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ABSTRACT: The objective was to study plutonium parti-
tioning between immobile and mobile humic materials at the
water−solid interfaces. Immobilization of the humic materials
on solid supports was performed in situ using self-adhesive
silanized humic derivatives. The presence of the humic
adlayers on solid supports was shown to significantly enhance
Pu sorption and its retention under both steady state and
dynamic conditions. While plutonium may exist in multiple
oxidations states plus colloidal forms, the major thrust in this
work was to study the behavior of most mobile − the PuO2

+

form in dilute solutions. The values of the plutonium partition
coefficients (Kd) between water and humics-coated silica gels
after 10 days exposure reached 1.6 × 104 L·kg−1 at pH 7.5
under anaerobic conditions with a total plutonium concentration of 1.2 × 10−8 M exceeding those for the uncoated SiO2 (6.3 ×
102 L·kg−1). Column tests showed substantial sequestration of water-borne plutonium (up to 73%) on the humics-coated silica
gels. Remobilization experiments conducted under batch conditions at different pH values (3.5, 4.5, 7.5) showed that no more
than 3% of the sequestered Pu was remobilized from the humics-coated silica gels by treatment with dissolved humic materials at
environmentally relevant pH of 7.5. Consequently, silanized humic materialas can be seen as both molecular probes and as
potent candidate materials for scavenging mobile Pu from an aqueous phase.

■ INTRODUCTION
The continuing problems encountered with nuclear reactors at
the Fukushima-1 Nuclear Power Plant in Japan, which were
damaged by the disastrous earthquake and tsunami in 2011,
have renewed the public’s and scientific concerns with respect
to radioactive pollution, and plutonium contamination.1,2 In
contrast to Chernobyl, only minute amounts of Pu were found
in Japan.1,2 Still, release of plutonium into aquatic environments
is particularly dangerous given the mobility of high-valent
species of plutonium (i.e., plutonoyl ions (PuO2

+). The
migration of plutonium, as well as other actinides, can be
facilitated by mobile colloids consisted of natural organic matter
(e.g., humic materials) or retarded by immobile phases.3−7

The colloid-facilitated transport of actinides has attracted
considerable attention following the pioneering work of
McCarthy and Zachara.8 And since then extensive evidence
finds for colloid facilitated mobilization of actinides, both in
field studies9,10 and in laboratory experiments.5,11,12 On the

other hand, a retarded transport of actinides in porous media,
such as soils and sediments, has been reported as well.13−15 The
direct correlations between accumulation of Pu and the content
of total organic carbon (TOC) in soils and sediments were
observed.17,18 It was also reported that the migration rate of Pu
can be reduced substantially with an increase in the soil’s
organic content.16,19

These above cited studies have motivated numerous
investigations regarding the impact of humic substances (HS)
on actinide transport in aquatic systems and soils.15,20−22 HS
comprise of 50−80% of natural organic matter (NOM),23 and
their molecular structures include reducing and complexing
units, which provide for both redox and complexing
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interactions with plutonium and other actinides.15,20,24

Comparable interactions with plutonium are characteristic of
bacterial exopolymers as recently reported in the literature.25,26

Given that these humic materials occur throughout the
environment both in mobile colloidal and immobile organo-
inorganic states they can be considered as important matricies
for manipulating and controlling actinide migration.
We have focused on exploring plutonium interactions with

mobile and immobile humic materials which were specifically
modified to acquire adhesive properties with solid materials.
Previously, we have reported that Pu(V) was efficiently
sequestered by humic adlayers formed due to self-assembly of
the silanized HS at water−solid interfaces using experimental
batch conditions.28,29 Those findings hold promise for using
humic coatings for scavenging water-borne actinides in higher
valence states. Thus, the specific objectives of these studies
were first, to estimate plutonium partitioning onto humic
adlayers under dynamic conditions, and second, to estimate the
remobilization potential of the scavenged plutonium by mobile
humic materials. These issues are of primary concern for
practical applications of humic coatings for preventing or
retarding migration of water-borne plutonium and other
actinides.
To achieve the above objectives, we used the mineral-

