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This review is devoted to the problem of extracting americium from aqueous media of
various origins by the sorption method based on the materials of modern world scientific
studies published during two last decades. The methods for quantitative assessments of the
effectiveness of sorbents are considered. The selection of data for Am(Ill) was substantiated
taking into account the fact that trivalent lanthanides, especially Eu, are often taken as a
chemical analogue of trivalent actinides Am and Cm. Various types of sorbents and
materials used for binding americium radionuclides, methods of their preparation and
sorption mechanisms are considered in detail. In addition, this review comprehensively
considers sorption processes involving americium occurring in radioactive storages.
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Bupganennns Am-241 i3 BogHuxX pO3YMHIB i3 BUKOPUCTAHHAM pPi3HUX COPOEHTIB.
T.A.Baank, C.B.Xumuenro, K.H.Beairos, B.A.Hebanos

ITpencraBnenuii ornAfn, AKUHE NPUCBAYEHNII IPoOJIeMi BUJIYyUEeHHS aMEPUITiI0 3 BOIHUX
CcepeOBUII PIBZHOIO HOXOKEeHHA COPOIIifHUM MeTOoZOM, 0asyeThes Ha MaTrepialaxXx CydacHUX
CBiTOBMX HAYKOBUX TOCIiIKeHb, III0 OyJaM omybJiKoBaHi HpOTATroM [ABOX OCTaHHIX mdecs-
Tuaite. Posriagryro merozm KinbKicHoI orinku ederTuBHOCTI copbemTiB. Bubipka gammx
mia Am(lll) 6yna crkiagena 8 ypaxyBaHHSAM TOrO, 110 TPUBAJEHTHI JlanTaHoigu, ocobauso Eu,
YacTO BUKOPUCTOBYIOTH AK Ximiumi amamoru tpusanentanx axturigis Am i Cm. deranbHo
posraaHyTi pisHi TMnuU copbeHTiB i MarepianiB, AKi BUKOPUCTOBYIOTHL [id 3B’ SA3yBaHHSA
pagioHyKaixiB amepurito, cmocobm IX orpuMaHHSA Ta MexaHismMu copbuii. Kpim Toro, B
OTJIAAL HeTaJbHO PO3TJAHYTI COPOIIifiHi mpollecu 3a yUacTH) aMepulliio, 110 BiAOyBaiTbCA B

PamgioaKTUBHUX CXOBUIIAX.

1. Introduction

Radionuclides can be released into the
environment through a variety of vectors,
such as mining activities, leaks or spills of
nuclear waste, explosion of a nuclear
weapon, or terrorist activities (e.g., "dirty
bombs™) or accidental processes for peaceful
commercial uses of the isotopes [1-4]. Spent
nuclear fuel (SNF) reprocessing produces
high level radioactive wastes (HLW) that
contain significant amounts of the minor
actinides (MA) which cause most of the ra-
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diotoxicity of SNF and HLW in long and
medium-term periods [5, 6]. Moreover, vari-
ous activities in nuclear installations, all
over the world, generate different varieties
of waste streams other than High Level Liq-
uid Waste (HLLW) produced in spent fuel
reprocessing [7]. Among the minor actinides
24Am, is one of the most serious concern
due to its long half-life and its high radia-
tion toxicity with a-particles emission. Its
maximum permissible amount in human
body is 11.1 kBq and maximum permissible
concentration in water is 1.48 Bqg/mL.
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Hence, the secure management of liquid ra-
dioactive wastes is an important, increasing
problem world-wide [8] and indeed consider-
able attention is paid for treatment of waste
water containing 24'Am or its disposal [6,
9]. The recovery or removal of radionuclides
from sea waters and waste waters is a chal-
lenging problem. According to the funda-
mental principles of radioactive waste man-
agement, radionuclide waste minimization
is required to be done in an effective man-
ner [3, 10]. The most commonly used meth-
ods for the removal and recovery of ra-
dionuclides includes adsorption, membrane
filtration, solvent extraction, reductive pre-
cipitation, bioprecipitation, biosorption, di-
alysis, chromatography, and ion exchange
methods [8, 4, 8, 11]. Methods based on ex-
traction and sorption are the most widely
used for this purpose [4, 12]. Among these
different techniques, adsorption is the eco-
nomically feasible technique and it has been
developed as the guaranteed procedure for
water and wastewater treatment [3, 8, 11].
In addition, the sorption data can help in
predicting the partitioning as well as the
migration ability of the radionuclides [13],
since different sorbents are used as compo-
nents of the engineering barriers in the ra-
dioactive waste repositories [8].

The problems of americium sorption are
very relevant and are widely considered in
modern publications [14]. Thus, the compi-
lation of a review based on the materials of
modern world scientific publications on the
problem of extracting americium from aque-
ous media of various origins seems to be
quite reasonable and relevant.

2. Data selection for Am(lll)

Trivalent lanthanides, especially Eu, are
frequently taken as a chemical analog for
the trivalent actinides Am and Cm [7, 15—
19]. For example, the pH dependent Eu
sorption data obtained in batch experiments
are consistent with spectroscopic data on Eu
and Cm within experimental uncertainties
thus demonstrating the validity of Eu as a
homologue for trivalent actinides [15]. The
results of the sorption studies with Eu and
Am in water and brines using precorroded
glass as substrate show clearly that the
sorption behaviour of Eu is representative
for trivalent actinides [18]. Considering the
above all sorption data of Am, Eu and Cm
were treated as representing Am sorption,
i.e., no separate parameterization for Eu
and Cm was done on the basis of the above-
mentioned chemical analogs [16].
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3. Quantitative characteristics of
sorption

The metal sorption performance is often
evaluated in terms of the distribution coef-
ficient (mass distribution coefficient) (K,
and rare D, [20], mL/g), which is a mass-
weighted partition coefficient of the metal
ion between solid phase and liquid super-
natant phase [1, 16, 21]. The distribution
coefficient is a useful measure of a sor-
bent’s binding affinity for a specific ana-
lyte, typically in a diluted condition [1].
Commonly, the sorption distribution coeffi-
cient K; is used to describe the partition of
constituent i in solid and solution and is
defined as:

K,=8,/C, )

where S; is the concentration of constituent
i sorbed on solid, C; is the concentration of
constituent i in solution [22]. Traditionally,
K, tends to be determined in laboratory
batch type sorption tests carried out at a
fixed liquid volume to solid mass ratio.
Based on its definition (Eq. (2)), experimen-
tally derived K, can be expressed as:

Cinit._Ceq. |4 (2)

Ce. M

K, =

where V and M are the volume of solution
and the mass of solid used in the test, re-
spectively. C;,;, is the initial concentra-
tion/activity of sorbate in the solution, and
C,, is the final (equilibrium) concentra-
tion/activity of sorbate [1, 8, 22-27]. The
experimentally derived K, value is a func-
tion of the system chemistry. It is sensitive
to spatial variability in the composition of
solid phases or for variable chemical condi-
tions, such as pH, ionic strength, alkalinity,
or concentrations of complexing ligands
that are encountered along a groundwater
flow path [22]. In transport models includ-
ing radionuclide migration and simulation
in performance assessment for nuclear
waste repository, the distribution coeffi-
cient K, is considered a property of the
geological medium [22]. The higher the K,
value, the more effective the sorbent is for
capturing that metal ion. Generally speak-
ing, a K; value of 5,000 and above is con-
sidered very good, and a K, value greater
than 50,000 is considered outstanding [1].
For considering of the effectiveness of a
given sorbent, the efficiency of the solution

Functional materials, 29, 1, 2022
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purification is often used, (E,, %), that is
the percentage of sorption of the target ions
[10, 13, 24, 28], which is calculated with
the formula (3) [8]:

E = Cinit._Ceq. . 100 3

r
Cinit.

The metal recovery efficiency depends on
the sorbent selectivity and specificity in the
presence of associated and impurity inor-
ganic and organic compounds contained in
the process and waste solutions [29].

As the K, values and sorption percent-
ages are not always presented in literature,
therefore they can be calculated using the
information provided in the respective pub-
lications [23].

Another important performance charac-
teristic of a sorbent is adsorption capacity
(9., mg/g or Bq/g) which is show the
amount of the radionuclide absorbed per 1 g
of sorbent [10, 8, 24]:

v
Qmax. = (Cinit. - Ceq.) "M 4)

To assess the efficiency of separating one
metal ion (M,) from another (M,) by a sor-
bent, the separation factor (SF) is used (the

ratio of K, of these ions) [20, 26, 30, 31]:

KMy (5)

SF = KM,

4. Sorbents for the extraction of
radionuclides of americium from
aqueous media

Materials that are capable of binding ra-
dionuclides in liquid media due to the sorp-
tion process are usually used in several di-
rections:

* remediation of sea and ground waters
contaminated with radioactive elements, es-
pecially, the long lived actinides [3, 32];

* removal of long-lived radionuclides
from nuclear waste solutions [33, 34] to re-
duce long-term radiotoxicity of nuclear
waste [35];

* golidification and volume reduction of
the nuclear liquid wastes to obtain suitable
waste forms for final disposal [36—-38];

* to extract valuable radionuclides from
liquid nuclear industrial waste [39];

* for multi-barrier systems which pre-
vent migration of long-lived radionuclides
from nuclear waste repositories to the envi-
ronment [40].
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To solve this problem different synthetic
or natural sorbent materials have been stud-
ied, including polymer resins, porous silica,
polymer membranes, metal oxide particles,
clays, carbon-based materials or magnetic
nanoparticles etc. [41, 42].

