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ABSTRACT: Plutonium (Pu) adsorption to and desorption from mineral
phases plays a key role in controlling the environmental mobility of Pu. Here
we assess whether the adsorption behavior of Pu at concentrations used in
typical laboratory studies (≥10−10 [Pu] ≤ 10−6 M) are representative of
adsorption behavior at concentrations measured in natural subsurface waters
(generally <10−12 M). Pu(V) sorption to Na-montmorillonite was examined
over a wide range of initial Pu concentrations (10−6−10−16 M). Pu(V)
adsorption after 30 days was linear over the wide range of concentrations
studied, indicating that Pu sorption behavior from laboratory studies at higher
concentrations can be extrapolated to sorption behavior at low, environ-
mentally relevant concentrations. Pu(IV) sorption to montmorillonite was
studied at initial concentrations of 10−6−10−11 M and was much faster than
Pu(V) sorption over the 30 day equilibration period. However, after one year
of equilibration, the extent of Pu(V) adsorption was similar to that observed for Pu(IV) after 30 days. The continued uptake of
Pu(V) is attributed to a slow, surface-mediated reduction of Pu(V) to Pu(IV). Comparison between rates of adsorption of Pu(V)
to montmorillonite and a range of other minerals (hematite, goethite, magnetite, groutite, corundum, diaspore, and quartz) found
that minerals containing significant Fe and Mn (hematite, goethite, magnetite, and groutite) adsorbed Pu(V) faster than those
which did not, highlighting the potential importance of minerals with redox couples in increasing the rate of Pu(V) removal from
solution.

■ INTRODUCTION
The production and testing of nuclear weapons, nuclear
accidents, and authorized discharges of radionuclides have all
contributed to a global legacy of plutonium (Pu) contamination
in the environment.1−4 Pu mobility in the environment is a
topic of key concern because of its radiological toxicity and long
half-life (24 100 years for 239Pu). Due to the health risks of Pu
to humans, the EPA has established an extremely low drinking
water limit (15 pCi L−1/0.55 Bq L−1) which is equal to 1 ×
10−12 mol L−1 239Pu, 3 × 10−13 mol L−1 240Pu, or 4 × 10−15 mol
L−1 238Pu).5 Despite several decades of study, our under-
standing of the environmental behavior of Pu is far from
complete due to the wide array of factors which can
significantly influence its mobility. These include Pu redox
processes,6,7 colloid-facilitated transport processes,8,9 solubility
effects,10,11 sorption/desorption rates and affinities for natural
mineral surfaces,12,13 and interactions with natural organic
matter (including bacteria).14,15 It has been recognized that
colloid-facilitated transport is often a dominant mechanism
controlling Pu transport in the subsurface.8,9,16 Both the
formation of Pu oxide colloids (intrinsic colloids) at high
concentrations and sorption/desorption of Pu to mineral
colloid surfaces (pseudocolloids) are likely to be of environ-
mental significance.11,13,17 Development of reliable predictive
transport models, which are important for risk assessments of
both existing contaminated environments and the safety of

long-term disposal of nuclear waste, necessitates a detailed
understanding of the stability of Pu associated with colloids
(both intrinsic and pseudo).
The oxidation state of Pu strongly affects its environmental

mobility. Under typical environmental conditions, Pu can exist
in four oxidation states: Pu(III), Pu(IV), Pu(V), and Pu(VI).
Pu(III) has been observed under anoxic conditions and in the
presence of Fe(II) containing minerals.7,18,19 Pu(VI) was
observed to form in a solubility study at pH 7 with J-13
groundwater from Yucca Mountain under an inert atmosphere,
although it has been suggested that it will rapidly reduce to
Pu(V) in oxic natural waters.7,20−23 Pu(IV) and Pu(V) are the
more common species under mildly oxic environmental
conditions and also represent the oxidation states with the
highest (Pu(V)) and lowest (Pu(IV)) predicted subsurface
mobilities.21,22,24

