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Abstract

Uranium U(VI) adsorption was measured as function of pH (3—10) on goethite, kaolinite, quartz, two binary mixtures of
goethite and kaolinite, and a vadose zone sediment collected on The Department of Energy’s Savannah River Site (SRS),
the clay mineral fraction of which is composed largely of kaolinite and goethite. Diffuse-layer surface complexation models
were parameterized using the code PEST together with PHREEQC to fit U(VI) sorption data for the pure goethite, kaolinite,
and quartz. U(VI) adsorption on kaolinite and goethite was modeled as the formation of two bidentate U(VI) complexes at
mineral edge sites on a variable charge site. U(VI) adsorption on quartz was described using a one-site diffuse-layer with the
formation of bidentate complex on a variable charge site. These models were used to predict U(VI) adsorption on the binary
sorbent mixtures and the SRS sediment using a simple component-additivity approach. In general, the predicted adsorption
edges were in good agreement with measured data, with statistically similar goodness of fit compared to that obtained for

the pure mineral systems.

Keywords Uranium sorption - Surface complexation modeling - Zeta potential - Goethite - PHREEQC - PEST

Introduction

The Department of Energy’s Savannah River Site (SRS)
near Aiken, South Carolina (SC) includes several (former)
nuclear facilities for the production and refinement of mate-
rials for nuclear weapons. As a result of SRS operations,
uranium (U) and other contaminants have entered the sur-
rounding environment through accidental and purposeful
discharges (Li et al. 2014). Uranium is also the most com-
mon contaminant found throughout the DOE complex (Riley
et al. 1992). Following many years of active site remediation
focused on removing much of the remaining contaminant
source term, there is a strong demand to assess the continued
migration behavior of U in the soils and sediments underly-
ing the SRS. It has become increasingly apparent over recent
years that a mechanistic understanding of sorption processes
and the development of accurate predictive sorption models
are necessary to properly justify and defend environmental
management and remediation decisions.
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The chemistry of U is complex, such that small changes
in solution chemistry can have a large change in chemical
speciation and solid phase partitioning. The most common
and mobile form of U under oxidized conditions is the U(VI)
uranyl ion, UO,**. The mobility of U(VI) in the subsur-
face is highly dependent on pH (Uyusur et al. 2014), redox
potential, ionic strength (Bachmaf and Merkel 2010), and
the presence of aqueous or surface ligands containing C, Fe,
P, S, and Si (Waite et al. 1994; Jerden Jr. et al. 2003; Cheng
et al. 2004; Fox et al. 2006). At neutral pH, U primarily
exists as soluble U(VI) species under oxidizing conditions
or as less soluble U(IV) species under reducing conditions
(O’Loughlin et al. 2011). Under oxidizing conditions and
neutral pH, U(VI) species can be immobilized by adsorption
to iron oxyhydroxides (Li and Kaplan 2012). Under reduc-
ing conditions, U(VI) can be reduced to immobile U(IV)
chemically by reduced iron- or sulfur-surface species (Hyun
et al. 2009; Chang et al. 2014) and/or biologically by native
anaerobic microbial communities (Tapia-Rodriguez et al.
2012).

Uranium sorption on various mineral phases has been
widely described in the literature (Waite et al. 1994; Arnold
et al. 1998; Barnett et al. 2000; Arnold et al. 2001; Prikryl
et al. 2001; Um et al. 2008; Hyun et al. 2009; Mahoney
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et al. 2009; Bachmaf and Merkel 2010; Stoliker et al. 2011;
Dong et al. 2012; Nair et al. 2014; Uyusur et al. 2014; Wang
et al. 2015). A range of geochemical processes, including
dissolution/precipitation reactions, ion exchange, and redox
transformations at the water—mineral interface, control the
mobility and transport of U in the subsurface systems such
as soils, and vadose- and saturated-zone sediments (Bachmaf
and Merkel 2010). Sorption is the dominant factor affect-
ing U(VI) mobility in oxidized subsurface environments.
However, the dependence of sorption on a range of aque-
ous solution properties (i.e., pH, E,, total U concentration,
ionic strength, competing ions, and presence of complex-
ing ligands) and the physicochemical characteristics of the
sorbing material (i.e., mineral compositions, surface area,
density of sorptive surface sites, solid/solution ratio, etc.)
makes the prediction of U(VI) retardation and transport dif-
ficult in natural geologic systems that are both physically and
chemically heterogeneous (Arnold et al. 2001; Prikryl et al.
2001; Davis et al. 2004; Payne et al. 2004; Nair et al. 2014;
Dong and Wan 2014).

