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Abstract
Two new sorbents for americium(III) removal from an aqueous environment were studied: Volclay
bentonite and red clay – both modified by a cationic surfactant (hexadecyltrimethylammonium bromide)
and phosphate ions. Sorption of Am(III) was investigated using the batch method. It was concluded that
the kinetics of Am(III) sorption on both sorbents can be evaluated based on the pseudo-second-order
rate equation. The following two-parameter equations – Langmuir-Freundlich, Temkin, and DubininRadushkevich isotherms – were examined for their ability to model equilibrium sorption data. It was shown
that bentonite and red clay modified by phosphate ions exhibited better sorption properties toward Am(III)
ions than sodium forms of the adsorbents. This was probably a result of the complexation of Am(III) ions by
PO43- ions immobilized on the adsorbent surface in the form of ionic pairs with surfactant cations. Changes
in Am(III) sorption with pH were modeled based on the molar fractions of the particular complexes in the
aqueous phase, and it was concluded that Am(CO3)33- and Am(OH)3 species had a predominant influence on
the overall sorption process.
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Introduction
Storage of radioactive waste requires the use of
various protective barriers against the leaching of
radionuclides present in the waste, such as metal canisters
(tanks), buffers made of metal ion adsorbents, and often
the surrounding rocks. Such barriers should also prevent
ambient humidity from penetrating into the storage tanks.
Various biopolymers and naturally occurring inorganic
adsorbents have already been examined as inexpensive

*e-mail: agnieszka.gladysz.plaska@onet.pl

and abundant materials able to considerably slow down
radionuclide migration rates [1].
Volclay MX80 bentonite, an aluminum silicate clay
formed from volcanic ash, has for the last 20 years been
intensively studied in different laboratories as a compact
barrier for nuclear waste repositories [2-12], and has
been found suitable for this purpose. Bentonite, which
is a readily available mineral in Poland, has been tested
as a potential buffer at the National Radioactive Waste
Repository in Rozan, Poland, as part of the strategic
project Technologies Supporting Development of Safe
Nuclear Power Engineering, Domain 4 “Development
of spent nuclear fuel and radioactive waste management
techniques and technologies.” It has also been tested at
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the Institute of Nuclear Chemistry and Technology as a
sorbent for removal of radionuclides that could potentially
contaminate water.
The aim of the present work was to compare bentonite and natural red clay as adsorbents of trivalent ions of
americium-241. This radionuclide is the only actinide element used in households, in smoke detectors [13]. These
sensors use 241Am in the form of a dioxide as a source of
radiation that ionizes air [14-15]. Alpha radiation emitted
by this radionuclide, in combination with beryllium, forms
an efficient neutron source (owing to the large cross-section of beryllium-9) for the (α,n) nuclear reaction. Am241 is also used as a portable source of both gamma rays
and alpha particles applied in medicine and industry. The
~60-keV gamma ray emissions from Am-241 in these
sources can be used for indirect analysis of materials in
radiography and x-ray fluorescence spectroscopy, as well
as for quality control and nuclear dosimeters. Because of
that, Am-241 is a significant component of radioactive
waste and an important test of barrier efficiency for Am241-containing repositories.
Another goal of the present study was to investigate
the sorption of trivalent Am-241 cations on different forms
of Volclay bentonite and red clay: sodium forms (both
normal and gamma-irradiated specimens) and phosphatemodified forms. The choice of sodium and phosphates as
surfactants was based on recent studies that showed that
organoclays exhibited an increased affinity for anions
as a result of the change in surface mineral charge from
negative to positive after modification with surfactant
cations [18-19]
In view of the possibility of using the two adsorbents
for removing trivalent Am-241 ions from radioactive
waste, it was justified to examine the properties of the
sorbents after gamma radiation. Additionally, since there
are reports on the higher sorption of uranyl ions in the
presence of phosphate ions [16-17], we found it interesting
to investigate the effects of phosphate ions on the sorption
of trivalent Am-241 ions.
The adsorbents bentonite clay and red clay modified
with phosphate ions were tested for the first time for their
ability to remove Am (III) ions from an aqueous medium.
The literature to date offers no studies on americium
sorption in similar systems.