Several environmentally relevant minerals have been shown
to alter the oxidation state of Pu present on their surface
although the actual reductant is not always clear.12,18,19,25 For
example, Pu(V) reduction to Pu(IV) has been observed, or
inferred, to occur on Mn(II) and Fe(III) minerals as well as
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silica and montmorillonite.6,13,17,25−27 Given that these Pu
oxidation states exhibit the lowest and highest sorption
affinities, respectively, understanding the way in which mineral
surfaces control Pu oxidation state is essential to predicting its
environmental behavior.
Aluminosilicate clays are ubiquitous in the environment and

improving our understanding of Pu sorption to these minerals
is important for accurate modeling of actinide transport rates.
One common aluminosilicate clay is montmorillonite, a 2:1
dioctahedral smectite and primary component of bentonite.
Bentonite is proposed for use within several engineered barrier
scenarios for underground nuclear waste repositories. 28

Accordingly, adsorption of Pu to clay minerals is a topic of
continued interest.13,28−30 Montmorillonite is an effective
sorbent for a range of metal cations, including Pu.13,30 Pu(IV)
Kd values from 10 000 to 40 000 mL g−1 have been reported for
smectite-rich sediments in the pH range 5 to 12. 29 Although
the high sorption affinity of Pu for montmorillonite suggests
the ability of clay minerals to contribute to actinide
immobilization (e.g., Pu(V) partitioning to Yucca Mountain
tuffs found a ubiquitous and preferential association of Pu with
smectite minerals 31), there are concerns that adsorption to clay
minerals may also enhance Pu mobility through colloid-
facilitated transport.8,9,13,16,30

The adsorption of Pu to smectite minerals has been found to
exhibit both pH and ionic strength dependency, indicating that
ion-exchange and surface complexation processes may be
relevant.13,28 However, surface complexation will dominate at
neutral to alkaline pHs. Surface complexation of metals on clay
and other mineral surfaces has often been described in terms of
two types of reactive surface sites: “strong sites” which have a
high chemical affinity for the metal species and control
adsorption behavior at low surface loadings and “weak sites”
that become significant at high pH in the presence of high
metal concentrations (when the strong sites are saturated).32−34

The inclusion of two site types is used to account for the
observed decrease in sorption affinity as a function of adsorbate
concentration (or surface loading).32,35,36 For example, Kd
values for Np(V) adsorption to goethite have been found to
differ by an order of magnitude at solution concentrations
below 10−11 M compared to higher concentrations.36 One
important implication for this observation is that actinide Kds at
the ultralow concentrations (10−12−10−16 M) found in the
environment may differ from Kds generated at the concen-
trations used in typical laboratory experiments (≥10−10 [Pu] ≤
10−6 M). Although a primary assumption of reactive transport
models, the validity of extrapolating Pu sorption behavior from
relatively high concentration laboratory experiments to the low
concentrations found in many field settings has not been
rigorously tested.
The principal aim of the current study was to investigate the

adsorption of Pu(V) to montmorillonite in experiments that
spanned both typical laboratory and environmental concen-
trations (10−6 to 10−16 M). In order to examine Pu sorption
over 10 orders of magnitude of concentration, three different
analytical techniques were used: accelerator mass spectrometry
(AMS), inductively coupled plasma mass spectrometry (ICP-
MS), and liquid scintillation counting (LSC). The use of AMS
allowed us to perform adsorption studies at unprecedented, low
Pu concentrations (10−15 to 10−16 M), which are representative
of environmental concentrations. Second, differences in the
adsorption behavior of Pu(IV) and Pu(V) to montmorillonite
were examined. The third aim was to compare the sorption

rates of Pu(V) to a variety of environmentally relevant mineral
phases using both data from the literature as well as data from
experiments performed in our lab. This study highlights the
importance of oxidation state in controlling Pu sorption, the
likely importance of redox active species within mineral phases
in controlling surface mediated reduction rates, and the
uniquely slow apparent sorption rates that result when obvious
redox active species are not present in a mineral phase.