adhesive humic derivatives developed in our research
group,30,31 to prepare the HS-coated, solid supports. The
corresponding derivatives are prepared by reacting carboxyl
groups of humic polyanions with amino groups of 3-
aminopropyltrimethoxysilane (APTS). The specific feature of
these silanized derivatives is their ability to dissolve in water
and then to attach to hydroxyl-carrying surfaces via Si−O−Si or
Si−O−M bonds producing humic adlayers at the water−solid
interface as schematically shown in Figure 1A. Covalent
bonding is of particular importance as it precludes the facile
mobilization of a humic adlayer and any contaminant bound to
it. This makes the silanized humic derivatives perfect surface
probes for self-assembly of humic adlayers on surfaces of
oxidized silicon substrates (e.g., silica gel) aimed at mimicking

geochemical interfaces in natural soil- or sediment- systems.
The self-assembled humic adlayers were then used to explore
Pu(V) sequestration under laboratory conditions, and to
determine the potential for remobilization via mobile organic
matter. The corresponding experimental scheme is shown in
Figure 1B,C.

■ EXPERIMENTAL SECTION
Materials and Chemicals. All reagents used in the

experiments were of analytical grade. KOH and HCl were
used for humic materials isolation, and KH2PO4 and
Na2HPO4·12H2O were used to prepare 0.03 M buffer
solution. Silica-gel 60 (Merck) with a specific surface area of
540 m2/g was used as a solid support for immobilization of the
humic derivatives. Silica gels have specific surface area
comparable to those of clay minerals which are major carriers
of organic adlayers in the subsurface. The sufficiently similar
surface properties justify the use of silica gel as a surrogate for
subsurface media. Leonardite humic acid was isolated from
commercially available potassium humate (Powhumus) pro-
duced by Humintech Ltd., Germany, by acidifying solution of
potassium humate to pH 2 and dialyzing the resulting
precipitate of humic acids. The isolated humic acid was
designated CHP and used for synthesis of silanized humic
derivatives with different degrees of modification as described
in our previous publications.30,31 Modification protocol and
characteristics of the silanized derivatives are given in the
Supporting Information (SI).

Immobilization of the Silanized Humic Materials on
Silica Gels. To incorporate the silanized humic materials on
silica gel, a 100 mL solution of the respective CHP derivative at
a concentration of 5 g·L−1 was added to 1 g of silica gel in a
0.028 M phosphate buffer at pH 6.8 and then shaken for 48 h
until sorption equilibrium was reached. Decreases in humic
derivative concentration were monitored by measuring its UV-
absorbance at 254 nm. The silica-gel was then centrifuged and
washed repeatedly with distilled water. The product obtained
was then dried in a vacuum desiccator over P2O5 for 48 h and

Figure 1. Schematic representation of humic coating immobilization onto silica gel by self-assembly of mineral-adhesive silanized HS (A) followed
by Pu(V) sequestration onto immobilized organic coatings (B) and its remobilization in the presence of mobile humic substances (HS) (C).
(PuO2

+)mob designates mobile water-borne plutonium: Puseq stands for plutonium sorbed onto humic adlayers; and Puremob stands for plutonium
remobilized by mobile HS.
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labeled CHP-APTS-X-SiO2 (where X stands for a value of
modification degree: 20, 50, or 100). The content of humic
material in the resultant products was calculated from the
measured loss of CHP-APTS-X in solution. The contents of
carboxyl groups in the same products were determined using
calcium acetate technique as described elsewhere.32

