
hypotheucal 1etranuciear uramvi cluster (ABERG 1971) that
was larger than that caiculated separately for U— Fe back
scatterers at 34 A we conclude that within the margin of
detectability (10%) no mulunuclear uranvl complexes are
sorbed

1f we combine both the U-—0 and U— Fe distances ob-
tained from our fits to samples UF4 and UF3 4 model of
the adsorption complex can be assembled that 1s self consis-
tent By taking the shared edge length between the uraml
ton and the Fe oavhvdroxvl group as 30 A the observed
U — Fe distance of 3 37 A (average) and assuming a mean
Fe— O bond distance of 2 00 A we obtain the U— O equa
1onal distances at the adsorption bond of 2 51 A as observed
Hence both this distance and the U—Fe distance <upport

Table 2 Summary of EXAFS Analysis®

Fittered fit results | Full EXAFS fitting
Sampie UF 4
UO, | U0y | U-Oppry | UFe UO, | UO, | UOuw, | UFe

[ 200 300 200 042 200 300 200 108

RAY 1179 | 234 246 | 333 | 180 235 252 341

o (A {0002 | 00092 0 021 0002 | 00028 | 00081 00084 | 0008

E,(ev) [301 |-301 -3 01 101 09 09 09 42
Sampie UF3

N® 200 300 200 104

RAF 180 234 252 344

o (A 00024 | 00074 00062 | 00082

E, (eV) 266 266 266 195

*U O fits were made with integral coordination numbers 1 e all reasonable combinations of

integral values were first attempted and those that resulted in best fits were fixed in subsequent

refinements U Fe coordination numbers were floated in all fits

"Average coordination number

“Average bond distance
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a mononuclear bidentate complex sharing an edge with a Fe
oxvhvdroxyl octahedron at the fermhydnte crystallite edge
(Fig '0) This was also concluded by MANCEAU et al (1992),
alth. agh these authors observed a somewhat larger number
of U—Fe pairs

We also collected data for samples at lower uranyl con-
centrations (UF2 and UF1, U/Fe molar ratios of 0 001 and
00004 respectively) Although the EXAFS from these sam-
ples were too poor for full fitting analysis, the EXAFS were
similar to that from the UF3 and UF4 samples thus sug-
gesung similar adsorption complexes for all samples It should
be noted that other 10ns, e g, arsenate also form bidentate
cor-lexes on the fermhydnte surface (WAYCHUNAS et al ,
19« However, in the case of arsenate, the complex involved
wwo surface hydroxyls in a corner-shanng complex rather
than the edge-shanng complex descnibed here

Surface Complexation Modeling

Surface complexation modehing of the U(V1) adsorption
data was developed with the diffuse double laver model
(STuMM et al, 1970 HUANG and STUMM, 1973) In the
diffuse double layer model, as in other surface complexation
mc s the surface 1s considered to be composed of specific
fur. ional groups that react with dissolved solutes to form
coordinative complexes or 10n pairs in a manner analogous
to complexation reactions 1n solution (Davis and KENT
1990) The effect of electrostatic charge at the fernhvdnte
surface on the apparent strength of binding of charged 1ons
in the model is calculated from the Gouy-Chapman theorv
for the electncal double laver bv considenng one layer of
surface charge and a diffuse layer of counter charges 1n so-
lution (DZOMBAK and MOREL, 1990) A surface area of 600
m  of Fe;0; H,O was used in the model as recommended
by _avis and LECKIE (1978) and DzoMBAK and MOREL
(1990)

The modehing approach considered the simplest stoichi-
ometrv and number of reactions possible that was consistent
with the EXAFS results and that would descnbe the exper-
imental data The process was begun bv considering the sim-
plest reaction possible with a one-site, bidentate surface com-
plex 1e

