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" Basi, . . .
e gf\,’l’r’fg Abstract—Uranyl adsorption was measured from aqueous electrolyte solutions onto well-characterized goe-
thite, amorphous ferric oxyhydroxide, and hematite sols at 25°C. Adsorption was studied at a total uranyl
Western concentration of 10~% M, (dissoived uranyl 10~ to 107 M) as a function of solution pH, ionic strength and
tions for electrolyte concentrations, and of competing cations and carbonate complexing. Solution pHs ranged from
arb. 80 310 10in 0.1 M NaNO; solutions containing up to 0.01 M NaHCO;. All the iron oxide materials strongly
' adsorbed dissolved uranyl species at pHs above 5 10 6 with adsorption greatest onto amorphous ferric
n Pacific oxyhvdroxide and least onto well crystallized specular hematite. The presence of Ca or Mg at the 107> M
Jons and level did not significantly affect uranyt adsorption. However, uranyi carbonate and hydroxy-carbonate com-
Buil 93 plexing severely inhibited adsorption. The uranyl adsorption data measured in carbonate-free solutions was
¥ accurately modeled with the surface complexation-site binding model of Davis et al. (1978), assuming
ank: geo- adsorption was chiefly of the UO,OH* and (UQ,),(OH)3 aqueous complexes. In modeling it was assumed
Mariana that these complexes formed a monodentate UO,OH* surface complex, and a monodentate, bidentate or
and arcs, tridentate (UQ,)y,(OH); surface complex. Of the latter, the bidentate surface complex is the most likely,

based on crystallographic arguments. Modeling was Jess successful predicting uranyl adsorption in the presence

\nic rocks gf s.ign'iﬁcam uranyl carbonal_e and hyd(oxy-cark;onate compiexing. lt_ was necessary to slightly vary _thc

ars. Phil intrinsic constants for adsorption c_)f the di- and tricarbonate complexes in order to fit the uranyl adsorption
" ; data at total carbonate concentrations of 1072 and 107> M.
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INTRODUCTION

N:GRATION OF URANIUM in water-rock systems is
largely controlled by uranium solution-mineral equi-
libria and sorption reactions. Thermochemical data for
aqueous uranium species and minerals (¢f LANG-
MUIR, 1978; KRUPKA e al., 1983) permit accurate
modeling of uranium solution-mineral equilibria in low
temperature waters (¢/. LUECK, 1978: LANGMUIR and
CHATHAM, 1980; RUNNELLS e al., 1980; RUNNELLS
and LINDBERG, 1981; MILLER et al., 1984). However,
the role of adsorption reactions in controlling uranium
mobility in such waters is only qualitatively under-
stood. In addition. there is no general model that has

to date allowed the prediction of the adsorption be-

havior of uranium for a wide range of solution con-
ditions and sorbent phases. A literature review indicates
that uranium adsorption studies have been performed
with a variety of sorbents including Ti and Zr oxy-
hydroxides. and amorphous silica (cf. MAYA, 1982a),
amorphous ferric oxyhydroxides, goethite and hematite
(¢ VAN DER WEIDEN er al., 1976; HsI and LANG-
M IR, 1980; Hsi, 1981; HsI et al, 1982; HSsI and
LaNGMUIR, 1983). and amorphous silica, clays and
organic matter {(¢f. SCHMIDT-COLLERUS, 1967; LANG-
MUIR, 1978). Among these, the greatest adsorption ca-
Pacity is observed by amorphous titanium and ferric
Oxyhydroxides (LANGMUIR, 1978). Uranyl adsorption
1s most complete in the pH range from 5 to 8.5, re-
-Bardless of sorbent phase. This is in spite of the fact

.icant; and (2) because hematite and goethite in partic-
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that some sorbents, including the ferric oxyhydroxides,
have a net positive surface charge within this pH range.

Some of the adsorption data have been modeled us-
ing Freundlich or Langmuir isotherm-type equations
(VAN DER WEUDEN et al., 1976; AMES et al., 1983a).
Unfortunately, most previous workers did not deter-
mine such sorbent properties as surface area, surface
charge and potential and the effects on adsorption of
complexation, sorbate ion competition and ionic
strength, all as a function of pH. Such information is
cntically needed for the deveiopment of general pre-
dictive sorption models. In this study, the uranyl ad-
sorption reactions were performed using a well char-
acterized goethite, an amorphous ferric oxyhydroxide, —..
a synthetic hematite and a natural specular hematite.
The effect on adsorption of pH, competing cations and
carbonate complexing was carefully examiped. The
experimental data were subsequently modeled with the
surface complexation-site binding model of DAvIS et
al. (1978).

These four matenals were selected: (1) because they
have a strong sorptive capacity for dissolved uranyl
species (VAN DER WEUDEN et al., 1976; LANGMUIR,
1978), and are common accessory minerals or coating
materidls found in oxidized soils and sediments where
uranyl sorption reactions are most likely to be signif-

vlar are common accessory minerals in sandstone-type
uranium deposits. Previous studies suggest that these

minerals may scavenge uranium from spf@NRBECORD
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subsurface waters and so preconcentrate it. The sorbed
uranium may later be released to form nearby roll-
front-type uranium deposits (BARTON, 1956: LANG-
MUIR, 1978).

MATERIALS AND METHODS
Sample preparation

Four different ferric oxide or oxyhydroxide sols of relatively
uniform shape and narrow particle size distribution were pre-
pared as the sorbents.

A. Goethite (a-FeOOH): A colloidal dispersion of goethite
was prepared according 10 the method of ATKINSON ef al.
(1967). After repeatedly washing with deionized warer, the
colloidal particles were resuspended in deionized water and
kept under a pure oxygen atmosphere.

B. Amorphous ferric oxyhydroxide: Due to the unstable
nature of the amorphous ferric oxyhydroxide, samples were
prepared in batches immediately before each titration or ad-
sorption experiment using the method of Davis and LECKIE
(1978). The colloidal dispersion was aged at pH 7 for four
hours before beginning titration or adsorption experiments.

C. Hemauiie (a-Fe;03): A colloidal dispersion of hematite
was prepared according to the method of MATUEVIC and
SCHEINER (1978). After repeatedly washing with deionized
water. the colloidal particles were resuspended in deionized
water and kept under a pure oxygen atmosphere.

D. Natural specular hemaiite (a-Fe>03): A natural specular
hematite sample was crushed and ground in a mechanical
mill and passed through a 45 um stainless steel sieve. The
sample was stored as dry powder in a dessicator.