Stock Solutions of Pu(V). The Pu(IV) solution was
purchased from RIAR (Dimitrovgrad, Russia) as an isotopic
mixture of Pu-238 (1.14%), Pu-239 (12.47%) and Pu-242
(86.39%) (% refers to activity distribution). Stock solutions of
Pu(V) were prepared from the Pu(IV) solution as described
elsewhere.33 In brief, Pu(IV) was first oxidized to Pu(VI) and
then reduced to Pu(V) under controlled conditions using
chemical redox reactions. The Pu(V) was separated from the
residual Pu(IV) and Pu(VI) using solvent extraction as
described by Morgenstern and Choppin.34 For our purpose,
an aliquot of the Pu(V) solution (50 μL) was diluted with Milli-
Q water (1.5 mL), acidified with 3.3 M HCl (0.6 mL) and
mixed with 1 mL of 6.7% di-(2-ethylhexyl)-phosphoric acid
(HDEHP) in toluene. By measuring the activity in the water
and organic phases using liquid scintillation counting (LSC,
TriCarb2700TR, Canberra Ind., Australia), the conversion of
Pu(IV) to Pu(V) was determined to be 85%. The final
concentration of Pu(V) stock solution was 1.26 × 10−6 M at
pH 5.
Solutions of Humic Material. A known weight of dry

humic material was dissolved in a few drops of concentrated
NaOH, diluted with 50 mL of Milli-Q water, and then
neutralized with HClO4. Concentration of the humic material
in the stock solution was 270 mg·L−1.
Experiments on Pu(V) Interactions with the Mobile

Humic Solutes. All experiments on Pu(V) interactions with
the dissolved humic materials were carried out in a glovebox
flushed with high-purity Ar gas to remove oxygen and CO2.
This was done to exclude competitive interactions of Pu with
carbonates in the model system. The sample vials were
wrapped with aluminum foil to prevent any photolysis of the
humic materials due to exposure to daylight. Work solutions
were prepared by spiking 40 mL of deionized water with stock
solutions of Pu(V) (70 μL) and humic materials (1.5 mL) to
yield final concentrations of 2.26 × 10−9 M and 10 mg·L−1 for
Pu and HS, respectively. Next, the pH was adjusted to 7.5 with
either HClO4 or NaOH. The Pu(V) concentrations were
monitored by sampling the work solutions at selected time
intervals and analyzed by a solvent extraction technique34 as
desribed in SI.
Kinetic and Sorption Experiments on Pu(V) Partition-

ing to Humics-Coated Silica-Gels. All experiments were
carried out in a glovebox flushed with high-purity Ar gas to
remove oxygen and CO2. For kinetic studies, a known weight of
the humics-coated silica gel (7 mg) was introduced into the
plastic tube, added with 20 mL of deoxygenated Milli-Q water,
and spiked with 200 μL aliquot of the Pu(V) stock solution to
acquire a total plutonium concentration of 1.2 × 10−8 M. The
pH was then adjusted to 7.5 using HClO4 or CO2-free NaOH
solutions. The tubes were then sealed, shaken, and kept in the
dark in the glovebox over 10 days). The solutions were
periodically sampled for determining plutonium concentrations
using LCS. Data obtained were used for calculating Kd
according to the equation:

=
−

·K
C V

m
(Pu) [Pu]

[Pu]d
0 sol

sol (1)

where C0(Pu) is the total concentration of Pu, [Pu]sol is the
residual concentration of Pu in the solution, V/m is the volume
to mass ratio (L·kg−1). The measured value of the Kd coefficient
was used to calculate the KOCthe partition coefficient
normalized to the organic carbon content (OC) in the
humics-coated silica gel (KOC, L·kg

−1).
For the sorption experiments, a known weight of the humics-

coated silica gel (17.5 mg) was added to 50 mL of deionized
Milli-Q water and spiked with different amounts of Pu(V) stock
solutions. The pH of these solutions was adjusted to 7.5. In
these experiments, the Pu concentration varied from 5.15 ×
10−9 to 5.10 × 10−8 M with a constant ratio of solid to liquid of
0.35 g·L−1. After 10 days for establishing equilibrium, the vials
were centrifuged, and the Pu concentrations in the solution
were measured using LSC. Uncoated silica gel was used as a
reference material in the control experiments. Sorption data
were then fitted to the Langmuir isotherm:

= ·
·

· +
Q Q

K
K

[Pu]
[Pu] 1max

sol

sol (2)

where K and Qmax are the values of adsorption constant (L·
mol−1) and maximum sorption of Pu(V) on the solid phase
(mol·kg−1), respectively; [Pu]sol is the equilibrium plutonium
concentration in the solution (mol·L−1).

