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ABSTRACT: The mobility of an acidic uranium waste plume in the F-Area of Savannah
River Site is of great concern. In order to understand and predict uranium mobility,
U(VI) adsorption experiments were performed as a function of pH using background
F-Area aquifer sediments and reference goethite and kaolinite (major reactive phases
of F-Area sediments), and a component-additivity (CA) based surface complexation
model (SCM) was developed. Our experimental results indicate that the fine frac-
tions (≤45 μm) in sediments control U(VI) adsorption due to their large surface area,
although the quartz sands show a stronger adsorption ability per unit surface area than
the fine fractions at pH < 5.0. Kaolinite is a more important sorbent for U(VI) at pH <
4.0, while goethite plays a major role at pH > 4.0. Our CA model combines an existing
U(VI) SCM for goethite and a modified U(VI) SCM for kaolinite along with esti-
mated relative surface area abundances of these component minerals. The modeling
approach successfully predicts U(VI) adsorption behavior by the background F-Area
sediments. The model suggests that exchange sites on kaolinite dominate U(VI) adsorption at pH < 4.0, goethite and kaolinite
edge sites cocontribute to U(VI) adsorption at pH 4.0−6.0, and goethite dominates U(VI) adsorption at pH > 6.0.

■ INTRODUCTION
The Savannah River Site (SRS) was one of the major U.S. Depart-
ment of Energy (DOE) facilities for plutonium production dur-
ing the Cold War. Acidic waste solutions containing low-level
radioactivity from numerous isotopes were discharged to a series
of unlined seepage basins in the F-Area of the SRS during 1955−
1989. Although the site has gone through many years of active
remediation, the groundwater remains acidic, and the concen-
trations of U(VI) and other radionuclides are still significantly
higher than their Maximum Contaminant Levels (MCLs).1−3

The mobility of U(VI) is of great concern in the SRS F-Area
groundwater, and the prediction of U(VI) mobility requires a
reactive transport model capable of simulating U(VI) adsorption
by aquifer sediments using a surface complexation model (SCM)
that has been demonstrated to be successful over the range of
site-specific geochemical conditions.4

U(VI) adsorption onto mineral surfaces plays a key role in
controlling its mobility in groundwater.1 Our studies 1,3 have
shown that the SRS F-Area sediments are composed predom-
inantly of quartz sand with varying amounts of fine-grained minerals
(≤45 μm, 2−13%). Goethite and kaolinite were identified as the
major mineral components of the fine fractions, residing primarily
as associated material on sand grains (Figure 1c). The variation of
groundwater pH (3.0−5.5) in the F-Area is another key factor,
which can greatly affect U(VI) adsorption behavior because U(VI)
adsorption extent is strongly pH-dependent, especially under acidic
pH conditions.1,5−8 Therefore, investigations of pH-dependent
U(VI) adsorption behavior onto the sediment size fractions and
goethite and kaolinite are necessary for understanding and model-
ing U(VI) adsorption behavior onto SRS F-Area sediments.

The objectives of this study were to investigate the adsorp-
tion behavior of U(VI) onto background F-Area sediments
and their size fractions as a function of pH and to compare
the results with U(VI) adsorption onto reference goethite and
kaolinite minerals. Using a component additivity (CA) modeling
approach,4 the U(VI) adsorption data were used to develop a
SCM that is capable of predicting U(VI) adsorption behavior
onto F-Area sediments, based on the variable content of goethite
and kaolinite.

■ MATERIALS AND METHODS
Sediments, Goethite and Kaolinite. Two background

sediment samples (A and B) were collected from a borehole at
a depth of 21.7 and 23.7 m below the surface, respectively, near
the contaminated F-Area of the U.S. DOE’s SRS.3 The two
sediments are from within the same stratum and are composed
of the same major minerals as contaminated F-area sediments.3

The samples were moisture-preserved in double sealed poly-
propylene plastic bags and stored in a 4 °C refrigerator until use.
The selected properties of sediments-A and -B are presented

in Table 1. The samples were composed predominantly of fine
quartz sand, with about 13.0% and 5.5% fine fraction (≤45 μm)
in sediment-A and -B, respectively. The fine and coarse frac-
tions of the samples were separated via wet sieving using deionized
water (Figure 1b). Measured U concentrations and pH values
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in the samples are at background levels, indicating that the col-
lected samples were not contaminated by the acidic, U-containing
plume. Kaolinite and goethite were identified as the major
minerals of the fine fractions by X-ray diffraction (XRD),3

and were closely associated with the quartz grains upon drying
(Figure 1). For comparison, reference goethite and kaolinite
from Alfa Aesar (Ward Hill, MA) were used as model minerals,
with N2−BET specific surface areas (SSA) of 16.2 and 20.7 m2/g,
respectively.