Among the inorganic sorbents for the ex-
traction of americium radionuclides, the
following prevail: materials whose solid ma-
trices contain silicon in the form of silica
gel [1, 29, 80, 41, 43-45], clay minerals
such as kaolinite [46-49], bentonite [6, 16,
19, 46, 50-54], smectite/montmorillonite
[46], illite [46], red clay [46, 50], vermicu-
lite [55], Triassic clay [56], Opalinus Clay
(OPA) [57], clay-salt slimes [8, 58], quartz
[22, 59], nanoporous silica self-assembled
with monolayer (SAMMS) [1], attapulgite (a
kind of aluminum-magnesium silicate min-
eral) [60], silicic volecanic tuffs [22, 27, 61],
natural [14, 62] and synthetic [62] zeolites,
silica in the compositions of natural sedi-
ments [13].

Carbon based sorbents possess a number
of properties that make them very conven-
ient for application [63]. Activated carbon
[63], graphene oxide (GO) [4, 24, 28, 33,
42, 64-66], carbonaceous nanofibers (CNFs)
[10], carbon nanotubes [4, 67, 68] have been
reported to be efficient sorbents of ameri-
cium.

Magnetic solid-phase separation (MSPS)
methodology based on Fe (hydr)oxides
(FHOs; hematite, magnetite, goethite and
ferrihydrite) [23, 26, 69, 70] is emerging as
a promising technique for the separation of
toxic and radiotoxic metal ions including
americium from various aqueous streams
[26]. Potassium ferrate (VI) can effectively
remove americium from alkaline radioactive
liquid waste since it interacts with water
resulting in formation of iron(IIl) hydrox-
ides without any additional reagents [71].
Mn (hydr)oxides (MnOOH; MnO,; MnzO,)
have been found to be very effective in
separation of Am(lll) from low level waste
solutions having pH above 1.0 [34, 72].
Group IV metal oxides such as titania and
zirconia [41] as well as inorganic ion ex-
changer based on nano-cerium vanadate [39]
and thorium oxalate [73] successfully used
for americium separation from spent nu-
clear fuel. Metal sulfides materials with a
robust acid-stable layered metal sulfide
structure (KInSn,Sg) with the strong affin-
ity toward trivalent minor actinides were
reported for simultaneously separating tri-
valent 24TAm(lll) and 52Eu(lll) [4].
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Some synthetic polymers [35, 74-76] as
well as natural biopolymers [2, 3, 9, 87, 77—
82] are also used as solid matrices to de-
velop new materials having effective sorp-
tion characteristics with respect to ameri-
cium.

Apatite II, a biogenic hydroxyapatite, ob-
tained from a natural source (fish bones),
has been determined to be a good adsorbent
for radionuclides of americium from neutral
aqueous solutions containing common
chelating agents and inorganic salts at mod-
erate concentrations [40].

In order to develop a sorbent material
for nuclear separations, several factors
must be considered. For example, sorbents
for selective separation of targeted elements
from highly acidic aqueous solutions of ir-
radiated nuclear fuel should preferably ex-
hibit favourable hydrolytic and radiolytic
stability, as well as chemical stability. It is
considered preferable for solid phase sor-
bents to have open, porous structures in
order to provide high surface areas which
result in more active sites per gram of ma-
terial (high capacity) and facilitate rapid
mass transport (fast kinetics). In order for
a solid phase sorbent to be practically use-
ful in a flow-through column setup, it
should also have a granular physical form
with a particle size large enough to prevent
issues with loss of pressure and clogging
[41]. The adsorption process can be affected
by some factors, such as (1) the adsorbent
surface area — the larger the available sur-
face area for adsorption, the greater the
adsorptive capacity; (2) the porosity — pore
size, shape, and distribution determine the
adsorption capacity and velocity; (3) the
physical-chemical properties of the adsor-
bate-solubility, polarity and the presence of
substituent groups influence the species ad-
sorptive capacity; (4) pH — the solvent and
the adsorbate natures may change according
to the pH of the medium (species can at-
tract or repel themselves by electrostatic
forces in an acid or basic environment) [83].
Consequently, with the objective of develop-
ing a remediation process for nuclear waste
management which is of importance, the
improvement and refinement of sorption
material is continued [9].

Composite sorbents of natural or syn-
thetic origin as well as functionalized solid
materials prepared by surface modification
of the promising sorption materials, as a
rule, exhibit stronger binding for ameri-
cium and have a better mechanical strength,
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chemical stability, ideal size and porosity
[9, 74].

Composite materials are anisotropic and
inhomogeneous materials and usually pre-
sent unique properties. Composite material
is made by combining a minimum of two or
more materials, often with different proper-
ties [84]. They are formed from the main
substance, one way or another distributed
in the volume of the second substance,
called the matrix. Composite materials
achieve the majority of their beneficial
properties from a strong bond between the
strong, stiff reinforcement — usually fibers
(filaments) or reinforcements with other
geometrical shapes, for example, particles,
platelets — and the weaker, less stiff matrix
[85]. Generally speaking, any material con-
sisting of two or more components with dif-
ferent properties and distinct boundaries be-
tween the components can be referred to as a
composite material. Correspondingly, the ma-
jority of natural materials that have emerged
as a result of a prolonged evolution process
can be treated as composite materials [86].

Multibarrier systems which prevent mi-
gration of long-lived radionuclides from nu-
clear waste repositories to the environment
usually include various inorganic ion ex-
changers which strongly adsorb ions of ra-
dioactive metals [40]. The usage of these
barriers requires a large amount of natural
materials exhibiting specific physicochemi-
cal and sorption properties [8]. Different
clays of complex composition [46, 54, 56,
57] and rock formations [14, 22, 27, 61,
87], as well as sediments of different geo-
logical ages and lithological type [8, 13, 62,
88] and Apatite II [40] being natural com-
posite sorbents, are chemically active miner-
als capable of inhibiting the migration of
radionuclides from a radioactive waste stor-
age as part of engineering and natural bar-
riers [56].

Synthetic composites with enhanced sorp-
tion properties in respect to positively
charged Am(lll) ions are produced by a sol-
gel technique [11, 44, 89], chemical precipi-
tation methods [65, 90], heterogeneous pre-
cipitation in an aqueous solution [69] and
co-precipitation [65, 66, 91], chemical oxi-
dation [65], solvothermal [4] and hydrother-
mal synthesis [89, 92], polymerization [65,
89], by plasma-induced polymerization tech-
nique [65], by ionotropic gelation [38, 93],
by a phase inversion technique [32, 89], by
immobilization of impregnated mesoporous
silica in a biopolymer matrix [93], a method
that includes successive stages such as se-

Functional materials, 29, 1, 2022
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quential crushing, grinding, mixing, incin-
eration and grinding [17], alkali-induced
hydrolysis of hexafluorotitanic acid (H,TiFg)
under near-ambient conditions [94].