=Fe(OH),) + UO3* = (=Fe0,)UO$ + 2H*, (5)

wrzre (==Fe(OH),;) represents the two surface hydroxyls
forming an edge-shanng, bidentate surface complex with the
uranyl 1on (Fig 10) Model calculations discussed below that
consider this species only are referred to as Model 1| To con-
Strain the modeling exercise imnially, only U( V1) adsorption
data 1n weakly acidic solutions (pH < 6) were considered
because adsorption was essentially independent of the partial
pressure of CO; 1n that range (Fig 6) To test the goodness-
of-ht for any proposed set of reactions, we applied the
R inear, least-squares optirmization program, FITEQL
(V _sTaLL, 1982) FITEQL can adjust the values of one or
™o unknown surface complex formation constants 1n a
themical equilibnum model to vield the best fit of the reaction
et to expennmental data FITEQL output includes the value
of a goodness-of-fit parameter, SOS/DF, the sum of squares

of the difference 1n value between model calculations and
experimental data points divided by the degrees of freedom
A better fit to the expernimental data yields a smaller value
of SOS/DF when companng an equal number of data points
with the same relative or absolute error (FITEQL 1nput pa-
rameters) Ideally, SOS/DF should approach a value of |
before a model 1s considered vahd (WESTALL 1982)

In the mminal calculations using Eqn 5, we used the surface
site density (0 205 mol sites/mol Fe in fernhydnte) and
acidity constant values that were recommended by DZOMBAK
and MOREL (1990) All the U(VI)adsorption data as a func-
tion of U(VI1) concentration for pH < 6 were considered
simultaneouslv 1n the FITEQL runs However as shown in
Fig 11a this one-site one-species model produced a relatively
poor fit to the data (SOS/DF = 46 4) Equation 5 was also
tried with onlv one proton released per U( VI) adsorbed but
this produced an even poorer fit to the data (SOS/DF
=829)

Freundlich adsorption 1sotherms are usually observed for
cation adsorption on fernhydnte (BENJAMIN and LECKIE,
1981) and asshown by KINNIBURGH (1986 ) and DzoOMBAK
and MOREL (1990) such adsorption data can be satisfactonly
described bv a two-site binding model In a two-site model
1t 1s assumed that a small population of high-affinitv sites
exists on the surface randomlv distnibuted among a larger
population of relativelv low-affinity sites Using this type of
model combined with the diffuse double-laver model for
electrostatic correction DzOMBAK and MOREL (1990) com-
piled a set of adsorption constants for cation adsorption on
fermhvdnte with the following reactions tvpes

Fe,OH® + M?** = Fe OM* + H™ (6)
and
Fe.,OH® + M** = Fe,OM* + H* (7)

where Fe,OH® and Fe,,OH° represent strong-binding ( high-
affinitv) and weak-binding (low-affimitv) sites respectivelv,
and M?* 1s a divalent cation The electnical potential at the
surface 1s assumed 1o be uniform that 1s, of equal value at
strong- and weak-binding sites

To improve the fit of the model simulations to the U(VI])
adsorption the following bidentate reactions were considered
for strong- and weak-binding sites

==Fe,(OH),) + UO3" = (=Fe,0,)UOY + 2H* (8)
and
(=Fe,(OH);) + UO3* = (=Fe,0,)UO0 + 2H* (9)

Initial calculations using Eqns 8 and 9 (the two-site Model
1) were performed with the site densities for strong- and weak-
binding sites that were recommended by DZOMBAK and Mo-
REL (1990) 1e 5 mmol strong sites/mol Fe and 0 2 mol
weak sites/mol of Fe The agreement between the model
simulations and expenmental data was improved (SOS/DF
= 24 2) but charactenstics of the model simulations sug-
gested that considerable improvement could be obtained by
changing the values of the site densities For example, the
model was unable to simulate the observed differences 1n
fractional adsorption for total U(VI) concentrations of
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1078 M and 107* M because the strong sites (5 X 107¢ M)
were 1n excess for both cases To model the difference ob-
served 1n the expernimental data requires a strong-site con-
centration that approaches saturation 1n the svstem with 10~°
M U(VI]) In addiuon the adsorption data at 10™* M 1otal
U(V]) were poorlv described because of weak site saturation