Sample characterization

Physical and surface properties of the four materials were
carefully determined. Particle size, shape and crystallinity were
studied by electron microscopy and X-rav diffraction methods.
Specific surface arza (A) was obtained on freeze-dried samples
by the BET nitrogen adsorption method. Surface charge den-
sity (gp) and the pH of zero surface charge (PZC) in NaNO,
electrolyie solutions were determined using the potentiometric
titration method of YATES and HEALY (1980) and the salt
titration method of Davis and LECKIE (1978). Electrophoretic
mobilities and the iso-electric point (1EP; pH at which the net
electrophoretic mobility is zero) were measured with a Rank
Brothers Mark Il microelectrophoresis apparatus (Rank Bros.,
Cambridge, U.K.). Surface exchangeable site densities (N,)
were obtained by the tritium exchange method of BERUBE ef
al. (1967) and YATES and HEALY (1976). Water content was
found via weight loss upon heating in an oven at 650°C for
15 minutes. The bulk physical and surface properties of the
four materials are summarized in Table 1.

Adsorption measurement

Urany! adsorpuon experiments were conducted in batches
as follows. A measured amount of previously prepared ferric
oxide or oxvhvdroxide sol was transferred from the storing
botile into a 125 m) polvethylene bottle. The same volume

of sol was transferred into a pre-weighed crucible. The weight
of the solid panticles afier drying in an oven at 110°C for 15
minutes was taken as the weight of the sorbent in the 125 m}
bottle. The ionic strength was adjusted to 0.1 M by the additirn
of 1.0 M NaNO; solution. The pH was adjusted when ne:-
essary by the addition of 0.1 N HNO; or 0.1 N NaOH solu-
tions. Uranium was added to the suspension from a 0.01 M
urany! nitrate stock solution. Enough CO-free deionized water
was then added to bring the total volume of the suspension
1o 100 ml. After bubbling with purified, H,O-saturated oxygen
gas to purge dissolved CO;, the bottle was tightly sealed and
agitated continuously in a constant temperature shaker bath,
The oxygen atmosphere and a constant temperature of 25°C
were maintained throughout the experiment. No pH adjust-
ments were made during the experiment. Afier the desired
reaction period, a 40 mi aliquot of suspension was delivered
10 a screw-capped polycarbonate centrifuge bottle. A final ;-4
measurement was then made on the remaining suspension
and taken as the representative pH of the adsorption run. The
40 ml aliquots were centrifuged at 3,000 rpm for 15 minutes
to separate particulates. After centrifugation the clear super-
natant was analyzed for its uranjum content using a SINTREX
UA-3 uranium analyzer which has a detection limit of 0.05
ppb uranium and measurement accuracy of +15% at the |
ppb uranium level and above (ROBBINS, 1978).

RESULTS
Adsorption kinetics

To determine the time required for completion of
the uranyl adsorption reactions. a series of kinetic
studies were conducted. Samples were withdrawn for
analysis at selected time intervals. Two-step kinetics
were observed for uranyl adsorption onto all four ma-
terials. The first step was rapid and complete within a
few minutes. The second. slower step often continued
for days. The same two-step kinetics was reported for
trace metal sorption onto manganese dioxide (Lo-
GANATHAN and BURAU. 1973), amorphous ferric : -
droxide (DaVIs, 1977), a-SiO; (BENJAMIN, 1978) and
titanium dioxide (BERUBE and DE BRUYN, 1968a,b).
Diffusion of adsorbate species into the sorbent matrix
and slow alteration of sorbent characteristics are con-
sidered the chief causes for the slower reaction (YATES
and HEALY, 1980). Since our goal was 10 study surface
adsorption under equilibrium or at least pseudo-equi-
librium conditions, reaction times were chosen 1o as-
sure completion of the rapid adsorption step and to
minimize the effect of the diffusion and alteration s2zp.
Based on this study and those reported in the literature,
an equilibration time of four hours was chosen for ex-
periments using goethite or amorphous ferric oxyhy-
droxide as sorbents. For experiments using synthetic
hematite or natural hematite, a seven-day equilibration
period was used.

Table 1. Physical and surface properties of starting materials

Particle Particle 2A L"

Material Shape Size {»/g) (sttes/on?) PZC IEP wel 8,0
P:ZOESJ (an) Spherical 2 m» 306 20(a) 7.940.2 —— 13
o=Fe00H Rod-1ike 1 cm length 45 18(b) 8.5+0.3  8.9+0.2 11.5
Syathetic Sphericsl 0.3 ve a3 19 7.5%0.5 7.240.5 2
©-Pe,04

Natural Irregular 1 um 1.8 15 7.840.5 7.040.5 1
o-Fe, 0y

(o) 1.05x1077 mol/g; (b) 1.35 x 1072 mol/g
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Adsorption of U on Fe oxyhydroxides

* Reversibility of uranyl adsorption reactions

BARTON (1956) reported that the adsorption of ura- )

pyl onto synthetic limonite was generally reversible.
In this study, the reversibility of uranyl adsorption was
studied by carrying out adsorption experiments as pre-
viously described. After a small amount of the suspen-
sicn. was withdrawn for uranium analysis, the pH of
the remaining suspension was readjusted to a new value
with HNO; or NaOH. Allowing sufficient time for re-
equilibration, the final uranium concentrations and pH
values were determined. In the goethite and amorphous
ferric oxyhydroxide experiments, four hours elapsed
between pH readjustment and the final analysis. For
hematite, three days were allowed between pH read-
justment and final analysis. Figure 1 shows that the
new data points after pH readjustment all lie on the
initi2l adsorption curve for goethite, indicating the pH
reversibility of the adsorption reaction. Similar results
were obtained for the other oxyhydroxides (Hsl, 1981).

Effect of pH on uranyl adsorption

In order to study the effect of pH on uranyl adsorp-
tion, experiments were carried out in batches with the
pH of individual samples adjusted between 4 and 9.
Figure 2 shows the percentage of the total uranjium
adsorbed at different pHs for goethite, amorphous ferric
ox: zvdroxide, synthetic hematite and natural hematite,
respectively. The data demonstrate that uranyl is
strongly adsorbed onto all four materials, especially
above pH 5. This is in spite of the fact that both the
uranyl species (see Fig. 3) and the sorbing oxides or
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FiG. 1. Reversibility of uranyl adsorption vs. pH at U
=10~ M ontoa | g/l goethite suspension in oxygenated CO;-
free 0.1 M NaNO, solutions at 25°C. Open circles represent
the :nitial uranyl adsorption data. Broken circles are solution
PH; following pH readjustment, and double circles the final
Uranyl adsorption data.
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FIG. 2. Adsorption of uranyl vs. pH at ZU = 10~ M onto
1 g/l suspensions of ferric oxyhydroxides in 0.1 M NaNO,
solutions at 25°C. Symbols denote the experimental data. Solid
curves for Fe{OH);(am) and goethite only have been model
calculated assuming surface parameters given in Table 2,
and monodentate surface complexes of UO,OH® and
(UQ,)3(OH)3 with p*K ™ values of 8.0 and 15.0, respectively.

oxyhydroxides have net positive charges at some of
these pHs. The dissolved uranium concentration. at
each data point was also compared with the calculated
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F1G. 3. Distribution of uranyl-hydroxy complexes vs. pH
in 0.1 M NaNO; solutions at 25°C: 3a) for SU(VI) = 10~#
M: and 3b) for TU(VI) = 1075 M.

solubility of schoepite [UO»(OH), H.O(c)] for the
same pH conditions. Because most of the concentration
data are several orders of magnitude Jower than com-
puted for saturation with schoepite. it is evident that
they are controlled by adsorption rather than schoepite
precipitation. Only a few data points for uranyl ad-
sorption onto synthetic hematite and natural hematite
exceeded the computed solubility of schoepite. Uranyl
concentrations for these points may be controlled by
schoepite solubility as well as adsorption.

