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1. Introduction 

 
This progress report (Milestone Number M4FT-13LL0806039) summarizes research conducted 
at LLNL within Work Package Number FT-13LL080603. The focus of this research is the 
thermodynamic modeling of EBS materials and properties and development of thermodynamic 
databases and models to evaluate the stability of EBS materials and their interactions with fluids 
at various physico-chemical conditions relevant to subsurface repository environments. The 
development and implementation of equilibrium thermodynamic models are intended to describe 
chemical and physical processes such as solubility, sorption, and diffusion.  
 
Thermodynamic data are essential for understanding and evaluating geochemical processes, such 
as speciation-solubility, reaction-paths, or reactive transport. The data are required to evaluate 
both equilibrium states and the kinetic approach to such states. However, thermodynamic 
databases are often limited and do not span the range of conditions that may be exist under the 
various generic repository scenarios (salt, deep borehole, etc.).  For example, previously 
developed thermodynamic data overstate the stabilities of smectites and illites. While this was 
adequate for both tuff and salt host rock, the databases have some deficiencies with respect to 
other repository designs such as those in clay/shale, or those that include a clay/bentonite buffer. 
Data that continue to come out of the NEA review program were not incorporated into the 
previous DOE thermodynamic databases. However, NEA data are also limited and do not account 
for pressure extrapolations applicable for deep borehole repositories. Ion exchange data and 
surface complexation processes are also lacking in most current thermodynamic databases. 
 
The existing thermodynamic database development task is a continuation of a FY13 effort. This 
task includes revising the previously developed thermodynamic databases and expanding them to 
cover the needs of the repository types currently under consideration by the UFD (i.e. clay, 
granite, deep borehole). This effort is focused on developing data and models for clays. The effort 
is a collaboration between LLNL and SNL. A second task includes participation of  Cynthia 
Atkins-Duffin (LLNL) in the NEA Thermodynamic Database (TDB) program. A third task 
involves a collaboration with Dr. V. Brendler (Dresden-Rossendorf) focused on the development 
of thermodynamic databases for high ionic strength conditions as well as surface complexation 
modeling. The fourth task is a recently completed study of Np interaction with clay, looking at 
the effect of solution chemistry on ion exchange processes.  Progress made on each of these tasks 
is documented in the following sections. 

 

2. Thermodynamic Database Development 

 
A report by Wolery and Sutton  (2013) identified the current state of the YMP and other 
thermodynamic database efforts (national and international) and identified key gaps and 
weaknesses in these databases. Recommendations for future database development efforts were 
identified.  They included the following (from Wolery and Sutton, 2013): 
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[References:  (Helgeson et al., 1978; Holland and Powell, 1985; Holland and Powell, 2011; 
Powell and Holland, 1985; Robie and Hemingway, 1995)] 
 
Progress has been made on some of these items.  For example, LLNL is actively supporting the 
NEA-TDB effort which is the most active international database development project.  The most 
recent NEA-TDB publication is the first of two volumes summarizing the thermodynamics of 
iron (Lemire et al., 2013).  We have also been following the development progress of the 
THEREDA database effort.  The most recent 9th data release included parameter files for the 
system Na, K, Mg-Ca-Cl-SO4-HCO3/CO2(g)-Si-U(IV)/U(VI)-H2O.  Importantly, the THEREDA 
effort is focused on a Pitzer model which is most relevant to high ionic strengths prevalent in salt 
rock repositories and other disposal scenarios.  The THEREDA database project continues to 
support the EQ3/6 modeling code database format.  Development of surface complexation 
modeling databases was supported through discussions with the RES3T development group.  
These are highlighted in Section 3 of this document. 
 

3.  Comprehensive Approaches to Developing Ion Exchange and 
Surface Complexation Models for Nuclear Waste Repository Conditions  

 
The need to develop self-consistent surface complexation/ion exchange models, in concert with 
thermodynamic models, for nuclear waste repository performance assessment was identified 
many years ago (Bradbury and Baeyens, 1993).  This issue was expressly identified in the recent 
NEA Sorption project reports (Davis et al., 2005; Ochs et al., 2012).  However, significant 
progress on this issue has been made only recently in various international nuclear waste 
repository programs (e.g. (Bradbury and Baeyens, 2009), (Dresden-Rossendorf, 2013), (Geckeis 
et al., 2013)).  Hybrid approaches have also been attempted (Bradbury et al., 2010).  The best 
path forward for developing such databases remains an open question (Geckeis et al., 2013), 
particularly in cases where generic repositories are being investigated resulting in a need to model 
radionuclide behavior over a very broad range of solution and mineralogic conditions. 
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One promising effort underway in Germany is the development of an open source database of 
surface complexation constants reported in the open literature (Dresden-Rossendorf, 2013). 
RES³T is a digital open source thermodynamic sorption database. It is mineral-specific and can 
therefore also be used for additive models of more complex solid phases such as rocks or soils. 
The database includes an integrated user interface to access selected mineral and sorption data 
and export data into formats suitable for other modeling software. Data records comprise mineral 
properties, specific surface areas, characteristics of surface binding sites and their protolysis, 
sorption ligand information, and surface complexation reactions. The database includes the 
following surface complexation models: Non-Electrostatic, Diffuse Double Layer, Constant 
Capacitance, Triple Layer, Basic Stern, and the 1-pK Model as extended to CD-MUSIC. The 
concept of strong and weak binding sites is also included. An extensive bibliography is included 
in the database, providing links to the original publications, but also to background information 
concerning surface complexation model theories, related software for data processing and 
modeling, and sorption experiment techniques. The intent of the database is to substitute the 
present Kd approach in risk assessment studies to the more realistic description of sorption 
phenomena with SCM. The RES³T approach represents the first international attempt to produce 
a digital thermodynamic database for surface complexation equilibria from the vast amount of 
data available in the literature.  Recent improvement include automated conversion of reaction 
constants to zero ionic strength for use in surface complexation models.  In addition, all database 
records are identified with a Digital Object Identifier (DOI)  that provides a direct link to the 
original reference.  An example database output for U(VI) sorption to quartz is reported in Table 
1. 
 
One significant difficulty in directly utilizing reaction constants supplied in the RES3T database is 
that reported constants are dependent on the specific surface complexation model used in the 
referenced manuscript and the associated protonation/deprotonation constants, surface areas, site 
densities, and associated aqueous speciation constants and activity correction methods (e.g. Table 
1).  For example, reaction constants reported for U(VI) sorption to quartz are based on three 
different models (Diffuse Double Layer, Non-electrostatic, and Triple Layer models). A present, 
there is no mechanisms by which these three models can be reconciled.  Moreover, within the 
DDL model constants, five unique surface protonation/deprotonation models are used for the 
quartz surface and three different surface site densities.  Lastly, the choice of surface species used 
to fit sorption data varies; a total of seven different surface species were identified in the DDL 
models alone (Table 1).  An additional underlying issue associated with the application of these 
reaction constants is that they were developed in conjunction with aqueous speciation databases 
available at the time of model development.  As aqueous speciation databases have changed and 
hopefully improved with time, a mechanism by which the surface complexation constants can be 
updated to provide consistency with the latest aqueous speciation databases does not exist. As a 
result, integration of the different surface complexation models, different parameter choices, and 
different surface species is not straightforward.  The inconsistent application of surface 
complexation models in the literature limits our ability to develop self-consistent databases that 
would be directly applicable to reactive transport modeling efforts.  
 