Much attention is given to the develop-
ment of various types of solid phase extrac-
tants, i.e., of polymeric or mineral matrices
on which organic compounds used in liquid
extraction are immobilized by covalent or
noncovalent binding [12]. Generally the sur-
faces of porous materials are functionalized
with polymer chains either chemically
(through covalent bonding) or physically (by
physisorption) [95]. For immobilization on
solid supports, the following reagents (or-
ganic extractants) for impregnation are
widely used: diglycolamic acid [26, 30]; digly-
colamides (DGAs) such as N,N,N’,N’-tetraoc-
tyl diglycolamide (TODGA) [12, 96] and tripo-
dal diglycolamide [97]; benzene-centered tri-
podal diglycolamide ligands [96];
diglycolamide-functionalized calix[4]arene, in
cone conformation [97]; tetrahydroxythia-
calixarene tetraphosponates [76]; 2-ethyl-
hexyl phosphonic acid mono-2-ethylhexyl
ester, C4gH3505P, (commercially known as
PC88A) [7, 29]; picolinamide [41]; poly(ami-
doamine) dendrimer [67]; imidazolium bis(2-
ethylhexyl) phosphate (ionic liquid) [43];
N,N’-dimethyl-N,N’-dibutylmalonamide
[74]; pyridine-2,6-dicarboxamide [98]; 2,6-
bis(5,6-dialkyl-1,2,4-triazine-3-yl)-pyridine
(R-BTP) [29]; polyazoles (1,2,3-triazole,
1,2,4-triazole and tetrazole) [75]; partially
hydrogenated heterocyclic compounds
(PHHC), containing nitrogen as donor
atoms [45]; 8-hydroxyquinoline [35]; hy-
droxypyridinones [1]; amides of pyridine-
2,6-dicarboxylic acid [5]; tributyl phosphate
(TBP) [12]; diaryl(dialkylcarbamoylmethyl)-
phosphine oxides (CMPO) [12]; CMPO +
TBP [12]; octyl(phenyl)-N,N-di-isobutylcar-
bamoylmethylphosphine oxide (CMPO) [29];
2-ethylhexyl (N,N-diethylcarbamoylmethyl)
phenylphosphinate [12]; ethylenediamine
(EDA) with N,N’-dicyclohexylcarbodiimide
(DCC) [68]; sodium dodecyl sulfate [82];
polyacrylamide (PAM) [65]; formaldehyde
[3, 9]; sodium alginate [9]; N,N’-Diethyl-
N,N’-di(p-tolyl)-dipicolinamide [12]; Di(2-
ethylhexyl) dihydrogen metha-
nediphosphonic acid (H,DEH[MDP]) [12]; N-
Benzoylphenylhydroxylamine (BPHA) [12];
diphenyl(dibutylcarbamoylmethyl)phosphine
oxide (Ph,Bu,CMPO) [12]; pyridoxal-5'-
phosphate [3]; carboxylic acids [12, 68]. As
solid carriers for preparing solidphase ex-
tractants for Am(lll) ions removing, the fol-
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lowing materials (including composites) are
the most widely used: silica gel [29, 30, 43,
45]; Diapak C16 [12]; nanoporous silica [1,
12]; magnetic silica particles [41];
macroreticular styrene-divinylbenzene ma-
trix immobilized in porous silica gel parti-
cles [12, 29]; silica-based polymeric compos-
ite material (CMPO/SiO,—P) [29]; GO [65];
multi-walled carbon nanotubes (MWCNTS)
and carboxylic acid-functionalized MWCNTs
[12, 67, 68]; Taunit? (carbon nanostructural
material) [12]; furane resin [63]; chroma-
tographic resins (Chromosorb-W) [97, 96];
chloromethylated Merrifield resin [74-76];
phenol based resins [35]; polymethacrylate
(PMA) and polystyrene-divinylbenzene (PS-
DVB) resins [5]; the commercial resin
Diphonix (styrene-divinylbenzene sulfonated
ion-exchange resin) [41]; Amberlite XAD-4
and XAD-7 [12]; Amberchrom CG-71 [12];
macroporous polymeric beads from polyeth-
ersulfone, [C45HgO3S], (PES) [7];
polypropylene fiber [12]; polyacrylonitrile
fiber [12]; titania [98]; iron oxide particles
[26]; Punica granatum peel [82]; nonviable
Rhizopus arrhizus biomass [3, 9]; chitosan
cryogels [3].

Chemical modification of the surface of a
promising sorption material is usually car-
ried out using such chemical reactions as
the amidation reaction [67, 74], functionali-
zation with amido-amine group [68]; soft
oxidation treatment [63]; condensation reac-
tion [30], silanization reaction [1, 26, 43,
98], azid-alkine cycloaddition [75], alkaline
polycondensation [35]; Williamson reaction
[76]; cross-linked polymerization [3, 9];
plasma-induced polymerization technique
[65, 89]; by ionotropic elation [9].

Materials with a mobile phase of extrac-
tants are impregnates and TVEXs [29]. So-
called "dry”™ and "wet” procedures are used
for preparing solid-phase extractants by im-
pregnation [12]. A definite amount of a re-
agent is dissolved in a solvent, and the re-
sulting solution is brought in contact with
the pretreated support for a definite time
with stirring, in some cases under ultra-
sonic treatment. The “dry”™ procedure,
which is more widely used, involves solvent
removal after keeping the reagent solution
with the support and drying of the material
at moderate temperatures in air or in a vac-
uum. In the "wet”™ procedure, solid-phase
extractants are not dried and the solvent
for impregnation is taken in a definite
amount required for swelling of the solid
phase. At dynamic procedure a support is
placed in a column and washed, after which
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a reagent solution is passed directly before
performing preconcentration [12]. Alterna-
tively, materials which are called TVEXs, or
Levextrel resins can be prepared by intro-
ducing an extractant into the matrix during
its synthesis e.g., by suspension copolymeri-
zation of styrene with divinylbenzene in the
presence of a radical polymerization initia-
tor. Though prepared by fundamentally dif-
ferent methods, impregnates and TVEXs are
similar in structures and properties [29].
These are materials combining the proper-
ties of sorbents and extractants and their
distinctive feature is that the extractant is
not chemically bonded to the solid support,
which is responsible for high kinetic charac-
teristics of sorption processes involving
these materials, favorably comparing with
conventional sorbents [29]. In terms of den-
sity, bulk density, and mechanical strength,
impregnates and TVEXs resemble sorbents,
while the recovery mechanism by which
they work is similar to solvent extraction
[29]. An advantage offered by impregnates
is the possibility of using practically water-
insoluble solvents and complexing agents
with long hydrocarbon chains, whose high
viscosity and surface activity make them
unsuitable for recovery of aqueous phase
components [29]. Unlike ion exchangers,
these sorption materials do not swell in
aqueous solutions; they retain mechanical
strength in both wet and air-dry states,
which makes them suitable for application
in modern high performance equipment
[29]. At the same time, it is necessary to
take into account that the non-covalent
modification is the reason of slow leaching
of the sorbed extractant from the pores of
the support material during the sorption
what poses a serious limitation to reusabil-
ity and, hence, the economic viability of
such sorbents [74]. Specific features of this
process are determined by the solubility of
the extractants in the aqueous systems used
[29]. Covalent grafting techniques are pre-
ferred to maximize a stable interfacial com-
patibility between the two phases [74, 95].

Table 1 lists some of the values of K; of
the various sorbents reported for the ex-
traction of radionuclides of americium from
aqueous media.

5. Types of sorption and
adsorption mechanism of
americium radionuclides on
various sorbents

Adsorption is a process of spontaneous
redistribution of system components be-

10

tween the surface layer and the bulk phase.
Adsorption occurs on the surface of the con-
densed phase, and absorption occurs in its
bulk. Absorption, like adsorption, can be
physical or chemical. In some situations,
the differences are small or the absorption
mechanism is unclear; in such cases, the
more general term sorption is used as a
synonym for absorption without specifying
a detailed mechanism. In physical adsorp-
tion, the adsorbate adheres to the surface
only through weak intermolecular Van der
Waals interactions in an environment of
low temperature and under appropriate pH
conditions. In contrast, in chemical adsorp-
tion, the adsorbate molecules are held to a
solid by newly created chemical bonds (cova-
lent, ionic) due to strong interactions be-
tween adsorbent and adsorbate [99]. The
main mechanisms for rare earth ions3+ ad-
sorption are: (i) surface complexation, (ii)
ion exchange, (iii) precipitation, (iv) electro-
static attraction, and (v) physical adsorp-
tion. Surface complexation, ion exchange,
and precipitation belong to chemisorption,
which has a more significant role in the
removal of rare earth ions3+ from aqueous
solution than physisorption (electrostatic at-
traction, physical adsorption). In general,
the specific role of each mechanism in rare
earth ions3' adsorption varies depending on
the adsorbate, ionic environment of aqueous
solution, and adsorbents (their surface,
functional groups, etc.) [99]. So, for exam-
ple, in the solutions of lower pH, ion ex-
change process appears to be dominant com-
pared with complexation by the surface
binding groups [8].