■ MATERIALS AND METHODS
Montmorillonite Preparation. Unless stated otherwise, all

solutions were prepared using ultrapure water (Milli-Q Gradient
System, >18 MΩ.cm) and ACS grade chemicals without further
purification. Details regarding the preparation of SWy-1 montmor-
illonite (Source Clays Repository of the Clay Minerals Society) for use
in sorption experiments have been reported previously.13 Briefly, the
montmorillonite was treated with 0.001 M HCl and 0.03 M H2O2 to
remove soluble salts and minimize the oxidation/reduction capacity of
any impurities. The clay was then homo-ionized in 0.01 M NaCl
solution and dialyzed in MQ H2O to remove excess salts. The homo-
ionized clay was centrifuged at 180 g for 5 min and 2500 g for 6 h to
remove the >2 μm and <50 nm particles from the suspension. The
suspension was then dried at 40 °C. A portion of the dried
montmorillonite was resuspended in a 0.7 mM NaHCO3, 5 mM NaCl
buffer solution (pH 8) to make a suspension with a montmorillonite
concentration of ∼10 g kg−1. The stock solution was allowed to
equilibrate for several days prior to the start of sorption experiments.

A small portion of the dried montmorillonite was lightly ground and
used for a surface area measurement (N2(g)-BET Quadrasorb SI). The
particles had a surface area of 31.5 ± 0.17 m2 g−1, consistent with the
reported value of 31.8 ± 0.22 m2 g−1 (Clay Minerals Repository). The
XRD pattern (Bruker D8 X-ray diffractometer) matched the
montmorillonite reference pattern from the International Centre for
Diffraction Data. No other mineral phases were observed indicating
that the prepared montmorillonite was ostensibly pure. The amount of
0.5 N HCl extractable Fe was found to be 9.5 ± 0.6 × 10−6 molFe
g−1clay by the method of Lovley and Phillips.37

Plutonium Batch Sorption Experiments. Sorption experiments
were performed over a wide range of initial Pu concentrations (10−6−
10−16 M). In the following description we use the nominal terms high
concentration to refer to experiments initially spiked to Pu
concentrations of 10−6−10−11 M and low concentration for experiments
initially spiked to Pu concentrations of 10−12−10−16 M. The two types
of experiments were performed in separate laboratories in order to
minimize any potential contamination of the low concentration samples.

Pu Stock Solutions. A 242Pu stock (15.8% 238Pu, 5.1% 239+240Pu,
79.1% 242Pu by activity) and a 238Pu stock (98.8% 238Pu, 0.11% 241Pu,
and 0.1% 239Pu by activity) were used in the high concentration
sorption experiments. A New Brunswick Laboratory (NBL) Pu
reference material CRM-137 (33.5% 238Pu, 35.3% 239Pu, 31.3% 240Pu
by activity) was used in the low concentration sorption experiments.
Three different stock solutions were used in order to facilitate
measurement of the wide range of Pu concentrations used in the
experiments via the three techniques described below. The Pu stock
solutions were purified using anion exchange resin (BioRad AG 1 × 8,
100−200 mesh). The Pu concentration was determined by both LSC
(Packard Tri-Carb TR2900 LSA and Ultima Gold cocktail) and ICP-
MS (XSeries II, Thermo Scientific) using 233U as an internal standard.

Pu oxidation states in the stock solutions were manipulated by
heating in 1 M HCl to produce Pu(IV) and heating in concentrated
HNO3 followed by adjustment to pH 3 with NaOH and heating with
0.05 M hydrogen peroxide to produce Pu(V). Pu oxidation states were
determined using LaF3 coprecipitation and solvent extraction
techniques, as described in the Supporting Information (SI).13 We
note that minor variations in the purity of each oxidation state in the
various stocks did exist but did not appear to affect sorption data.