Flow-Through Column Experiments on Pu(V) Seques-
tration by Immobile Humic Materials. Flow-through
experiments were conducted using a chromatography system
composed of a LC pump (Abimed), glass column (1.5 cm i.d.
and 10 cm length) packed with silica-gel, an UV detector
(Abimed) and a fractional collector (Abimed) were employed.
Deionized water was used as a mobile phase at a linear flow rate
of 0.1 mL·min−1. The Darcy flow through the water-saturated
silica gel was 0.8 m·day−1, the average pore water velocity was
1.9 m·day−1. Porosity of the silica gel was 0.43. Its bulk density
was 0.43 g·cm−3. The void volume of the column was 8.5 mL as
determined from the breakthrough curve of HTO (1 × 10−9 M
tritium). The latter was injected into the column as a pulse of
0.5 mL. Fractions of 1 mL were collected and analyzed by LSC
to determine the tritium elution profile. Then 0.5 mL of the
solution of PuO2

+ with a concentration of 1.03 × 10−8 M at pH
7.5 was injected into the same column. As in case of tritium,
fractions of 1 mL were collected. They were analyzed by the
extraction- LSC technique to determine the plutonium elution
profile. Then, the solution of the CHP-APTS-100 derivative at
a concentration of 1.54 g·L−1 was eluted through this silica-gel
column for 24 h until the UV absorbance of the column
effluent reached a plateau. The eluent was then switched to
deionized water and eluted for 24 h to remove any weakly
bound humic derivative from the column. And finally, 0.5 mL
of the same solution of PuO2

+ with a concentration of 1.03 ×
10−8 M was injected into the column treated with CHP-APTS-
100. This Pu(V) solution was then eluted as described above
from the column using deionized water as an eluent.

Plutonium Remobilization Experiments. The remobili-
zation experiments were conducted in the glovebox flushed by
Ar free of CO2. Uncoated SiO2 and CHP-APTS-100-SiO2 were
used for this purpose. They were first loaded with Pu using
sorption experiments at three different pH as described in the
SI. Then each solid phase was centrifuged and suspended in 20
mL of humic material solution with a pH being identical to the
initial experimental solutions (3.5, 4.5, or 7.5). Humic-material
solutions contained 10 mg·L−1 of CHP or CHP-APTS-100
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derivative. The amount of remobilized Pu was determined by
sampling the solutions at the specific time intervals (by taking
1.5 mL aliquots) and measuring the Pu content using LSC. The
initial amounts of Pu bound to SiO2 and to the humics-
modified silica gels were calculated during the sorption
experiments and accounted for 7.6 × 10−7 and 8.4 × 10−4

mol·kg−1, respectively. The fraction of desorbed Pu was
calculated by eq 3:

= · ·
I
I

Pu
20
1.5

100%desorb
sol

tot (3)

where Pudesorb is the fraction of remobilized plutonium, Isol is
the counting rate of the sampled solution aliquot, Itot is the
counting rate of Pu-loaded solid phase. Twenty (mL) is the
total volume of the experimental solution, 1.5 (mL) is a size of
the sampled solution aliquot.

■ RESULTS AND DISCUSSION
Plutonium Interactions with Mobile Humic Materials.

We have conducted kinetic experiments on Pu interactions with
the humic solutes using the parental humic material CHP and
the silanized humic derivative CHP-APTS-100. Resultant
kinetic curves are shown in Figure 2.