Contaminant partitioning is usually described in a
simplistic manner within chemical transport codes using
the empirical Kd method in which a distribution equilib-
rium between solid and aqueous phases is assumed. This
approach, however, ignores the chemical speciation of the
contaminant in solution and at the mineral-water interface,
yielding results that are generally valid only for the specific
solution conditions for which the Kd value was derived.
More recently the interactions of dissolved ionic species
with the mineral-water interface have been interpreted and
quantified using more specific surface complexation models
(SCMs) (Bradbury and Baeyens 2009). SCMs describe the
formation of surface species based on the aqueous chemical
speciation of the sorbate and reactions between discrete sur-
face functional groups, while also accounting for the influ-
ence of electrostatic potentials resulting from amphoteric
reactions at the mineral surface (Davis et al. 2004). Surface
complexation modeling has emerged as powerful tool for
describing adsorption processes under varying geochemical
conditions (Payne et al. 2004; Davis et al. 2004; Bachmaf
and Merkel 2010; Dong et al. 2012).

There are two major approaches for applying SCM to
natural materials: the component additivity (CA) and the
generalized composite (GC) approaches (Davis et al. 2004).
The GC approach was developed as a means of describing
solute adsorption on complex sediments and/or soils, assum-
ing that natural sorbent materials are far too heterogeneous
and complex to be described by a limited set of specific
idealized minerals, and even reactive organic components,
in part because of our limited understanding of the electri-
cal double layer in complex mineral systems (Davis et al.
1998; Davis 2003). The GC approach represents the sorbent
material as a limited set of generic surface functional groups
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(e.g., strong and weak binding sites) which are responsible
for adsorption. Solute partitioning data are then described
by fitting batch data to an optimized set of generic surface
binding sites. However, the GC approach does not allow gen-
eral extrapolation of a parameterized model to other systems
and fails to take advantage of previously published model
parameters for idealized, single sorbent systems (Davis et al.
2004). The GC model is widely applied in sorption studies
for natural materials because it requires less sorbent charac-
terization and is less computationally challenging than the
CA approach (Um et al. 2008; Hyun et al. 2009; Stoliker
et al. 2011; Nair et al. 2014). The CA approach assumes
that the sediment can be described as a set of known min-
eral components, each with specific sorption properties. The
surface reactions/constants for each mineral are known from
independent sorption studies or from the published litera-
ture. If surface reactions/constants for each mineral compo-
nent present in the sediment can be estimated, solute adsorp-
tion by the sediment can be predicted by simply summing
the adsorption behavior of individual components without
the need to fit specific experimental data (i.e., calibrate) for
the sediment. Since model parameters are developed for dif-
ferent reference minerals, they should be transferable from
one field site to another (Davis et al. 2004). CA modeling
is a robust scientific tool for understanding the processes
controlling the partitioning and speciation of trace elements
in natural systems (Groenenberg and Lofts 2014).
Understanding the surface charge characteristics of oxides
and clay minerals is essential for developing mechanistic
descriptions of U adsorption and/or desorption in complex
natural systems. In highly weathered systems with limited
organic matter, kaolinite and goethite play an important role
in retarding the migration of many soil contaminants (Payne
et al. 2004; Catalano and Brown Jr. 2005; Hyun et al. 2009;
Bachmaf and Merkel. 2010; Zachara et al. 2013). There-
fore, the objectives for this study were to identify the domi-
nant reactive sorbent(s) controlling U(VI) partitioning for
a subsurface material collected from the SRS, to develop
an appropriate surface complexation model for predicting
U(VI) partitioning under variable chemical conditions (i.e.,
pH ionic strength, etc.) based on sorption behavior in the
presence of ideal reference minerals (i.e., kaolinite and goe-
thite), and then apply the resulting SCM to the description of
U(VI) partitioning in complex natural SRS materials.

Materials and methods
Materials
The SRS vadose zone material is a sandy clay loam (tex-

tural classification based on the USDA classification
scheme) with a clay fraction dominated by kaolinite and
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Fe-oxyhydroxides, such as goethite, typical of the Upper
Coastal Plain of the southeastern USA. After collection, the
material was air dried, homogenized, and passed through a
2 mm sieve before it was used in the current study (Table 1).
All test solutions were prepared with ultra-pure de-ionized
water (DIW; 18.2 MQ cm™!) at 25 °C using reagent-grade
chemicals.

For batch sorption experiments, the SRS soil was dis-
persed and two different fractions were extracted, i.e., the
clay fraction (< 2 um; SRS-clay) and the sand fraction
(< 2 mm, SRS-sand), following the procedure of (Whittig
and Allardice 1986). After size fractionation, the isolates
were rinsed with ultra-pure water and dried at 50 °C for 72 h.