Material and Methods
Materials
Drinking water was collected in the Institute of Nuclear Chemistry and Technology (Warsaw). Post-decontamination liquids were simulated by dissolving 21 g of citric acid monohydrate in 100 cm3 of the collected water to
obtain a 0.1 M solution. We use nitric acid (fuming;
ChemPur, Piekary Śląskie, Poland), sodium hydroxide (pure p.a.; Avantor Performance Materials, Gliwice,
Poland), sodium nitrate (≥99.0%; Sigma Aldrich), and citric acid monohydrate (pure; Avantor).

Aqueous solutions of the desired Am-241 concentration were prepared by weight dilution of a certified standard solution delivered by the National Centre for Nuclear
Research (Radioisotope Centre POLATOM, Świerk, Poland), with the drinking water or the citrate solution, respectively, prior to analysis by gamma spectrometry.
A granular form of Volclay bentonite (P.W. Structum
Ltd, Lublin, Poland) was converted to a sodium form,
which was designated Na-bentonite by equilibration of
5 g of raw bentonite with 100 cm3 of a 1M aqueous solution of NaCl (pure p.a.; Avantor Performance Materials).
A sodium form of red clay, designated as Na-clay, was
prepared by equilibrating a raw clay product (R-clay) delivered by Geolmin with 100 cm3 of a 1 mol/dm3 solution
of NaCl (pure p.a.; Avantor Performance Materials). The
chemical compositions of Volclay bentonite and red clay
are presented in Results and Discussion.
The PO4-bentonite and PO4-red clay used in the sorption experiments were prepared as follows: a 1-g sample
of a Na adsorbent (bentonite or red clay) was equilibrated
for 4 h using a mechanical shaker with 100 cm3 of a 1 mM
hexadecyltrimethylammonium bromide solution (HDTMA, Sigma-Aldrich, 99% purity) at 333 K (60ºC). The
solid residue from filtration was rinsed twice with distilled
water, then dried in the air, powdered in an agate mortar,
and passed through a 0.1 mm sieve. The product obtained
was called an HDTMA adsorbent (bentonite or red clay).
As the next step, 1 g of the HDTMA adsorbent was equilibrated for 4 h using a mechanical shaker with 100 cm3 of
0.1M Na3PO4 (pure p.a.; Avantor Performance Materials,
Poland), dried in the air, powdered, and passed through a
0.1 mm sieve. The final product was called a PO4-adsorbent.

Adsorption Experiments
Adsorption experiments on Na-bentonite, PO4-bentonite, Na-red clay, and PO4-red clay were performed to
obtain the values of optimum pH, contact time, and initial concentration of Am(III) ions. For each experiment,
about 0.01 g of a sorbent was added to 30 cm3 of an
americium(III) aqueous solution (Falcon Conical Tubes)
and shaken for 6 h at room temperature (Heildolph Multi
Reax). After separation of the phases, the concentration of
Am(III) in the equilibrium solutions was determined radiometrically in a well-type counter (Perkin Elmer 2480
Wizard Automatic Gamma Counter). To assure a constant geometry of the measurements, all liquid samples
were diluted with water to a volume of 2 cm3. The measuring set was calibrated for Am-241 (Eγ = 59.5keV) as
880 cpm·cm-3, corresponding to 0.19 MBq·cm-3 of radiation emitted by the radionuclide. The initial concentration of americium was 2.07·10-8 mol/dm3 for all the experiments, except for those carried out to determine the effect
of the initial concentration of americium.
The pH of the solutions was adjusted in the range of
2-10 using NaOH or HNO3 aqueous solutions. Several contact times (15, 30, 45, 60, 120, 180, 240, 300, and
360 min) were applied to obtain the steady-state time
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of the adsorption process. Various aqueous solutions
of americium ions with concentrations varying from
0.19 MBq·cm-3 to 1.9 MBq·cm-3 were prepared to study
the isotherm models at 296 K (23ºC).
Adsorption properties of Volclay bentonite and red
clay were calculated using the following equations:
• Distribution coefficient Kd (dm3/g):

(1)
•

Sorption percentage R (%):

…where cs,c0, and ceq denote the concentrations of Am(III)
ions in the clay phase, the initial solution, and the equilibrium solution, respectively. The letter symbols as, a0, and
aeq, in turn, stand for the appropriate activity of the radiation measured (Bq cm-3). The symbols V and m relate to
the volume of solution in cm3 and mass in g, respectively.
In each experiment, the mean sorption percentage was estimated from triplicate measurements.