The sorption equilibrium is usually de-
picted by isotherm models whose parameters
explicit the sorbent surface properties and
affinity at a constant temperature [82]. The
analysis of the isotherm data is important
to describe how the adsorbates interact with
adsorbents, affording the most important
parameter for designing a desired adsorp-
tion system [24]. Adsorption isotherms re-
flect the influence of adsorbate initial con-
centration on the adsorption process [99]. In
general, a sorption isotherm is an invalu-
able curve describing the phenomenon gov-
erning the retention (or release) or mobility
of a substance from the aqueous porous
media or aquatic environments to a solid-
phase at a constant temperature and pH. Its
physicochemical parameters, together with
the underlying thermodynamic assumptions,
provide an insight into the sorption mecha-
nism and surface properties as well as the

Functional materials, 29, 1, 2022
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Table 1. Comparison of K, values of the various sorbents reported for the extraction of radionu-

clides of americium from aqueous media

Sorbent material Max K, value, pH or acid
ml/g concentration
Apatite II 2.8.10° 6
Mn-doped Fe,O, 1.5-10° 8
Rhizopus arrhizus dead biomass NCIM 997 1.8-10° 2
Super paramagnetic graphene oxide — Fe;O, nanoparticle 10° 3
composites
Zeolitic tuff 10° 10
Nanoporous silica self-assembled with monolayer (SAMMS) of ~.10% ~7
hydroxypyridinone derivative (3,4-HOPO-SAMMS)
Resorcinol substituted phenol-formaldehyde resins 8.4-10% 4
Thorium oxalate-silica gel sorbent 7.8.104 1 M HNO; +
0.1 M H,C,0
Hematite (a-Fe,0,) 7-10% 9.7
Opalinus Clay 6.5-10% 7.6
Multi-podant diglycolamide-functionalized calix[4]arene (C4DGA) >5-10% 0.01-4 M HNO,
The imidazolium bis(2-ethylhexyl) phosphate modified silica gel 4-104 0.001 M HNO,
Magnetite 4.10% 7.8
Extraction chromatographic resins containing benzene-centered 3.6-10% 3 M HNO4
tripodal diglycolamide ligands
Tripodal diglycolamide (T-DGA) resin 3.1-10% 3 M HNO4
Diglycolamic acid-functionalized multiwalled carbon nanotubes 2.6-10% 3 M HNO4
(DGA-CNTs)
Lime-silt sandstones 2.4.10% 7.9
Layered hydrazinium titanate LHT-9, (NyHg)1,Tiq 5704 2.1-104 3-6
Oven-dried biomass of R. arrhizus NCIM 997 1.5-104 2
Iron oxide (Fe;0O,) particles functionalized with diglycolamic acid 104 3
(Fe-DGAH)
Devitrified tuff 104 10
Extraction chromatographic resins containing benzene-centered 9.9.103 3 M HNO4
tripodal diglycolamide ligands
Dipicolinic acid functionalized titania (TiOz-DPA) 8.103 1M HNO3
Triassic clay 7.8.10% 6.9
Poly(amidoamine) dendrimer functionalized carbon nano tubes 6.4-10°% 0.5 M HNO4

degree of affinity of the adsorbents [65].
The most frequently used adsorption iso-
therms for rare earth ions®' adsorption
from aqueous solution are Langmuir, Freun-
dlich, BET, Temkin, Dubinin-
Radushkevitch, Hill, Redlich-Peterson, and
Sips isotherms [99]. Langmuir isotherm was
found to be predominately operative [98] in
many cases of adsorption of americium ions
from aqueous media [2, 4, 7, 10, 11, 17, 24,
26, 30, 83, 34, 36, 39, 43, 50, 60, 67, 72,
76, 81, 82, 91-93, 96-100]. The Langmuir

Functional materials, 29, 1, 2021

adsorption isotherm describes chemical ad-
sorption and assumes: (i) a limited number
of localized adsorption-binding sites on the
surface of the adsorbent; (ii) binding of one
molecule to each binding site (monolayer ad-
sorption) and (iii) a homogeneous surface of
adsorbent from the energy point of view
(uniform affinity of all binding sites to ad-
sorbate without interactions between adsor-
bate molecules) [99].

As a rule, sorption of metal ions pro-
ceeds in several stages. In the first, the
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transfer of metal ions from the solution
onto the sorbent takes place through a dif-
fusion process. Then, these metal ions dif-
fuse throughout the outer surface of the
sorbent (film diffusion) or migrate inside
through pores (pore diffusion) and interact
with active sites of the sorbent. The overall
rate of sorption is dominated by the slowest
of these steps or, if the rates of several
steps are comparable, is formed by a combi-
nation of them [8]. In studies on adsorption
behavior, kinetics, which reflects the influ-
ence of adsorption time on the adsorption
process, has generally been the primary
focus and challenge [54, 99]. Researchers
attempted to describe the kinetic and ther-
modynamic properties of adsorption by
using different adsorption models, and got
many valuable results. Based on experimen-
tal data, these models are obtained by com-
bining with mathematics or computer tech-
nology [54]. Models which consider adsorp-
tion as the slowest process are the
pseudo-first order, pseudo-second order, and
Elovich models; adsorption is usually the
slowest process when the adsorbate uptake
on the adsorbent is a chemical nature. The
pseudo-first order model, governed by the
non-reversible kinetic equation, rests on
five assumptions : (i) sorption only occurs
on localized sites and involves no interac-
tion between the adsorbed ions, (ii) energy
of adsorption is not dependent on surface
coverage, (iii) maximum adsorption corre-
sponds to a saturated monolayer of adsor-
bates on the adsorbent surface, (iv) concen-
tration of adsorbate is considered to be con-
stant, and (v) metal ion uptake on the
adsorbent is governed by a first-order rate
equation. The assumptions for the pseudo-
second order model are almost the same as
for the pseudo-first order model, except
that the ion uptake is governed by a second-
order rate equation [99]. Pseudo-first order
models rely on mass transfer from the bulk
to the adsorption sites and are based on the
assumption that the driving force is ex-
pressed as a concentration difference. For
pseudo-second order models, chemical reac-
tion/chemisorption is assumed to be the
rate-controlling step [24]. Experimental
data indicate that the pseudo-second-order
model fits the best sorption of americium
ions on most various sorbents [7, 8, 10, 11,
24, 29, 34, 36, 37, 43, 44, 50, 60, 67, 68,
76, 78, 96-99]. Consequently, it may be
postulated that the rate determining step in
sorption of Am3* on these materials is
chemical sorption (chemisorption), which in-
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volves valency forces through mutual mem-
bership or replacing electrons between sor-
bent and sorbate [8].

Sorption of metal cations is pH-depend-
ent and is characterized by a narrow pH
range where sorption increases to nearly
100 %, traditionally known as an adsorp-
tion edge. The pH position of the adsorption
edge for a particular metal cation is related
to its hydrolysis or acid-base charac-
teristics. In addition to pH, sorption of met-
als is dependent on sorptive concentration,
surface coverage, and the type of the sor-
bent [8].

Americium in aqueous solutions is well
known to exist in the III, IV, V, and VI
oxidation states. The hydrated ions Am3*
(aq), AmO?* (aq), and AmO,2* (aq) occur in
the absence of complexing agents. Am(lII)
ion is precipitated by hydroxide, fluoride,
phosphate, and oxalate ions [2]. Americium
(IIT) forms strong hydroxo- and carbona-
toaqueous complexes. As solids, it forms
mixed hydroxo-carbonato species [61]. In
seawater, AM(lll) exists as Am(lll) as a pre-
dominant species at acidic pH, AmSO,* at
pH 7.0, Am(CO3)* at pH 7.8, and Am(COz)?~
and Am(OH),™ at pH 9.0 [1].

The surface complexation constants allow
prediction of sorption of americium in a
natural complex system. The surface reac-
tions involve an americium sulfate and an
americium carbonate complex [22]. The gen-
eralized surface complexation sorption
model for sorption of americium in a natu-
ral complex system involves 1) surface pro-
ton exchange, and 2) cation sorption on to a
neutral surface hydroxyl species =SOH.
These reactions can be described as:

1) surface proton exchange:

=SOH «— =S80~ + Hﬂongepmton, (6)
2) cation sorption
=SOH + Me?* «— =SOMe*H*logK (7)