Pure goethite was synthesized according to the procedure
of (Schwertmann and Cornell 1991). The specific surface
area of the goethite was 40.8 + 0.1 m? g~!, as determined
by the BET methodology (Carter et al. 1986) The kaolin-
ite standard (Georgia kaolinite, well crystallized, KGa-2),
obtained from Clay Minerals Society Source Repository
(Columbia, USA), was dispersed to collect the < 2 pum frac-
tion for batch sorption experiments as described previously
for the bulk soil. In order to represent variations in soil min-
eral composition, two combinations of kaolinite and goethite
were tested: (1) 99% kaolinite and 1% goethite and (2) 75%
kaolinite and 25% goethite.

Prior to the use in batch experiments the synthetic goe-
thite, the kaolinite standard, the two mixtures, and the SRS-
Clay fraction were suspended in 10 mM NaCl solution
as stock suspension (10 g L™!). Uranium stock solutions
(500 mg L™1) were prepared by dissolving UO,(NOy), (Elec-
tron Microscopy Sciences, PA, USA) with NaCl solution.

Methods

Adsorption experiments

Sorption edge Uranium sorption edge experiments were
conducted on goethite, kaolinite, the two mixtures of goe-

thite and kaolinite, the SRS clay fraction, the SRS sand
fraction, and the SRS bulk soil (Table 1). Sorption edge

Table 1 Characteristics of the SRS soil

Soil (SRS soil)
PSD
% Sand 68.3
% Silt 4.1
% Clay 27.7
PHpmw 456 +0.9
CEC (cmol kg™") 1.01 +0.17
CBD ext. Fe (mg g™!) 12.82 +0.28

Clay mineralogy Kaol, Goe, Il

experiments were performed under varied pH (3.0-10.0) in
triplicate at a constant U(VI) concentration (100 mg L™") in
a 10 mM NaCl solution under atmospheric CO,(g) at room
temperature. The zeta potential (g) of the equilibrated sus-
pension was measured as described below. The sorbent con-
centration was 2.5 g L™! for goethite, kaolinite, the goethite/
kaolinite mixtures and the SRS-Clay, and = 50 g L™! for the
SRS-Sand fraction and the bulk SRS-Soil. The use of differ-
ent suspension concentrations was necessary to compensate
for different adsorption capacities, and to represent the natu-
ral ratio Clay/Sand, thereby allowing accurate quantification
of adsorption based on residual aqueous U(VI) concentra-
tions after equilibration with the sorptive phase.

Sample treatment Aliquots of the mineral (Goethite,
Kaolinite, Mixture 1, Mixture 2, and SRS-Clay) suspen-
sions were transferred into 50 mL polypropylene centri-
fuge tubes followed by addition of the U(VI) stock solution
(100 mg LY. The pH was adjusted with HNO; or NaOH
solutions to within 0.05 pH units of the target value. As
a control, equivalent treatment levels were replicated in
mineral-free tubes to account for any U(VI) losses in the
absence of a test sorbent. The suspensions were placed on
a reciprocating shaker for 72 h to equilibrate. The pH was
monitored and adjusted daily to maintain the target value.
All samples were equilibrated with atmospheric CO,(g) by
frequent exposure to air throughout equilibration. The fail-
ure to achieve full equilibration with CO, can impact the
U(VI)-carbonate speciation, which is important in accu-
rately describing U(VI) partitioning. Prior to analysis, the
solid and solution phases were separated by centrifugation
(Sorvall RC 5B, 1000 rpm, 20 min), followed by filtration
of the supernatant (with < 0.22 pm pore size PES filters),
with the first 0.5 mL of filtrate discarded. The filtrate was
acidified (2% HNO;) for preservation and analyzed for U by
inductively coupled plasma-mass spectrometry (ICP-MS,
NexION 300X, PerkinElmer, Akron, Ohio 44311) using the
protocols outlined in EPA Method 6020B (USEPA 2014).
The percentage of U(VI) sorbed was calculated from the
difference between the initial and final U(VI) concentrations
as follows:
Ci—Cf

Sorption (%) = ( ) * 100

where Ci and Cf are the U concentration in the initial and
final solutions, respectively. Control experiments indicated
that U(VI) adsorption by the vial walls was negligible under
all test conditions.

Electrochemical measurements

Zeta potentials of equilibrated suspensions from the
Sorption Edge experiments were determined from their

@ Springer



148 Page4of12

Environmental Earth Sciences (2018) 77:148

electrophoretic mobilities (EM) according to the Smolu-
chowski equation (Sze et al. 2003). The Phase Analysis
Light Scattering (PALS) method (ZetaPlus Analyzer,
Brookhaven Instruments Corp., Holtsville, NY) was used
to measure EMs of particles in the background solution. For
PALS measurement, 50 uL of each suspension were trans-
ferred to an EM tube and then diluted with 4 mL of clear
supernatant (i.e., filtered) from the same batch treatment.
The electrode assembly, pre-equilibrated in 10 mM NaCl
for 24 h before each use, was inserted into the vial and fully
submerged by the suspensions. All measurements were run
10 times at 25 °C.