X-ray Diffraction Analysis
(2)

•

(4)

Equilibrium concentration ceq (mol/dm3):

(3)
The concentrations of Am(III) ions in the clay phase
(cs) in mol/g were calculated from the relationship:

X-ray powder diffraction measurements of the clay
samples were made using a conventional DRON-3 diffractometer (Russia). The measurement conditions were
as follows: radiation, Cu Kα; wave-length discrimination,
Ni filter, pulse height analyzer; detector, scintillation; divergence slit, 0.3; receiving slit, 0.15º; range, 2θ10-90º;
step size, 0.02º; count time per step, 20 s; calibration standards, SRM640/NISt. Analysis of the x-ray diffraction
patterns was performed using a whole-powder-pattern-fitting computer program.

Table 1. Chemical composition of the Volclay bentonite used in the studies (ED XRF), major components.
Concentration
Element

Bentonite

Red clay

Non-irradiated

Irradiated

Non-irradiated

Irradiated

Al

%

11. ±1.7

10.9±1.5

9.3±1.2

11.8±1.5

Mg

%

1.4±0.2

1.5±0.2

1.4±0.1

1.5±0.2

Na

%

1.2±0.2

2.5±0.4

0.5±0.02

0.8±0.03

Si

%

29.8±4.5

26.3±3.5

30.3±5.1

32.3±4.9

Fe

%

4.4±0.7

4.4±0.7

5.1±1.3

5.5±1.1

K

%

1.3±0.3

0.9±0.1

2.2±0.2

1.8±0.2

Ca

%

0.38±0.1

0.35±0.13

0.28±0.05

0.3±0.1

Mn

ppm

1353.5±203.0

1545.5±231.8

700±176

879±134

Sr

ppm

437.0±65.6

588.5±88.3

-

-

Ba

ppm

524.0±42.4

674.0±101.1

-

-

V

ppm

96.5±14.5

113.5±17.0

-

-

Zn

ppm

99.1±14.9

127.0±19.1

76.2±12.2

62.2±5.5

Pb

ppm

32.7±4.9

33.8±5.1

-

-

Cu

ppm

50.0±7.5

30.7±4.6

33.4±4.5

21.4±3.3

Rb

ppm

55.0±8.3

64.5±9.7

-

-

Ce

ppm

84.5±12.7

89.0±13.4

-

-
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Fig. 2. Effect of time on Am-241 sorption on Volclay-bentonite
(Na-bentonite and PO4-bentonite) and red clay (Na and PO4 red
clay), cin = 2.07x10-8 mol/dm3.

Fig. 1. Powder x-ray diffraction plots of Na-bentonite a) and Nared clay b); the upper plot corresponds to the natural material, the
lower to the gamma-irradiated one.

Results and Discussion
To check whether the sorbents could be used as
engineering barriers, the radiation stability of granular
Volclay bentonite and raw red clay was studied by
gamma-irradiation in a cobalt bomb at the Institute of
Nuclear Chemistry and Technology. A dose of 100 kGy
was applied. Certain properties of the irradiated sorbents,
among them sorption, were compared with those of the
non-irradiated material.
The chemical compositions of Na-bentonite and Nared clay are presented in Table 1. The similarity in the
composition of the irradiated and the non-irradiated material suggests that no decomposition occurred upon gamma
radiation.
Powder x-ray diffraction studies revealed that Na-bentonite – both natural and irradiated – had a layered structure (see Fig. 1a). However, a shift of the small 2θ angle
peak from 7.037 deg to 7.350 deg suggested that upon irradiation the distance between the layers decreased from
12.551 Å to 12.069 Å.
There was no observable change in the structure of the
red clay after irradiation, but an evident decrease in the
intensity of the 6.2º peak, responsible for the interlamellar
space of illite, was visible after irradiation (Fig. 1b).

Adsorption Study
We investigated the sorption of Am(III) on
bentonite and red clay as a function of contact time
from 15 to 360 min using an initial concentration of
2.07·10-8 mol/dm3 of Am-241 in aqueous solutions. The
results of these experiments are reported in Fig. 2. As
can be seen from this figure, the adsorption of Am(III)
rapidly increased with the increasing contact time of up to
180 min. Shaking for a longer time did not significantly

affect the percentage of Am(III) sorption. Sorption
equilibrium was reached after about 4 h of shaking, and
the efficiency was about 99.8 % for the Na-sorbent forms
and 99.9% for the PO4-sorbent forms. Initial uptake can
be attributed to the concentration gradient of Am(III) and
to the greater number of available binding sites. In the
second stage of Am(III) uptake, active bonding sites of
the sorbent had already been largely occupied by Am(III),
which reduced the number of active sites ready to adsorb
Am(III) [21-23].
The experimental data on Am-241 adsorption on
Volclay bentonite and red clay were analyzed by two
kinetic reaction models: Lagergren’s pseudo-first-order
model and Ho’s pseudo-second-order model. The linear
form of the pseudo-first-order kinetic equation as given
by Lagergren is:

log (qe−qt) = log qe – (k1/2.303) ∙ t

(5)

t/qt = 1/k2qe2 + (1/qe) ∙ t

(6)