[22]. K; of americium on volcanic tuffs
reaches a maximum at a pH between 6 and
7. At a pH above 7, K;’s of americium on
volcanic tuffs decrease with increasing pH,
likely due to the repulsion between the
negatively charged americium carbonate
complex and rock surfaces in the system
[22]. The sorption of Am on natural sedi-
ment consisting of mineral oxides (such as
silica) [18] increased with pH of the aque-
ous medium [10 % (pH 2) to ~ 100 % (pH
10)], which was explained in terms of the
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increased negative surface charge on the
sediment particles the fraction of which is
increasing with the increasing pH. There is
negligible effect of varying ionic strength
on Am(lll) sorption which suggests inner-
sphere complexation/sorption process and
negligible amount of the ion-exchange sites.
Similar observations were made during the
sorption of Am(lll) onto silica and kaolinite
(aluminosilicate) as a function of pH and
ionic strength [13]. GO has a large surface
area and a number of oxygen containing
groups such as epoxy (C-O-C), hydroxyl
(—OH), carboxyl (—COOH), and carbonyl
(—C=0) capable of binding metals and ra-
dionuclides via coordination and electro-
static interaction [66]. The removal rate of
Eu(lll) by GO is connected with the relative
distribution of Eu(lll) species in solution and
the surface properties of the GO. The Eu(lll)
sorption increased between pH 2.0 to 6.0
due to electrostatic attraction, and then re-
tained this level at pH 6.0-9.0 due to sur-
face complexation [65]. At pH < 8.9 the
surface charge of GO is positive and pH >
3.9 it is negative due to protonation and
deprotonation reactions, respectively.
Therefore at pH > 3.9 the GO surface is
charged negatively and the electrostatic at-
tractions between metals in positive species
and GO are stronger and as a result the
adsorption values close to 100 % for both
metals [28]. The value of Eu-C bond dis-
tance confirmed the formation of inner-
sphere surface complexes on graphene oxide
nanosheets (GONS). Surface complexation
modeling gave an excellent fit with the pre-
dominant mononuclear monodentate
>SOEuZ* and binuclear bidentate
(>S0),Eu,(OH),2* complexes at pH < 5.0
and at pH > 8.0 accordingly [33]. The ad-
sorption of Eu(lll) on GO increases with pH
increasing from 2.0 to 7.5, and then main-
tains high level at pH > 7.5 [24]. The ad-
sorption of Eu(lll) is mainly dominated by
inner-sphere surface complexation at low
pH values, whereas the adsorption is accom-
plished by precipitation and inner-sphere
surface complexation at high pH wvalues.
Therefore, the adsorption of Eu(lll) on GO is
independent of ionic strength in the wide
pH range [24, 33]. The effects of coexistent
electrolyte ions on Eu(lll) removal from solu-
tion to GO can be negligible. However, the
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adsorption of Eu(lll) is significantly affected
by humic acids and fulvic acids (HA/FA).
The adsorption is enhanced at low pH wval-
ues and is reduced at high pH values [24].
Am(lIl)/GO coagulation occurs with the for-
mation of nanoparticle aggregates of GO
sheets, facilitating their removal. Coagula-
tion is a sorption driven mechanism, and
sorption is likely followed by bridge forma-
tion between different sheets of GO, thereby
inducing the coagulation [64]. Magnetic
graphene oxide (MGO2) sorbent which was
uniformly covered with magnetite nanopar-
ticles, has predominantly sorption sites
typical of magnetite, and the mechanism of
Am(lll) sorption in this case should be simi-
lar to sorption on magnetite [66], when the
exchangeable and carbonate sites play the
principal role [56]. Magnetic graphene oxide
(MGO1) which contained lower concentra-
tion of iron accordingly had a lower amount
of magnetite nano-particles on the GO sur-
face. In this case, both sorption sites char-
acteristic of GO and magnetite were avail-
able for the uptake of radionuclides [66].
The maximum uptake of Am by GO was
found at the initial pH values of 3-5 and at
the initial pH value of 7 for MGO1, whereas
an increase of Am adsorption from 60 to ~
100 % was observed for MGO2 in the pH
range from 3 to 9 [66]. The increasing ad-
sorption of Eu3* at pH 3.0-6.0 on the CNFs
could be attributed to the presence of car-
boxylic groups which typically deprotonated
at pH ~ 4.0 and made the CNFs negatively
charged. They bond directly with cations or
nanoparticles with opposite charges by elec-
trostatic attractions. The high-level removal
of Eu(lll) on CNFs at pH > 6.0 was also as-
cribed to the precipitation of Eu(OH); [10].
A diglycolamic acid functionalized silica gel
(Si-DGAH) [30] and iron oxide particles (Fe-
DGAH) [26] contain acidic functional moie-
ties on the surface. Therefore, these sor-
bents are cation exchangers. At the mutual
separation of trivalent actinides and lantha-
nides using Fe-DGAH or Si-DGAN the dis-
tribution ratio of both Eu(lll) and Am(lIl) de-
creases with an increase in the concentra-
tion of nitric acid, since this extraction was
accompanied by the release of two moles of
H* ions from diglycolamic acid and co-ex-
traction of one mole of NO3~ ions from the
aqueous phase by cation exchange mecha-
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nism [26, 30]. Sorbent material created
from nanoporous silica self-assembled with
monolayer (SAMMS) of hydroxypyridinone
derivative (3,4-HOPO) effectively captures
249Am(Il) in filtered seawater doped with
competing metals at levels encountered in
environmental or physiological samples, at
pH 5-8 [1]. The K, of 3,4-HOPO-SAMMS
for Am(lll) dropped sharply at pH 0 and at
pH > 7 due to protonation of the 3,4-HOPO
ligand-complex at very low pH and the poor
solubility of actinides at very high pH, re-
spectively. Actinides tend to form strong
complexes with carbonate and hydroxide
species under basic conditions reducing the
effectiveness of all solid phase sorbent ma-
terials [1]. Bio-sorption in algae has been
attributed mainly to the cell wall, where
both electrostatic attraction and complexa-
tion can play a role [2]. The marine algal
matrix of alginate consists of complex het-
ero-polysaccharides containing both OH and
COOH binding sites; therefore the major
binding groups are —-OH, O=C-OH, C=O.
The interaction of Am3* with alginate is
mostly ionic species of Am (Am3*(aq),
AmO,*(aq), and AmO,2*(aq)) complexing
with this groups. Carboxylic group exists in
ionized form at pH ~ 4. As pH reaches lower
values, the competition between H* and cat-
ionic species in the solution affects the
process, decreasing the metal uptake. In ad-
dition to this there is a definite probability
that neutral species i.e. [AM(OH)3] may get
adsorbed on the algal cell. The charge of the
bio-sorbent does depend exclusively on the
pH value. Covalent bonding of metals can
“"consume” negatively charged groups.
Groups become large neutral that would
otherwise have been negatively charged in
metal free solution of the same pH [2].

6. Sorption processes involving
americium, occurring in
radioactive storages

The safe disposal of radioactive wastes
and specifically the need to protect humans
and the environment in the far future is
given particular attention in all countries
engaged in nuclear power generation [9,
19]. According to the International Atomic
Energy Agency (IAEA) guidelines, a geo-
logic repository shall be designed based on
the concept of a multibarrier system for
radioactive waste isolation [6]. Key compo-
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nents of such system that provides isolation
of radionuclides from the environment are:
a matrix (waste form) with incorporated ra-
dionuclides in metallic containers, an artifi-
cial anti-migration clay barrier (mostly
smectite) and host rock [6, 19]. However, it
is impossible to guarantee the long-term
stability and integrity of the engineered
barrier system [19]. Radionuclide migration
from the repository would be impeded in
the natural system by interactions among
water, nuclides, and immobile mineral
phases in the rock [61]. The steel in the
engineered barriers (including rebar) for
disposed waste or the carbon-steel tank lin-
ers holding the liquid waste do not sorb the
radionuclides [23]. However, once the over-
pack comes into contact with groundwater
higher concentrations of COz%" ions, it will
begin to corrode and, therefore, smectite
could interact with dissolved iron, hydrogen
gas and other corrosion products of the
steel overpack such as magnetite (FezO,),
goethite [FEO(OH)], or siderite [19]. It was
shown that in the aqueous systems, the
sorption percentage or K; of Am onto natu-
ral hematite increases with increasing pH
from 2.5 to 5.7; at the same pH 5.7, the
decrease in ion strength NaNOj from 0.1 M
to 0.001 M significantly increased Am sorp-
tion onto natural hematite. The increasing
content of fulvic acid (FA) from 0 to
20 mg/L significantly increased the Am(lIl)
sorption onto natural hematite at pH 5.7.
Similarly, addition of HA (4.7-1075 M) to
Am(lll)-hematite systems also significantly
increased the Am(lll) sorption rates to near
100 % at the pH range of 4—-6, independent
of ion strength (0.05-0.5 M NaClO,). These
results demonstrate that how strong FA,
HA, and likely natural organic matter as
complexing agents would influence Am(lII)
sorption to FHOs and other minerals. At pH
5.5 or 8.0, Am(lll) sorbed onto ferrihydrite
surfaces as a bidentate corner-sharing spe-
cies which indicates that the bonding is
strong and desorption is less likely to occur
than in a monodentate system [23]. More-
over it was found that the steel container i
mmobilized the high-radioactive waste, even
during the corrosion process. Samarium
formed of an insoluble phase of samarium
silicate on the container surface. There was
no evidence of samarium diffusion through
the metallic container. Samarium remained
adsorbed by the container also after desorp-
tion experiment with water. Therefore, steel
canister is actively involved in the HRW
immobilization [19]. Alumophosphate and
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borosilicate glasses are the most common
matrixes for vitrifcation of HLW in the
world due to economic advantages, the low
requirements for initial radioactive waste
conditioning, the relative simplicity of pro-
duction, and their chemical durability that
meets local legal regulations and guidelines
of TAEA. The solubility of phosphate glass
components and their crystallization during
interim storage caused by elevated tempera-
ture and water vapour could result in for-
mation of colloids in the aqueous phase. An
increase in temperature caused an increase
in the dissolution rate and alteration depth
of phosphorous glass, and therefore an in-
creased concentration of phosphate in water
in the near field deep geological repository
environment. It could affect on speciation
of radionuclides and therefore their behav-
ior in the near field environment, both in
the liquid phase and for sorbed species. Am-
ericium can form insoluble phosphates at
neutral and basic pH, and complex ions
with HPO42~ and H,PO,2~ anions in acidic
media. Am could also be associated with col-
loidal particles in solution or it could form
its own colloids, designated radiocolloids.
However, it was found that an increase in
the Am water soluble mobile fraction is ac-
companied by an increase in the amount of
strongly bound radionuclide species in pres-
ence of phosphate in the liquid phase. Tak-
ing into account the low diffusion rates in a
geological environment and through a ben-
tonite barrier, such a redistribution indi-
cates that the clay barrier is an important
and essential part of the safety system of a
radioactive waste repository over the stud-
ied conditions [6]. Moreover the study [22]
convincingly demonstrates that even in the
worst case scenario, i.e. in the presence of
very weakly adsorbing surfaces in geologic
repository for the disposal of spent nuclear
fuel and high-level radioactive waste, am-
ericium is virtually immobile as reflected by
its very high K, value.