Effect of competing cations on urany! adsorption

Fresh natural groundwaters contain calcium and
magnesium concentrations typically around 1073 M.
To examine the competitive effect of these ions on
urany) adsorption, calcium or magnesium nitrate salts
were added to the amorphous ferric oxyhvdroxide,
goethite, and natural hematite suspensions 10 give total
Ca or Mg concentrations of 10~> M and the same ad-
sorption experiments were repeated. Results indicated
that Ca and Mg at 10~ M did not significantly affect
uranyl adsorption (Hsl, 1981).

Effect of carbonate complexing on uranyl adsorption

STARIK ¢! al. (1958) and VAN DER WEUDEN er al.
(1976) reported that uranium can be desorbed from

ferric oxyhydroxides and adsorption inhibited by car.
bonate solutions. To further examine this effect,
NaHCO, salt was added to the suspensions to briug
the total carbonate concentration (Ct) t0 0.001 or 0.01
M. Other conditions were the same as previously de.
scribed. Figure 4 compares uranium adsorption from
0.001 and 0.01 M total carbonate solutions to adsorp-
tion from a carbonate-free (oxygenated) solution. The
plot indicates that carbonate complexing inhibits ad-
sorption to uranyl onto all four matenals. It is also
clear that adsorption inhibition is proportional 10 C;.
A percentage distribution diagram of uranyl-hydroxy-
carbonate complexes vs. pH is plotted in Fig. 5. The
diagram has been computed using thermochemical
data for uranium species given in the Appendix. A
comparison of the urany] adsorption data in Fig. 4 and
the percentage distribution diagrams in Figs. 3 and §
indicates that the urany! carbonate and hydroxy-car-
bonate complexes are weakly adsorbed if at all, relative
to strong adsorption of the hvdroxyl complexes.

MODELING URANYL ADSORPTION REACTIONS

A comprehensive adsorption model is criticatiy
needed to explain and predict the adsorption behavior
of uranium in water-rock sysiems. A variety of em-
pirical and theoretical models have been suggested to
fit laboratory heavy metal adsorption data. These in-
clude simple 1sotherm equations, such as the Freund-
lich and Langmuir equations (¢/. SOLDATINI et al.,
1976; and AMES et al.. 1983a.b); mass action type
equations. including Donnan exchange (KRISHNA-
MOORTHY and OVERSTREET. 1950) and more gencra
expressions (TRUESDELL and CHRIST, 1968; LaxG-
MUIR, 1981). However, manv of these models deter-
mine conditional or apparent equilibrium constants
which, strictly speaking, only apply to the given ex-
perimental conditions, and not 10 more complex nat-
ural systems. More comprehensive models that can
consider the interplay of a multiplicity of independent
properties of the solution and sorbent phases are
needed. The surface complexation site-binding model
of DAVIS et al. (1978), which is such a comprehensive
model, was chosen 10 fit the uranium adsorption ¢zia.
This model can simultaneously predict adsorption be-
havior of aqueous sorbate species and the development
of surface charge at the hvdrous oxide interface using
a single set of equilibrium constants. It has also been
applied with reasonable success 10 predict the adsorp-
tion of simple cations and anions in dilute 1o moder-
ately concentrated solutions (¢/ Davis and LECKIE,
1978, 1980; BALISTRIER) and MURRAY, 1979, 1981).
Experimental data for uranyl adsorption onto amor-
phous ferric oxyhydroxide and goethite were usec 10
test the accuracy of this model.

Model background

According to the surface complexauon site-binding quel,
the development of surface charge at the ferric oxyhydroxide/
water interface is due to amphoteric ionization reactions 0
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surface functional groups (FeOH) through the uptake or release
of potential determining ions (i.e., H* and OH™). Thus

i
FeOH; = FeOH + H; §))]
FeOH —=FeO~ + H; (2
100
o L voj*. V0,03
U0,4{€05)5 U04(C04) 3"
g
S %oF
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‘-: a0
]
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20 b V0:0M*
° A
2 . e 8 10
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FiG. 5. Distribution of uranyl-hydroxy and carbonate com-
plexes vs. pH at U = 107* M and Gy = 107 M in 0.1 M
NaNO; solutions at 25°C.

where FeOH3 and FeO™ are ionized surface species, H; de-
notes activities of protons on the surface, and K3 and K3
are intrinsic acidity constants determined at zero surface charge
and zero potential conditions.

Specifically adsorbed counter-ions, located in the inner
Helmholtz plane at a distance of 8 from the mean surface
plane, are assumed to form complexes with the charged surface

groups.

=,

FeOH + cation, == FeQ~—cation + H}  (3)
TS~ -

FeOH + H; + anion, === FeOH3 —anion. 4)

Here, the subscript s denotes activities of individual ions on
the surface, and symbols *KioL ., *Kio,, denote intrinsic
complexation constants determined at zero surface charge and
zero potential conditions.

For a ferric oxyhydroxide dispersion in a simple NaNO,
electrolyte system (see Figs. 1 and 10 in DAvis et al,, 1978),
the surface charge (o) and the charge in the mean plane of
specifically adsorbed counter-ions (o,) can be defined as:

0o = 10°F/4 ([FeOH}) + [FeOH$ —NO;)
- [FeO"] - [FeO-—Na*])  (5)
0s = 10°F/A ([FeO~—Na*] — [FeOH; —NO3]) ~ (6)

where 4 is the surface area of ferric oxyhydroxide available
in solution, F is the Faraday constant, and {[FeOH3] and sim-

iy o RS LR,
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ilar bracketed surface species are equivalent concentrations
of surface species.

Constant integral capacitances C, and C; are assumed in
the regions between the surface plane and the inner Helmholtz
plane and between inner and outer Helmholtz plancs. Surface
potentials at the zero, inner and outer Helmholtz planes are
Yo, ¥s and ¥y, respectively. Thus,

Yo — ¥p = 0o/Cy &)
Vs — Vo = —0d/Ca. (8)

The charge at the outer Helmholtz plane or diffuse layer
{04) can be derived from Gouy-Chapman diffuse layer theory.

. Zeyy
= =11.74C"” sinh (—-—) 9
04 sin KT 9)
where C and Z are bulk concentration and charge of the sup-
porting electrolyte conterion in the diffuse layer. Finally, elec-
tro-neutrality and surface mass balance requirements must
also be met. hence,

ggt+os+o04=0 (10)
N, = 10%F/A4 ([FeOH3] + [FeOH3 —NOj]
+ [FeOH] + [FeO} + [FeO™—Na*]) (11)

where N, is the total number of sites available on the particle
surface.