Stock Suspensions and Solutions. Prior to their use in
batch experiments, the fine-fractions of sediments-A and -B,
reference goethite or kaolinite were suspended in deionized
water as stock suspensions (25 g/L). U(VI) stock solution (25 μM)
was prepared by dilution of a U plasma emission standard (10 g/L)
with deionized water, and the pH was adjusted to 3.0 with
0.1 N HNO3 to prevent U(VI) precipitation. Other stock solu-
tions were prepared using ACS reagent grade or higher.

U(VI) Adsorption Experiments. Batch U(VI) adsorption
experiments were conducted in duplicate as a function of pH
(3.0 − 8.5) under conditions of a constant total U(VI) con-
centration (1.0 μM) in 0.01 M NaNO3 solution under atmo-
spheric CO2(g) (PCO2 = 10−3.5 atm) and at ambient tem-
perature (22.5 °C). The solution ionic strength was selected to
be similar to that of the background groundwater in the F-Area.
Fifteen mL polypropylene centrifuge tubes containing 10 mL
solution were used for goethite, kaolinite, and fine fractions
with a solid concentration of 5 g/L. Fifty mL polypropylene
centrifuge tubes containing 40 mL solution were used for bulk
sediments (20 g/L solid) and coarse fractions (100 g/L). For
solution pH > 5.5, a precalculated amount of NaHCO3/Na2CO3
stock solution was added to equilibrate with atmospheric CO2(g).
For pH ≤ 5.5, HNO3 (0.1 M) and NaOH/NaHCO3 (0.1M)
were used to adjust pH to the desired values. All samples were
maintained in equilibrium with atmospheric CO2(g) by frequent
exposure to air. The pH values were monitored and adjusted daily
with small amounts of NaOH/NaHCO3 or HNO3 solutions until
the pH shifts were <0.05 pH unit. The suspensions were placed
on a shaker for 3 days to reach equilibrium,1 after which the final
pH values of the suspensions were measured using an Orion
8104BNUWP Ross Ultra pH electrode. An aliquot (2 mL) of each
suspension was filtered using 0.2 μm polysulfone membrane
syringe filters (National Scientific Company, Duluth, GA), and the
first 0.5 mL of filtrate was discarded. The filtrate was acidified with
1% HNO3 and analyzed for U and other elements by inductively
coupled plasma mass spectrometry (ICP-MS).

Modeling. The geochemical computer code PHREEQC9

was used for calculation and modeling of U(VI) speciation and
adsorption. Electrostatic SCMs (containing electrical double
layer correction terms in the mass law for adsorption reactions)
for goethite and kaolinite were selected/modified from existing
literature to describe our experimental data for U(VI) adsorp-
tion onto the reference minerals, goethite and kaolinite (Table 2).
A component-additivity approach4 was then used, with goethite
and kaolinite as adsorbing component minerals, to predict U(VI)
adsorption behavior by the F-Area sediment samples. The
relevant aqueous reactions and constants used are given in
Table S1 of the Supporting Information (SI)).
In our modeling, we assumed that all sorbents have the same

thickness of electrostatic diffuse layer (10 nm) and the surface
charges were counterbalanced in the diffuse layer with the
counterions only.9 For the mixed mineral assemblages (e.g.,
the fine fractions of sediments-1A and 1B), the PHREEQC code
can simulate U(VI) adsorption to different mineral components
while also providing their specific surface charges.