One potential remedy to this situations would be for the RES3T database to be expanded and store 
raw sorption data from which one could develop surface complexation reaction constants based 
on preferred SCM modeling approaches and most up to date aqueous speciation databases.  UFD 
program at LLNL is actively engaged with the RES3T group to evaluate options for a next 
generation RES3T database that would include such raw data.  A demonstration project is 
underway at HZDR and will be presented in a special session on Environmental Radiochemistry 
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at the 248th ACS National Meeting, San Francisco, California, August 10-14, 2014.  This session 
is being organized by Don Reed, Ralph Sudowe, Brian Powell, and Mavrik Zavarin. 
 
As a test case, we recently extracted and digitized all uranium sorption data for quartz that were 
reported in the RES3T database (see Appendix A).  The dataset amounts to approximately 500 
individual sorption data points. Digitization of data allowed for simultaneous modeling off all 
available sorption data and the formulation of a consistent set of reactions.  Furthermore, the data 
were fitted using the most up-to-date aqueous speciation data documents in the NEA database and 
accounted for the estimated uncertainty of individual data points.  A statistical comparison of the 
data to the resulting model, based on the ratio of sorbed to aqueous U concentrations) is presented 
in Figure 1.  The model was developed based on the simplest one-site non-electrostatic (NE) 
surface complexation model.  Remarkably, the data were fit using only four fitting parameters:  
the reaction constants, K, for the species >SiO-, >SiOUO3H, SiOUO3

-, and SiOUO2CO3.  While 
additional evaluation of these results is still in progress, particularly with respect to testing other 
surface complexation modeling approached (DLM, CCM, TLM, GEM, etc.), the results show 
promise in our ability to develop comprehensive and self-consistent models to predict metal 
sorption to mineral surfaces.  Figure 2 presents a comparison of measured and predicted U 
aqueous concentrations in each batch experiment based on the one-site NE surface complexation 
model fit described earlier.  Again, the modeling approach used here shows remarkable promise 
in being able to simulated U(VI) aqueous concentrations across a very wide range of pH, ionic 
strength, and major ion composition.  This test case provides confidence that the approach 
undertaken here can lead to an effective and self-consistent database of reaction constant for use 
in performance assessment and other nuclear waste repository risk assessments.  Importantly, 
when compiled in a digital format, the reaction constants can be updated as aqueous speciation 
models evolve and our numerical models for interfacial reactions improve.  
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Table 1.  Data extracted from RES3T database for uranium sorption to quartz. 

SCM 
Type 

Mineral 
Area 
m2/g 

Site 
Density  

nm-1 
pK_1 pK_2 logK Chemical Equation 

Literature 
Reference

DDL Quartz 0.2 4.81 
 

5.62 -5.72 »Si-(OH)2 + UO2<2+>  =  »Si-O2-UO2 + 2 H<1+> AZBN00a

DDL Quartz 0.2 4.81 
 

5.62 -5.51 »Si-(OH)2 + UO2<2+>  =  »Si-O2-UO2 + 2 H<1+> AZZBN01

DDL Quartz 10 10 -1.6 7.6 -7.259 »X-OH + UO2<2+> + H2O  =  »X-O-UO2(OH) + 2 H<1+> JHLCH99

DDL Quartz 10 10 -1.6 7.6 9.529 »X-OH + UO2<2+> + CO3<2->  =  »X-O-UO2CO3<1-> + H<1+> JHLCH99

DDL Quartz 10 10 -1.6 7.6 -1.978 »X-OH + UO2<2+>  =  »X-O-UO2<1+> + H<1+> JHLCH99

DDL Quartz 0.05 
  

-7.2 -16.75 »SiOH + 3 UO2<2+> + 5 H2O  =  »SiO-(UO2)3(OH)5 + 6 H<1+> NB10 

DDL Quartz 0.05 
  

-7.2 0.3 »SiOH + UO2<2+>  =  »SiO-UO2<1+> + H<1+> NB10 

DDL Quartz 0.05 
  

-7.2 -5.65 »SiOH + UO2<2+> + H2O  =  »SiO-UO2(OH) + 2 H<1+> NB10 

DDL Quartz 0.31 2.3 -1.24 7.06 -0.3 »Si-OH + UO2<2+>  =  »Si-O-UO2<1+> + H<1+> PJTP01 

DDL Quartz 0.31 2.3 -1.24 7.06 -18.7 »Si-OH + UO2<2+> + 3 H2O  =  »Si-O-UO2(OH)3<2->+ 4 H<1+> PJTP01 

DDL Quartz 0.03 2.3 
 

7.2 0.3 »Si-OH + UO2<2+>  =  »Si-O-UO2<1+> + H<1+> PTBP98 

DDL Quartz 0.03 2.3 
 

7.2 -16.75 »Si-OH + 3 UO2<2+> + 5 H2O  =  »Si-O-(UO2)3(OH)5 + 6 H<1+> PTBP98 

DDL Quartz 0.03 2.3 
 

7.2 -5.65 »Si-OH + UO2<2+> + H2O  =  »Si-O-UO2(OH) + 2 H<1+> PTBP98 

DDL Quartz 0.1 2.31 
 

7.2 -8.45 »Si-OH + UO2<2+> + 2 H2O  =  »Si-O-UO2(OH)2<1-> + 3 H<1+> VT98 

NE Quartz 0.33 0 
  

-4.95 »Si(w)-OH + UO2<2+> + H2O  =  »Si(w)-O-UO2(OH) + 2 H<1+> DK01 

NE Quartz 0.33 0 
  

1.06 »Si(s)-OH + UO2<2+>  =  »Si(s)-O-UO2<1+> + H<1+> DK01 

NE Quartz 0.33 0 
  

-3.19 »Si(s)-OH + UO2<2+> + H2O  =  »Si(s)-O-UO2(OH) + 2 H<1+> DK01 

NE Quartz 0.33 0 
  

-2.56 »Si(s)-OH + UO2<2+> + H2O  =  »Si(s)-O-UO2(OH) + 2 H<1+> DK01 

NE Quartz 0.33 0 
  

-4.98 »Si(w)-OH + UO2<2+> + H2O  =  »Si(w)-O-UO2(OH) + 2 H<1+> DK01 

NE Quartz 0.33 0 
  

1.2 »Si(s)-OH + UO2<2+>  =  »Si(s)-O-UO2<1+> + H<1+> DK01 

NE Quartz 0.33 0 
  

-4.64 »Si(w)-OH + UO2<2+> + H2O  =  »Si(w)-O-UO2(OH) + 2 H<1+> DK01 

NE Quartz 0.33 0 
  

-0.03 »Si(w)-OH + UO2<2+>  =  »Si(w)-O-UO2<1+> + H<1+> DK01 

NE Quartz 0.33 0 
  

-5.28 »Si(w)-OH + UO2<2+> + H2O  =  »Si(w)-O-UO2(OH) + 2 H<1+> DK01 

NE Quartz 0.33 0 
  

10.183 »Si(w)-OH + UO2<2+> + CO3<2->  =  »Si(w)-O-UO2CO3<1-> + H<1+> DK01 

NE Quartz 0.33 0 
  

-3.28 »Si(s)-OH + UO2<2+> + H2O  =  »Si(s)-O-UO2(OH) + 2 H<1+> DK01 
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SCM 
Type 