The entire set of equations (Eqns. 1-11) can be solved nu-
merically at any pH and electrolyle concentration provided
that values for the parameters 4, N,, K&, Ky *xin,
sk, C, and C; are known. In a series of previous papers
(JAMES e al., 1977; Davis and LECKIE. 1978, 1979, 1980;
BALISTRIER! and MURRAY. 1979, 1981; JAMES and PARKS,
1982). others have shown that the intrinsic ionization constants
and complexation constants can be determined using poten-
tiometric titration data and graphic double extrapolation
methods. Specific surface area (4) and site density (N,) can
be estimated using the BET nitrogen adsorption method and
tntium exchange methods, respectively. The only adjustable
parameters that remain are the inner layer capacitance (C))
and outer laver capacitance (C,). By proper selection of a
combination of values for these two parameters (C; is usually
fixed at 20 uF/cm?, and only C, adjusted), the model can give
good agreement between the computed and measured surface
charge (gp) and the electrokinetic data in simple electrolyte
solutions. Numerical calculations are performed with a mod-
ified version of the computer program MINEQL (WESTALL
et al.. 1976) which includes the surface reactions in model
calculations.

Values of the surface parameters for goethite and
Fe(OH)j(am) used in this study are listed in Table 2,
and agree with those in Table 1, except for the surface
area assigned to the amorphous phase. Similar val' »g
for ferric oxyhydroxides determined by others are 4iso
listed in Table 2. A surface area of 700 m%/g instead
of 306 m?/g was assumed for Fe(OH);(am) in order to
optimize the fit between the model-computed and
measured surface charge of the oxyhydroxide as a
function of pH. The higher value is in good agreement
with 600 m?/g similarly derived by DAvis (1977), and
is within the range of published values (157-840 m?¥/
g; Hs1, 1981). Figure 6 shows the excellent agreemem
between the model calculated and measured surfzce
charge of Fe(OH)s(am) and goethite, assuming the fixed
parameters given in Table 2, which are adopted in sub-
sequent modeling calculations of uranyl adsorption.

Modeling uranyl adsorption reactions

The modeling procedure began by assuming that uranyl
jon, UO3", is the only uranyl species adsorbed and that the
simplest surface reaction is followed, i.e.,

.Kim .

FeOH + UOY === FeO"—UO}* + H;.  :})

This single surface reaction was thus assumed in the computer
program MINEQL to model uranyl adsorption data onto
goethite. Predictably, poor agreement was observed between
experimental data and model calculations.

A comparison of the percentage distribution diagram of
uranyl-hydroxy complexes in water (see Fig. 3) and the uranyl
adsorption data (Fig. 2) reveals that in the pH range where
uranyl is most strongly adsorbed (i.c., a1 pH > 5), the pre-
dominant dissolved uranyl species are UO,OH* and
(UO,)5(OH); . It was therefore assumed that UO,OH* and
(UO,),{OH)} hvdroxy complexes are also adsorbed and the
following surface reactions apply.

K Bbson
FeOH + UO%! + H,0 =—

[FeO-—UO,OH*} + 2H; (13)

*k Blowsomn

FeOH + 3UOj3; + 5H,0
[FeO™—(UO.)(OH)3] + 6H;. (14)

Table 2. Surface paraneters for ferric oxyhydroxides assumed in this study and by others
in surface jonization and complexation model calculations. The surface ares (A)
for Pe(OH)i(n) adepted in this study, and that of Davis (1977), were bdoth estimated

by model-f

tting surface charge data (see text). All studies have sspumed

C, = 20 yF/cn®, ND denotes not determined.

c

A K 1

2 s, 2 int int ¢ int *oint 2
Systems References (n®/g) (sites/mn®) pK} PKys PR prson  PRanion {vF/en®)
YE(DH)B This study 700 20 4.8 11.1 9.3 7.0 130
(sm), (1.05x1072
NaNOy wol/g)
Ft(OH): Davis (1977) 600 11+ 5.1 10.7 9.0 6.9 140
(an)/ (9.85x1073
NakO, Bo1/p)
a-FeOOR/ Thie study 45 18 4.5 12.0 10.1 7.0 140
NlNOa
a-FeOOHE/ Hingston et 32 16.8% 4.9 ND 6.6 ND ND
NaCl al, (1968)
o-FeOOR/ Yates (1575) 48 16.8 4.2 10.5 9.0 6.2 100
KO,
a-Fey0;  Breeuvesma KD 10 6.7 10.3 9.5 7.5 90

(1972)

¢ fron Yates (1975)
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. FiG. 6. Surface charge densities as a function of
oaic strength and pH in NaNO; solutions at 25°C: 6a)
. Fe(OH)(am); and 6b) goethite. Symbols denote the experi-
mental data. Solid curves have been model calculated assum-
"~ g the surface parameters given in Table 2.

Excellent agreement was achieved by including these three
b mrfape reactions (Eqns. 12-14) in the model calculations. Ac-
. %onding 30 these calculations, the contribution of Eqn. (12)t0
te tovs: surface reaction is always small and can be neglected.
. I facy, by assuming UO,OH* and (UO,)y(OH); are the only
. TNyl species adsorbed, the mode! adequately explains the
urany] adsorption data onto amorphous ferric oxyhydroxide
'Ddin%oelhite. A combination of p*K{80u. = 8.0 and
LonwoHy = 15.0 gives the best agreement between the
Wodel calculations and experimental results (Figs. 2a and 2b).
Owever, the model reactions proposed above are not the
4 Y ones that can accurately fit the experimental data. For
Sample, the adsorbed uranyl hydroxy complexes could form
t0tate or tridentate surface complexes, i.e.,

. oo
AFeOLi) + 3UOY + SH,0 e

FeO=__

Fe07”

(UO,)5(OH): | + 7H;. (15)

5 foumoms
3(FeOH) + 3UQ% + 5H,0 =—=

FeO?
FeO=>7
FeO7

(UO2,(OH)5 | + 8H;. (16)

The symbols 8 and ¥ in Eqns. (15) and (16) were used to
define the stability constants when the surface reaction involves
a bidentate or tridentate surface site. It was found that by
arbitrarily assuming the dissolved uranyl species are adsorbed
as a UO,OH* monodeniate complex (Eqn. 13), and a
{UO,),(OH); bidentate surface complex (Eqn. 15), with
P*K Bbs0n+ = 8.0 and p*Sfionyony = 20.0. model calculations
fit the experimental data equally well. The same goodness of
fit can also be achieved by assuming a monodentate UO,OH*
complex (Egn. 13) and a tridentate (UQ,);(OH); complex
(Eqn. 16), with p*K 8o,0u+ = 8.2 and p*K Voymomy = 23.6.
Therefore, it is not possible to uniquely identify the predom-
inant reactions on the surface of amorphous ferric oxyhy-
droxide or goethite based solely on the goodness of the model
fit to the data. Although the geometric configuration of the
adsorbed (UO,);(OH); complex and its orientation on the
adsorbing ferric oxyhydroxide surface are not known, an es-
timation based on the crystal radii of uranyl ions suggests that
adsorbed (UQ,),(OH); has a minimum cross-sectional di-
ameter of 0.6-0.8 nm on the surface. However, a calculation