■ RESULTS AND DISCUSSION
In this work, different solid concentrations with different specific
surface areas were used for U(VI) adsorption studies. To directly
compare their adsorption extent and evaluate adsorption addi-
tivity,10−12 the experimental data are reported both as mass and
surface area based distribution coefficients, Kd (mL/g) or Ka
(mL/m2) (Figure 2). To illustrate the relative contributions of

Table 1. Selected Properties of Sediment Samples from SRS
F-Area

Bulk Sediment Sample-A Sample-B

Specific surface area (SSA) (m2/g) 4.62 ± 0.30 1.90 ± 0.10
a pH 5.4 5.3
b U in solid sediment (μg/g) 0.006 0.014
Fine Fraction (≤45 μm) ∼13.0% ∼5.5%
Coarse Fraction (>45 μm) ∼87.0% ∼94.5%
Fine Fraction:
SSA (m2/g) 35.9 ± 1.8 33.6 ± 1.7
c Goethite (wt%) ∼17% ∼27%
d Kaolinite (wt%) ∼83% ∼73%
e TIC (mg/g) <0.001 <0.001
f TOC (mg/g) 0.64 0.55
Coarse Fraction:
SSA (m2/g) 0.08 ± 0.01 0.18 ± 0.02
Reference Mineral: Goethite Kaolinite
SSA (m2/g) 16.2 ± 1.0 20.6 ± 1.2

aMeasured with 1:1 ratio of fresh sediment to deionized water.
bExtractable U by pH = 9.5 carbonate buffer solution;39 cEstimated by
assuming that all measured Fe using XRF (X-ray fluorescence) was
from goethite (FeO(OH)). dEstimated by assuming that all measured
Al using XRF was from kaolinite (Al2Si2O5(OH)4);

eTotal inorganic
carbon; fTotal organic carbon.

Figure 1. (a) Typical sediments from upper aquifer in SRS F-Area;
(b) the bulk sediment-A can be readily separated into the fine fraction
(≤45 μm) and coarse fraction (>45 μm); (c) optical microscope
image of bulk sediment-A; and (d) scanning electron micrograph of
the fine fraction of sediment-A.
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individual mineral and specific surface species for the overall
adsorption of U(VI), the surface complexation modeling data
along with the experimental data are presented in adsorption
percentages (Figures 3 and 4).
U(VI) Adsorption Data. Comparison of U(VI) Adsorp-

tion onto Fine, Coarse, and Bulk Sediments. Figure 2a shows
that U(VI) adsorbed more strongly to the fine fraction than
to the coarse fraction on a unit mass basis. U(VI) adsorption to
the bulk sediment-A was intermediate between the fine and
coarse fractions and was in good agreement with the amount
calculated by a mass fraction based linear additivity approach (solid
line in Figure 2a), i.e., Kd(bulk) = Kd(fine) f(fine) + Kd(coarse) f(coarse),

where f(fine) and f(coarse) are the mass fractions of the fine and
coarse fractions in the bulk sediment-A (Table 1), respectively.
Kd(fine), Kd(coarse), and Kd(bulk) are the mass-based Kd (mL/g) in
the fine, coarse and bulk sediment systems. When the same
adsorption data in Figure 2a are replotted per unit surface area
(Figure 2b), the coarse fraction was found to have much
stronger adsorption capacity (larger Ka, mL/m2) than the fine
fraction at pH < 5.0. This behavior can be explained by the
amphoteric nature of mineral surfaces. The coarse fraction is
composed of quartz sand (Figure 1) with a point of zero charge
(PZC) at pH ≈ 2.0−3.0,13 and the quartz surfaces are net
negatively charged at pH 3.0−5.0, adsorption of the positively
charged aqueous UO2

2+ species (Figure S1 of the SI) is
enhanced by electrostatic attraction. In contrast, the fine frac-
tion surfaces are mainly composed of kaolinite and goethite
minerals with a PZC at pH ≈ 5.0 for kaolinite,14 and a PZC at
pH ≈ 9.2 for goethite.15 Thus, these minerals are net positively
charged at pH 3.0−5.0, which can depress UO2