Mineral 
Area 
m2/g 

Site 
Density  

nm-1 
pK_1 pK_2 logK Chemical Equation 

Literature 
Reference

NE Quartz 0.33 0 
  

-4.73 »Si-OH + UO2<2+>  =  »Si-O-UO2(OH) + 2 H<1+> KCKD96 

NE Quartz 0.33 0 
  

-5.32 »Si(w)-OH + UO2<2+> + H2O  =  »Si(w)-O-UO2(OH) + 2 H<1+> KCKD96 

NE Quartz 0.33 0 
  

-2.65 »Si(s)-OH + UO2<2+> + H2O  =  »Si(s)-O-UO2(OH) + 2 H<1+> KCKD96 

NE Quartz 0.33 0 
  

-2.56 »Si(s)-O(0.5)H + UO2<2+> + H2O  =  »Si(s)-O(0.5)-UO2(OH) + 2 H<1+> K02b 

NE Quartz 0.33 0 
  

-7.78 »Si(w)-O(0.5)H + UO2<2+> + CO2 + H2O  =  »Si(w)-O(0.5)-UO2CO3(OH)<2-> + 3 H<1+> K02b 

NE Quartz 0.33 0 
  

-6.56 »Si(w)-O(0.5)H + UO2<2+> + H2O  =  »Si(w)-O(0.5)-UO2(OH) + 2 H<1+> K02b 

NE Quartz 0.33 0 
  

-5.57 »Si(s)-O(0.5)H + UO2<2+> + H2O  =  »Si(s)-O(0.5)-UO2(OH) + 2 H<1+> K02b 

NE Quartz 0.33 0 
  

-6.5 »Si(w)-O(0.5)H + UO2<2+> + CO2 + H2O  =  »Si(w)-O(0.5)-UO2CO3(OH)<2-> + 3 H<1+> K02b 

NE Quartz 0.33 0 
  

-5.28 »Si(w)-O(0.5)H + UO2<2+> + H2O  =  »Si(w)-O(0.5)-UO2(OH) + 2 H<1+> K02b 

TL Quartz 0.32 0.00184 
 

8.4 1.98 »Si(s)-OH + UO2<2+>  =  »Si(s)-O-UO2<1+> + H<1+> FDZ06 

TL Quartz 0.32 0.00184 
 

8.4 -1.88 »Si(s)-OH + UO2<2+> + H2O  =  »Si(s)-O-UO2(OH) + H<1+> FDZ06 
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Figure 1.  Comparison of data and model fits of the ratio of sorbed to aqueous 
concentrations for all batch sorption data contained in references identified by the RES3T 
database for U(VI) sorption to quartz.  Increasing scatter at low sorbed/aqueous ratios is a 
result of inherent uncertainties associated with samples with little to no U(VI) sorption.  
One-site non-electrostatic surface complexation model. 
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Figure 2.  Comparison of measured and predicted U(VI) concentration in ~400 batch 
sorption data points digitized from the literature based on references contained in the 
RES3T database for U(VI) sorption to quartz. One-site non-electrostatic surface 
complexation model. 
 
 
 

4. Development of a Np(V) Ion Exchange Model 

 
The aim of the ion exchange study was to isolate the ion exchange mechanism of Np(V) sorption 
to montmorillonite. Np(V) exchange on homoionic Na, K, Ca and Mg-montmorillonite was 
determined experimentally at pH 4.5 using Na+, K+, Ca2+ and Mg2+ as electrolyte cations at ionic 
strengths ranging from 0.001 to 0.1 M. This experimental data was then modeled to estimate 
selectivity coefficients for the exchange reactions. These coefficients are essential for accurate 
prediction of Np mobility in reactive transport models.  The experimental work described herein 
was extracted from a manuscript recently published in Applied Geochemistry and attached to this 
document as Appendix B (Benedicto et al., 2014). 
 
The experimental data obtained in this study indicate that Np ionic exchange depends on the 
major cation composition of the aqueous system, being especially limited by the presence of 
divalent cations such as Ca2+ and Mg2+ in solution. At basic conditions, ionic exchange becomes 
less significant and surface complexation of Np(V) will dominate. An ion exchange model was 
developed on the basis of the experimental data, which is consistent with selectivity coefficients 
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reported in the literature for the exchange between major cations and NpO2
+ on montmorillonite. 

The recommended selectivity coefficients for Np(V) ionic exchange on montmorillonite, 

according to the Vanselow convention, are as follows:  +
2
+

NpO

Na
log VK = -0.26,  +

2
+

NpO

K
log VK = -

0.52,  +
2

2+

NpO

Ca
log VK = -0.69,  V

NpO

Mg
Klog 2

2



 = -0.69. 

 
 

5. Planned FY14 Efforts 

 
In FY15, we plan to continue our interaction with national and international partners in the 
development of thermodynamic models and databases.  In particular, there is growing interest in 
expanding the capabilities of the RES3T surface complexation development to capture raw 
sorption data and associated meta-data contained in published documents.  A proof of principal 
effort will be used to test the robustness of data digitization software and optimal data storage and 
formatting structures that are compatible with the RES3T database framework. One test case 
dataset (i.e. U(VI) binary sorption to silica) was digitized in FY13.  More detailed evaluation of 
various surface complexation modeling approaches is planned for FY14.   
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8. Applendix A – Figures Digitized as part of the U(VI)-Quartz Surface 
Complexation Modeling Exercise 

 
Figure A1.  Sorption data from AZBN00a.  See table 1 for details. 
 

 
Figure A2.  Sorption data from AZBN01.  See table 1 for details. 
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Figure A3.  Sorption data from Figure 5-5 of DK01.  See table 1 for details. 
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Figure A4.  Sorption data from Figure 5-6 of DK01.  See table 1 for details. 
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Figure A5.  Sorption data from Figure 5-7 of DK01.  See table 1 for details. 
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Figure A6.  Sorption data from Figure 5-8 of DK01.  See table 1 for details. 
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Figure A7.  Sorption data from FDZ06.  See Table 1 for details. 
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Figure A8.  Sorption data from JHLCH99.  See Table 1 for details. 
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Figure A9.  Sorption data from KCKD96.  See Table 1 for details. 
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Figure A10.  Sorption data from PJTP01.  See Table 1 for details. 
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Figure A11.  Sorption data from PTBP98 Figure 5.  See Table 1 for details. 
 

 
Figure A12.  Sorption data from PTBP98 Figure 8.  See Table 1 for details. 
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Np(V) sorption was examined in pH 4.5 colloidal suspensions of nominally homoionic montmorillonite
(Na-, K-, Ca- and Mg-montmorillonite). Ionic exchange on permanent charge sites was studied as a
function of ionic strength (0.1, 0.01 and 0.001 M) and background electrolyte (NaCl, KCl, CaCl2 and
MgCl2). An ion exchange model was developed using the FIT4FD program, which considered all experi-
mental data simultaneously: Np sorption data, major cation composition of the electrolyte and
associated uncertainties. The model was developed to be consistent with the ion exchange
selectivity coefficients between the major cations reported in the literature and led to the following recom-
mended selectivity coefficients for Np(V) ion exchange according to the Vanselow convention:

log
NpOþ2
Naþ KV

� �
¼ �0:20; log

NpOþ2
Kþ KV

� �
¼ �0:46; log

NpOþ2
Ca2þ KV

� �
¼ �0:57; log

NpOþ2
Mg2þ KV

� �
¼ �0:57. Both the exper-

imental data and the estimated selectivity coefficients in this study are consistent with the limited Np(V) ion
exchange and sorption data reported in the literature. The results indicate that, as expected, low ionic
strengths favor Np(V) sorption when ion exchange is the main sorption mechanism (i.e. acidic to neutral
pHs) and that the divalent cations Ca2+ and Mg2+ may be important in limiting Np(V) ionic exchange on
montmorillonite.