Understanding the migration behavior of
radioactive and non-radioactive toxic ele-
ments in geological environments is very
important for the reliable long-term safety
assessment of potential nuclear waste dis-
posal sites and in nuclear waste manage-
ment. Sorption and desorption of the haz-
ardous elements onto mineral surfaces are
important for the migration behavior of ac-
tinides in the natural aquifer system [47].
Geochemical processes, such as ion ex-
change, adsorption-desorption, dissolution-
precipitation, redox processes, aqueous com-
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plexation, surface complexation, colloid for-
mation and migration, and microbiological
processes, control the transport behavior of
radionuclides [23]. The sorption data incor-
porated in the geochemical codes can help in
predicting the partitioning as well as the
migration ability of the radionuclides [13].
The geochemistry of the rocks and fluids in
the natural system will influence the long-
term behaviour of components in an engi-
neered barrier system and the ability of any
radionuclides that are eventually released to
migrate away from a nuclear waste reposi-
tory. The geochemistry also provides evi-
dence of the way in which geologic and hy-
drologic processes operated in the past [61].
Field experiments and environmental moni-
toring observations have shown that Am
transport can be enhanced by the presence
of colloids [13, 53]. These colloids originate
from the weathering of the surrounding
rock structures, and comprise either various
pure mineral oxides, silicates, carbonates or
clay minerals (a composite mixture). Parti-
tioning of the radionuclides in the aquatic
body between the colloidal particles and the
bulk aqueous medium depends on the chemi-
cal interaction-complexation/precipitation
— between the radionuclides and surface
sites of different minerals, and is influ-
enced by the surrounding chemical environ-
ment [13]. Three criteria are important for
colloids to increase the transport of ra-
dionuclides such as Am: (1) colloids must be
mobilized, (2) mobile colloids must be trans-
ported long distances and (8) radionuclides
must associate strongly with mobile colloids
[53]. Radionuclide concentrations along
flow paths from a repository could be lim-
ited by (1) low waste-form dissolution rates,
(2) low radionuclide solubility, and (3) ra-
dionuclide sorption onto geological media
[61]. It was shown that although bentonite
colloids were highly mobile, the Am that
was sorbed to them was readily desorbed
and would not pose a significant transport
risk if leaked from a repository with oxidiz-
ing pH = 8 groundwater and the absence of
other competing radionuclides [53]. Colloid-
mediated transport of Am in a bentonite-
fracture fill material system is unlikely to
result in transport over long distance scales
because of the ability of the fracture mate-
rials to rapidly strip Am from the bentonite
colloids and the apparent lack of a strong
binding site that would keep a fraction of
the Am strongly-associated with the colloids
[53].
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It has been established that in water with
a high content of dissolved organic matter
(DOM), which is the result of microbial deg-
radation of mining debris (diesel, wood,
etc.), the sorption of Am on an inorganic
matrix is kinetically limited due to the
aqueous AmM-DOM complexation. This re-
sults in a higher Am transport rate. The
slow disassociation of Am from soluble Am-
DOM complexes and it subsequent sorption
to mineral surfaces provides a mechanism
for unretarded Am transport in the short
term but also suggests that Am-DOM aque-
ous complex formation is reversible. Low
diffusion rates of AmM-DOM macromolecular
complexes may focus Am transport into
fractures and minimize retardation via ma-
trix diffusion. The examination of Am sorp-
tion indicates that water chemistry, notably
DOM, will play a major role in controlling
Am mobility in ground waters [27].

Conclusion

The presence of long-lived radionuclides
in natural aquatic systems is of great envi-
ronmental concern in view of their possible
migration into biosphere of mankind [52].
This migration is significantly influenced
by various factors such as pH, complexing
ions present in aquatic environment and
sorption of species involving radionuclides
on the sediments around the water bodies.
241/243Am are two major radionuclides which
can contribute a great deal to radioactivity
for several thousand years [13]. The focus
of this review is on sorption studies of the
absorption of americium by various sor-
bents, carried out in recent decades. Meth-
ods for quantitative evaluation of the effec-
tiveness of sorbents are considered. The se-
lection of data for Am(lll) is substantiated
taking into account the fact that trivalent
lanthanides, especially Eu, are often taken
as a chemical analogue of trivalent actinides
Am and Cm. Various types of sorbents and
materials used for binding americium ra-
dionuclides, methods of their preparation
and sorption mechanisms are considered in
detail. In addition, this review comprehen-
sively considers sorption processes involv-
ing americium occurring in radioactive stor-
ages. At the same time, it should be noted
that the insufficient amount of literature
on radiolytic degradation of the sorbent,
stripping of metal ion from the loaded sor-
bent and interaction of sorbent functional-
ity to the metal ions made the comparison
very difficult [78]. In addition despite the
large number of publications devoted to the
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extraction of americium radionulides from
the aquatic environment, there are very few
examples of solid phase materials used for
nuclear separations at industrial or pilot
scales [41].

Acknowledgments. The authors are grate-
ful that this study was supported by the
National Academy of Sciences of Ukraine
within the framework of the project "Devel-
opment of methodology “click™-chemistry
for create components for advanced com-
plexing materials”™ (0117U001280). The
authors also thank all the brave defenders
of Ukraine for allowing us to continue our
scientific work and publish this research in
besieged Kharkiv.

References

1. W.Yantasee, G.E.Fryxell, K.Pattamakomsan
et al., J.Hazard. Mater., 366, 677 (2019).
https://doi.org/10.1016/j.jhazmat.2018.12.0
43.

2. K.Singhal, H.Basu, V.Manisha et al., Desali-
nation, 280, 313 (2011).
https://doi.org/10.1016/j.desal.2011.07.016.

3. M.K.Modi, P.Pattanaik, N.Dash, S.Subrama-
nian, Int.J.Pharm.Sci. Rev. Res., 34, 122
(2015). https://globalresearchonline.net/jour-
nalcontents/v34-1/19.pdf.

4. X.Zhanga, Y.Liu, Environ.Sci.Nano, 7, 1008
(2020). https://doi.org/10.1039/COENO1341E .

5. C.D.Black, A.Paulenova, J.L.Lapka, /.Ra-
dioanal. Nucl.Chem., 320, 299  (2019).
https://doi.org/10.1007/s10967-019-06483-z.

6. Y.V.Konevnik, K.V.Martynov, Y.Yu.Karaseva
et al., J.Radioanal.Nucl.Chem., 321, 83
(2019). https://doi.org/10.1007/3s10967-019-
06569-8 .

7. S.K.Pathak, S.C.Tripathi, A.K.Mahtele et al.,
J. Radioanal. Nucl. Chem., 308, 47 (2016).
https://doi.org/10.1007/s10967-015-4330-z .

8. L.Fuks, L.Maskalchuk, I.Herdzik-Koniecko,
T.Leontieva, <J.Radioanal. Nucl.Chem., 320,
87 (2019). https://doi.org/10.1007/510967-
019-06449-1 .

9. S.C.Tripathi, R.Kannan, P.S.Dhami et al., J.
Radioanal. Nucl. Chem., 287, 691 (2011).
https://doi.org/10.1007/s10967-010-0949-y .

10. Y.Sun, Z.Wu, X.Wang et al., Environ.Sci.
Technol., 50, 4459 (2016).
https://doi.org/10.1021/acs.est.6b00058 .

11. H.S.Hassan, M.I.A.Abdel Maksoud, L.A.Attia,
J.Mater. Sci: Mater. Electron., 31, 1616
(2020). https://doi.org/10.1007/5s10854-019-
02678-y .

12. O0.B.Mokhodoeva, G.V.Myasoedova, E.A.Zak-
harchenko, Radiochemistry, 53, 35 (2011).
https://doi.org/10.1134/5S106636221101005X .

13. D.K.Das, S.Kumar, P.N.Pathak et al., JJ. Ra-
dioanal. Nucl. Chem., 289, 137  (2011).
https://doi.org/10.1007/s10967-011-1045-7 .

14. V.V.Levenets, A.Yu.Lonin, O.P.Omelnik et
al., Probl. At. Sci. Technol. (PAST), 125, 121

Functional materials, 29, 1, 2022



T.A.Blank et al. /| Removal of the Am-241 ...

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

(2020).
121.
Th.Rabung, M.C.Pierret, A.Bauer et al., Geo-
chim.Cosmochim.Acta, 69, 5393 (2005).
https://doi.org/10.1016/j.gca.2005.06.030 .