2+ adsorption.
Due to these electrostatic differences, there is a greater
dependence of the fine fraction on the electrical double layer
as a function of pH (at low pH), which is apparent in the Ka

versus pH plot (Figure 2b). Nonetheless, the surface area
fraction based linear additivity approach (solid line in Figure
2b) suggests that ∼100% of U(VI) uptake by bulk sediment-A

was contributed by the fine fraction (SSA 35.9 m2/g in
sediment-A); the relative contribution from the coarse fraction
was small or negligible under our experimental conditions
because of its very low SSA (0.08 m2/g). The calculation was
made by Ka(bulk) = Ka(fine) {f(fine) SSA(fine)/( f(fine) SSA(fine) +
f(coarse) SSA(coarse))} + Ka(coarse) {f(coarse) SSA(coarse)/( f(fine) SSA(fine) +
f(coarse) SSA(coarse))}, where Ka(bulk), Ka(fine), and Ka(coarse) are the
surface area based distribution coefficients (mL/m2) of U(VI)
for the bulk, fine and coarse sediments (Figure 2b), respec-
tively; SSA(fine) and SSA(coarse) are the specific surface area (m

2/g)
of the fine and coarse fractions (Table 1), respectively. Similar
results were observed for bulk sediment-B and its fine and
coarse fractions, suggesting that the grain size fraction additivity
approach can be applied to make an approximate prediction of
the overall U(VI) adsorption binding onto the F-Area bulk
sediment samples.

Comparison of U(VI) Adsorption onto Goethite, Kaolinite
and the Fine Fractions of Sediments. The distribution
coefficients of U(VI) adsorption with the fine fractions of
sediments-A and -B and reference goethite and kaolinite are
shown in Figure 2c (unit mass) and Figure 2d (unit surface
area). Both Figure 2c,d indicate that U(VI) adsorption to
kaolinite is stronger than to goethite at pH < 4.0, while U(VI)
adsorption to goethite is stronger than to kaolinite at pH > 4.0.
The stronger adsorption by kaolinite at pH < 4.0 can be
attributed partly to the contribution of ion exchange sites of the
kaolinite, which can adsorb heavy metal ions strongly (e.g.,
UO2

2+, Cu2+, and Pb2+) at low ionic strength (0.01 M NaNO3)
and low pH conditions.5,7,14,16,17 The strong adsorption by
goethite at pH > 4.0 is consistent with many observations in the
literature, where iron (oxy)hydroxides such as amorphous iron
hydroxide, ferrihydrite and goethite in aquifer sediments have
been identified as major sinks for U(VI).6,13,15,18−20

Compared to the fine fractions (Figure 2c,d), kaolinite exhibits
stronger U(VI) adsorption at pH < 4.0 and a similar adsorption
extent at pH > 4.0 (up to 7.0), and goethite shows a similar
adsorption extent at pH < 4.0 and stronger adsorption at pH >
4.0 (up to 8.0). These observations are contrary to expect-
ations, i.e., adsorption data for the fine fractions should be
intermediate between the reference goethite and kaolinite, since
the fine fractions are mainly composed of these minerals. The
disagreement is likely due to the influence of solution chemistry
on U(VI) adsorption. Concentrations of cations such as Al3+,
Ca2+, Mg2+, Na+, and K+, as well as Si measured by ICP-MS
were significantly greater in the solutions of the fine fraction
experiments than those in reference goethite and kaolinite
systems (Table S2 in SI). The higher concentrations of these
elements in the fine fraction experiments are due to ion ex-
change or other sediment-water reactions that release the
elements to solution. These coexisting ions can decrease U(VI)
adsorption by formation of aqueous U(VI) complexes 10,21−24

or by competitive adsorption reactions.5,7 Because of the varia-
tions in U(VI) aqueous chemistry in the experiments, devel-
opment of a SCM-CA model capable of describing U(VI)
adsorption behavior under various geochemical conditions will
be highly valuable in describing U(VI) reactive transport in the
SRS F-Area.

Surface Complexation Modeling. U(VI)/Goethite. As
an initial attempt to simulate the U(VI) experimental data with
goethite, we first selected and tested the widely cited SCM
proposed by Waite et al.,6 and the recently updated SCM by
Mahoney et al.25 However, application of these two SCMs
tended to overpredict the amount of U(VI) adsorption under

Figure 2. The mass-normalized (a and c) versus surface-area-
normalized (b and d) distribution coefficients of U(VI). (a) and
(b): Comparison of U(VI) adsorption onto the fine, coarse and bulk
samples of sediment-A. (c) and (d): Comparison of U(VI) adsorption
onto the fine fractions of sediments-A and -B, reference goethite and
kaolinite. Symbols are experimental data points with estimated
uncertainties. The dashed lines show the data trends, and the bold
solid lines are calculated data.
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low pH conditions (pH < 5.0). The failure of these SCMs to
agree with our experimental data is likely due to different sorbent
properties and experimental conditions, i.e., HFO was used by
these authors whereas we used goethite in this study.