� 2014 Published by Elsevier Ltd.
1. Introduction

Neptunium (Np) is a transuranic element of particular environ-
mental concern because its dominant isotope, 237Np, has a long
half-life (2.13 � 106 years) and high biological toxicity. In nuclear
waste disposal scenarios and at long timescales, 237Np will be
one of several radiologically significant contributors (Kaszuba
and Runde, 1999; Wescott et al., 1995; Wilson et al., 1994). In addi-
tion, 237Np has been introduced into the environment as a conse-
quence of the production and testing of nuclear weapons which
has resulted in contamination at a number of locations including
the Hanford Reservation and the Nevada National Security Site
(formerly the Nevada Test Site) (Cantrell, 2009; Felmy et al.,
2010; Smith et al., 2003).

The migration of actinides through the subsurface is highly
influenced by their interaction with minerals and rocks. Clay min-
erals, such as montmorillonite, are ubiquitous in the environment
and given their surface properties, sorption capacity and colloidal
behavior, they will likely play an important role in actinide
retention-transport processes. Furthermore, montmorillonite is a
major component of proposed barriers for the geological nuclear
waste repository designs of many countries, for example, Germany,
France and Switzerland (Hoth et al., 2007; Nagra, 2002; OECD,
2006). Montmorillonite is a 2:1 clay mineral and consists of two
SiO4 tetrahedral (T) sheets bound to either side of an AlO6 octahe-
dral (O) sheet (expressed as T:O:T) (Dixon, 1989). Isomorphic sub-
stitutions of Al and Si give a permanent negative charge to the
structure that is compensated by exchange cations. The electro-
static attraction between the charged layers and the exchangeable
cations causes the cohesion of the T:O:T layers. As a result, the total
cation exchange capacity is distributed between the inner surfaces
in the interlayer spacing and the outer surfaces of the clay parti-
cles. In addition, montmorillonite exhibits pH-dependent charge
in the broken silanol and aluminol edges of the T:O:T sheets.
Therefore, two mechanisms of sorption exist on montmorillonite:
cation exchange, which can occur at permanent charge sites as
well as on the variably charged silanol and aluminol groups, and
surface complexation which occurs on the variably charged silanol
and aluminol groups in the sheet edges and is pH dependent
(Bradbury and Baeyens, 1997).

The sorption of Np is controlled by both its redox and aqueous
speciation (Bondietti and Francis, 1979; Kaszuba and Runde, 1999;

http://crossmark.crossref.org/dialog/?doi=10.1016/j.apgeochem.2014.06.003&domain=pdf
http://dx.doi.org/10.1016/j.apgeochem.2014.06.003
mailto:ana-benedicto@hotmail.com
http://dx.doi.org/10.1016/j.apgeochem.2014.06.003
http://www.sciencedirect.com/science/journal/08832927
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Law et al., 2010; Runde et al., 2002). Under a wide range of oxic
conditions, the pentavalent oxidation state, in the form of NpO2

+,
will dominate (Choppin, 2006; Kaszuba and Runde, 1999). NpO2

+

has a relatively low sorption affinity for most minerals and rocks
(Triay et al., 1993), resulting in its high aqueous mobility. Although
Np(IV) may exist under certain environmental conditions, the
higher predicted mobility of Np(V) makes it the preferred form
for studying transport scenarios. Given its long half-life, its pre-
dicted high mobility, and the importance of clays both in the geo-
sphere and nuclear repository scenarios, understanding Np(V)
sorption to clays such as montmorillonite is of particular interest.
Moreover, knowledge of the sorption behavior of Np(V) may pro-
vide insight into the sorption behavior of other pentavalent actin-
ides such as Pu(V) that are more redox sensitive and
experimentally more difficult to study (Turner et al., 1998;
Zavarin et al., 2012).

Under aerobic conditions and at circumneutral pH values, Np(V)
sorption to montmorillonite is likely to be dominated by surface
complexation at the variably charged sorption sites (Bradbury
and Baeyens, 2006; Turner et al., 1998). However, at pH values
below pH 6, cation exchange on permanent charge sites is
expected to be the dominant sorption mechanism (Bradbury and
Baeyens, 2006; Kozai et al., 1996; Nagasaki and Tanaka, 2000;
Sabodina et al., 2006; Sakamoto et al., 1990; Turner et al., 1998;
Zavarin et al., 2012). Sorption by ion exchange on permanent
charge sites is dependent on the composition of the clay exchange
sites (Jensen, 1973), commonly occupied by Na+, K+, Mg2+ and Ca2+,
which is, in turn, strongly dependent on the aqueous conditions
and electrolyte composition. However, most of the studies in the
literature have so far focused on Np(V)–Na+ ion exchange. Con-
versely, exchange with other common cations such as Ca2+, Mg2+

or K+ is not well known despite being fundamental to understand-
ing Np(V) sorption in natural systems. Kozai et al. (1996) investi-
gated Np(V) exchange with a range of cations (Na+, Mg2+, Cs+,
Ca2+, K+ and Li+). However the effect of the electrolyte composition
and its concentration was not studied (all experiments were per-
formed in 0.1 M NaClO4), which limits attempts to estimate ion
exchange selectivity coefficients. Mironenko et al. (2006) investi-
gated Np(V) exchange with Mg2+ and Ca2+ at pH around 6.5, where
sorption by surface complexation cannot be excluded.

The aim of this study was to isolate the ion exchange mecha-
nism of Np(V) sorption on to the permanent charge sites of mont-
morillonite and to estimate the selectivity coefficients of Np(V)
with the main ions expected to be present in typical groundwaters.
Np(V) exchange on homoionic Na, K, Ca and Mg-montmorillonite
was determined experimentally at pH 4.5 using Na+, K+, Ca2+ and
Mg2+ as electrolyte cations at ionic strengths ranging from 0.001
to 0.1 M. This experimental data was then modeled to estimate
selectivity coefficients for the exchange reactions. These coeffi-
cients are essential for accurate prediction of Np mobility in reac-
tive transport models. Finally we applied our calculated values to
various natural water scenarios in order to illustrate the impor-
tance of permanent charge site cation exchange under different
environmental conditions.
2. Materials and methods

2.1. Montmorillonite suspensions preparation

Unless stated otherwise, all solutions were prepared using
ultrapure water (Milli-Q Gradient System, >18 MO cm) and ACS
grade chemicals without further purification. The montmorillonite
used in the experiments was SWy-2 montmorillonite (Source Clays
Repository of the Clay Minerals Society, CMS). It was pre-condi-
tioned and purified using the procedure reported in Zavarin et al.
(2012). Briefly, the montmorillonite was (1) pre-treated in a
0.001 M HCl solution to dissolve any soluble salts, (2) reacted with
a H2O2 solution to minimize the reducing capacity of any impuri-
ties, (3) treated in a 0.1 M NaCl solution to produce a homoionic
clay suspension, (4) dialyzed in Milli-Q water to remove excess
salts, and (5) centrifuged at 180g for 5 min and then 2500g for
6 h to isolate particles in the size range >2 lm and <50 nm for
use in the experiments. The clay was then dried at 40 �C.

A small portion of the dried clay was lightly ground then used
for a surface area measurement (N2(g)-BET Quadrasorb SI). The
particles had a surface area of 31.5 m2 g�1 which is consistent with
the reported value of 31.8 m2 g�1 (reported by the CMS). XRD pat-
terns were obtained on a Bruker D8 X-ray diffractometer and com-
pared favorably with the montmorillonite reference pattern from
the International Centre for Diffraction Data. No additional mineral
phases were observed indicating that the prepared montmorillon-
ite was relatively pure. The CMS reported a cation exchange capac-
ity of 764 meq kg�1 for the SWy-2 clay for the <2 lm size fraction.