Sorption Experiments. All Pu(IV) and Pu(V) batch sorption
experiments were performed under air in 0.7 mM NaHCO3, 5 mM
NaCl buffer solution (pH 8) with 1 g L−1 montmorillonite. Pu(IV)
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and Pu(V) aqueous speciation for initial Pu concentrations of 10−10 M
in the buffer solution were calculated using the Geochemist’s
Workbench family of codes and thermodynamic data from
Guillaumont et al. (2003). 38 The results are shown in SI Figure S1.
Batch experiments were conducted in either 50 mL Nalgene Oak
Ridge polycarbonate centrifuge tubes (high concentration) or 500 mL
Nalgene polycarbonate bottles (low concentration). Higher volumes
were required in low concentration experiments to achieve the low
detection limits afforded by AMS. Pu(V) sorption experiments were
performed at low concentrations and high concentrations, while Pu(IV)
experiments were performed only at high concentrations. For Pu(IV)
experiments, where the stock solution was in 1 M HCl, NaOH was
added to the samples immediately prior to spiking in order to
neutralize the acidity associated with the Pu(IV) spike. This was not
necessary for Pu(V) experiments where the pH of the stock solution
was 3. Montmorillonite blanks (with no Pu) and Pu spiked blanks
(with no montmorillonite) were run in parallel. The pH of each
experiment was checked (Orion 920A with calibrated electrode) and
adjusted to pH 8.0 ± 0.2 using dilute NaOH or HCl within 10 min of
spiking. Typically, pH values remained within 0.2 units of the initial
pH over 30 days. Samples were placed on an orbital shaker at 125 rpm
at room temperature for the duration of the experiment. Samples were
kept in the dark in order to minimize photocatalyzed reactions that
may directly or indirectly affect the redox speciation of Pu.25,39 To
examine the differences in the rate of sorption between Pu(IV) and
Pu(V) a series of time-dependent experiments were also performed at
initial Pu concentrations of 10−6 M and 10−9 M.
To quantify the experimental errors involved in sorption experi-

ments, systems with an initial concentration of 10−11 M were run in
quadruplicate. The standard deviation at the 1σ level after a 30 day
sorption period was used as an estimate of experimental error for all
samples.
At each time point, samples were centrifuged to achieve a 50 nm

size cut off. Tests performed with 3 kD ultrafiltration devices
(Nanosep 3K Omega; approximate metric size discrimination: 1
nm) demonstrated that there was no difference in Pu concentration
between the supernatant and the ultrafiltered supernatant (SI Figure
S2). In high concentration experiments, aliquots of the supernatant were
removed and counted via LSC or removed and acidified to 2% HNO3
for analysis via ICP-MS. In low concentration experiments, aliquots of
supernatant were acidified to 2% HNO3 and analyzed using AMS (10-
MeV tandem accelerator at the Center for Accelerator Mass
Spectrometry (CAMS), Lawrence Livermore National Laboratory,
CA). AMS is an ultrasensitive analytical technique that can quantify
long-lived radionuclides at ultralow concentrations and routinely
achieves instrumental backgrounds of 105 atoms for actinide
elements.40 AMS analysis has been reported previously and included
isotope dilution using a nonisobarically interfering isotope of 242Pu
(99.99% 242Pu).40

■ RESULTS AND DISCUSSION
Sorption Rates of Pu to Montmorillonite. The rate of

Pu(IV) and Pu(V) sorption to montmorillonite was studied
using initial concentrations of 10−6 and 10−9 M Pu for each
oxidation state (Figure 1). The majority of Pu(IV) was sorbed
within the first hour (95% and 80% of 10−6 and 10−9 M Pu,
respectively). At both concentrations, sorption continued after
the first hour, but at a much slower rate, for the remainder of
the 30 day experiment. In contrast, Pu(V) sorption was initially
much slower: only 15% and 10% of Pu was removed in the 10−6

and 10−9 M experiments, respectively, after 1 h. Pu(V) also
continued to sorb to the montmorillonite for the 30 day
duration of the experiment. An initial fast rate of uptake
followed by a slower approach to equilibrium is a common
feature of previous time-dependent studies of Pu sorption to
other inorganic minerals.6,12,13,30,41 Differences in Pu(IV) and
Pu(V) sorption kinetics have previously been observed on
goethite and calcite and attributed to a rate controlling surface

mediated reduction of Pu(V) to Pu(IV).6,42 Thus, the slower
sorption in the Pu(V) systems compared to the Pu(IV) systems
is likely due to the slow reduction of Pu(V) on the
montmorillonite surface. Similarly, the period of slow sorption
observed in our Pu(IV) data is most probably an artifact of the
slow sorption of Pu(V) impurities in the stock solution. The
predicted aqueous speciation of representative Pu(IV) and
Pu(V) experiments ([Pu] 10−10 M) shows that Pu(IV) will
most likely be present as Pu(OH)4 in solution with carbonate
species unlikely to be important (SI Figure S1). In contrast, as
much as 30% of Pu(V) may be present as PuO2CO3