…where qe and qt are the amount of Am ions adsorbed at
equilibrium in mol/g and at time t in min, respectively, and
k1 is the pseudo-first-order rate constant (1/min). Lagergren’s first-order rate constant (k1) and qe determined from
the model are shown in Table 2 along with the corresponding correlation coefficients.
Pseudo-second-order kinetics can be expressed as:

…where k2 (g/mg∙ min) is the second-order adsorption
rate constant, qe (mol/g) stands for the amount of Am ions
adsorbed at equilibrium, and qt (mol/g) is the amount of
Am ions adsorbed at the desired time t [24-25]. The equilibrium adsorption capacity (qe) and the second-order constants k2 determined from the model are shown in Table 2
along with the corresponding correlation coefficients. As
can be seen, the pseudo-second-order model represents
adsorption kinetics most accurately, and the calculated
qe values are compatible with the experimental qe values
(Table 2). This suggests that the adsorption of Am ions on
all studied forms of bentonite and red clay follows pseudo-second-order kinetics. According to Ho and McKay
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Table 2. Parameters of the kinetic and isotherm models for the adsorption of the Am-241 on bentonite and red clay, (R2 – correlation).
Model

Pseudo-first
– order

Pseudo-second-order

LangmuirFreundlich

Dubinin-Radushkevich

Temkin

Langmuir

Parameter

Na-bentonite

Irradiated
bentonite

PO4-bentonite

Na-red clay

Irradiated red clay

PO4-red clay

k1
(1/min)

1.6 ·10-3

1.8 ·10-3

2.35 ·10-3

1.6 ·10-3

1.8 ·10-3

2.35 ·10-3

qecalc
(mol/g)

1.39 ·10-9

1.42 ·10-9

1.62 ·10-9

1.38 ·10-9

1.42 ·10-9

1.62 ·10-9

R2

0.7564

0.7745

0.7560

0.6754

0.4789

0.5222

k2
(g/mol min)

35714

35714

30303

3546

3498

3058

qecalc
(mol/g)

3 ·10-6

3 ·10-6

6 ·10-6

2.8 ·10-6

2.8 ·10-6

5.99 ·10-6

R2

0.9997

0.9997

0.9997

0.9997

0.9997

0.9993

KL-F
(dm3/mol)

6461.1

6510.8

22717.4

1837.7

2176.2

23237.3

n

0.81

0.88

0.91

0.87

0.61

0.68

qmax
(mol/g)

3.4 ·10-6

3.04 ·10-6

3.74 ·10-5

2.64 ·10-6

2.69 ·10-6

2.76 ·10-5

R2

0.9645

0.9945

0.9951

0.9658

0.9915

0.9943

KD-R
(mol2/kJ2)

3.51 ·10-9

4.44 ·10-9

5.43 ·10-9

3.3 ·10-9

3.2 ·10-9

4.35 ·10-9

Qm
(mol/g)

2.47·10-6

2.19·10-6

2.18·10-5

2.3·10-6

2.22·10-6

9.38·10-6

En
(kJ/mol)

11.93

10.61

9.59

11.38

11.56

10.72

R2

0.9483

0.9963

0.9929

0.9674

0.9796

0.9882

bT
(J/mol)

10107.88

9575.5

4350.7

12315.5

15525.8

4471

KT
(dm3/g)

156.03

169.02

290.1

130.33

192.49

340.4

R2

0.9453

0.9598

0.9598

0.9552

0.9528

0.9851

KL
(dm3/mol)

1134.01

2408.05

4975.90

1347.78

139.68

2013.88

qmax
(mol/g)