A decrease in Pu(V) content in the solution can be seen with
both the parental HS and its silanized derivative. However, the
latter is characterized by a slower kinetics and smaller degree of
removal as compared to the parental HS. The observed
reduction of Pu(V) via natural humic materials corroborates
well with the corresponding literature data14,25 and our
previous results.29 At the same time, the lower performance
of the silanized HS reflects the important role of carboxyl
groups and complexation with respect to Pu(V) redox
interactions with the humic materials.20,21 The modification
of the HS decreases their ability to form complexes with PuO2

+,
which then results in the decline of their reducing capacity.
Similar observations were reported for redox-sensitive
actinides.3,9,20,21

To confirm that the observed reduction of Pu(V) resulted
from complexation with the electron-donating HS rather than
from disproportionation to Pu(IV) and Pu(VI), the stability of
Pu(V) in the absence of humic materials was monitored in the

blank experiments. The latter study revealed that Pu(V)O2
+

was stable for a month in the neutral pH conditions (data are
not shown). In addition, there was no plutonium sorption as
observed on the vial walls in the solutions of the both humic
materials studied. These results indicated that plutonium(V)
partitioning to the mobile humic materials was accompanied by
complexation and followed by reduction to a lower valence
state.

Plutonium(V) Partitioning to the Immobile Humic
Materials. To study the interactions of waterborne plutonium
with immobile humic coatings in aquatic environments, we
designed batch experiments where the silica gels were coated
with the humic adlayers formed by self-assembly of silanized
humic derivatives, which possessed different degrees of
modification (20, 50, and 100%). Anaerobic conditions were
used in our tests to provide favorable conditions for reducing
Pu(V) by humic materials as shown in our previous
publication.29 Anaerobic conditions are not uncommon in
aquifers, sediments, and gleyic soils. Corresponding kinetic
curves and sorption isotherms of Pu(V) on the humics-coated
silica gels are shown in Figure 3A and B, respectively.
Removal kinetics of Pu from the test solutions was rather

slow and approached steady state by the tenth day of exposure
(Figure 3A). For this reason, data from the 10th day of
exposure were used for calculating Kd and Koc values for the
humics-coated silica gels (Table 1). It can be seen that Pu(V)
had stronger sorption affinities for the humics-coated silica gels
as compared to the uncoated SiO2. All isotherms were of the
Langmuir type (Figure 3B). Fitted sorption parameters as well
as the characteristics of the humics-coated silica gels (the
content of bound humic materials per weight of silica gel (mHS)
and the amount of residual carboxylic groups (COOH) in the
humics-coated silica gels) were summarized in Table 1.
The silica gel modified with the humic derivative having the

lowest degree of modification (CHP-APTS-20) had the highest
affinity for Pu(V). The corresponding value of the sorption
constant was 1.1 × 105 L·kg−1. However, maximum sorption
was a factor of 2 lower (1.3 mol·kg−1) compared to the more
modified derivatives (2.7−2.9 mol·kg−1). This finding is
understood as the magnitude of the sorption constant is
determined by the strength of the binding centers inherent in
the adsorbent, whereas the maximum sorption is determined by
the total quantity of the binding centers available in the
adsorbent. From Table 1, the CHP-APTS-20-SiO2 possesses
the lowest content of humics (143 mg), but the highest content
of carboxyl groups with the strongest Pu(V) binding affinity. In
contrast, the lowest number of carboxyl groups (0.09 mmol·
kg−1) are found for the CHP-APTS-100-SiO2 where measured
mass of HS and organic carbon are the highest. Thus, the
highest binding affinity for Pu(V) occurs on CHP-APTS-20-
SiO2, whereas the greatest amount of Pu sorption exists with
the CHP-APTS-100-SiO2.
In general, the plutonium Kd values found for the HS-

modified silica gels fell within the range of 1.1−1.6 × 104 L·
kg−1, which agreed well with the estimates of Kd values reported
for batch experiments on soil and sediment particles; the latter
were on the order of 104 L·kg−1.14,35 The corresponding KOC
values ranged from 1.2 to 4.4 × 105 L·kg−1, well within the
range of partition coefficients reported for organic-rich
geosorbents.35,36