− with the
majority of Pu(V) present as PuO2

+ at pH 8. Thus, it is possible
that carbonate species will impact both the adsorption of Pu(V)
and reduction of adsorbed Pu(V) species. Unfortunately the
impact of carbonate species was not further investigated, as
solution conditions were kept constant to allow for comparison
between Pu(V) and Pu(IV) species over the range of
concentrations investigated. However, previous work has
indicated that total alkalinity values >100 meq L−1 are needed
for there to be a significant impact on adsorption of Pu(V) and
this is much greater than the total alkalinity used in the current
study (<1 meq L−1). 6

In the absence of montmorillonite, removal of 10−9 M Pu(V)
from solution was minimal (<3%), indicating that sorption to

Figure 1. Sorption of Pu(IV) (closed circles) and Pu(V) (open
circles) to SWy-1 Na-montmorillonite plotted as percentage of Pu
removed from solution vs time. The behavior of Pu(V) in mineral-free
systems is plotted for comparison (triangles). Initial Pu concentrations
were (A) 10−6 M and (B) 10−9 M. A t = 0 value of 0.1 h is used to
facilitate plotting on a log time scale which is necessary given the fast
removal of Pu(IV) from solution. Error bars calculated as described in
the Materials and Methods section.
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container walls is insignificant for this oxidation state and
concentration. However, the removal of 10−6 M Pu(V) from
solution in the absence of montmorillonite after 120 h is about
70%. In a similar but separate mineral-free Pu(V) sorption
experiment, both the bulk solution Pu and the supernatant Pu
were monitored as a function of time (SI Figure S3B). Based on
these data and reported Pu(V) solubility limits for natural
waters at circumneutral pH (∼10−6 M − ∼10−9 M) the loss of
Pu from the montmorillonite-free bulk solution at 10−6 M Pu is
most likely attributed to sorption and/or precipitation of Pu to
the vial walls although we are unable to speculate further on the
exact nature of this Pu.11,20,43 In a second parallel experiment
performed in the presence of montmorillonite, loss of Pu
activity from the bulk suspension was minimal while the
supernatant concentration decreased substantially (SI Figure
S3A). This indicates that the majority of Pu removed from
solution is associated with montmorillonite rather than the
container walls when the mineral is present. Thus, it is
important to note that at high concentrations, surface
precipitation of Pu may be contributing to the removal of Pu
from solution in mineral containing systems, as will be
discussed in the context of the sorption isotherm below.
Pu-Montmorillonite Isotherm. The sorption of Pu(V) to

montmorillonite was studied over an initial Pu(V) concen-
tration range of 10−6−10−16 M. After 30 days of equilibration,
the Pu(V) sorption isotherm is linear over this wide range of
initial Pu concentrations (Figure 2). Importantly, this linearity

suggests that Pu−surface interactions on montmorillonite at
typical laboratory concentrations (≥10−10 [Pu] ≤ 10−6 M) are
broadly similar to those operating at ultralow environmental
concentrations. The similarity in behavior is observed despite
the different Pu stock solutions used in the experiments and
small differences in the initial oxidation state of the stock
solutions. A separate isotherm with a narrower range of initial
Pu concentrations (10−9−10−11 M) but higher data density was
used to test whether data density across this wide concentration
range masks any nonlinear behavior and is shown on a linear

plot (Figure 2, inset). These data lead to the same linear
behavior as observed in the bulk Pu(V) isotherm, indicating
that the log−log plot does not mask major deviations in the
adsorption data.
Although the overall trend for the Pu(V) sorption isotherm is

linear, there is a noticeable deviation from linearity for the
highest concentration data-point (Figure 2). The solubility of
Pu(V) has been reported to vary from ∼10−6 M to ∼10−9 in
natural waters at circumneutral pH depending on the
experimental setup and the solubility limiting species.10,11,20,43