8.05 ·10-5

4.7·10-5

9.97·10-5

2.7·10-4

1.9·10-4

3.8·10-4

R2

0.9438

0.9641

0.9637

0.9555

0.9622

0.9668

[26-27], if an adsorption process follows the pseudo-second-order model, the mechanism of adsorption is mainly
chemical bonding or chemisorption.
Studies on the equilibrium isotherms provide information about the sorption mechanism, surface properties,
and binding sites of the sorbent [28-30]. The Langmuir,
Langmuir-Freundlich, Temkin, and Dubinin-Radushkevich model of isotherms were selected for examination for
their ability to analyze the equilibrium sorption data at 296
K (23ºC).
The Langmuir isotherm is probably the best known
and most widely applied model of monolayer adsorption
of species onto a homogeneous surface with identical
adsorption sites. The isotherm can be expressed by the
following equation:

Qe = (qmax · KL · Ceq)/(1+KL · Ceq)

(7)

…where Qe is the amount of adsorbed americium(III)
(mol/g) at equilibrium, Ceq is its equilibrium concentration
(mol/dm3) in the solution, and qmax and KL are Langmuir
constants related to maximum adsorption capacity (monolayer capacity) (mol/g) and affinity between the sorbent
and the sorbate (dm3/mol), respectively. Table 2 shows parameters calculated for the Langmuir model. It can be seen
that the values of correlation coefficient (R2) are relatively
low for all the investigated forms of the adsorbents. The
calculated values of qmax are much higher than the experimental values.
The Langmuir-Freundlich isotherm is expressed by the
following equation:

(8)
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…where Qe and ceq denote the equilibrium concentrations
of Am in the sorbents and aqueous phases and a, KL-F, and
n designate the adsorption maximum, adsorption constant,
and surface heterogeneity parameter, respectively.
Fig. 3 presents the Langmuir-Freundlich isotherm
models fitted to the experimental data. It can be seen
that adsorption of Am ions on PO4-bentonite can be
fitted with the linear equation only in the range of the
lowest concentrations. The Langmuir-Freundlich model
describes adsorption of Am(III) on the examined sorbents
very well (R2 = 0.99; Table 2). The values of the KL-F
constant are significantly higher for the PO4-sorbent
form than for other forms of the sorbent. The values of
the power parameter, n<1, indicate heterogeneity and
different sorption affinities for different surface areas. The
sorption process is best described by the chemisorption
mechanism [31-32].
The adsorption capacity reached from the Langmuir-Freundlich model is 0.826 mg/g, 9.0882 mg/g,
0.642 mg/g, and 6.707 mg/g for Na-bentonite, PO4bentonite, Na-red clay, and PO4-red clay, respectively.
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According to available literature, the sorption capacities for different sorbents in relation to the Am ions are
much lower. The sorption capacities of biomasses of various Rhizopus species is 0.009926 mg/g [33], 2.64 mg/g
for synthesized macroporous polymeric beads [34], and
8.019 ·10-5 mg/g for alginate gels [35].
The Temkin isotherm, in turn, contains a factor that
takes into account the adsorbent-adsorbate interactions.
Thus the equation can be used to describe adsorption on
heterogeneous surfaces. By ignoring the lowest and the
highest concentration values, the model assumes that
the heat of adsorption (function of temperature) of all
molecules in a layer would decrease linearly rather than
logarithmically with increasing surface coverage [36].
The model in its linear form is given as:

(9)
…where KT denotes the equilibrium binding constant
(dm3/g), bT is the constant related to the heat of adsorption
(J/mol), R is the universal gas constant (8.314 J/(mol·K)),
and T is the temperature at 298 K. The values of the constants obtained for the Temkin isotherm are also shown in
Table 2. The values of the bT constant show that the heat
of adsorption for PO4-sorbentsis is lower than for Na-sorbents.
The nature of adsorption can also be determined
by analyzing equilibrium data using the DubininRadushkevich model (D-R) [37], which is generally
applied to express the adsorption mechanism with a
Gaussian energy distribution onto a heterogeneous surface.
The model has often been shown to fit both high activities
of the solute and the intermediate range of concentrations.
The adsorption energy is evaluated on the basis of the
Dubinin-Radushkevich equation [38]:
(10)
…where cs is the concentration of Am ions in the solid
phase, Qm is the model constant (mol/g), KD-R is the model
constant (mol2/kJ2), and ε relates to the Polanyi term found
from the equation:

(11)
…where R is a gas constant, T stands for temperature, and
cs denotes the concentration of Am(III) in the equilibrium
aqueous phase.
Energy of adsorption, E, can be calculated as:

Fig. 3. a) Langmuir-Freundlich isotherms for americium adsorption on Volclay bentonite and red clay (Na-, irradiated, and PO4
forms of adsorbents). b) The effect of initial concentration of
americium ions on the adsorption percentage at 23ºC for Na-,
irradiated, and PO4 forms of adsorbents.