-based on the measured site density (see Table 2) indicates that

each surface (FeOH) functional group has a cross-sectional
area of only 0.05 nm?, It therefore seems likely that each ad-
sorbed (UQ.)y(OH)3 complex is bound to more than one sur-
face functional group. This would support the hypothesis that
adsorption forms a bidentate (Eqn. 15) or a tridentate (Eqn.
16) rather than monodentate surface complex (Egn. 14). Un-
fortunately. crystallographic arguments alone do not allow
one to decide whether a bi- or tridentate model is the more
correct. One can argue, however, that a tridentate complex is
less likely than a bidentate ane because of the greater difficulty
the tridentate complex would have finding surface sites with
which to bond.

Although the model-calculated curves fit the exper-
imental data verv well when plotted on percent U ad-
sorbed vs. pH diagrams (see Figs. 2a and 2b), the same
goodness of fit is not obtained when the plots are drawn
in terms of total dissolved U vs. pH. As shown in Fig.
7, the model calculated curve deviates from the ex-
perimental data points at total dissolved uranium con-
centrations < |1 ppb. Model calculations predict a con-
tinuous decrease in uranium concentrations as the pH
increases, whereas the experimental data indicate that
adsorption levels off at pH > 7. Unfortunately, con-
centrations near 1 ppb are typical of those in average
groundwater systems, and therefore are of most interest
to geochemists. More discussion is needed to explain
this apparent failure of the surface complexation site-
binding model in dilute uranyl solutions. Several pos-
sible explanations are:

(1) The adsorption experiments were contaminated
with a trace amount of atmospheric CO, during sample
transfer and centrifugation. As previously discussed,
carbonate complexing inhibits adsorption and favors
desorption, especially at alkaline pHs. A comparison
of previous data suggests that a high total dissolved
carbonate concentration (10~ M) is needed to account
for the observed discrepancy. This much CO, contam-
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FIG. 7. Adsorption of uranyl vs. pH at ZU = 10~ M onto
a | g/l suspension of goethite in 0.1 M NaNO; solutions at
25°C. Symbols denote the experimental data. The solid curve
has been model calculated assuming surface parameters given
in Table 2, and a UO,OH* monodentate surface complex,
and (UO,),(OH); bidentate surface complex. The assumed
P*K™ values for these surface complexes are 8.0 and 20.0.
respectively, The dotted curve has been model calculated as-
suming the presence of a dissolved (UO,)s(OH); complex
which is not adsorbed.

¢

ination is not likely in view of the experimental care
taken in the study.

(2) Anionic uranyl hvdroxy complexes were present.
Based on the potentiometric and spectrophotometric
studies of SUTTON (1949), LEMIRE and TREMAINE
(1980) have suggested the presence of an anionic urany}
hydroxy complex (i.e., (UO;);(OH)7) in basic uranyl
solutions. They also calculated an equilibrium constant
(log K = 31 % 4) for the reaction:

3U03%* + TH,0 = (UO,);,(OH); + TH*. (17)

We feel that further studies are needed to prove the
existence and stability of this complex. Nevertheless,
the same modeling procedures were repeated as pre-
viously, assuming the presence of (UQO,)y(OH)7 and
that the complex is not adsorbed by goethite. A log K
value of —29.0 was assumed for reaction (17) (within
the uncertainty of the value given above). Model cal-
culated values are plottied as a dotted curve in Fig. 7.
It is evident that significantly better agreement between
the empirical data and the model fit is achieved by
including this complex in the model calculations.
Whether such an approach is valid awaits further
confirmation of the presence and swability of
(UO;:(OH);.

(3) Trace amounts of goethite particles in the su-
pernatant were not completely separated during cen-
trifugation. Thus, if for example 0.05% of the total
goethite remained in the supernatant, its adsorbed

uranium would suffice to account for the apparent ley-
eling off of uranyl adsorption at high pH. In view of
the experimental procedures used in this study, this is
considered the most likely explanation for the adso::-.-
tion data above pH 7.

Determination of proton release during adsorption

Determination of the number of protons released
per uranyl jon adsorbed provides further information
on the stoichiometry of the surface reactions. An effort
was made 10 obtain this quantity by carefully measur-
ing the pH shift during adsorption. Results indicated
that the number of protons released per uranyl ion
adsorbed varied between two and three and averag:4
about 2.3 in the pH range from four to nine. This is
in good agreement with model assumptions, in that all
the surface reactions proposed (Eqns. 13-17) release
between 2 and 2.66 protons per urany! adsorbed.
However. because of the uncertainties associated with
the potentiometric titration curves, it is still not possible
to decide the relative importance of the reactions pro-
posed above.

Modeling uranyl-carbonate adsorption data

Rigorous modeling of uranyl adsorption from car-
bonate solutions using the surface ionization and com-
plexation model, requires intrinsic constant values for
the adsorption of carbonate and bicarbonate ions, as
well as for uranyl carbonate and hydroxy carbonatg
complexes.

As a first approximation, however, modeling was begun by
assuming that none of these species are adsorbed, and thus
they do not influence surface charge and potential. The es-
sumption that CO%~ and HCOj3 adsorption can be ign.u-2d
was not considered a serious source of error in light of vaiues
for the intrinsic constants for adsorption of similar ligands
onto fermic oxyhydroxides (Davis, 1977). However, poor
agreement was found between model calculations based on
these assumptions and the experimental data, which showed
that dissolved uranyi species were more strongly adsorbed than
predicted by the model.

As a second appreximation, it was assumed that the uranyl
di- and tricarbonate complexes were adsorbed according to
the reactions:

177K Bbxoond

FeOH + UO%! + 2CO% + H!