Stock suspensions of the K, Ca or Mg exchanged montmorillon-
ite were prepared by dialyzing 5 g of pre-conditioned Na-montmo-
rillonite in 500 mL of 0.1 M KCl, CaCl2 or MgCl2, respectively (Kozai
et al., 1996). The electrolyte was changed every day for one week.
Following homoionization, the clays were washed repeatedly with
Milli-Q water to remove excess salts. For the sorption experiments,
suspensions of 2 g L�1 were prepared by diluting homoionized
clays in the appropriate electrolyte at ionic strengths of 0.1, 0.01
and 0.001 M.

2.2. Np(V) solution

The isotope 237Np was used in all batch sorption experiments.
Separation of 237Np from 233Pa was performed using the procedure
of Pickett et al. (1994). The Np oxidation state was manipulated by
heating in concentrated HNO3. The oxidation state of Np in the
purified solution was checked using a Cary 500 UV–Vis spectro-
photometer. Observation of a single absorption band at 979 nm
verified the presence of Np(V) (Waggener, 1958). For sorption
experiments, 237Np stock solutions of 5 � 10�4, 5 � 10�5, and
5 � 10�6 M were prepared.

2.3. Sorption batch experiments

Np sorption isotherms were performed using the Na, K, Ca, and
Mg-montmorillonite suspensions (2 g L�1) and spiking them with
237Np to achieve concentrations between 2 � 10�8 and
5 � 10�6 M. Experiments were carried out in polyethylene tubes
containing homoionic montmorillonite suspensions at three ionic
strengths: 0.1, 0.01 and 0.001 M. The pH was fixed to 4.5 in order
to isolate permanent charge site cation exchange as the unique
Np(V) sorption mechanism (Zavarin et al., 2012). The pH of each
experiment was checked with an Orion 920A pH meter and elec-
trode calibrated with three standard buffer solutions. Given the
acidity associated with the Np stock following purification, the
pH was readjusted to 4.5 with 0.1 M NaOH as necessary following
spiking. After spiking, the tubes were sealed and placed on an orbi-
tal shaker at room temperature for 6 days in order to achieve sorp-
tion equilibrium (Zavarin et al., 2012). The pH of the experiments
was checked at the final sampling point and a value of 4.4 ± 0.2
was found in all the samples. Due to the acidic nature of the
Np(V) spike and the need to adjust solution pH to 4.5, solution
ionic strengths increased upon addition of Np(V). However, cation
concentrations were monitored, as described below, so as to
account for any changes in solution composition.

The 237Np concentration was analyzed using a Perkin Elmer
Liquid Scintillation Analyzer (LSA) model Tri-Carb 2900TR in
alpha–beta discrimination mode. After the sorption period, total
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Fig. 1. Np(V) aqueous speciation as a function of pH in equilibrium with
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in Np(V) aqueous speciation as a function of ionic strength (pH = 4.5).
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Np activity in the suspension ([Np]tot) was measured. The differ-
ence between added Np and the Np in suspension was up to 13%,
indicating some Np sorption to tube walls. However, normalizing
all calculations to the total Np activity in suspension ([Np]tot)
avoided any artifacts associated with Np(V) loss to container walls
in our sorption distribution coefficient calculations. Samples were
then centrifuged at 7600g for 2 h to achieve a <30 nm particle size
cut-off. Np activity in the supernatant ([Np]sol) was then deter-
mined. Na+, K+, Ca2+ and Mg2+ concentrations in the supernatant
were determined by ion chromatography (IC) using a Dionex-ICS
600.

The sorption distribution coefficient, Kd (mL g�1), was calcu-
lated by means of the following equation:

Kd ¼
½Np�tot � ½Np�sol

½Np�sol

1
½mont� ð1Þ

where [mont] is the montmorillonite concentration in the suspen-
sion (g mL�1).

2.4. Np(V) speciation and sorption modeling

In this study, Np(V) speciation, Np sorption data fitting, and ion
exchange simulations were carried out using the FIT4FD code
(Zavarin et al., 2005). The FIT4FD modeling of sorption data and
determination of Np ion exchange selectivity coefficients was con-
ducted by fitting all sorption isotherms simultaneously. The FIT4FD
code allowed us to account for the unique cation composition of
each sample and the associated measurement uncertainties (see
Supporting Information). The simultaneous fitting of all ion
exchange data ensured that the resulting ion exchange constants
(and their associated uncertainties) were self-consistent across
the entire range of solution compositions examined. Ion exchange
selectivity coefficients were determined using both the Vanselow
and Gaines–Thomas conventions as described in detail in the fol-
lowing section.

The NEA thermodynamic database used for aqueous speciation
included the hydrolysis and carbonate complexation constants
selected by Lemire et al. (2001) and Neck et al. (1994) (see Sup-
porting Information). Activity correction was based on the Davies
equation.

The ion exchange reaction between a cation, B, with charge zB,
in the aqueous phase and a cation, A, with charge zA, at the cation
exchange site of a clay can be represented by:

zBClayðAÞ þ zABzBþ $ zAClayðBÞ þ zBAzAþ ð2Þ

The cation exchange reaction can be described in terms of selec-
tivity coefficients which indicate the sorption preference between
two ions of different charge and size for the exchange site. An
example of a calculation of the selectivity coefficient for an A/B
exchange is shown in Eq. (3). It should be noted that the selectivity
coefficient is not necessarily a true thermodynamic exchange con-
stant, since it has been shown, in some cases, to vary with factors
such as the exchanger composition or the clay tactoid size (Jensen,
1973; Tournassat et al., 2011).

In the literature, various conventions are used to define selec-
tivity coefficients. The Gaines–Thomas and the Vanselow conven-
tions are commonly used in different speciation codes and by
different authors (e.g. Gaines–Thomas convention: Bethke and
Yeakel, 2009; Bolt, 1982; Bradbury and Baeyens, 2000, 2009;
Maes and Cremers, 1977; Missana and García-Gutiérrez, 2007;
Parkhurst and Appelo, 1999; Poinssot et al., 1999; Tournassat
et al., 2007; Yariv and Cross, 1979; e.g. Vanselow convention:
Bethke and Yeakel, 2009; Fletcher and Sposito, 1989; Parkhurst
and Appelo, 1999; Schindler et al., 1987; Shaviv and Mattigod,
1985; Tournassat et al., 2007; Zavarin et al., 2005). In the case of
homovalent ion exchange where zA = zB, both conventions lead to
equivalent selectivity coefficients. However, in the case of hetero-
valent ion exchange, the two conventions are not equivalent.

Following the Gaines–Thomas convention (Gaines and Thomas,
1953), the selectivity coefficient (KGT) is expressed by:

B
AKGT ¼

ðEBÞzA ðaAÞzB

ðEAÞzB ðaBÞzA
ð3Þ

where aA and aB are the activities of the cations A and B respectively,
and EA and EB are the equivalent fractional occupancies. The equiv-
alent fractional occupancy is defined as the equivalents of sorbed
cation per unit mass of clay (eq g�1) divided by the cation exchange
capacity CEC (eq g�1).

In the Vanselow convention (Mcbride, 1994; Sposito, 1981), the
selectivity coefficient (KV) for the reaction is defined as follows:

B
AKV ¼

ðMBÞzA ðaAÞzB

ðMAÞzBðaBÞzA
ð4Þ

where MA and MB represent the mole fraction of the ion in the
exchange phase. The mole fractional occupancy is defined as the
moles of sorbed cation per mass (mol g�1) divided by total moles
in the clay exchange complex (mol g�1).