Modeling

The geochemical computer code PHREEQC-2 (Parkhurst
and Appelo 1999) was used for calculation and modeling of
U(VI) speciation and adsorption. Electrostatic SCMs (con-
taining electrical double layer correction terms in the mass
law for adsorption reactions) for goethite and kaolinite were
selected/modified from existing literature (Dong and Wan
2014) to describe our experimental data for U(VI) adsorp-
tion onto reference minerals, i.e., goethite and kaolinite.
The adsorption data obtained with the standard minerals
(Goethite, Kaolinite, and quartz) was used to calculate the
sorption constants and to test the goodness of fit for any

proposed reactions. The nonlinear, least-squares optimiza-
tion program PEST (Doherty 2010) was used to adjust the
values of unknown surface complex formation constants in a
chemical equilibrium model to yield the best fit of the reac-
tion scheme to the experimental data (Fig. 1).

Using the calculated constants based on experimental
data, a CA model was then developed to predict U(VI)
adsorption behavior for the SRS bulk soil, with goethite,
kaolinite, and quartz as the adsorbing component minerals

(Fig. ).

Results and discussion
Zeta potential measurement

Figure 2 presents the electrophoretic mobilities as a function
of pH obtained upon adsorption of U(VI) onto goethite, kao-
linite, the two mixtures, and the SRS clay fraction. The Point
of Zero Charge (pHp,() is the pH where crossover between
negative and positive electrophoretic mobilities occurs. For
the sorptive minerals, the pHpy is approximately 8 for goe-
thite (Fig. 2a), pH 4.5 for kaolinite (Fig. 2b), pH 4.5 for
clay Mixture 1 (Fig. 2¢), pH 5.5 for Mixture 2 (Fig. 2d),
and 5.5 for the SRS clay fraction (Fig. 2e). The pHp, for
goethite and kaolinite is in agreement with values commonly

Experimental Sorption
— data

PHREEQC Surface
Complexation Model

IGoethiteI |Kao|inite” Quartz I

Goethitel IKaoIiniteI | Quartz

PEST Calcul of
U sorption constant

Implementation of calculated sorption constant

|Goethite| |Kaolinite| | Quartz |

y_ vy ¥

| RMSE | | RMSE | | RMSE
R? R? R?

PHREEQC Surface

Experimental Sorption

Fig. 1 Flowchart of the modeling processes
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Fig.2 Zeta potential of 2.5 g L™! Goethite, Kaolinite, Mix1, Mix2, and SRS clay fraction as a function of pH

reported in the literature (Goldberg et al. 1996; Celi et al.
2001).

The pHp, of Mixture 1 and kaolinite is essentially identi-
cal, with goethite showing little discernible impact on the
surface charge of the suspension at such low mass concen-
trations. In contrast, Mixture 2 has a pHp,- of 5.5, a full
pH unit higher than observed for pure kaolinite suspension.
Thus, adding goethite to the mixture shifts the pHp, to
higher values, closer to the pHp, of the Fe-oxyhydroxide.
The SRS-clay fraction has a pHp, similar to Mixture 2.

In the presence of U(VI), the zeta potential of the goethite
suspension was lower at a given pH, with the pHp, shifting
from pH 8-6. A shift in the pHp, is characteristic of spe-
cific ion adsorption behavior with the sorbed species altering
the surface properties of the sorbent (Goldberg et al. 1996;

Liu et al. 2008). The significant shift of pHp, of goethite
to a lower pH in the presence of U(VI) (Fig. 2) suggests that
U(VI) forms inner-sphere complexes at the goethite surface.
A similar shift of pHp, is readily apparent for the mixture
treatment containing the higher goethite to kaolinite ratio
(i.e., Mixture 2).

In contrast, the observed zeta potentials for kaolinite,
Mixture 1 (99% kaolinite by mass), and the SRS clay frac-
tion were generally insensitive to the presence of U(VI).
However, the absence of a shift in pHp, in the presence
of an ionic sorbing species cannot be used to infer a strictly
outer-sphere adsorption mechanism since inner-sphere sur-
face complex formation is not necessarily accompanied by a
change in the mineral surface charge (Goldberg and Johnston
2001).