[FeOH; —UOL(CO:)3) (18)
17K Bwcout

FeOH + UO3 + 3CO% + H;

Adsorption of (UQ,),CO3(OH); was again considered negli-
gible, in that the species is monovalent, and a minor complex
relative 10 the di- and tricarbonate complexes (see Fig. 5)-
Combining reactions (13) and (14) for adsorption of the hy-
droxy complexes, with (18) and (19) for adsorption of the
carbonate complexes, with MINEQL the intrinsic consizats
for the last two reactions were found by trial and error using
the uranyl adsorption data onto goethite for Cy = 1072 M
(Fig. 8). The resultant constants, which gave an excellent fit

10 the adsorption data, were p*Kibyco3- = —30.0 and
P*KBbxcoat- = —38.5. Unfortunately, the same intrinsic con-

stants were less successful at modeling the uranyl adsorption
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FiG. 8. Adsorption of uranyl vs. pH at ZU = 10~° M onto
a 1 g/l suspension of goethite in 0.1 M NaNO; solutions as a
function of Cy at 25°C. Symbols denote the experimental
r:ata. The solid curve has been mode! calculated assuming
surface parameters given in Table 2, and monodentate surface
complexes of UO,0H’, (UO,)5(OH);, UOy(CO,)i™, and
UO4(CO,)3~, with p* K™ values of 8.0, 15.0, —30.0, and —38.5,
respectively.

data for C; = 1073 M. To obtain the best agreement with
these data. it was necessary to assume p*K Sbycomd™ = ~29.5
and p*K bxcoys- = —42.5. The reason for this discrepancy is
not clear. It may reflect an accumulation of errors in aqueous
«:3bilitv and surface intrinsic stability constants, and/or derive
..m the assumption of non-adsorption of carbonate species
inciuding the uranyl hydroxy carbonate complex (¢ HO and
MILLER. 1985). Failure of the model may also reflect its own
inadequacy.

Predictive capability

The surface ionization and complexation model can
accurately predict adsorption for a wide variety of con-
ditions. provided that the stoichiometry of surface
complexation reactions (which may not be uniquely
..ctined), and the intrinsic stability constants and other
sorbate and sorbent properties listed in Table 2 have
been determined. For example, using a single set in-
trinsic stability constants and surface parameters, HsI
(1981) found that the model could accurately predict
uranyl adsorption onto amorphous ferric oxyhydroxide
at different solid-to-liquid ratios (1 g/1 and 0.15 g/).
Presumably the same intrinsic constants and surface
parameters could be used to predict uranyl adsorption
in soils and sediments within which ferric oxyhydrox-
1es are the predominant sorbent phases, with appro-
priate correction for the ratio of predominant sorbent
phases, and for the ratio of surface exposed weight of
the oxyhydroxides to volume of contacting water (¢f.
PETERSON et al., 1985). The imperfect modeling of
adsorption in the presence of variable carbonate com-
plexing, indicates that prediction of uranyl adsorption
from alkaline natural waters must remain somewhat
Qualitative until or unless further refinements are made
in related aquo-complexing constants and/or surface
¢ymplexation constants,

DAvIs and LECKIE (1978) suggested that for many
solutes. the chemical component of the bond energy
with an oxide surface site may be approximately the
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same from one oxide to another. They also showed
that when written in terms of charged sites (i.e., SO~
or SOH3), the intrinsic complexation constants are of-
ten of the same order of magnitude for different oxide
surfaces. If this is also the case for dissolved uranyl
species, then the intrinsic surface complexation con-
stants determined in this study may be used to estimate
the stability constants for uranyl adsorption by other
oxides. such as TiO; and a-Al,O;, provided that other
surface parameters are available from previous studies.

SUMMARY AND CONCLUSIONS

1. Dissolved uranyl species are strongly adsorbed
onto amorphous ferric oxyhydroxide and goethite, and
less strongly onto synthetic and natural hematite at
pHs above 5 to 6. Uranyl adsorption reactions equil-
ibrate rapidly and reach pseudo-reversible equilibrium
conditions within a few hours to a few days. Competing
cations Ca or Mg at concentrations of 10”2 M do not
significantly affect uranyl adsorption. However, uranyl
carbonate complexing inhibits uranyl adsorption
especially in alkaline solutions. The amount of inhi-
bition is directly proportional to the total dissolved
carbonate content.

Results of this study and previous work (¢ LANG-
MUIR, 1978) indicate that, in low temperature oxidized
environments sorption is generally a more important
control on uranium mobility than is uranium mineral
precipitation. This is particularly true in the presence
of highly sorptive sedimentary materials such as the
amorphous ferric oxyhygroxides. Uranyl sorption onto
such phases can pre-concentrate U from surface and
subsurface waters. The adsorbed uranium may later
be desorbed because of crystallization of the oxyhy-
droxides to goethite or hematite with aging, and/or an
increase in the alkalinity of ground water. Reduction
of the uranyl to uranous species at a ground water
redox interface (Eh < O volts) may subsequently lead
to the formation of a sandstone-type uranium deposit
of uraninite (UQ,) or coffinite (USiO,) (¢f. LANGMUIR
and CHATHAM, 1980).

2. The surface complexation site-binding model,
with its several fixed parameters, has been used to suc-
cessfully model the surface charge as well as adsorption
data for uranyl species onto goethite and amorphous
ferric oxhydroxide in carbonate free systems. However,
in the more complex uranyl-hydroxy-carbonate system,
the modeling was less successful. In general, the model
should be viewed as semi-empirical with the correct
mathematical form to yield an optimal fit to most ex-
perimental data (WESTALL and HOHL, 1981; SPOSITO,
1983). Nevertheless, it can still be a very useful tool
for predicting the adsorption behavior of trace metals
including actinide ions at the oxide/water interface,
and their effect on surface charge and electrokinetic
properties. Successful application of the mode! involves
the determination of multiple parameters, including
specific surface area, intrinsic adsorption constants, and
the surface site density of individual sorbents. These
requirements make the model difficult to apply to het-
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erogeneous natural environments containing multiple
sorbents. In this context, more studies are needed to
determine and compile intrinsic equilibrium constants
and surface parameters for common sorbents in natural
water-rock systems.

Acknowledgements—We gratefully acknowledge the advice
and assistance provided by Drs. Martin B. Goldhaber and
Robert A. Zielinski of the Uranium and Thorium Branch,
United States Geological Survey. Financial support for the
work was provided by United States Geological Survey Re-
search Grant No. 14-08-0001-G-606, and by the Mining and
Mineral Resources Research Institute of the Colorado School
of Mines. ) :

Editorial handling: H. Elderfield

REFERENCES

AMES L. L., MCGARRAH J. E. and WALKER B. A. (1983a)
Sorption of trace constituents from aqueous solutions onto
secondary minerals. l. Uranium. Clays Clay Minerals 31,
321-334.

AMES L. L., MCGARRAH J. E. and WALKER B. A. (1983b)
Sorption of uranium and radium by biotite, muscovite, and
phlogopite. Clays Clay Minerals 31, 343-351.

ATKINSON R. J., POSNER A. M. and QUIRK J. P. (1967) Ad-
sorption of potential-determining ions at the ferric oxide-
aqueous electrolyte interface. J. Phys. Chem. 71, 550-558.

Bags C. F., JrR. and MESMER R. E. (1976) The Hydrolysis of
Cations. Wiley-Interscience, 489 p.

BALISTRIER! L. and MURRAY J. (1979) Surface of goethite
(a-FeOOR) in seawater. In Chemical Modelling in Agueous
Systems (ed. E. A. JENNE), Chap. 14, pp. 275-297. Amer.
Chem. Soc. Svymp. Ser. 93.