To improve agreement between the model and expen-
mental data the following sieps were 1aken (1) the strong-
binding site density was determined by optimization with
FITEQL as discussed below and (2) the total site density
was set 1o 0 875 mol sites/mol Fe Since the surface complex
1s bidentate 2 X 10™* M sites are required 10 adsorb 107 M
U(VI1) the 1otal number of sites 1n the previous calculations
was onhy 205 X 107* M A higher number of surface func-
tional groups for the weak-binding sne density 1s supported
bv tntium exchange studies (YATES 1975 Davis 1977)
expenimental adsorption data for arsenate (FULLER et al,
1993) geometnic considerations for pnimary particles com-
posed of short double Fe octahedral chains (WAYCHUNAS et
al, 1993) and previous surface complexation modeling ap-
plhications to fernhvdnte (Davis et al 1978, DAviS and
LECKIE 1978 1980 ZACHARA etal 1987) Although op-
tirmzation of the weak-binding site densitv 1s also possible
1in principle the process 1s more cumbersome because the
acidity constants and other adsorption constants must be re-
denived each time a new total site densitv 1s chosen (see DAVIS
and KENT 1990 for a discussion of why the constants depend
on the site densitv) For all calculations discussed below, the
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-log (total strong site concentrati. 1)

FiG 11 Surface complexatton modeling of U( V1) adsorption data
as a funcuon of 1otal U( V1) concentration in the pH range 4 0-6 0
Svstem described has 1073 M fernhyvdnite (as Fe) equilibrated with
air and an onic strength of 0 1 M (a) Best fit of a one site one
species model to the data A one-site model means that all surface
sites are equinalent The species modeled 1s an inner sphere bidentaie
surface complex with UO3* (Eqn $) (b) Vanauon in the FITEQL
goodness-of-fit parameter (SOS/DF 1 e sum of squares of - vduals
dinided by degrees of freedom) of a 1wo-site one species = Jel 10
the data as the 1otal site density of the strong binding site 1< vaned
The two-site model has strong and weak-binding surface sites The
species modeled 1s the same for each site (Eqns 8 9) (¢ ) Best fit of
a two site one-species model (Model 1) to the data The species
modeled 1s an inner sphere bidentate surface complex with UO?
(Eqns § 9)

acidity and carbonaie adsorpuion constants that were used
are given 1n Table 3 These values were determin~t with
FITEQL and are consistent with a total site densiy ) 878
moles sites/mol Fe Acidity constants were not redercd each
ume that the strong site density was changed since 1t was
assumed that the acidity of weak and strong sites was identical
(DzomBak and MOREL 1990) Carbonate adsorption con
stants were included because 1t has been demonstrated that
carbonate can adsorb on Fe oxides (v AN GEEX et al 1994
ZACHARA et al 1987 BRUNO etal 1992)

Using Egns 8 and 9 to descmbe U(V]) adsorption F
TEQL was run 1n an iteratin e fashion with the strong-binding
site density as a vanable Each run produced a diffe: alue
of the goodness-of-fit parameter allowing an esumuic of an
optimal value for the sirong-binding site density of 1 8 mmol
sites/mol Fe for the two-site Model 1 (Fig 11b) Usimg this
value for the strong-binding site densitv gave a substanuath
better fit (SOS/DF = 40) 10 the adsorption data for ths
two-site  one-species model (Fig 1lc) Stabihty consiants
for the two U( V1) adsorpuon reactions are given 1n Table 3
As mentioned above carbonate adsorpion reactions wert
included in the modeling but these reactions had a neghgible
effect on the simulations of U( V1) adsorption 1 "1s P
range at a partial pressure of CO, of 1073° The in 10 th¢
data at 10~ and 10~ total U( V1) concentrauon could on#*
be smproved by adding 2 third tvpe of surface site 10 the
model which was considered unwarranted

The FITEQL modeling described above was performed by
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Table 3 Femhydnte Surface Reactions®

Reaction log K | Note
(1=0 1)