@ Springer
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Uranium aqueous speciation

Aqueous speciation was computed for the solution with a
total U (ZU) concentration of 100 mg L™! in a background
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Fig.3 Uranyl aqueous speciation in 10 mM NaCl, 2U = 100 mg L™!

electrolyte of 10 mM NaCl equilibrated with atmosphere
(i.e., partial pressure of ~ 107> atm for P¢(,. The distribu-
tion of aqueous species was calculated with the geochemi-
cal code PHREEQC-2 (Parkhurst and Appelo 1999) using
the wateq.4f database. Aqueous phase U(VI) speciation as a
function of pH is presented in Fig. 3. Under these conditions,
U(VI) interaction with dissolved inorganic carbon plays a
major role in determining aqueous phase U(VI) speciation.
Free uranyl UO,?" is the dominant species in the acidic pH
range up to 5 (Arnold et al. 2001; Guo et al. 2009; Bachmaf
and Merkel 2010). With increasing pH, U(VI) speciation is
dominated by U hydrolysis products and carbonate species.

U(VI) adsorption data

U(VI) adsorption was calculated from the difference of aque-
ous phase U(VI) before and after equilibration. To directly
compare the adsorption capacity of various test sorbents, the
experimental data are presented in terms of the percentage
of the total U(VI) added (Figs. 4a, 5a).

The adsorption data of U(VI) onto quartz, kaolinite, and
goethite are compared in Fig. 4a. The data shows that the
quartz surface has a weaker adsorption capacity than goe-
thite or kaolinite at pH values < 6 and > 7. At pH = 5, for
example, 88% of U(VI) was sorbed by kaolinite and 72%
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Fig.5 Comparison of batch
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by goethite, while only 9.5% was sorbed by quartz. At low
pH (pH < 6), kaolinite is the most effective sorbent. This
observation can be explained by the amphoteric behavior
of the two more sorptive minerals, i.e., goethite and kao-
linite. As shown in Fig. 2, the pHp, of kaolinite occurs
at pH =~ 4.5, displaying a net negative surface charge at
pH > 4.5 such that adsorption of the positively charged
UO,** species is enhanced by electrostatic attraction. In
contrast, goethite has the pHp, at pH ~ 8. Thus, goethite
surfaces are net positively charged at pH < 8, which can
hinder U022+ sorption due to electrostatic repulsion.

In the literature, strong U(VI) adsorption at pH < 4 onto
kaolinite has been attributed to the contribution of cation
exchange sites (i.e., limited isomorphic substitution in
kaolinite and/or the presence of clay mineral impurities) at
low ionic strength (Dong et al. 2012). However, in the cur-
rent experiment such behavior was not observed. As shown
by (Bachmaf and Merkel 2010), our kaolinite displayed
very limited U(VI) sorption capacity at low pH (< 4) and a
greater adsorption than goethite or quartz in the pH range
of 5-8. (Bachmaf and Merkel 2010) also reported a minor
ionic strength dependency for U(VI) adsorption by kao-
linite at pH > 6. Therefore, we can assume that under
the present conditions, the importance of cation exchange

capacity in controlling U(VI) sorption associated with
kaolinite at low pH is negligible.

The strong adsorption by goethite at pH values above 6 is
consistent with previous observations in the literature where
iron (oxy)hydroxides, such as amorphous iron hydroxide,
i.e., ferrihydrite, and crystalline oxyhydroxides such as goe-
thite, have been identified as major adsorptive surfaces for
U(VI) (Barnett et al. 2000; Sherman et al. 2008; Um et al.
2008; Dong et al. 2012).

The adsorption capacity of clay Mixture 1, Mixture 2,
the SRS clay fraction, and the SRS bulk soil is compared
in Fig. 5a. Similar U(VI) adsorption for all four samples is
observed at pH < 7, while adsorption is stronger to the SRS
clay fraction and SRS bulk soil than the two mixtures of
goethite and kaolinite for higher pH (alkaline conditions).
Adsorption at pH < 7 (acidic conditions) can be attributed to
the goethite and kaolinite, while other trace minerals may be
responsible for the higher than expected sorption of U(VI)
at pH values above 7. As noted above, quartz in this soil dis-
plays limited U(VI) adsorption between pH 6 and 7 and thus
is unlikely to be responsible for the strong U(VI) sorption
observed under alkaline pH conditions. In addition, the sorp-
tion curves for the SRS-Clay fraction and the bulk SRS-Soil
are quite similar, again suggesting a limited role for quartz in
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U(VI) sorption under alkaline conditions. Characterization
of the mineralogy for the < 2 um fraction showed a small
amount of illite was present in the SRS sediment (Table 1).
(Geckeis et al. 2013) have shown that in a pure NaCl system,
there is a high uptake of U(VI) sorbed by illite at high pH
(i.e., between pH 6.5 and 11).

Surface complexation modeling

To illustrate the relative contribution of individual miner-
als and specific surface species to the overall adsorption of
U(VI), the experimental data and modeling results are pre-
sented in terms of percentages (Fig. 4).