BALISTRIERI L. and MURRAY J. (1981) The surface chemistry
of goethite (a-FeOOH) in major ion sea water. Amer. J.
Sci. 281, 788-806.

BARTON P. B. JR. (1956) Fixation of uranium in the oxidized
base metal ores of the Goodsprings District, Clark Co., Ne-
vada. Econ. Geol. 51, 178-191.

BENJAMIN M. M. (1978) Adsorption of dissolved cadmium,
zinc, copper, and lead on oxide surface in mode) natural
systems. Ph.D. Thesis, Stanford University, Stanford, Cal-
ifornia, 228 p.

BerRUBE Y. G. and DE BRUYN P. L. (1968a) Adsorption at
the rutile-solution interface. I. Thermodynamic and ex-
perimental study. J. Colloid Interface Sci. 27, 305-318.

BERUBE Y. G. and DE BRUYN P. L. (1968b) Adsorption at
the rutile-solution interface. 1I. Model of the electro-chem-
ical double layer. J. Colloid Interface Sci. 28, 92-105.

BERUBE Y. G., ONODA G. Y. and DE BRUYN P. L. (1967)
Proton adsorption at the ferric oxide-aqueous solution in-
terface. 11. Analysis of kinetic data. Surface Sci. 7, 448-
461.

BREEUWSMA A. (1972) Adsorption of ions on hematite. Ph.D.
Thesis, Agricultural University, Wageningen, Netherlands.

Davis . A. (1977) Adsorption of trace metals and complexing
ligands at the oxide/water interface. Ph.D. Thesis, Stanford
University, Stanford, California, 286 p. .

Davis J. A. and LECKIE J. O. (1978) Surface ionization and
complexation at the oxide/water interface. 1I. Surface
properties of amorphous iron oxyhydroxide and adsorption
of metal ions. J. Colloid Interface Sci. 67, 90-107.

DAvis J. A. and LECKIE ). O. (1979) Speciation of adsorbed
ions at the oxide/water interface. In Chemical Modeling-
Speciation, Sorption, Solubility, and Kinetics in Aqueous
Sysiems (ed. E. A. JENNE), Chap. 15, pp. 299-317. Amer.
Chem. Soc. Symp. Ser. 93.

DAvis J. A. and LECKIE J. O. (1980) Surface ionization and
complexation at the oxide/water interface. IIl. Adsorption
of anions. J. Colloid Interface Sci. 74(1), 32~43.

C.-K. D. Hsi and D. Langmuir

Davis J. A., JaMEs R. O. and LeckiE J. O. (1978) Surface
ionization and complexation at the oxide/water interface.
J. Colloid Interface Sci. 63, 480-499.

DONGARRA G. and LANGMUIR D. (1980) The stability of
UO,OH"* and UO,(HPO,)3™ complexes a1 25°C. Geochin.
Cosmochim. Acta 44, 1747-1751.

HINGSTON F. J., POSNER A. M. and QUIRK J. P. (1968) Ad-
sorption of selenite by goéthite. Adv. Chem. Ser. 79, 82-
90.

Ho C. H. and MILLER N. H. (1985) Adsomption of uranyl
species from bicarbonate solution onto hematite particles.
Canadian J. Chem. (submitted).

Hsi C. D. (1981) Sorption of uranium (VI) by iron oxides.
Ph.D. thesis, Colorado School of Mines, Golden, Colorado,
154 p.

Hsi1 C-K. D. and LANGMUIR D. (1980) The effect of carbonate
complexing on the adsorption of uranyl by ferric oxyh:..
droxides. Geol. Soc. Amer. Abstracts with Programs, p. 452.

Hsi C-K. D., RIESE A. C., CATTs J. G. and LANGMUIR D.
(1982) Modeling adsorption of agueous U, Th, Ra and Pb
onto some oxides and silicates (abstr.) Amer. Chem. Soc.
185th Natl. Meeting, Las Vegas, NV, GEOC 31.

Hsi C-K. D. and LANGMUIR D. (1983) Adsorption of uranium
(V1) onto ferric oxyhvydroxides: Application of the surface
complexation site binding model: Abstract, Am. Chem. Soc.
186th Natl. Meeting, Seattle, WA.

JAMES R. O. and Parks G. A. (1982) Characterization of
aqueous colioids by their efectrical double layer and intrinsic
surface chemical properties. In Surface and Colloid Scier:.-2
(ed. E. MATUEVIC) Vol. 12, pp. 119-216.

JAMES R. O., Davis J. A. and LECKIE J. O. (1977) Compuier
simulation of the conductometric and potentiometric ti-
tration of the surface groups on ionizable latexes. J. Colloid
Interface Sci. 65, 331-345.

KRISHNAMOORTHY C. and OVERSTREET R. (1950) An ex-
perimental evaluation of ion exchange relationships. Soif
Sci. 69, 41-53.

KrUPKA K. M., JENNE E. A. and DeEUTSCH W. J. (1983)
Validation of the WATEQ4 geochemical model for ura-
nium. Pacific Northwest Laboratory Report PNL-4333,
Richiand, Washington, 134 p.

LANGMUIR D. (1978) Uranium solution-mineral equilit::a

at low temperatures with application to sedimentary ore
deposits, Geochim. Cosmochim. Acia 42, 547-5609.

LANGMUIR D. (1981) The power exchange function; a general
model for metal adsorption onio geological materials. In
Adsorption from Aqueous Solutions (ed. D. H. TEWARI),
pp. 1-17. Plenum Press.

LANGMUIR D. and CHATHAM J. R. (1980) Groundwater
prospecting for sandsione-type uranium deposits: A pre-
liminary comparison of the merits of mineral-solution
equilibria, and single element tracer methods. J. Geochem.
Explor. 13, 201-219.

LEMIRE R. J. and TREMAINE P. R. (1980) Uranium and pu-
‘tonium equilibria in aqueous solutions 10 200°C. J. Chem.
Eng. Data 25, 361-370.

LOGANATHAN P. and BURAU R. G. (1973) Sorption of heavy
metal ions by a hydrous manganese oxide. Geochim. Cos-
mochim. Acta 37, 1277-1293.

Lueck S. L. (1978) Computer modelling or uranium species
in natural waters. M.S. Thesis, University of Colorado,
Boulder, Colorado, 170 p.

MATUEVIC E. and SCHEINER P. (1978) Ferric hydrous oxide
sols 111, Preparation of uniform particles by hvdrolysis of
Fe(11I)-chloride, -nitrate, and -perchiorate solutions. J. Col-
loid Interface Sci. 643, 509-534.

Mava L. (1982a) Sorbed uranium (V1) species on hydrcus
titania zirconia, and silica gel. Radiochim. Acia 31, 147-
151.

Maya L. (1982b) Hydrolysis and carbonate complexation of
dioxouranium (V1) in the neutral-pH range at 25°C. /norg.
Chem. 21, 2895-2898.