Sherman et al.15 developed an SCM specifically for U(VI)
adsorption onto reference goethite using a 1-pK model for sur-
face protonation26 and a double layer or extended Stern model
for surface electrostatics. In the model, one-site, >FeOH−0.5, and
three surface complexes, (>FeOH)2UO2

+, (>FeOH)2UO2CO3
−,

and (>FeO)CO2UO2
+0.5, were proposed based on their extended

X-ray adsorption fine structure (EXAFS) spectra data; details are
summarized in Table 2. Direct application of Sherman’s SCM by
input of surface reactions and parameters selected in Table 2
to the PHREEQC code, combined with the measured SSA of
goethite (16.2 m2/g), and inclusion of all U(VI) and other
relevant aqueous reaction constants (Table S1 in SI), provides
an excellent fit to our experimental data (Figure 3a). Although
previous studies 27,28 have reported that the surface complex-
ation constants are also dependent on the SSAs of sorbents, this
study shows that direct use of the surface complexation con-
stants from the Sherman et al. without any adjustment for
differences in the SSAs of the goethite materials used are still
effective. The goethite used by Sherman et al. with a SSA of
45 m2/g and the goethite used in this study with a SSA of
16.2 m2/g. Figure 3a indicates that the bidentate ternary uranyl-
carbonate surface complex, (>FeOH)2UO2CO3

−, dominates
under our experimental conditions at pH > 4.0 and surface
species, (>FeOH)2UO2

+, dominates at pH < 4.0. The surface
complex, (>FeO)CO2UO2

+0.5, was not included in Table 2 and
Figure 3a because its abundance is calculated to be negligible
(<0.1%) under our experimental conditions using its surface
complexation constant of log K = 6.24 from Sherman et al.15 It
is likely due to the difference of U(VI) loadings. U(VI) loading
(0.005 wt %) in our experiment is much lower than those used
by Sherman et al.’s lowest U(VI) loading (0.026 wt %).

Table 2. Selected Surface Reactions and Constants for
Reference Goethite and Kaolinitea

Goethite log K

(1). 2 >FeOH−0.5 + UO2
2+ = (>FeOH)2UO2

+ 14.11b

(2). 2 >FeOH−0.5 + UO2
2+ + H2CO3 = (>FeOH)2UO2CO3

− + 2 H+ 4.35b

(3). >FeOH−0.5 + H+ = >FeOH+0.5 9.18b

(4). 2 >FeOH−0.5 + H2CO3 = (>FeO)2CO2
−1 + 2H2O 5.93b

(5). >FeOH−0.5 + H2CO3 + Na+ = >FeOCO2
−1.5Na+ + H+ + H2O −3.02b

Kaolinite
(6). 2 >SOH−0.5 + UO2

2+ = (>SOH)2UO2
+ 5.3c

(7). 2 >SOH−0.5 + UO2
2+ + H2CO3 = (>SOH)2UO2CO3

− + 2 H+ −0.1c

(8). >SOH−0.5 + H+ = >SOH2
+0.5 4.9d

(9). >SOH−0.5 + Na+ = >SOH-Na+0.5 −2.1d

(10). >SOH−0.5 + H+ + NO3
− = >SOH2−NO3

−0.5 4.9d

(11). 2 >X− + UO2
2+ = (>X)2UO2 7.1e

(12). >X− + Na+ = >XNa 2.9d

(13). >X− + H+ = >XH 4.5e

(14). 2 >X− + Ca2+ = (>X)2Ca 6.8e

(15). 3 >X− + Al3+ = (>X)3Al 8.0e

aGoethite edge site (>FeOH) density =3.0/nm2 from Sherman et al.;15

kaolinite exchange site (>X−) density = 0.28/nm2 and the edge site
(>SOH) density = 2.3/nm2 from Heidmann et al.14,35 bSherman et al.15
cThis work. dHeidmann et al.14,35 eObtained by modifying the log K
values from the same and similarly charged cation exchange reactions
in Heidmann et al.14,35