3. Results and discussion

3.1. Np(V) aqueous speciation

The ion exchange of Np(V) will be dependent on its speciation
in solution. Fig. 1 shows Np(V) aqueous speciation as a function
of pH at ionic strength 0.1 M in the presence of monovalent cations
(NaCl or KCl) and divalent cations (CaCl2 or MgCl2), for a Np(V)
concentration of 5.5 � 10�6 M (Np speciation did not change across
the range of Np concentrations used in this work (2.0 � 10�8 �
5.5 � 10�6 M), data not shown).

NpO2
+ is predicted to be the dominant aqueous species (>94.5%)

at the pH value (4.5) used in these experiments. However we note
that at pH 4.5 the uncharged species NpO2Cl0 will also be present,
albeit as a minor component (<5.5%). For the same ionic strength,
the percentage of NpO2Cl0 is slightly lower in the presence of
divalent cation (Ca and Mg) electrolytes, due to the lower Cl�
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concentration. The inset in Fig. 1 illustrates Np(V) aqueous specia-
tion as a function of ionic strength at pH 4.5. The percentage of Np
as NpO2

+ decreases slightly in favor of NpO2Cl0 as ionic strength
increases, but the percentage change (from 0% to 5.5%) is relatively
minor. Thus, the presence of NpO2Cl0 will not significantly affect
the ion exchange behavior of Np(V) over the range of solution com-
positions investigated.
3.2. Cation composition of batch sorption samples

Interpretation of Np ion exchange data requires consideration
of the concentration of all cations in solution at equilibrium. This
is important as the composition of the electrolyte varied due to
adjustments in pH made to counter the acidity of the Np(V) spike
addition and because the clay likely released trace amounts of
other cations or impurities not removed during the homoioniza-
tion process (Baeyens and Bradbury, 2004; Poinssot et al., 1999).
For example, it is possible that Al3+ will also be present in solution
due to dissolution of the mineral and this may affect exchange
constants at low ionic strength. Although not measured directly,
previous work indicates that Al3+ concentrations are likely to be
less than 10�6 M (Benedicto et al., 2014). Al3+ species were not con-
sidered in our modeling approach.

Fig. 2 shows the concentrations of Na+, K+, Ca2+ and Mg2+ mea-
sured in solution at the end of each experiment as a function of the
final Np concentration in solution. Significant levels of Na+ are
present in each sample in addition to the principal cation, as
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Fig. 2. Cation concentration of the electrolyte at the end of the experiment vs. final Np co
and 0.001 M in each system studied (Na, K, Ca and Mg-montmorillonite). The dashed line
specific cation quantification limits as a function of ionic strength are an artifact of th
analysis. Estimated error on cation concentration is 5% and is not shown on this plot.
expected. The Na+ concentration in solution increases with Np con-
centration and follows the same trend for all four sets of ‘‘homo-
ionic’’ ion exchange systems. The significant concentration of Na+

and trace amounts of other cations found in all solutions will likely
impact the ion exchange behavior of Np(V) on montmorillonite.
This effect was indeed observed in the Np(V) sorption data and is
described in the following section. Accordingly, it was necessary
to account for the actual fluid ion composition of each experiment
when determining Np(V) selectivity coefficients. An increase in
Ca2+ and Mg2+ concentration with increased Npsol concentration
was observed at the lowest ionic strength for the Na-montmoril-
lonite experiments. We cannot speculate further as to why such
an increase is observed but again we note that the actual measured
cation concentrations for each experiment were used in our mod-
eling effort.
3.3. Np(V) sorption data

Np(V) sorption to homoionic montmorillonite (Na, K, Mg or Ca)
suspended in corresponding electrolyte solutions (NaCl, KCl, MgCl2

or CaCl2, respectively) at three initial ionic strengths (0.1, 0.01 and
0.001 M) was measured over a range of initial Np concentrations
(2.0 � 10�8 � 5.5 � 10�6 M). The Np distribution coefficients (Kd)
as a function of the Np concentration in solution for each batch sys-
tem (Na-, K-, Ca- and Mg-montmorillonite) are plotted in Fig. 3. It
is important to note that Na+ concentration also changes as a func-
tion of Np concentration, as discussed previously.
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Fig. 3 shows a clear difference in sorption behavior between
Np(V) sorption in monovalent Na+/K+ solutions (Fig. 3a and b)
and divalent Ca2+/Mg2+ solutions (Fig. 3c and d). Kozai et al.
(1996) also reported lower Np(V) sorption on homoionic Ca- and
Mg-montmorillonite relative to K- and Na-montmorillonite.

At low ionic strength (0.001 M) and at low Np concentrations,
the Kd values in Na-montmorillonite and K-montmorillonite are
between 130 and 210 mL g�1. Comparison of these values with
other data from the literature is not straightforward given the
complex composition of the final electrolyte, as shown in Fig. 2.
Nevertheless, to a first approximation, these Kd values are higher
than the Kd of 24 ± 5 mL g�1 reported by Zavarin et al. (2012) for
montmorillonite in 0.01 M NaCl (pH 3 to 5) and much higher than
the Kd of 4–6 mL g�1 reported by Turner et al. (1998) for montmo-
rillonite in 0.1 M NaNO3 (pH < 5.5). Thus, this study in addition to
the work of Zavarin et al. (2012) and Turner et al. (1998) illustrates
a consistent pattern of ionic strength dependence of Np(V) sorp-
tion at low pH and provides strong evidence that sorption at low
pH is dominated by ion exchange processes on permanent charge
sites.

As the Np concentration increases, the Kd values decrease signif-
icantly for monovalent cation systems (Fig. 3a and b). Careful
examination of the background electrolyte composition (Fig. 2)
indicates that the ionic strength of the solutions increases with
Np(V) concentration due to the Np spike acidity compensation.
Thus, the apparent decrease in Np(V) ion exchange at higher
Np(V) concentrations may be more correctly attributed to changes
in ionic strength, as we will demonstrate in the following modeling
effort.

In monovalent exchange experiments, increasing the ionic
strength decreases Kd values, with minimal sorption seen at the
highest ionic strength (Fig. 3). The observation of low sorption at
high ionic strength is consistent with Zavarin et al. (2012) who
reported a Kd of <6 mL g�1 in 1 M NaCl solutions. Further, such
ionic strength dependence is consistent with the ion exchange
mechanisms detailed in reactions (3) and (4) which imply that
the extent of sorption of a cation will be dependent on the activity
of the competing cation (Langmuir, 1997).

A decrease in Np(V) sorption with increasing ionic strength is
not apparent in the divalent cation exchange experiments
(Fig. 3c and d). This is both due to the low Kd values (with corre-
sponding large associated uncertainties) and to the fact that
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changes in the divalent cation concentration have less influence
on absolute Kd values than changes in the monovalent cation con-
centration. Such behavior is consistent with the ionic exchange
mechanism. In the ion exchange processes represented in Eq. (2),
the theoretical dependence on ionic strength can be derived from
Eqs. (1) and (3). When the cation adsorbate B is present at trace
level, the dependence can be expressed as follows (Bradbury and
Baeyens, 1995):

zA logðKdÞ ¼ �zB log½A� þ log
B
AKGT ðCECÞzAczA

B

zzA
B czB

A

� �
ð5Þ

where [A] is the concentration of the cation A in solution (M) and cA

and cB are the solution activity coefficients of cations A and B.
Thus, for homovalent exchange (NpO2

+–Na+ or NpO2
+–K+) the

dependence of the logarithm of the distribution coefficients
(log(Kd)) with the logarithm of the concentration of the main ion
of the electrolyte log[A] is represented by a line with a slope of
�1. For NpO2

+–Ca2+ or NpO2
+–Mg2+ exchange, this dependence is a

line with slope �0.5.
Given the higher Np sorption observed in the presence of mono-

valent cations compared to divalent cations, we expect that
NpOþ2
Naþ K

and
NpOþ2
Kþ K selectivity coefficients to be significantly greater than

NpOþ2
Ca2þ K and

NpOþ2
Mg2þ K selectivity coefficients, as will be demonstrated

in the modeling efforts below.