A large variety of SCMs have been applied to U(VI) sorp-
tion on Fe oxyhydroxides, e.g., goethite: first, the use of
ferrihydrite as a model surface (Waite et al. 1994; Fox et al.
2006; Mahoney et al. 2009) and monodentate sorption com-
plexes (Missana et al. 2003) has been widely used in order to
describe U(VI) sorption on goethite. However, goethite zeta
potentials in presence of U(VI) display a shift in the pHp
from pH 8-6, indicating the formation of inner-sphere U(VI)
surface complexes at the goethite surface that increases the
net positive surface character at a given pH. In the present
study, U(VI) sorption is attributed to the formation of two
bidentate surface complexes at goethite edge sites, consist-
ent with the multisite SCM developed by (Sherman et al.
2008) to describe U(VI) sorption by goethite based on their
extended X-ray adsorption fine structure (EXAFS) spectra
data. A direct application of the (Sherman et al. 2008) model
was used by (Dong et al. 2012) to describe sorption behavior
for similar SRS soil materials.

Earlier modeling attempts at describing U(VI) sorption
by kaolinite have involved various assumptions. (Payne et al.
2004) postulated that U(VI) sorption by kaolinite occurs at
both aluminol (AIOH) sites associated with kaolinite and
titanol (TiOH) sites attributed to anatase impurities identified
by transmission electron microscopy equipped with energy-
dispersive X-ray spectrometry (TEM/EDS), with U(VI) pref-
erentially bound to the anatase impurities. However, appli-
cation of these two mineral surfaces tended to over predict
the amount of U(VI) adsorbed under low pH conditions (i.e.,
pH < 5). Monodentate surface complexes have also been pro-
posed via reactions of clay edge surface sites with major U(VI)
species in aqueous phase (Borovec 1981; Turner and Sassman
1996; Pabalan and Turner 1996; Kremleva et al. 2008). In our
model, U(VI) sorption by kaolinite (Georgia kaolinite, KGa-2)
is through the formation of two bidentate surface complexes
at mineral edge sites, an approach adapted from (Dong et al.
2012). Their assumption was supported by spectroscopic evi-
dence that revealed at low pH and low ionic strength, U(VI)
sorption behavior was dominated by fixed-charge sites, while
at high pH bidentate inner-sphere surface AIOH and SiOH
edge sites were responsible for sorption (Pabalan and Turner
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1996; Kowal-Fouchard et al. 2004), with uranyl-carbonate
ternary surface complexes present in systems equilibrated
with atmospheric CO, (Catalano and Brown Jr. 2005; Sher-
man et al. 2008). Those assumptions were also supported by
(Krepelova et al. 2007). The KsOH sites (Table 2) represent
both silanol (SiOH) and aluminol (AIOH) sites on kaolinite
surfaces.

The U(VI) sorption onto quartz has been studied exten-
sively (Turner and Sassman 1996; Prikryl et al. 2001; Davis
et al. 2004; Nair et al. 2014). Dong and Wan (2014) proposed
an adsorption for U(VI) based on inner-sphere bidentate com-
plexes and the formation of ternary uranyl-carbonate surface
complexes.

Few studies have evaluated U(VI) sorption by illite. (Brad-
bury and Baeyens 2009) used linear free energy relationships
and a two-site protolysis non-electrostatic surface complexa-
tion and cation exchange model to describe U(VI) sorption
to illite, an approach adopted in the current study. In contrast
to (Dong and Wan 2014) and (Dong et al. 2012), the direct
application of those model parameters without any adjustment
for differences in reactive surface area of the relevant sorbent
materials was not effective. As widely noted in the literature
(Sverjensky 2003; Davis et al. 2004), surface complexation
constants are dependent on the surface area and reactive site
density of the sorbent in question.

The equilibrium constants for the acid—base surface reac-
tions of goethite, kaolinite, and quartz sites (Eq. 1, 2, 12, 13,
18, and 19 in Table 2) are based on values reported in (Dong
and Wan 2014), while the constants for the acid—base surface
reactions of illite (Eq. 24 and 25 in Table 2) were taken from
(Bradbury and Baeyens 2009). The nonlinear least-squares
parameters estimation program PEST 6.05 (Doherty 2010) in
conjunction with PHREEQC-2 (Parkhurst and Appelo 1999)
was used to determine the equilibrium constants for the other
surface reactions given in Table 2. PEST has the advantage
over FIQTEL (Westall 1985) in that activity coefficients can be
calculated according to either extended Wateq Debye—Hbckel
or SIT (specific ion interaction theory) and provides users with
statistical information on the uncertainty of the estimation
(Bachmaf and Merkel 2010). A discussion of the methodol-
ogy for estimating sorption constants from experimental data
using the two computer programs, i.e., PEST and PHREEQC,
is provided by (Bachmaf and Merkel 2011).