Figure 3. Surface complexation modeling of U(VI) adsorption onto
(a) goethite, (b) kaolinite, (c) the fine fractions of sediments-A and -B
by using 17% of overall surface area is contributed by goethite and the
remaining surface area (83%) is from kaolinite, and (d) the sensitivity
analysis of modeling fits as a function of the relative surface
contribution from goethite and kaolinite for U(VI) adsorption to
the fine fractions of sediments-A and -B. Symbols are experimental
data points with estimated uncertainties. The solid lines are the overall
model fits and the dashed lines are the fitted distribution of specific
surface species: 1 = (>FeOH)2UO2

+, 2 = (>FeOH)2UO2CO3
−, 3 =

>X2UO2, 4 = (>SOH)2UO2
+, and 5 = (>SOH)2UO2CO3

−. Note: the
measured coexisting ions in Table S2 in SI were included in modeling
for their relevant ion exchange reactions (Table 2) and aqueous
complexation reactions (Table S1 in SI).

Figure 4. Surface complexation modeling of U(VI) adsorption onto
bulk sediment-A (a) and sediment-B (b) as a function of pH. The
solid line is the overall model fit and the dashed lines are the fitted
distribution of specific surface species: 1 = (>FeOH)2UO2

+, 2 =
(>FeOH)2UO2CO3

−, 3 = >X2UO2, 4 = (>SOH)2UO2
+, and 5 =

(>SOH)2UO2CO3
−. Note: the measured coexisting ions in Table S2

in SI were included in modeling for their relevant ion exchange
reactions (Table 2) and aqueous complexation reactions (Table S1
in SI).
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U(VI)/Kaolinite. The SCM of U(VI) adsorption onto clay
minerals was expected to be more complicated due to the
presence of multiple surface sites.5,7,29−31 Monodentate surface
complexes have usually been proposed via reactions of clay
edge surface sites with major U(VI) species in the aqueous
phase.5,7,30 For example, McKinley et al.,5 Pabalan and Turner,30

and Turner et al.7 proposed the formation of monodentate
surface complexes of aqueous UO2

2+ and (UO2)3(OH)5
+

species with amphoteric edge sites and ion exchange sites of
the montmorillonite surface. They assumed that the major aqueous
U(VI) species (UO2

2+ and (UO2)3(OH)5
+) were involved in

the surface reactions. However, these studies did not provide
any direct molecular structural evidence supporting the
formation of the proposed surface complexes. Recently, several
spectroscopic investigations have suggested that U(VI) species
were adsorbed onto clay surfaces via bidentate surface com-
plexes.29,32 These authors investigated the molecular structure
of U(VI) surface complexes on alumina, silica and montmorillonite
using X-ray adsorption fine structure (XAFS), laser-induced fluo-
rescence spectroscopy (LIFS), and X-ray photoelectron spectros-
copy (XPS). These results suggested that adsorption of U(VI)
species (e.g., aqueous UO2

2+ and (UO2)3(OH)5
+) onto clay

surfaces occurs via cation exchange at low pH and low ionic
strength, and via formation of bidentate inner-sphere surface
complexes at near-neutral pH conditions. However, these previous
studies did not consider the potential formation of uranyl-carbonate
ternary surface complexes on clay surfaces because their experi-
ments were performed either under CO2(g) free or low CO2(g)
conditions.5,29,30,32 Recently, more detailed studies by Catalano and
Brown Jr.33 and Arai et al.34 using EXAFS spectroscopy revealed
that U(VI) adsorption onto montmorillonite and imogolite surfaces
occurs as uranyl-carbonate ternary surface complexes in systems
equilibrated with atmospheric CO2. Formation of polymeric surface
complexes via adsorption of aqueous UO2)3(OH)5

+ was not
observed, which is consistent with our calculation that at low U(VI)
concentration (≤1 μM) and in the presence of atmospheric CO2,
the formation of aqueous UO2)3(OH)5