=FeOH + H* = =FeOH,’ 651 | b
2F@OH = =Fe0™ + H' 913 | b
=FeOH + H,CO,° = aFeCO,H° + K,0 290 | ¢
=FeOH + H,C0,° = =FeCO, + H,0 + H 508 | ¢
(xFe,(OH),) + UO,* = (xFe,0,)UO,’ + 2H" 257 | dt
(wFe,(OH),) + UD,** = (uFe,0,)UC," + 2H 628 | dt
(mFe,(OH),) + UO,* + CO,> = (mFe,0,) UO,CO,*+ 2H 367 | ef
(wFe,{OH),) + U0, + CO,* = (wFe,O,) UO,CO,>+ 2H 042 | ef

equal

moles sites/ mole Fe

*All constants determined with FITEQL using a two site diffuse double
layer model and a total site density of 0 875 motes sites/mole Fe

*From FITEQL fit of itration data of Dawis (1977)
weak and strong surface sites assumed to be equal

‘From FITEQL fit of carbonate adsorption data of Zachara et al (1987) for
the closed system (C,= 4 6 x 10°M, Fe=8 7 x 10‘M 01 M NaNQ,)
Reaction constants for weak and strong sur‘ace sites assumed to be

°From FITEQL #it of U(VI) adsorption data as a funchon of total U(V1)
concentration 1n the pH range 40 6 0 with a strong site density of 0 0018

*From FITEQL fit of U(VI) adsorption data at 1=0 1 in the pH range 6 5 9
(after determining constants for data in the pH 4 6 range)

'Mass action equations with bidentate surface complexes are defined with
an exponent of one for eFeOH However mass balance equations
assume a stoichiometric coefficient of two for sFeOH (consuming two
sites) following the approach of Davis and Leckie (1980) Calculations
with differing coefficients for the mass action and mass balance equations
are possible with FITEQL, but not with HYDRAQL

Reaction constants for

fitting all of the adsorption data where pH was less than 6
To test the robustness of the model at higher pH values where
carbonate complexation 1s important the same stabilitv con-
stants for Eqns 8 and 9 (Table 3) were apphied 1n sitmulations
of U( V1) adsorption data 1n alkaline solutions at two partial
pressures of CO, (Fig 12a) Adsorption of U(VI) was shghtly
underpredicted bv the simulations in the higher pH range
with the degree of underprediction increasing with increasing
p rual pressure of CO, However the predictions were ac-
tuallv quite good for a one species model considenng the
range of conditions and the complexitv of previous surface
speciation models published for this svstem

To determine whether a simple refinement of the model
would result 1n even better agreement with the data a two-
site two-species model (Model 2) was tested where the sec-
ond species proposed was a ternary surface complex com-
posed of the two edge-shanng surface hvdroxvls the uranvl
c.tion and a carbonate anton 1¢

(=Fe,(OH),) + UO3* + CO3~

= (==Fe,0,)UO,CO} + 2H* (10)

and
(=Fe.(OH),) + UO3* + CO35~

= (=Fe, 0,)U0.CO3~ + 2H* (11)

The stabilitv constants for the reactions shown 1n Eqns 10
and 11 (see Table 3) were determined with FITEQL bv fitting
L ( V1) adsorption data at an ionic strength of 0 1| M 1n the
pH range 6 5-9 0 The same constants for Eqns 8 and 9 were
used as determined previouslv in Model I The Model 2 sim-
ulanions in the alkaline pH range are 1n excellent agreement
with the data (Fig 12a) A similar result has been observed
by KOHLER et al (1995)in a studv of U(VI) adsorption by
goethite Interestinglv the shight shift of the Model 2 simu-
latons to predict more U(VI) adsorption near pH 4 75 at
the higher parual pressure of CO; 1s consistent with the ex-
penmenial data Although the difference 1n predicted U(VI)
adsorption between Models | and 2 1n the alkaline pH range
1s small the ternarv surface complex 1s predicted to be the
most important surface species in the pH range 6-9 (Fig
12b) The model simulations suggest that 1t would only be
a minor surtace species near pH 5, at which samples for
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EXAFS analvsis were prepared The 1ernarv surface complex
which 15 negatively charged (Eqns 10, 11) mas account for
the obsen ed charge reversal of iron oxide parucles after ad-
sorption of U( V1) n the presence of carbonate as reported
bv HO and MILLER (1986)