The goodness of fit for ability of the model to describe
experimental data were quantified by the root mean squared
error (RMSE) as well as the correlation coefficient (as calcu-
lated by PEST) (Table 3). The RMSE is calculated as:

" 1/2

Z (%Rem — %Rem )?
p =1

RMSE =

I’ld—n
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Table 2 Surface reactions and parameters used in the model calculations. If not indicated by Dong and Wan (2014) or Bradbury and Baeyens
(2009), data were calculated with PEST and PHREEQC-2

Log_K References

Surface reaction on goethite
) FeOH % = FeOH %> 0 Dong and Wan (2014)
2) FeOH™ %3 + H* = FeOH%’ 9.18 Dong and Wan (2014)
3) 2FeOH™"3 + U032 = (FeOH),U0,* 13.0860 Adjusted
) CO, + 2FeOH™%3 + H,0 + U03? = (FeOH),U0,CO,~ + 2H* 10.00 Adjusted
) CO, + 2FeOH™"> = (Fe0),CO™ + H,0 5.93 Dong and Wan (2014)
(6) CO, + FeOH™%3 4+ Na* = FeOCO,Na%3 + H* -3.02 Dong and Wan (2014)
™) Al + FeOH™%3 4+ H,0 = FeOHAI(OH)*! + H* 7 Dong and Wan (2014)
(8) AI*? + FeOH ™"’ + 2H,0 = FeOHAI(OH)$%> + 2H* —-0.61 Dong and Wan (2014)
Surface reaction on kaolinite
12) KsOH™ = KsOH™"? 0 Dong and Wan (2014)
(13) KsOH™3 + H* = KsOH$%> 49 Dong and Wan (2014)
(14) 2KsOH™%° + UO%? = (KsOH),UO,* 5.36478 Adjusted
(15) 2KsOH™*® + UOZ? + H,CO, = (KsOH),U0,CO;™ + 2 H* - 0.394846 Adjusted
(16) KsOH™? + Na* = KsOHNa*%> -2.1 Dong and Wan (2014)
a7 KsOH™% + H* + NO;~ = KsOH,NO3"* 49 Dong and Wan (2014)
Surface reaction on quartz
(18) QOH = QOH 0 Dong and Wan (2014)
(19) QOH = QO™ + H* -7.20 Dong and Wan (2014)
(20) 2QOH + UO3? = (QOH),U03? 5.12 Adjusted
3)) 2QOH + UO%? + CO, + H,0 = (QOH),U0,CO, + 2H* 0.26 Adjusted
(22) QOH + AI*? + 3 H,0 = QOHAI(OH), + 3H* —-9.00 Dong and Wan (2014)
Surface reaction on illite
(23) II0H = IIOH 0
(24) 1OH + H* = IOH2* 4.0 Bradbury and Baeyens (2009)
(25) IOH =10~ + H* -6.2 Bradbury and Baeyens (2009)
(26) HIOH + UO,** + H,0 = 1lI0UO,0H’ + 2H* -35 Bradbury and Baeyens (2009)
27 TIOH + UO,** + 2H,0 = [IOUO,OH), + 3H* - 10.6 Bradbury and Baeyens (2009)
Goethite site = FeOH, kaolinite site = KsOH, quartz site = QOH, ill = illite site
Table 3 Model parameters for reference minerals

Kaolinite Goethite Quartz Mix 1 Mix 2 SRS-clay fraction SRS-soil

(not presented)

Sites density (mol nm~2) 2.161 073 3.090 10738 1.470 10732
Surface area (m? g~") 21.5° 40.775 0.2¢
Tonic strength 0.01 M NaCl
PCO, 10733 atm
Number of data points 36 31 25 30 30 27 23
Correlation coefficient 0.93 0.96 0.69 0.80 0.87 0.75 0.95
RMSE 18.3 12.0 40.5 31.1 242 35.0 10.2
?Adjusted

"From Bachmaf and Merkel (2010)
“From Dong and Wan (2014)
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where ny is the number of data points (Table 3), n, is the
number of adjustable parameters (zero when used in a purely
predictive manner), % Rem is the percentage of U(VI)
sorbed in the laboratory experiments, and % Rem* is the
percentage of U(VI) sorbed as predicted by the model. The
RMSE is a measure of the error between the predicted and
the measured values expressed in dimensionless form (e.g.,
the smaller the RMSE, the better is the fit of the model to
the data).