3.4. Modeling Np(V) ion exchange on montmorillonite

For simple binary ion exchange experiments, the selectivity
coefficient between two cations can be determined by fitting
experimental data to equations 3 or 4. In our study, this approach
is not possible because solution conditions vary both in ionic
strength and in electrolyte cation composition (Fig. 2). As a result,

selectivity coefficients between cation pairs (e.g.
NpOþ2
Naþ K ;

NpOþ2
Kþ K ;

NpOþ2
Ca2þ K

and
NpOþ2
Mg2þ K cannot be fitted individually. The FIT4FD code allows

for the fitting of all batch isotherm data simultaneously and can
account for the measured cation composition (i.e. Na, K, Ca, Mg,
and Np) of each individual sample in the fitting process. In
addition, uncertainties for each measured cation concentration
can be accounted for in the minimization routine (see Supporting
(c) Ca-montmorillonite

-5 -8 -7 -6 -5
log [Np]

sol

(d) Mg-montmorillonite

) at pH 4.5 and ionic strengths of 0.001 M, 0.01 M and 0.1 M. Errors calculated from 2
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Information for all data and uncertainties). In principle, data fitting
could be performed such that selectivity coefficients, written as
binary reactions, are allowed to vary simultaneously to reach a
‘‘best fit’’. However, in reality, this approach leads to a poorly con-
strained problem. In addition, this approach leads to an unintended
fitting of selectivity coefficients between the major cations (e.g.
Kþ

NaþK , etc.) for which simple binary one-site selectivity coefficients
are well established in the literature. For example, if the data fit-

ting yields log
NpOþ2
Naþ KV

� �
and l log

NpOþ2
Kþ KV

� �
selectivity coefficients

of �0.34 and �0.31, respectively, it implies a log Naþ

Kþ KV
� �

selectivity
coefficient of (�0.34) � (�0.31) = �0.03. However, this value con-
tradicts the selectivity coefficient reported in the literature
(log Naþ

Kþ KV
� �

¼ 0:26 (Fletcher and Sposito, 1989)). To minimize
the number of fitting parameters in our modeling effort and to
ensure consistency with published ion exchange selectivity coeffi-

cients between the major cations (i.e. Kþ

NaþK ; Ca2þ

Naþ K and Mg2þ

Naþ K ), we

limited our fitting parameter to
NpOþ2
Naþ K while forcing the ion

exchange selectivity coefficients between Np and the other major
cations to be determined based on the major cation selectivity
coefficients reported in the literature

e:g: log
NpOþ2
Kþ KV

� �
¼ log

NpOþ2
Naþ KV

� �
� log

NpOþ2
Kþ KV

� �� �
.

A comprehensive table of Vanselow selectivity coefficients for
many major and minor cations (but not Np) and montmorillonite
was published by Fletcher and Sposito (1989). The relevant selec-
tivity coefficients used in the present modeling effort are repro-
duced in Table 1. Note that reactions with clay edges as
proposed by Fletcher and Sposito (1989) were not included in this
analysis as they were found to be insignificant at the low pH values
examined here.

A number of publications by Bradbury and Baeyens have
applied the Gaines–Thomas convention to various cation ion
exchange datasets (Baeyens and Bradbury, 1995, 1997; Bradbury
and Baeyens, 1995, 1997). In these models, the selectivity coeffi-

cient, log Ca2þ

Naþ KGT

� �
, was reported as 0.61. A log Mg2þ

Naþ KGT

� �
selectiv-

ity coefficient was not reported. However, based on results from
Fletcher and Sposito (1989), we assume that the Gaines–Thomas
selectivity coefficient for Mg–Na ion exchange will be similar if
not equivalent to Ca–Na. For homovalent ion exchange, the Vanse-
low and Gaines–Thomas conventions are equivalent. Thus, we can
use the Kþ

NaþK value of Fletcher and Sposito (1989) in a Gaines–Thomas
model without incurring any additional uncertainty (Table 1).

Importantly, all calculated ion exchange reaction constants
contain some level of uncertainty. These uncertainties are a combi-
nation of measurement uncertainty and uncertainty associated
Table 1
Reaction constants for Na, K, Ca, and Mg ion exchange on montmorillonite based on
the Vanselow and Gaines–Thomas conventions.

Reaction Log KV
a Log KGT

b

Mont(Na) + H+
M Mont(K) + H+ 0.10 0.10c

Mont(Na) + K+
M Mont(K) + Na+ 0.26 0.26c

2 Mont(Na) + Ca2+
M Mont(Ca) + 2 Na+ 0.17 0.61

2 Mont(Na) + Mg2+
M Mont(Mg) + 2 Na+ 0.17 0.61d

Mont(Na) + Ca2+ + Cl�M Mont(CaCl) + Na+ 2.28 2.28c

Mont(Na) + Mg2+ + Cl�M Mont(MgCl) + Na+ 2.26 2.26c

a Fletcher and Sposito (1989). Ka is equal to the Vanselow conditional equilibrium
constant, KV, assuming ideal mixing (i.e. activity coefficients for species on the solid
phase are equal to one).

b Bradbury and Baeyens (1995).
c Based on KV = KGT for homovalent ion exchange.
d Assumed based on similar reaction constant reported for Ca2+ and Mg2+ in the

Vanselow model.
with the choice of conceptual and numerical model. For example,
Tournassat et al. (2011) determined that clay tactoid size and orga-
nization will affect the apparent ion exchange properties of clays.
In addition, the composition of montmorillonites from different
sources can lead to differences in measured ion exchange proper-
ties. These effects are not addressed in the present modeling effort.
However, it is acknowledged that the resulting Np selectivity coef-
ficients are affected by our choice of a relatively simple one site ion
exchange conceptual model.

All data were fit simultaneously while allowing only the
NpOþ2
Naþ K

selectivity coefficient to vary. All other coefficients were taken
from Table 1 and a cation exchange capacity for SWy-2 of
764 meq kg�1 was used (value reported by the CMS). Both the
Vanselow and Gaines–Thomas conventions were tested. The
resulting constants are listed in Table 2.

The log
NpOþ2
Naþ K
� �

selectivity coefficients based on the Vanselow

and Gaines–Thomas conventions are �0.20 ± 0.03 and
�0.082 ± 0.04, respectively. The Np(V) selectivity coefficients with
respect to K+, Ca2+ and Mg2+ were determined (Table 2) based on

the fitted
NpOþ2
Naþ K selectivity coefficient and the fixed major cation

selectivity coefficients reported in Table 1. The
NpOþ2
Naþ K selectivity

coefficients determined using the Vanselow and Gaines–Thomas
conventions are similar, as would be expected for homovalent
exchange reactions. They are also within the range of selectivity
coefficients reported in or derived from previous studies for Np–

Na ion exchange on smectite (log
NpOþ2
Naþ K
� �

¼ 0:06 to �0.75; values

taken or derived from data in Bradbury and Baeyens, 2006;
Gorgeon, 1994; Kozai et al., 1996, 1993; Turner et al., 1998 and
Zavarin et al., 2012, see Supporting Information Table 6). The dif-
ference in Vanselow and Gaines–Thomas selectivity coefficients

is caused primarily by the differences in the fixed Kþ

NaþK ; Ca2þ

Naþ K and
Mg2þ

Naþ K ) selectivity coefficients used in the two models as shown
in Table 1. Residual errors reported in the FIT4FD code as WSOS/
DF (weighted sum of squares divided by the degrees of freedom)
(Zavarin et al., 2005) were 2.48 using the Vanselow convention
and 2.54 using the Gaines–Thomas convention, indicating a very
small improvement in the fit to the experimental data with the
Vanselow convention.