The model simulations also agree well with the dependence
of U{ V1) adsorption on 10mc strength in the pH 8-9 5 range
(Fig 12¢) The onic strength dependence of U( V1) adsorp-
tion 1n this pH range does not mean that the ternarv surface
complex formed 1s necessaniy an outer-sphere species The
diffuse double laver model used considers only inner-sphere
surface complexes (DZOMBAK and MOREL, 1990) Instead,
the 1omic sirength dependence of calculated adsorption n
this pH range denives from the change 1n activities of the
dominant aqueous species of U( V1), the highlv charged car-
bonato complexes (Fig 2a)

The modeling results suggest that the surface speciation of
U(V1) ma\v be far ssmpler than that observed mn aqueous
soluton As shown by the EXAFS results the coordination
environment at the surface may give strong preference to the
bidentate edge-shanng hinkage that 1s stable over a wide pH
range In the alkaline pH range, carbonate may then attach
10 adsorbed uranvi 10n to form the ternary surface complex,
although the results do not reveal any structural information
about the complex 1t appears unlhikelv that aqueous species
such as UO,(CO;)3” or UO»(CO; )3~ would adsorb strongly
at the Fe oxide surface as proposed by Hst and LANGMUIR
(1985} due to stenic and coordinative constraints Instead
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Fi1G 12 Surface complexation modeling of U( V1) adsorpuon data
as a function of pH 1omic strength and the parual pressure of CO,
Svstem described has 107* M U(V1) and 107> M fernhvdnite (as
Fe) (a) Prediction of U(VI) adsorption over the pH range 3-9
using the two-site one-species model (Mode} 1 determined previoush
with FITEQL) and a two-site two-spectes model (Model 2) The
Model 1 species 1s an inner sphere bidentate surface complex with
UO2* (Eqns 8 9) Mode! 2 has a second species a ternan surface
VO -CO,; complex (Egns 10 11) (b) Plot of surface speciation for
adsorbed U(VI) in Model 2 showting the distnbution of 'ad
sorpuion between the two tvpes of surface species Svstem a  .ribed
1s equilibrated with air (¢) Prediction of Model 2 for U( V1 adsorp-
tion over the pH range 7 5-10 as a function of 1onic strength Svstem
descnbed 1s equihibrated with arr

the data suggest that at the pH values at which these species
become predominant in agueous solution (pH > § in air,
pH > 71n 1% CO, see Fig 2) U(VI)is desorbed fr~ ~ the
fernhydrne surface (Fig 12a)

CONCLUSIONS
Major findings of the experimental and modeling studies
of U(V]) adsorption on ferrihvdrite are noted below

(1) EXAFS analvsis and the trend 1n U(VI) adsorption on
fernhvdnite as a funcuion of U( V1) concentration suggest
that polvnuclear U(VI) species do not form readily at
the surface 1n the circumneutral pH range as thes doin
solution

(2) The expenimental data EXAFS analvsis, anc  del
simulations suggest that the major U(V]) species a. the
fernhvdrite surface in the acidic pH range 1s an nner
sphere bidentate compiex involving two surface hv
droxyls of an Fe octahedron edge and the uranvi cation

(3) A diffuse double-layer two-site surface complexation
model with two proposed surface species provides an
excellent descnpuon of U( V1) adsorpuon on fernhvdnie
over a wide range of pH, U( V1) concentration and tw0
CO, partial pressures Manipulatuon of strong- and weak-
binding sie densities was necessary n order ¢ "ait
the best agreement between data and model simuiauons
Compared to the site densities recommended for fern®
hvdnte by DzOMBAR and MOREL (1990) decreasing
the strong-site densitv bv a factor of 3 and increasing the
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weak-site density bv a factor of 4 greatlv improved the
model simulations as a function of U(VI) concentration
The coordination environment of the fernhvdnte surface

av limit the complexity of U (VI) surface speciation 1n
«.mparnson to that observed 1n aqueous solution Binding
of the 1 1 uranyl-carbonate compiex at the surface 1s
suggested from the results of batch adsorption studies
and associated surface complexation modehing, however
coordination of U(VI) with two or more carbonate li-
gands may prevent surface coordination
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