(12)
The Dubinin-Radushkevich constant and mean free
energy of adsorption are given in Table 2. The value of
E is useful for estimating the type of sorption mechanism
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involved. Adsorption is physical for E < 8 kJ/mol, and
chemical for 8 < E < 16 kJ/mol [38]. The values obtained
for all forms of Volclay bentonite and red clay are in
the range 9-12 kJ/mol, which means that the process of
adsorption of Am ions is chemical in nature.
The R2 values shown in Table 2 demonstrate that
the Langmuir-Freundlich and Dubinin-Radushkevich
adsorption models fit the experimental data best and can
thus be used to predict the adsorption of americium(III)
on Volclay bentonite and red clay. This means that the
surfaces of these sorbents have a specific number of
unevenly distributed sites with different affinities where
the molecules can be adsorbed [29].
In order to demonstrate the positive effect of
modification of the investigated adsorbents with
PO4 ions we represented the percentage of Am sorption as
a function of the initial concentration of Am in solutions.
Fig. 3b shows a high sorption of Am(III) (96%) on
PO4-adsorbents, which practically remains constant with
the increasing concentration of Am. This fact may indicate
that precipitation of Am phosphate is accompanied by
the sorption of Am on PO4-adsorbents. In the case of
Na-adsorbents and irradiated adsorbents, adsorption
decreases slightly with increasing concentrations of Am in
the initial solutions. This shows that, probably, adsorption
sites on the surface of the adsorbents have been partly
filled.

Effect of Acidity of Solution on Sorption
Bentonite clay has a very strong negative ionic charge.
It attracts species of the opposite, positive charge – not only
heavy and/or radioactive metals, but also toxins, harmful
bacteria, dyes, and various pathogens [19, 39]. Thus, due
to the protonation and deprotonation properties of the
sorbent surface, acidity of the solution is an important
factor that must be considered in sorption studies. The
effect of pH on Am(III) removal was studied in the pH
range from 2.0 to 10.0 for the same quantity of adsorbent
(about 3.5 g L-1). The increases in Am(III) sorption with
pH for Na-bentonite and Na-red clay are shown in Fig. 4a.
The dotted line refers to the model equation:

log Kd= log(10kAm(3+)·αAm(3+) + 10kAmCO3(+)·αAmCO3(+)
+ 10kAm(CO3)2(-)·αAm(CO3)2(-) +10kAm(CO3)3(3-)
·αAm(CO3)3(3-)+10kAm(OH)(2+)·αAm(OH)(2+)
+10kAm(OH)2(+)·αAm(OH)2(+)+10kAm(OH)3·αAm(OH)3)

(13)

…where the symbols αAm(III) , αAmCO3+, ...., etc. denote the
molar fractions of Am(III) species while the numbers
10kAm(3+), 10kAmCO3+,..., etc. refer to the sorptive parameters
of these species, i.e., their influence on the value of the
distribution constant Kd of Am(III) between the aqueous
and solid (sorbent) phases. This way of evaluating changes in sorption with pH was presented in one of our earlier
works concerning the sorption of U(VI) ions on bentonite

Fig. 4. a) Changes in americium sorption (log Kd) on Na-bentonite and Na-red clay with an increase in pH (cin= 2.07x10-8mol/
dm3). b) The change of Am(III) complexes molar fractions with
pH (solid phase excluded from calculations). c) The values of
sorptive parameters for molar fractions of particular species with
pH.

[18]. In that paper, we clearly showed that the molar fraction of individual complexes in the aqueous phase plays
a decisive role in U(VI) sorption. The values of sorption
parameters calculated in this study are given in Figs. 4b4c, along with the continuous changes in the molar fractions of the particular species with pH. One can notice that
the species Am3+, Am(OH)2+, Am(OH)2+, Am(CO3)+, and
Am(CO3)2- have an insignificant effect on Am(III) sorption, i.e., the k values are small in their case. The main
role in Am(III) transfer from the aqueous to the sorbent
phase is played by Am(CO3)33- and Am(OH)3 species,
which are probably responsible for the precipitation of a
kind of solid Am(III) carbonate complex on the surface of
the sorbent. Unfortunately, it was impossible to include
the phosphate complexes of Am in the calculations, since
their concentrations in the equilibrium aqueous phase
were very low. Nevertheless, there is no doubt that some
kind of an Am phosphate complex was formed in the
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Fig. 5. Desorption of Am(III) from Volclay bentonite and red
clay by different aqueous solutions.

sorbent phase as a result of interactions of Am(CO3)33- and
Am(OH)3 species with the phosphate ions sorbed on the
surface of HDTMA+sorbent.