Y.Tachia, M.Ochs, T.Suyam, J. Nucl. Sci. Tech-
nol., 51, 1177 (2014).
https://doi.org/10.1080,/00223131.2014.914452.

V.Diesen, K.Forsberg, M.Jonsson, J.Hazard.
Mater., 340, 384 (2017).
http://dx.doi.org/10.1016/j.jhazmat.2017.07
.008.

B.Luckscheiter, M.Nesovie, 90, 537 (2002).
https://doi.org/10.1524 /ract.2002.90.9-
11 _2002.537 .

S.El Mrabet, M.A.Castro, S.Hurtado et al.,
Am. Mineral., 99, 696 (2014).
http://dx.doi.org/10.2138/am.2014.4665 696 .

K.St’astna, P.Distler, J.John, F.Sebesta, oJ.
Radioanal. Nucl. Chem., 312, 685 (2017).
http://dx.doi.org/10.1007/s10967-017-5260-8 .

M.Ochs, D.Mallants, L.Wang, Sorption Values
for Americium. in: Radionuclide and Metal
Sorption on Cement and Concrete. Topics in
Safety, Risk, Reliability and Quality, 9999
(2016). Springer, Cham, ISBN 978-3-319-
23651-3. https://doi.org/10.1007/978-3-319-
23651-3 .

M.Ding, S.Kelkar, A.Meijer, J. Environ. Radio-
activity, 136, 181 (2014). http://dx.doi.org/
10.1016/j.jenvrad.2014.06.007 .

D.Li, D.I.Kaplan, J.Hazard. Mater., 243, 1
(2012). http://dx.doi.org/10.1016/j.jhazmat.
2012.09.011 .

B.Hu, Q.Hub, X.Lib et al., J. Mol. Lig., 229, 6
(2017). http://dx.doi.org/10.1016/j.mol-
1iq.2016.12.030.

C.R.Kumar, V.Vijayakumar, A.Suresh et al.,
J. Radioanal. Nucl. Chem., 321, 617 (2019).
http://dx.doi.org/10.1007/s10967-019-06618-2 .

A.S.Suneesh, R.Jain, K.A.Venkatesan et al.,
Solvent Extr.Ion Exc., 33, 656 (2015).
http://dx.doi.org/10.1080/07366299.2015.1
082826.

P.Zhao, M.Zavarin, R.N.Leif et al., Appl. Geo-
chem., 26, 308 (2011). http://dx.doi.org/
10.1016/j.apgeochem.2010.12.004 .

I.Sanchez-Garcia, A.Nunez, L.J.Bonales et al.,
Radiat. Phys.Chem., 165, 108395 (2019).
https://doi.org/10.1016/j.radphyschem.2019
.108395 .

I.D.Troshkina, Ya.A.Obruchnikova, S.M.Pes-
tov, Russ.J.Gen.Chem., 89, 2721 (2019).
https://doi.org/10.1134/5107036321912048X.

A.S.Suneesh, K.V.Syamala, K.A.Venkatesan
et al., J.Colloid Interface Sci., 438, 55 (2015).
http://dx.doi.org/10.1016/j.jcis.2014.09.076 .

K.St’astna, J.John, F.Sebesta, M.Vlk, J.Ra-
dioanal. Nucl. Chem., 304, 349 (2015).
http://dx.doi.org/10.1007/s10967-014-3544-9 .

R.B.Gujar, P.K.Mohapatra, RSC Adv., 5,
24705 (2015).
http://dx.doi.org/10.1039/c4ral14826f .

https://doi.org/10.46813,/2020-125-

Functional materials, 29, 1, 2021

33.

34.

35.

36.

37.

38.

39.

40.

41.

42

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Y.Sun, Q.Wang, C.Chen et al., Environ.Sci.
Technol., 46, 6020 (2012).
http://dx.doi.org/10.1021/es300720f .

K.Bhagyashree, A.Kar, S.Kasar et al., J.Ra-
dioanal. Nucl.Chem., 299, 1433 (2014).
http://dx.doi.org/10.1007/s10967-013-2895-
y.

M.Draye, A.Favre-Reguillon, D.Wruck et al.,
Sep. Sci. Technol., 36, 899 (2001).
http://dx.doi.org/10.1081/SS-100103627.

A.F.Seliman, J.Radioanal. Nucl.Chem., 292,
729 (2012). http://dx.doi.org/10.1007/
$10967-011-1478-z .

L.Fuks, A.Oszczak, J.Dudek et al., Int.J. En-
viron. Sci. Technol. (Tehran), 13, 2339 (2016).
http://dx.doi.org/10.1007/s13762-016-1067-3.

L.Fuks, I.Herdzik-Koniecko, H.Polkowska-
Motrenko, A.Oszczak, Int.J.Environ.Sci.
Technol. (Tehran), 15, 2657 (2018).
https://doi.org/10.1007/s13762-018-1650-x.

C.Banerjee, N.Dudwadkar, S.C.Tripathi et al.,
J.Hazard. Mater., 280, 63 (2014).
http://dx.doi.org/10.1016/j.jhazmat.2014.07
.026.

J.Krejzler, J.Narbutt, Nukleonika, 48, 171
(2003). http://www.nuk-
leonika.pl/www /back/full/vol48_ 2003/v48n
4p163f.pdf

J.Veliscek-Carolan, J.Hazard. Mater., 318,

266  (2016).  http://dx.doi.org/10.1016/
j.jhazmat.2016.07.027.

. A.S.Kuzenkova, A.Yu.Romanchuk, A.L.Trigub

et al, Carbon, 158, 291 (2020).
https://doi.org/10.1016/j.carbon.2019.10.003.

K.Dasthaiah, B.R.Selvan, A.S.Suneesh et al.,
J. Radioanal. Nucl. Chem., 313, 515 (2017).
http://dx.doi.org/10.1007/s10967-017-5314-y .

A.A.Naser, G.E.Sharaf El-deen, A.A.Bhran et
al., J.Ind.Eng.Chem., 32, 264 (2015).
http://dx.doi.org/10.1016/].jiec.2015.08.024.

S.V.Khimchenko, T.A.Blank, K.N.Belikov et
al., Funct. Mater., 24, 706 (2017).
http://dx.doi.org/10.15407/fm24.04.706.

D.R.Frohlich, U.Kaplan, J.Radioanal. Nucl.
Chem., 318, 1785 (2018).
https://doi.org/10.1007/s10967-018-6310-6.

M.Ho Lee, E.C.Jung, K.Song et al., J.Ra-
dioanal. Nucl. Chem., 287, 639 (2011).
https://doi.org/10.1007/s10967-010-0899-4 .
Y.Sun, D.Pan, X.Wei et al., Environ. Pollut.,

266, 115189 (2020). https://doi.org/10.1016/
j.envpol.2020.115189 .

P.K.Verma, P.K.Mohapatra, RSC Adv., 6,
84464 (2016). https://doi.org/10.1039/
C6RA17984C .

A.Gladysz-Plaska, A.Oszczak, L.Fuks, M.Ma-
jdan, Pol.J.Environ.Stud., 25, 2401 (2016).
https://doi.org/10.15244 /pjoes/62638 .
N.Kozai, Sh.Yamasaki, T.Ohnuki, J.Ra-
dioanal. Nucl.Chem., 299, 1571 (2014).
https://doi.org/10.1007/s10967-013-2799-x.
P.K.Verma, P.N.Pathak, P.K.Mohapatra et
al., Environ.Sci. Process. Impacts, 16, 904

17



T.A.Blank et al. /| Removal of the Am-241 ...

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

18

(2014)
https://doi.org/10.1039/C3EMO0563A.

T.M.Dittrich, H.Boukhalfa, S.D.Ware,
P.W.Reimus, J.Environ.Radioactivity, 148,
170 (2015). http://dx.doi.org/10.1016/].jen-
vrad.2015.07.001.

T.Yu, Z.Xu, J.Ye, J.Radioanal. Nucl.Chem.,
319, 749 (2019). https://doi.org/10.1007/
$10967-018-6386-z .

L.Fuks, I.Herdzik-Koniecko, Appl.Clay Sci.,
161, 139 (2018).
https://doi.org/10.1016/j.clay.2018.04.010 .

G.Lujaniene, P.Benes, K.Stamberg, T.Sciglo,
J. Environ. Radioactivity, 108, 41 (2012).
https://doi.org/0.1016/j.jenvrad.2011.07.01
2.

R.Kautenburger, K.Brix, C.Hein, Appl. Geo-
chemistry, 109, 104404 (2019). https://
doi.org/10.1016/j.apgeochem.2019.104404 .

L.Fuks, I.Herdzik-Koniecko, L.Maskalchuk,
T.Leontieva, <. Radioanal. Nucl.Chem., 320,
87 (2017). https://doi.org/10.1016/10.1007/
s§13762-017-1597-3 .

D.Garcia, J.Lutzenkirchen, V.Petrov et al.,
Colloids Surf.A Physicochem. Eng. Asp., 578,
123610 (2019). https://doi.org/10.1016/j.col-
surfa.2019.123610 .