Thus, as has been discussed previously, the highest Pu
concentration used in this work (∼10−6 M) may exceed the
solubility limit of Pu(V) under the current experimental
conditions. Therefore, in this system it is likely that surface
precipitation on the clay surface (or bulk precipitation followed
by association with the clay surface) is occurring in addition to
adsorption. Further evidence that precipitation is occurring at
10−6 M is shown in SI Figure S4. This plot shows time-series
data for sorption experiments performed with diaspore (α-
AlOOH), as well as the montmorillonite time-series data, at
initial Pu(V) concentrations ranging from 10−6 M to 10−9 M.
The weak affinity of Pu(V) for diaspore at 10−9 and 10−8 M Pu
(below expected Pu(V) solubility) is in contrast to the apparent
strong sorption at 10−6 M. Thus, the data for Pu(V) sorption to
diaspore further demonstrates the potential for enhanced
removal of Pu caused by surface precipitation.
The slope of the Pu(V) isotherm is 0.98 ± 0.02 (r2 = 0.998)

on the log−log plot (Figure 2). Given the closeness of this
slope to unity, sorption can be considered linear and
Langmuirian in behavior. However, unlike traditional Langmuir
plots which exhibit a flattening of the isotherm as mineral
surface sites become saturated, the data remain linear at higher
concentrations, even perhaps steepening as the solubility limit
of Pu is reached. Previously, Bradbury and Baeyens estimated
strong site and weak site concentrations for SWy-1 Na-
montmorillonite of 2 × 10−3 and 8 × 10−2 mol kg−1,
respectively, and these values have been used in subsequent
modeling studies.34,44−46 In Figure 2 we have included these
maximum strong site and weak site concentrations. Plotting
these concentrations demonstrates that saturation of strong
sites is only achieved in the sample containing 10−6 M Pu.
Given that this sample shows signs of surface precipitation, it is
perhaps not surprising that flattening of the isotherm is not
observed: the effect of strong site saturation (i.e., reduced
uptake of Pu) is masked by the fact that surface precipitation of
Pu likely occurs at this concentration. Furthermore, under these
conditions, the existence of a weak site is not relevant since
precipitation will surely occur before any significant contribu-
tion of the weak site is observed. Importantly, the linear
sorption behavior observed here is consistent with the two site
model of Bradbury and Baeyens, since in the case of Pu,
precipitation at high concentration masks any possible
nonlinearity associated with the second site.45

In contrast to changes in adsorption behavior at high
adsorbate concentration as a result of surface site saturation,
recent work by Snow et al. has highlighted that changes in
adsorption behavior for Np may occur at ultralow concen-
trations.36,47 In the work of Snow et al., a change in Np(V)
sorption affinity for goethite was demonstrated by a marked
change in the slope of the adsorption isotherm at Np
concentrations below 10−11 M and was attributed to the
presence of a unique, low density adsorption site.36 This
behavior contrasts with the apparent linear behavior in the case

Figure 2. 30 day Pu(V) (circles) and 30 day high concentration Pu(IV)
(squares) sorption isotherms for SWy-1 Na-montmorillonite (1 g L−1)
in 0.7 mM NaHCO3, 5 mM NaCl buffer solution at pH 8. Included on
the plot are estimated strong site (horizontal dashed line) and weak
site (horizontal full line) concentrations for SWy-1 Na-montmor-
illonite.44 Inset shows higher density data on a linear plot for
comparison. Error bars calculated as described in the Materials and
Methods section.
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of Pu adsorption to montmorillonite observed in the present
work.
Kd values for Pu(V) sorption to montmorillonite ranged

from 1970 mL g−1 to 9100 mL g−1. However, this upper value
is the value for the 10−6 M system so likely includes a solubility
limited component, as discussed previously. Excluding this
value returns a Kd range of 1970−6700 mL g−1. This range
compares favorably with work by Runde et al. who reported a
Kd value for Pu(V) sorption on montmorillonite of 5800 mL
g−1 at pH 6.9 after a 10 day equilibration and Lu et al. who
obtained a value of ∼104 mL g−1 in Pu(V) montmorillonite
colloid experiments at pH 8.2−8.3 after a 21 day equilibra-
tion.30,43 Interestingly, in the present study, there is a trend
toward slightly lower Kd values as the aqueous Pu
concentration increases, but this difference is insufficient to
warrant speculation about the existence of an adsorption site
with a marginally higher sorption affinity for Pu at low Pu
concentrations.
High concentration Pu(IV) sorption experiments were run in