MILLER W. R., WANTY R. B. and MACHUGH D. (1984) Ap-

plication of mineral-
ploration for sandst
basins in west centr:

PETERSON S. R, SERN
KRUPKA K. M. and
solutions with sedin
cations of Groundw
and E. I. WALLICK
Conf. on Hydrogec
thington, OH.

RossiINs J. C. (1978)
of uranium in natur.
Bull. 79, 61-67.

RUNNELLS D. D. anc
chemical exploratio
computer model W
30.

RuNNELLS D. D., LINt-

G. (1980) Applicatic
exploration, and in
deposits. In Geolog)
Region(ed. C. A F
Bur. Mines and Mi

SCHMIDT-COLLERUS .
chemistry: Investiga
matter and uraniu:
(USAEC Contract |

SposITO G. (1983) O
oxide-aqueous solu
91:2), 329-340.

STARIK 1. YE., STARIL
Adsorption of trace
desorption by the ¢
31

SoLbaTINIG. G, RIF
adsorption by soils:
muir and Freundli
111-118.

SUTTON J. (1949) The
Soc.. Suppl. Issue?

TRUESDELL A. and (
ciavs interpreted b:
266. 402-412.




tion of uranyl
1atite particles,

den, Colorado,

:t of carbonate

ferric oxyhy-

grams, p. 453,

ANGMUIR D,

'h, Raand Pb

-. Chem. Soc.
31

n of uranium
>f the surface
1. Chem. Soc.

“terization of
-and intrinsic
loid Scienc2

7) Computer
tiometric tj-
2s. J. Colloid

950) An ex-
nships. Soil

V. J. (1983)
del for ura-
PNL-4333,

il equilibria
nentary ore
569.

n; a general
1atenals. In
. TEWARI),

-oundwater
sits: A pre-
‘al-solution
Geochem.

n and plu-
" J. Chem.

n of heavy
‘him. Cos-

'm species
Colorado,

i‘ous oxide
'rolysis of
'ns.J. Coi-

1 hydrous
31, 147-

:xation of
'C. Inorg.

984) Ap-

'y iron oxides, .

(1978) Surface ©
~ater interface,
P4

“he stability of
5°C. Geochim. :
- P.(1968) Ad-
. Ser. 79, 82~ =

plication of mineral-solution equilibria to geochemical ex-

ploration for sandstone-hosted uranium deposits in two

basins in west central Utah. Econ. Geol. 79, 266-283.

P<TERSON S. R., SERNE R. J., FELMY A. R., ERIKSON R. L,
KRUPKA K. M. and GEE G. W, (1985) Interactions of acidic
solutions with sediments; a case study. In Practical Appli-
cations of Groundwater Geochemistry (eds. B. HITCHON
and E. I. WALLICK), pp. 211-220. Proc. Ist Can./Amer.
Conf. on Hydrogeology. Natl. Water Well Assoc., Wor-
thington, OH.

RoBBINS J. C. (1978) Field technique for the measurement
of uranium in natural water. Canadian Mining and Meall.
Bull. 79, 61-67.

RUNNELLS D. D. and LINDBERG R. D. (1981) Hydrogeo-
chemical exploration for uranium ore deposits: Use of the
computer model WATEQF. J. Geochem. Explor. 15, 37~
50.

RUNNELLS D. D., LINDBERG R. D., LUECK S. L. and MARKOS
G. (1980) Applications of computer modeling to the genesis,
exploration, and in situ mining of uranium and vanadium
deposits. In Geology and Mineralogy of the Grants Uranium
Region (ed. C. A. RAUTMAN), pp. 355-367. New Mexico
Bur. Mines and Mineral Resources Mem. 38.

SCHMIDT-COLLERUS J. J. (1967) Research in uranium geo-
chemistry: Investigation of the relationship between organic
matter and uranium deposits—I. Denver Research Inst.
(USAEC Contract No. AT (05-1)-933).

SposITO G. (1983) On the surface complexation model of the
axide-aqueous solution interface. J. Colloid Interface Sci.
A1(2). 329-340.

STARIK I. YE., STARIK F. YE. and APOLLONOVA A. N. (1958)
Adsorption of traces of uranium on iron hydroxide and its
desorption by the carbonate method. Zh. Neorgan. Khimii
31

SoLDATINI G. G., RIFFALDI R. and LEVI-MINZIR. (1976) Pb
adsorption by soils: 1. Adsorption as measured by the Lang-
muir and Freundlich isotherms. Water, Air, Svil Poll. 6,
111-118.

SUTTON J. (1949) The hydrolysis of the uranyl ion. J. Chem.
Soc., Suppl. 1ssue No. 2, 5275-5286.

T2UESDELL A. and CHRIST C. (1968) Cation exchange in

Zlays interpreted by regular solution theory. Amer. J. Sci.

266, 402-412.

Adsorption of U on Fe oxyhydroxides

1941

VAN DER WEUDEN C. H., ARTHUR R. C. and LANGMUIR D.
(1976) Sorption of uranyl by hematite: theoretical and geo-
chemical implications. Geol. Soc. Amer. Abstracts with
Programs, p. 1152.

WESTALL J. C. and HOHL H. (1981) A comparison of elec-
trostatic models for the oxide/solution interface. Adv. Col-
loid Interface Sci. 12, 265-294.

WESTALL J. C., ZACHARY J. L. and MOREL F. M. M. (1976)
MINEQL, a computer program for the calculation of
chemical equilibnum composition of aqueocus systems.
Technical Note No. 18, Water Qual. Laboratory, Dept. Div.
Eng., Massachusetts Institute of Technology, Cambridge.

YATES D. E. (1975) The structure of oxide/aqueous electrolyte
interface. Ph.D. thesis, University of Melbourne, Mel-
boumne, Australia.

YATES D. E. and HEALY T. W. (1976) The structure of the
silica/electrolyte interface. J. Colloid Interface Sci. 55, 9-
19.

YATES D. E. and HEALY T. W. (1980} Titanium dioxide-
electrolyte interface. Part 2—Surface charge (titration)
studies. J. Chem. Soc. Faraday Trans. 1, 76, 9~-18.

APPENDIX

Cumulative association constants for uranyl hydroxy and
hydroxy-carbonate complexes at 25°C and | atm total pressure

Species' Log 8 Source

UO,OH* 8.9 DONGARRA and LANGMUIR
{1980)

(UO2),(OH)3* 22.38 BAES and MESMER (1976)
(UO)(OH)y 54.37 BAES and MESMER (1976)
U0,CO8 10.1  LANGMUIR (1978)
UO5(CO3)3” 170 LANGMUIR (1978)
U0(COy5” 21.4  LANGMUIR (1978)

(UO2),COsOH);  —17.97 Mava (1982b)*

* MaYa (1982b) measured 8 = 107'3% for 2U0%* + CO4(g)
+ 4H,0 = (UO,),CO5(0OH); + SH* at / = 0.1 M and 25°C,
which corrected to / = 0 yields the tabulated value.
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