Fig. 4 compares the Np isotherm data (Kd vs. Np concentration
in solution) to the predicted values using the Vanselow fitted

log
NpOþ2
Naþ KV

� �
selectivity coefficient (�0.20) and associated values

from Table 1. Given the low Np sorption in the divalent cation
systems, values for corresponding Ca2+ and Mg2+ systems are pre-

sented together in the same plot. Fig. 4 shows that a single
NpOþ2
Naþ KV

fitted selectivity coefficient is able to predict Np(V) sorption
to montmorillonite fairly well over the wide range of solution
conditions considered in this study.

3.5. Simulation of Np(V) sorption on montmorillonite

In order to illustrate the independent effect of each major cation
(Na+, K+, Ca2+ or Mg2+) on Np ion exchange on montmorillonite
without interference from other cations in the electrolyte, Np sorp-
tion in mono-electrolyte solutions was simulated using the Vanse-
low ion exchange model developed above (Table 1). Fig. 5 shows
the predicted Kd values over a range of cation concentrations
(0.0001–1 M). At equivalent electrolyte cation concentration, Np
sorption is lower in divalent systems (Ca2+ and Mg2+) than in
monovalent systems (K+ and Na+). Further, the slope of the curves
is lower in divalent systems, as expected of sorption by ionic
exchange and as deduced from Eq. (5). Thus, for a homovalent
exchange (NpO2

+–Na+ or NpO2
+–K+) the dependence of the logarithm



Table 2
Fitted ion exchange reaction constants for Np(V).

N� free parameters Vanselow Gaines–Thomas

log KV WSOS/DFa log KGT WSOS/DF

1 Np–Na �0.20 (0.03)b 2.48 �0.082 (0.04) 2.54
Np–Kc �0.46 �0.34
Np–Cac �0.57 �0.74
Np–Mgc �0.57 �0.74

a WSOS/DF means weighted sum of squares divided by the degrees of freedom.
b Values in parentheses are the uncertainties in the reported values (at one standard deviation).
c Selectivity coefficients calculated from fitted Np–Na selectivity coefficient combined with fixed major cation selectivity coefficients.
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of the distribution coefficients (log(Kd)) with the logarithm of the
concentration of the main ion of the electrolyte log[A] is repre-
sented by a line with a slope of �1. For NpO2

+–Ca2+ or NpO2
+–

Mg2+ exchange, this dependence is a line with slope �0.5, as indi-
cated by the simulation (Fig. 5).

A result of the dependency of Np-montmorillonite exchange on
cation concentration shown in Fig. 5, is that high Kd values could be
reached in waters with low Na+ and K+ concentrations and in the
absence of divalent cations. For example, in waters with [Na] or
[K] of 10�4 M, Kd values of 3800 mL g�1 and 2400 mL�1 may be
achieved. However, such conditions are not characteristic of typical
natural waters.
3.6. Predicting Np(V) behavior in natural environments

By taking cation content information for a range of natural
waters (assuming Cl� as the electrolyte anion) (Bajo et al., 1988;
Banwart, 1995; Drever, 1997), it was possible to make predictions
of Np(V)-montmorillonite permanent charge site ion exchange Kd

values in these natural waters for [NpO2
+] = 5 � 10�7 M (Fig. 6). As

ion exchange on such sites is independent of pH, the calculated val-
ues are valid for the pH range of these waters. The aim of this effort
was to highlight natural scenarios where ion exchange might be
expected to play a significant role in Np sorption.

The highest ion exchange derived Kd values were predicted for
rainwater (water number 1: Kd = 48.1 mL g�1) and streams drain-
ing igneous rocks (water number 3: Kd = 31.3 mL g�1) which con-
tain Na, K, Na and Ca concentrations lower than 5 � 10�5 M. In
contrast, the Np(V)-montmorillonite ion exchange Kd value in sea-
water (water number 4) is predicted to be zero given the high
salinity. The Np(V)-montmorillonite ion exchange Kd values in
groundwater (water numbers 5, 6, 7, 8, 9, 10) vary between these
end member values as a result of variations in their major cation
composition caused by differences in associated bedrock, residence
time, or sea water intrusion. In general, for the same cation concen-
tration, divalent cations in waters affect Np(V) exchange on mont-
morillonite more strongly than monovalent cations. For example,
the Kd predicted in groundwater from volcanic rock and from the
Sierra Nevada Mountains (USA) (water numbers 6 and 7) are sim-
ilar (16 and 22 mL g�1, respectively), despite there being an order
of magnitude change in monovalent cations concentration. In con-
trast, when the difference in divalent cation concentration is an
order of magnitude, as is the case for waters number 5 and 6, the
respective Kd‘s are 16 mL g�1 for water number 6 and 3 mL g�1

for water number 5.
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It should be stressed that in these simulations (Figs. 5 and 6) the
intent was to focus solely on the permanent charge site ion
exchange component. As a result, the contribution of surface com-
plexation reactions to the overall Kd was not addressed. Turner
et al. (1998) predicted Kd values much higher than 50 mL g�1

(maximum value predicted in this study in rainwater, Fig. 6) at
pH > 7.5, where surface complexation can play an important role.
For a true estimation of total Np sorption (ion exchange on all pos-
sible sites and surface complexation) the pH, anion composition,
and redox conditions must also be taken into account.

However, it can be concluded that Np(V) ion exchange at per-
manent charge sites could be a relevant mechanism in neutral to
acidic pHs and low divalent cation concentration groundwaters.
4. Conclusions

In this study we have shown that Np permanent charge site ion
exchange is highly dependent on the major cation composition of
the aqueous system, being especially limited by the presence of
divalent cations such as Ca2+ and Mg2+ in solution. In many geo-
chemical systems under medium-acid pH conditions, Np(V) migra-
tion-retention will likely be strongly influenced by NpO2

+ ion
exchange on montmorillonite. In neutral to basic groundwater
conditions, ionic exchange becomes less significant to the total
Np(V) sorption and surface complexation of Np(V) will likely dom-
inate making understanding this process highly valuable.

A sorption model was developed on the basis of the experimen-
tal data and on the selectivity coefficients reported in the literature
for the exchange between major cations on montmorillonite. The
recommended selectivity coefficients for Np(V) ionic exchange on
montmorillonite, according to the Vanselow convention, are as fol-

lows: log
NpOþ2
Naþ KV

� �
¼ �0:20; log

NpOþ2
Kþ KV

� �
¼ �0:46; log

NpOþ2
Ca2þ KV

� �
¼

�0:57; log
NpOþ2
Mg2þ KV

� �
¼ �0:57. Their use in geochemical computer

codes will allow better predictions of Np(V) behavior in the
environment.

From the experimental data and the estimated selectivity coef-
ficients in this study, we can conclude that low salinity natural
water, low in divalent cations (Ca2+ and Mg2+), favors NpO2

+ sorp-
tion by ion exchange on montmorillonite. In contrast, Np(V) ion
exchange will be greatly supressed as divalent cation concentra-
tion increases towards millimolar values.
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