The correlation coefficient R is calculated by PEST as
follows:

2 (WiCi - m) (wiCOi - mo)

) [[Z (Wici - m) (Wici - m) )y (Wic()i - mo) (W[coi - mo)]] 2

where c; is the i’th observation value, ¢, is the model-gen-
erated counterpart to the i’th observation value, m is the
mean value of weighted observations, m, is the mean of
weighted model-generated counterparts to the observations,
and w; is the weight associated with the i’th observation
(or “rotated observation” if a covariance matrix is used to
specify observation uncertainty instead of individual obser-
vation weights). Generally, R should be above 0.9 for the fit
between model outputs and observations to be considered
as acceptable (Hill 1998).

The data presented in Fig. 4 indicate that the model
predicts the major trends of U(VI) sorption with respect to
pH for goethite and kaolinite. In contrast, the model over
predicted U(VI) sorption on quartz for a pH range above
and below 7.

The root mean square errors (RMSE) were 18.3, 12.0,
and 40.5 for goethite, kaolinite, and quartz, respectively.

For goethite, Fig. 4c indicates that surface spe-
cies (FeOH)zUOZJr dominates at all pHs, while the
(FeOH),UO,CO;~ species is rather minor for all pHs.

For kaolinite, cation exchange was not included in the
model because we experimentally observed little to no
U(VI) adsorption at low pH, and calculations indicated
that cation exchange was negligible (< 0.01%) under our
experimental conditions. Figure 4b shows that one type
of surface site with two bidentate surface complexes can
reasonably predict U(VI) adsorption behavior for kao-
linite. The bidentate (KsOH),UO,* is responsible for
60-77% of the U(VI) sorption on kaolinite between pH
5 and 8.5, while the uranyl-carbonate ternary surface
(KsOH),UO,CO;™ is responsible for 40 to 33%.

Model simulations for the goethite and kaolinite mix-
tures were conducted using the appropriate equations
presented in Table 2, with the reactive site density and
the surface area values provided in Table 3. Figure 5b, ¢
presents the simulated data for Mixture 1 and Mixture 2,
respectively. The RMSE values are 31.14 and 21.27 for
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Mixture 1 and Mixture 2, respectively, showing that the
model is in good agreement with the experimental data.
This suggests that the mixtures of goethite and kaolinite
can be reasonably described based on the relative fractions
of the two sorbent materials. For pH < 9, the kaolinite is
the major surface responsible for the uptake of U (61% for
(KsOH),UO," of kaolinite and 33% for (GOH),UO," of
goethite), while it is the goethite for a pH > 9.

The SRS sediment (SRS-soil) is mainly composed of
goethite, kaolinite, and quartz, which suggests that the CA
approach can be an effective method for simulating U(VI)
sorption behavior. Figure 5d indicates that the modeling of
the data based on goethite, kaolinite, and quartz can predict
the behavior of U(VI) in the natural sediment for pH values
from 3 to 9. Based on the fitted data, the kaolinite is respon-
sible for 56% of U(VI) sorption, the goethite for 30%, and
quartz represents less than 1%. However, the model under
predicts U(VI) sorption for pH > 9. As discussed earlier,
the clay mineralogy consists of a small amount of illite that
may be responsible for U(VI) sorption at high pH. However,
including equations 26 and 27 in the model does not fully
address this discrepancy. A more reasonable explanation
is that the experimental batches may not have been in full
equilibrium with the atmospheric CO,(g), which has impli-
cations to U(VI)-carbonate speciation, leading to higher than
expected sorption at higher pH.

Conclusions

Experimental and modeled data derived from this study indi-
cate that the use of the PEST code together with PHREEQC
is an extremely powerful tool to estimate experimental
equilibrium constants. These results also demonstrate the
significant and sometimes unexpected effects that pH and
aqueous phase speciation can have on U(VI) adsorption, that
these effects are sometimes not observed in experiments at
constant CO,(g) partial pressure, and the need to consider
these effects when modeling U(VI) mobility in the natural
environment. Geochemical modeling and laboratory experi-
ments on water—rock—gas interactions improve understand-
ing of mineral alteration processes and can be applied to
a variety of applications (i.e CO, (g) storage, groundwater
modeling...).

Model discrepancies observed at low pH for mixtures of
kaolinite and goethite may be due to the combined mineral
interactions that restrict access to sorption sites on the kao-
linite surface. Nonetheless, the results indicate that a simple
CA approach may yield useful predictions of contaminant
sorption in mixed mineral assemblages, provided that robust
SCMs are available for the appropriate reactive system com-
ponents. However, it should be noted that the relatively rapid
nature of the batch sorption experiments may underestimate
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the effects of aging processes and the influence of slower-
forming coatings in potentially blocking metal adsorption
sites on natural soils and sediments. Before SCMs can be
applied to natural systems, several other hurdles remain,
including the development of methods to correctly assess
the dominant sorption phases and their reactive surface areas
within complex soils and sediments.
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