parallel to the Pu(V) experiments. The Pu(IV) sorption
isotherm at 30 days also demonstrates linear behavior with a
slope of 0.96 ± 0.03 (r2 = 0.995) (Figure 2). However, while
the slope is the same, within error, to that observed for the
Pu(V) data, the Pu(IV) sorption data exhibit a greater sorption
affinity for the montmorillonite surface at this time point. This
difference in behavior is consistent with the Pu time series data,
where Pu(IV) sorption is greater and more rapid than Pu(V)
over a 30 day time scale (Figure 1).
The high concentration Pu(V) sorption experiments were

resampled after 330 days (Figure 3). After almost a year, the

high concentration Pu(V) data isotherm retains its linearity
(log−log slope = 0.98 ± 0.06; r2 = 0.984). However, continued
sorption of Pu(V) over this period means that the isotherm has
shifted toward the Pu(IV) 30 day isotherm data. Further,
continued sorption demonstrates that the Pu(V) sorption
process did not reach equilibrium after 30 days. In the mineral
free Pu(V) system at 10−9 M, there was a 13% decline in
solution concentration over this one year time scale, as
compared with 78−90% in mineral containing systems. This

confirms that sorption of Pu to the montmorillonite surface is
responsible for the continued slow removal of Pu(V) from
solution.
Given that the slope of the Pu(V) data at high concentrations

remains unchanged, that it is similar to the slope of the Pu(IV)
data, and that the Pu(V) isotherm moves toward the Pu(IV)
isotherm after one year of equilibration, we conclude that the
relative sorption of Pu to montmorillonite in these experiments
is not only independent of initial Pu concentration but also
independent of initial oxidation state over long enough time
periods. Importantly, the approach to equilibrium is very slow.
A slow approach to equilibrium has previously been predicted
and observed for Pu(V) adsorption to montmorillonite and is
attributed to the continued reduction of Pu(V) on the mineral
surface.13,30 Thus, in the present work, we suggest that the
eventual similarity in Pu(V) and Pu(IV) adsorption to
montmorillonite is due to the slow reduction of Pu(V) to
Pu(IV) on the mineral surface which leads to similar Pu
oxidation state distributions on the montmorillonite. Impor-
tantly, these Pu(V), and to a lesser extent Pu(IV), data
highlight that the time scales needed to achieve thermodynamic
equilibrium in systems containing complex minerals and redox-
active species may be on the orders of months to years, in
contrast to typical adsorption experiments which are performed
on the scale of days to weeks.6,26,30,43

If slow reduction of Pu(V) to Pu(IV) is responsible for the
continued removal of Pu from solution, it is interesting to
consider the processes responsible for the reduction of Pu(V).
Previous suggestions for Pu reduction mechanisms in the
presence of mineral phases include Pu(V) disproportionation,
the presence of a reductant such as Fe(II), electron shuttling in
certain oxide phases, and self-reduction by α particle induced
radiolysis products.25,27,48,49 Also, a previous study has
demonstrated that Pu(V) reduction to Pu(IV) on montmor-
illonite may be facilitated by H+ exchange sites.13

Self-reduction and disproportionation mechanisms at the
trace Pu concentrations used in the majority of these
experiments are unlikely and have recently been ruled out by
Romanachuk et al., while the alkaline pH value (pH 8) used in
the current work means that reduction at H+ exchange sites is
unlikely to be a significant mechanism.48 The presence of Fe
species within clay has been used to explain the reduction of
Pu(V) by sediments from the Savannah River Site, SC.49

Despite initial attempts to remove free Fe from the clay used in
our experiments, structural Fe will nonetheless remain.50 The
0.5 N HCl extractable content of the treated clay was 9.5 ×
10−6 molFe g−1clay. With the solid:solution ratio of 1 g L−1

montmorillonite used in these experiments, there is likely
sufficient Fe in the montmorillonite to reduce all of the Pu(V)
present (i.e., there is a 3-fold excess of Fe compared to Pu(V) at
the highest Pu(V) concentration used in these experiments).
Although we do not know the oxidation state of the structural
Fe present in the montmorillonite, a recent study of SWy-2 Na-
montmorillonite (from the same location as SWy-1) demon-
strated that all of the structural iron present in the clay was
redox active.51 Thus in the present work, reduction by redox
active structural iron in the montmorillonite could be a viable
mechanism for the slow reduction of Pu(V) on the clay surface.