Given these results we concluded that HS derivatives
possessing the highest degree of modification were the most
suited for removal of Pu. Hence, the following dynamic

Figure 2. Removal kinetics of Pu(V) in the presence of the parental
leonardite HS (CHP) and its alkoxysilanized derivative (CHP-APTS-
100) in an Ar atmosphere at pH 7.5 [Ctot(HS) = 10 mg·L−1, C0(Pu) =
2.26 × 10−9 M].
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experiments on Pu(V) sequestration were conducted using the
CHP-APTS-100 derivative.
Partitioning of Pu(V) to Immobile Humic Coatings

under Dynamic Conditions. To investigate partitioning of
Pu(V) to immobile humic coatings under dynamic conditions,
the column tests were conducted using silica gel possessing
attached humic adlayers. For this purpose, the column was
packed with silica gel and washed until saturation with a
solution of CHP-APTS-100. Next, pulse loads of Pu(V)
solutions were injected into the column packed with silica gel
before and after treatment with this humic derivative.
Corresponding breakthrough curves for Pu(V) are shown in
Figure 4.

Pu breakthrough on the uncoated silica gel followed at 10.4
mL which corresponds to retardation factor of 1.2. This value is
much less than it would be expected from the equilibrium Kd
value of plutonium(V) on the uncoated silica gel of 6.3 × 102 L
kg−1 given in Table 1. Still, it is rather consistent with the very
low Kd values of about 0.5−1 L kg−1 which can be estimated
from Figure 3A for the exposure times on the order of hours, or
exactly the time frame relevant for these column experiments. It
should be noted that 100% of the applied Pu(V) has exited the
untreated column, whereas only 27% of the injected Pu has
exited the column treated with the silanized humics.
Inhomogenous humic adlayers could compromise the

retention of Pu and explain the partial breakthrough of Pu
(27%) from the treated column. This might be well expected
given possible flow-distortions, packing imperfections, and
limited accessibility of inner pores of silica gel for the humic
derivatives. At the same time, the 73% of the applied plutonium
were retained on the humics-treated column demonstrating
high affinity of Pu(V) to immobile humics.

Remobilization of Pu(V) from the Humic Coatings via
Mobile Humic Materials. To address the possible remobi-
lization of the sequestered plutonium from the humic coatings,
ternary systems were designed using the humics-coated silica
gels loaded with Pu and employing solutions of parental and
silanized humic materials (CHP and CHP-APTS-100) as a
mobile phase. The uncoated silica gel and humic-coated silica
gel contained 7.6 × 10−7 and 8.4 × 10−4 mol Pu·kg−1,
respectively. The concentration of dissolved humic materials in
solution was 10 mg·L−1. The results for the Pu released at three
different pH values are presented in Figure 5.
In the range of neutral pH values relevant to environmental

aqueous systems, remobilization of Pu from the organic-coated

Figure 3. Kinetic curves (A) and sorption isotherms (B) of Pu(V) on the humics-coated silica-gels at pH 7.5 (Ar atmosphere): the circles (●)
designate the data points for CHP-APTS-20-SiO2; the triangles (▲) indicate CHP-APTS-50-SiO2; the diamonds (◊) indicate CHP-APTS-100-SiO2;
and the squares (□) indicate uncoated SiO2. Solid to liquid ratio was 0.35 g·L

−1. Pu(V) concentration in the kinetics experiments was 1,14 × 10−8 M.
The solid lines in sorption isotherms show the best Langmuir-fits to the experimental data.