+ is not favored (Figure S1
in SI).
On the basis of the above spectroscopic observations and

the similar adsorption sites of kaolinite and montmorillonite
minerals, we modified the surface reactions and parameters for
U(VI) adsorption onto kaolinite (Table 2). Our modeling
approach is summarized by the following points: (i) U(VI) is
adsorbed via formation of bidentate surface complexes; (ii) in
addition to the UO2

2+ surface species ternary uranyl-carbonato
surface complexes are formed. In agreement with our goethite
system, we assumed that similar surface complexes (Table 2,
i.e., (>SOH)2UO2

+, (>SOH)2UO2CO3
−) are formed on the

kaolinite amphoteric edge sites; (iii) for kaolinite, cation ex-
change sites (>X−) and amphoteric edge sites (>SOH) with a
1-pK model were chosen based on the data of Heidmann
et al.14,35 The >SOH sites simply represent both silanol (>SiOH)
and aluminol (>AlOH) sites on kaolinite surfaces. The treat-
ment of amphoteric edge sites as a single surface site is generally
recognized as a convenient modeling framework rather than a
precise representation of actual functional groups existing at clay
edge sites.14,16,17,35 The overall surface site density was estimated
to be ∼2.3/nm2 for >SOH and 0.28/nm2 for >X− according to
the reported values by Heidmann et al.,14,35 which are in good
agreement with other values in the literature;36,37 (iv) ion ex-
change reactions must be included in U(VI) adsorption modeling
at low ionic strength system, e.g., the 0.01 M NaNO3 initial
solution. Constrained by these considerations, modeling of U(VI)

adsorption to kaolinite (Figure 3b) was completed using the
reactions and parameters in Table 2 and Table S1 (SI) and the
concentrations of coexisting ions in Table S2 in SI. The log K
values for cation exchange reactions of 11-15 in Table 2 were first
estimated from the log K ranges reported by Heidmann
et al.14,35 with the same and similar charged cations and then
chosen based on the overall tests to fit our adsorption data at pH
3.0−4.0. Similarly, the log K values for reactions 6 and 7 in
Table 2 were obtained based on the overall fitting results to
our U(VI) adsorption data in the pH range of 4.0−6.0 for the
complex (<SOH)2UO2

+, and in the pH range of 6.0−8.5 for
the ternary complex of (>SOH)2UO2CO3

−, respectively
(Figure 3b). Figure 3b shows that the cation exchange sites
in kaolinite contributed significantly to U(VI) adsorption at
low pH.

U(VI)/Fine Fractions. The fine fractions of sediments-A and -B
are mainly composed of goethite and kaolinite minerals,
suggesting that a CA approach based on the SCMs of U(VI)
derived from goethite and kaolinite (Table 2) may be applied
to predict U(VI) adsorption data onto the fine fractions. The
challenge is to estimate the relative surface area abundances
of goethite and kaolinite in the total SSA of fine fractions.4

Two estimates have been performed in this work. In the first
approach, we assume that the relative surface area abundances
of goethite and kaolinite in the fine fractions are the same as
their weight abundances.4,38 The weight abundances were
estimated to be ∼17% goethite and ∼83% kaolinite for the fine
fraction of sediment-A, and ∼27% goethite and ∼73% kaolinite
for the fine fraction of sediment-B (Table 1). In the second
approach, relative surface area abundances of goethite and
kaolinite in the fine fraction of sediment-A were estimated using
a humic acid adsorption method (see details in SI and
ref 1). The interesting result of the latter method was that the
overall surface contribution was estimated to be ∼17% from
goethite and ∼83% from kaolinite, the same values as the esti-
mated weight abundances. This suggests that the grain size
distributions of goethite and kaolinite in the fine fraction of
sediment-A are nearly the same, thus resulting in similar specific
surface area values for those grains. Because of the agreement of
the two methods, we assumed that ∼17% of total SSA in the fine
fractions was contributed by goethite and ∼83% by kaolinite. With
the combination of the SCMs and parameters in Table 2 and
Table S1 in SI, the overall model calculation and the relative
distribution of each specific surface species are presented in Figure
3c. Figure 3c indicates that the SCM-CA model can predict U(VI)
adsorption behavior onto the fine fractions very well. It should be
noted that the measured coexisting ions in Table S2 in SI were
included for modeling in Figure 3c. Also not that the close model
predictions of measurements were achieved despite the fact that
the goethite (16.2 m2/g) and kaolinite (20.7 m2/g) specimens had
lower SSA values than the sediment fine fractions (∼35 m2/g).
This likely results from the fact that the goethite and kaolinite
mineral specimens have fairly similar proportionally lower SSAs
(∼46% and ∼60%, respectively) relative to that of the sediment
fine fractions.