Comparison of Apparent Pu Sorption Rates. In order
to highlight the importance of mineralogy, and in particular the
importance of redox-active species in controlling Pu sorption
rates, we examined the apparent rates of Pu(V) sorption to a
variety of minerals. Apparent first order sorption rate constants

Figure 3. 30 day Pu(V) (circles), 30 day high concentration Pu(IV)
(squares), and 1 year high concentration Pu(V) (triangles) sorption
isotherms for SWy-1 Na-montmorillonite (1 g L−1) in 0.7 mM
NaHCO3, 5 mM NaCl buffer solution at pH 8. Error bars calculated as
described in the Materials and Methods section.
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are commonly obtained by calculating the slope of the linear
portion (far from equilibrium) of a plot of ln(C) versus time.13

However, this is difficult to achieve when adsorption is rapid
and/or when experimental data are sparse. One approach to
overcoming these limitations is to fit the adsorption data with a
simple first order model containing terms for a forward
adsorption rate constant and a reverse desorption rate constant.
By surface area normalizing the forward rate, we can generate a
consistent, yet qualitative value that allows us to compare rates
across a wide range of mineral data (details provided in SI) as
well as data from previously published studies. Calculated rate
constants from this study were compared to unpublished pH 8
rate data from our laboratory for Pu(V) sorption to groutite (α-
MnOOH), goethite (α-FeOOH), diaspore (α-AlOOH),
corundum (α-Al2O3), gibbsite (Al(OH)3), and high purity
quartz (SiO2) as well as previously published sorption rate data
for Pu(V) sorption to hematite (α-Fe2O3), goethite (α-
FeOOH), and magnetite (Fe3O4) at pH 8.12,25

A plot of the log of the apparent sorption rate constants for
these various mineral phases against the initial concentration of
Pu used in each experiment is shown in Figure 4. There is a

clear difference in the Pu(V) sorption rate constants for Fe/Mn
containing mineral phases (goethite, groutite, hematite,
magnetite) versus mineral phases with little or no Fe/Mn
(corundum, diaspore, gibbsite, montmorillonite, quartz). The
rate constant for quartz is higher than other non Fe/Mn
containing minerals yet still lower than the Fe/Mn mineral
rates. This is consistent with the findings of Lu et al. who
observed that sorption rates for Pu(V) followed the trend
hematite > silica > montmorillonite.30 Although the mineral
point of zero charge (p.z.c.) likely plays a role in the uptake of
Pu(V) and may account for the faster rate seen in the case of
quartz (see SI Table S1), the lack of correlation between p.z.c.
and apparent sorption rate suggests that surface charge effects
play a secondary role in Pu(V) uptake. Previous studies have
demonstrated that Fe oxyhydroxides can effectively reduce
Pu(V) to Pu(IV) on the mineral surface.6,12,18,25,26,52 Similarly,
although the redox behavior of Mn oxyhydroxides is somewhat
more complicated, rapid Pu reduction has been observed in the

presence of Mn(II) and Mn(III) bearing minerals.27,41,53,54

Thus, for the minerals compared here, it would appear that the
presence of a mineral phase with the ability to effect rapid
reduction of Pu(V) (i.e., a redox active component) contributes
to higher apparent sorption rates. However, in the case of
montmorillonite, it seems that either the low concentration of
Fe present limits the rate of reduction of Pu(V) to Pu(IV)
compared to the pure Mn/Fe containing minerals or the
structural Fe does not effect the reduction of Pu(V). The
former conclusion is consistent with the findings of Hixon et al.
who found that rates of Pu reduction by clay minerals were
correlated with the Fe(II) content of the clays. 49 The latter
observation suggests that there may be other processes causing
reduction/slow uptake of Pu(V) from solution by montmor-
illonite.
The comparison of apparent adsorption rate constants

highlights the likely importance of Pu(V) reduction to Pu(IV)
in controlling the uptake of Pu(V) from solution in the
environment and further demonstrates the key role which Fe/
Mn containing minerals are likely to play in this process.
Together with the observations from the adsorption isotherms,
the rate data demonstrates the importance of both long-term
adsorption studies and desorption experiments to fully describe
environmental systems where multiple processes, such as redox
transformations, sorption affinities and sorption/desorption
rates are expected to control the rate, extent, and permanency
of Pu uptake.
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