Table 1. Characteristics of Humics-Coated Silica Gels and Their Sorption Parameters with Respect to Pu(V)a

sample mHS, g/kg SiO2 COOH, mol/kg Kd, L·kg
−1 KOC, L·kg

−1 Qmax, mol·kg−1 K, L·kg−1 R2

CHP-APTS-20-SiO2 143 0.23 ± 0.01 1.6 × 104 4.4 × 105 1.3 × 10−4 1.1 × 105 0.972
CHP-APTS-50-SiO2 155 0.10 ± 0.01 1.5 × 104 3.3 × 105 2.9 × 10−4 3.8 × 104 0.987
CHP-APTS-100-SiO2 210 0.09 ± 0.01 1.1 × 104 1.2 × 105 2.7 × 10−4 3.8 × 104 0.986

aKd for the uncoated silica gel determined after 10 days of exposure was 6.3 × 102 L·kg−1.

Figure 4. Breakthrough curves of HTO (passive tracer, Δ) and Pu
before (□) and after (●) treatment of the silica gel column with a
solution of CHP-APTS-100 derivative: the injected volume of the
PuO2

+ solution was 0.5 mL, PuO2
+ concentration was 1.03 × 10−8 M,

pH 7.5, ambient atmosphere (pCO2 = 3.5), the flow rate 0.1 mL·min−1

[column i.d. = 1.5 cm, length = 10 cm], void volume of the column 8.5
mL.
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silica-gels did not exceed 3% in the presence of dissolved CHP-
APTS-100 and 5% - in the presence of CHP. Much higher Pu
remobilization values were observed with more acidic
conditions, which is in line with literature data for lower Kd
values of Pu in more acidic solutions.14,37 A use of a silanized
derivative CHP-APTS-100 having a low carboxylic content as
the mobile component promoted less Pu release into the
solution as compared to the parental humic material − CHP.
These results indicate that the sequestered Pu is firmly hold

by the humics-modified surfaces even in the presence of mobile
humic solutes in solution. This might be a consequence of
Pu(V) redox transformation (disproportionation/reduction)
induced by the humic coatings followed by the formation of
surface complexes of Pu(IV) with humics on the modified silica
gel surfaces with possible contribution of polymerized forms of
Pu(IV) oxides. The latter have extremely low solublity and are
highly adhesive to many solid surfaces.38,39

The studies conducted here have shown silanized humics
proved to be a useful molecular tool in probing surface
reactions of Pu(V) at the water−solid interface. They can be
easily attached to nonmobile substrates (i.e., clays, sand, etc.)
providing “adhesive” sites for probing the immobilization of the
actinides. Using this approach, we have confirmed that mobile
PuO2

+ exhibits high partitioning with immobile humic coatings
and shows a low remobilization potential when exposed to
mobile humic materials. This may explain an environmental

process of enhanced accumulation of Pu in organic-rich
geosorbents (e.g., soils, sediments) observed by different
researchers.16,19 Moreover, the presence of a silanized humic
material on a solid support promoted Pu(V) adsorption. This
allows us to conclude that the silanized humic derivatives
studied here can be considered as both molecular probes and
potent candidate materials for scavenging mobile Pu from an
aqueous phase. They can efficiently intercept and retain Pu in
an immobilized state by formation of surface complexes on the
humic coatings. A use of powerful spectroscopic techniques
such as EXAFS and TEM for investigation of the Pu
distribution over humic coatings is needed to make more
realistic forecasts with respect to the fate of the sequestered
plutonium on humic coatings, which is our next immediate
goal.

■ ASSOCIATED CONTENT

*S Supporting Information
Preparation protocol of the silanized humic derivatives with
different modification degree is provided including Table S1
with characteristics of the derivatives. A solvent extraction
technique used for determination of Pu(V) in the work
solutions and preparation of the Pu-loaded materials used for
remobilization experiments are described. This material is
available free of charge via the Internet at http://pubs.acs.org.

Figure 5. Kinetics of Pu release from uncoated and humics-coated silica-gels (CHP-APTS-100-SiO2) in aqueous solutions of parental HS (CHP)
(A) and of the alkoxysilanized derivative (CHP-APTS-100) (B) [Ctot(HS) = 10 mg·L−1, Ar atmosphere].
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