Desorption of Am(III) from Volclay Bentonite
and Red Clay
An attempt to revitalize Am(III)-loaded sorbents
was made by shaking the material at room temperature
with different types of desorbing agents, namely 0.01 M
NaCl, 0.01 M NaNO3, 0.01 Na2CO3, and 0.01 M Na2SO4,
in drinking water collected at the Institute of Nuclear
Chemistry and Technology. Samples of drinking water of
different acidities were also tested. The results presented in
Fig. 5 show that the percentage of Am(III) in the solution
after desorption with each agent did not exceed 1.6%.
Experiments with drinking water at pH in the range of 2
to 10 also showed strong binding of Am(III) by sorbents.
No more than 0.4% of the adsorbed radioactivity was
removed from the material. The good sorptive properties
of Volclay bentonite and red clay from Pałęga, combined
with their strong affinity for water, make them potentially
suitable for protecting barriers in radioactive waste tanks
in waste repositories.

Post-decontamination Solutions
To examine whether bentonite could be used as a
sorbent in pretreatment and storage of LLW solutions,
granular Volclay bentonite was tested for sorption of
Am(III) from artificial post-decontamination liquids. The
sorption properties of the sodium form of bentonite were
compared with those of the gamma-irradiated material.
It was found that the formation of complexes of
Am(III) with strong chelates, such as citrates, did not
significantly decrease the sorption efficiency of either
form of the sorbent. The percentages of sorption from
acidic citrate solutions with pH values between 2.0 and 3.2
were similar for the two types of bentonite, with a value
of about 96.5%. To compare, the percentage of sorption
from the contaminated drinking water of similar acidity
was only about 92.0%.

1. Two novel sorbents, PO4-bentonite and PO4-red clay,
exhibit very good sorption properties toward Am(III),
which surpass those of Na-sorbents. Both of them are
potentially good constituents of geological barriers
for the immobilization of Am(III) ions.
2. The sorptive properties of the PO4 adsorbents are
independent of the initial concentration of Am(III)
ions in solution. This proves that apart from
chemisorption, sorption on these adsorbents involves
precipitation of Am phosphates. It seems that the
PO4-bentonite and PO4-red clay case refers to the
different mechanism of Am(III) ion sorption. The
most probable is the constant exchange of Am(III)
ions between equilibrium aqueous phase and the
sorbent surface saturated with alkylammonium
cations -(HDTMA)2+, forming the bilayer that is able
to attract phosphate ions with the formation of ionic
pairs -(HDTMA)2(1/3 PO4). Am(III) ions can therefore
be complexed by phosphate ions immobilized on
the mineral surface. The precipitation of AmPO4
is possible, but this process cannot dominate the
overall sorption of Am(III), since the lack of evident
sorption increase is observed with the equilibrium
concentration of Am(III).
3. Sorption of Am(III) on Volclay bentonite and red clay
from Pałęga shows that these materials can be applied
for the pretreatment and storage of LLW and MLW
solutions in radioactive waste repositories (LLW is
low-level waste; MLW is medium-level waste). The
desorption experiment supports this conclusion.
4. The observed radiation effects appearing during
gamma irradiation of the examined materials do not
influence their sorption properties.
5. The Langmuir-Freundlich and Dubinin-Radushkevich
models of isotherm adsorption describe the
experimental data most accurately. The value of the
parameter n<1 indicates that the surface of these
sorbents is heterogeneous and exhibits variable
affinity. The energy of adsorption calculated for all
forms of Volclay and red clay tested is in the energy
range of chemisorption, i.e., 8-16 kJ/mol.
6. Kinetic evaluation of the equilibrium data shows that
adsorption of americium ions on Volclay bentonite
and red clay closely follows the pseudo-second-order
kinetic model.
7. Modeling of Am sorption based on the molar fractions
of the particular complexes in the aqueous phase is
feasible, i.e., it is possible to predict adsorption based
on the molar fractions of the individual americium
complexes as a function of pH.
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