W.Du, X.Liu, L.Tan, J.Radioanal. Nucl.
Chem., 292, 1173 (2012). https://doi.org/
10.1007/s10967-011-1573-1 .

A.M.Simmons, L.A.Neymark, Conditions and
Processes Affecting Radionuclide Tansport,
in: Stuckless, J.S., ed., Hydrology and Geo-
chemistry of Yucca Mountain and Vicinity,
Southern Nevada and California: Geological
Society of America, Memoir 209, 277 (2012).
https://doi.org/10.1130/2012.1209(06) .

F.Noli, G.Buema, P.Misaelides, M.Harja, J.
Radioanal. Nucl. Chem., 303, 2303 (2015).
https://doi.org/10.1007/s10967-014-3762-1 .

N.N.Popova, G.L.Bykov, G.A.Petukhova et al.,
Prot. Met. Phys. Chem. Surf., 49, 304 (2013).
https://doi.org/10.1134/S2070205113030131 .

A.Yu.Romanchuk, A.S.Slesarev, S.N.Kalmy-
kov et al., Phys.Chem.Chem. Phys., 15, 2321
(2013). https://doi.org/10.1039/c2cp44593j.

S.Yu, X.Wang, X.Tan, X.Wang, Inorg.Chem.
Front., 2, 593 (2015). https://doi.org/
10.1039/c4qi00221k .

G.Lujaniene, S.Semcuk,
al., J.Radioanal. Nucl.Chem.,
(2016).
4461-2.

P.Kumar, A.Sengupta, A.K.Singha Deb,
Sk.Musharaf Ali, ChemistrySelect, 2, 975
(2017). https://doi.org/10.1002/slct.201601550.

A K.Singh Deb, S.Pahan, K.Dasgupta et al.,
J.Hazard. Mater., 345, 63 (2018).
https://doi.org/10.1016/j.jhazmat.2017.11.003.

M.J.O’Hara, J.C.Carter, C.L.Warner et al.,
RSC Adv., 6, 105239 (2016).
https://doi.org/10.1039/c6ra22262e .

I.Kulakauskaite et
307, 2267
https://doi.org/10.1007/s10967-015-

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

N.Morelova, N.Finck, J.Lutzenkirchen et al.,
J.Colloid Interface Sci., 561, 708 (2020).
https://doi.org/10.1016/j.jcis.2019.11.047.
V.G.Petrov, Y.D.Perfiliev, S.K.Dedushenko et
al., J.Radioanal. Nucl.Chem., 310, 347
(2016). https://doi.org/10.1007/5s10967-016-
4867-5.

D.Sofronov, A.Krasnopyorova, N.Efimova et
al., Process Saf. Environ. Prot., 125, 157 (2019).
https://doi.org/10.1016/j.psep.2019.03.013 .
K.Jayachandran, R.D.Bhanushali, I.C.Pius,
S.K.Mukerjee, J.Radioanal. Nucl. Chem., 278,
103 (2008).
https://doi.org/10.1007/s10967-007-7210-3.
A.Ansari, P.K.Mohapatra, V.K.Manchanda, J.
Hazard. Mater., 161, 1323 (2009). https://
doi.org/10.1016/j.jhazmat.2008.04.093.
I.M.Zviagin, S.V.Khimchenko, T.A.Blank et
al., Funct. Mater., 25, 619 (2018).
https://doi.org/10.15407/fm25.03.619 .
S.Y.Sayenko, Y.O.Svitlychnyi, V.A.Shkuro-
patenko et al., Funct. Mater., 27, 39 (2020).
https://doi.org/10.15407/fm27.01.39.
P.S.Dhami, R.Kannan, P.W.Naik et al.,
Biotechnol. Lett., 24, 885 (2002).
https://doi.org/10.1023/A:1015533129642.
P.Kishor, A.Sengupta, V.C.Adya, N.A.Salvi,
J. Radioanal. Nucl. Chem., 312, 395 (2017).
https://doi.org/10.1007/s10967-017-5214-1.
A.Oszczak, L.Fuks, Nukleonika, 60, 927
(2015). https://doi.org/10.1515/nuka-2015-
0155.

E.S.Kazak, E.G.Kalitina, N.A.Kharitonova et
al., Moscow Univ. Geol. Bull., 73, 287 (2018).
https://doi.org/10.1007/s10450-019-00133-2.
L.Gotzke, G.Schaper, J.Marz et at., Coord.
Chem. Rev., 386, 267 (2019).
https://doi.org/10.1016/j.ccr.2019.01.006.
L.A.Attia, M.A.Youssef, O.A.Abdel Moamen,
Sep. Sci. Technol., 56, 217 (2019).
https://doi.org/10.1080,/01496395.2019.170
8111.

R.R.L.Vidal, J.S.Moraes, Int.J.Environ.Sci.
Technol., 16, 1741 (2019). https://doi.org/
10.1007/s13762-018-2061-8.

Siti Madiha Muhammad Amir, M.T.H. Sultan,
Mohammad Jawaid et. al., 16 - Nondestruc-
tive Testing Method for Kevlar and Natural
Fiber and their Hybrid Composites, in; Wood-
head Publishing Series in Composites Science
and Engineering, Durability and Life Predic-
tion in Biocomposites, Fibre-Reinforced Com-
posites and Hybrid Composites, Woodhead
Publishing, 2019, 367196388, ISBN
9780081022900, https://doi.org/10.1016/
B978-0-08-102290- 0.00016-7.

S.L.Ogin, P.Brondsted, J.Zangenberg, Compos-
ite Materials: Constituents, Architecture, and
Generic Damage, ed. by R.Talreja, J.Varna, in:
Woodhead Publishing Series in Composites Sci-
ence and Engineering, Modeling Damage, Fa-
tigue and Failure of Composite Materials,
Woodhead Publishing, 2016, 3-23, ISBN
9781782422860. https://doi.org/10.1016/B978-
1-78242-286-0.00001-7.

Functional materials, 29, 1, 2022



T.A.Blank et al. /| Removal of the Am-241 ...

86.

87.

90.

91.

92.

93.

V.V.Vasiliev, E.V.Morozov, Chapter 1 - Intro-
duction, ed. by V.V.Vasiliev, E.V.Morozov,
Advanced Mechanics of Composite Materials
(Third Edition), Elsevier, 2013, 1-27, ISBN
9780080982311. https://doi.org/10.1016/
B978-0-08-098231-1.00001-7.

Yu.V.Dubasov, A.A.Pilyutik, B.O.Shagin, Ra-
diochemistry, 59, 203 (2017). https://doi.org/
10.1134/S1066 tg/10.1016/j.molliq.2019.

111121.

D.M.Noronha, I.C.Pius, S.K.Mukerjee, J.Ra-
dioanal. Nucl. Chem., 289, 75 (2011).
https://doi.org/10.1007/s10967-011-1034-x .

T.Gadly, P.K.Mohapatra, D.K.Patre et al., J.
Chromatogr.A, 1513, 18 (2017). http://
dx.doi.org/doi:10.1016/j.chroma.2017.07.008 .

S.Xu, Y.Zhao, F.Zheng, Y.Zhang, J.Mater.
Sci., 51, 2550 (2016). https://doi.org/
10.1007/s10853-015-9567-y .

H.Mohammedi, H.Miloudi, A.Boos et al., En-
viron. Sci. Pollut. Res., 27, 26943 (2020).
https://doi.org/10.1007/s11356-020-08484-y.

Functional materials, 29, 1, 2021

94.

95.

96.

97.

98.

99.

S.N.Britvin, Y.I.Korneyko, B.E.Burakov et al.,
Mater. Res. Soc. Symp. Proc., 1475, 191 (2012).
https://doi.org/10.1557/0pl.2012.575 .
B.Radhakrishnan, R.Ranjan, W.J.Brittain,
Soft. Matter., 2, 386 (2006). https://doi.org/
10.1039/b516508¢

R.B.Gujar, P.K.Mohapatra, W.Verboom, .
Chromatogr. A, 1598, 58 (2019). https://
doi.org/10.1016/j.chroma.2019.03.067.
R.B.Gujar, S.A.Ansari, W.Verboom, P.K.Mo-
hapatra, J.Chromatogr.A, 1448, 58 (2016).
http://dx.doi.org/10.1016/j.chroma.2016.04
.042.

S.Pahan, A.Sengupta, A.K.Yadav et al., New
J.Chem., 44, 6151 (2020). https://doi.org/
10.1039/DONJO01014F.

T.Kegl, A.Kosak, A.Lobnik et al., J. Hazard.
Mater., 386, 121632 (2020). https://doi.org/
10.1016/j.jhazmat.2019.121632.

100. S.K.Pathak, S.C.Tripathi, K.K.Singh et al.,

J.Hazard. Mater., 278, 464 (2014). http://
dx.doi.org/10.1016/j.jhazmat.2014.06.022.

19




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