Sensitivity Analysis. In order to analyze the sensitivity of the
modeling data with variation of relative surface area abundances
of goethite and kaolinite, simulations were performed under the
same chemical conditions as in Figure 3c, and the results are
presented in Figure 3d. Figure 3d indicates that 100% goethite
surface resulted in an overprediction of U(VI) adsorption in
the pH range of 4.0−6.0, and 100% kaolinite surface resulted in
an overprediction of adsorption at pH < 4.0. When the goethite
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surface contribution was varied between 10%-30%, with the re-
maining surface area attributed to kaolinite, similar predictions
were obtained that fit the experimental data nearly equally well.
This is consistent with the fact that similar U(VI) adsorption
edges were obtained for the fine fractions of sediments-A and -B
(Figures 2c,d, 3c,d), even though they contain different
abundances of goethite (17%, 27%) and kaolinite (83%, 73%)
(Table 1). The model sensitivity analysis indicates that both
goethite and kaolinite surfaces contributed to U(VI) adsorption
under acidic pH conditions.
U(VI)/Bulk Sediments. The bulk sediment-A sample

adsorbed U(VI) more (Figure 4a) than bulk sediment-B
(Figure 4b) at pH ≤ 5.0. This is consistent with our conclusion
that the fine fractions adsorb almost all of the U(VI), because
the fine fraction content of sediment-A (13.0%) is greater than
that of sediment-B (5.5%) (Table 1). The model simulations in
Figure 4 for the bulk sediments were completed using the same
SCM-CA model (Table 2). The total reactive surface areas in
the bulk sediments were assumed to be contributed by the fine
fractions because the SSA analysis (Table 1) indicates that
∼100% of the surface area was associated with the fine frac-
tions. Figure 4 shows that U(VI) adsorption behavior onto the
bulk sediments can be predicted reasonably well using the
SCM-CA model developed in this work.
As illustrated in Figure 4 as well as in Figure 3c, the predicted

distribution of each surface species indicates that both goethite
and kaolinite surfaces cocontributed to U(VI) adsorption under
F-Area relevant pH conditions (≤5.5). Specifically, the ex-
change sites from kaolinite play an dominant role in adsorption
of U(VI) (i.e., >X2UO2) at pH ≤ 4.0, the edge site from goe-
thite and kaolinite plus the exchange sites cocontribute for
U(VI) adsorption (i.e., (>FeOH)2UO2

+, (>FeOH)2UO2CO3
−,

(>SOH)2UO2
+, (>SOH)2UO2CO3

− and >X2UO2) at pH 4.0−
6.0, and goethite dominates U(VI) adsorption (i.e., (>FeO-
H)2UO2CO3

−) at neutral and weakly alkaline pH conditions
(6.0−8.5).
Application of the SCM-CA Model. This study reveals

that SCMs developed from reference minerals are able to
predict U(VI) adsorption behavior for relatively simple aquifer
sediments such as the SRS F-Area background sediments. Our
simple CA modeling approach provided useful information
on the contributions of individual minerals and specific surface
species for U(VI) adsorption under varying chemical condi-
tions. The advantages of the CA modeling approach are that
the SCMs and model parameters from reference mineral com-
ponents are transferable from one field site to another and that
the required models and parameters can be developed from
detailed experimental investigations or obtained from pub-
lications in the literature.4 However, application of the CA
modeling approach to sediments and soils with mixed mineral
assemblages has been limited due to the difficulty in estimating
the relative accessible surface area abundances of reference
mineral phases in sediments. As shown in this work, devel-
opment of an experimental methodology for determining the
relative surface area abundances of the reactive minerals in
aquifer sediments is a significant new advance that may allow
successful applications of this modeling approach at other field
sites. Our humic acid method would be expected to work well
in other low organic, quartz-dominated systems.
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