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1
ADSORPTION OF ACTINIDES IN CATIONIC
FORM FROM AQUEOUS SOLUTIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Patent
Application No. 61/446,535, filed on Feb. 25, 2011. The
entirety of the above-identified provisional application is
incorporated herein by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
the U.S. Air Force Office of Scientific Research Grant No:
FA9550-09-1-0581 and the U.S. Navy Office of Naval
Research Grant No: N000014-09-1-1066, both awarded by
the U.S. Department of Defense. The government has cer-
tain rights in the invention.

BACKGROUND OF THE INVENTION

Current methods of purifying various environmental con-
taminants (including radioactive elements and halogenated
compounds) have numerous limitations in terms of efficacy,
costs, and efficiency. Therefore, a need exists for the devel-
opment of improved methods for purifying such contami-
nants from various environments.

BRIEF SUMMARY OF THE INVENTION

In some embodiments, the present invention provides
methods of sorption of various materials from an environ-
ment. Such methods generally include associating graphene
oxides with the environment. This in turn leads to the
sorption of the materials to the graphene oxides. In some
embodiments, the materials comprise at least one of radio-
active elements, chlorates, perchlorates, organohalogens,
and combinations thereof.

In some embodiments, the methods of the present inven-
tion also include a step of separating the graphene oxides
from the environment after the sorption of the materials to
the graphene oxides. In various embodiments, the separation
step may occur by centrifugation, ultra-centrifugation, fil-
tration, ultra-filtration, precipitation, electrophoresis,
reverse osmosis, sedimentation, incubation, treatment with
acids, treatment with bases, treatment with chelating agents,
and combinations of such methods.

Various methods may also be used to associate graphene
oxides with the environment. In some embodiments, the
association occurs by mixing the graphene oxides with the
environment. In some embodiments, the association occurs
by flowing the environment through a structure that contains
the graphene oxides (e.g., a column).

The sorption of materials to graphene oxides may also
occur by various methods. In some embodiments, the sorp-
tion includes an absorption interaction of the materials in an
environment to the graphene oxides. In some embodiments,
the sorption includes an ionic interaction between the mate-
rials in an environment and the graphene oxides. In some
embodiments, the sorption includes an adsorption interac-
tion between the materials in an environment and the
graphene oxides. In some embodiments, the sorption
includes a physisorption interaction between the materials in
an environment and the graphene oxides. In some embodi-
ments, the sorption includes a chemisorption interaction
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between the materials in an environment and the graphene
oxides. In some embodiments, the sorption includes a cova-
lent bonding interaction between the materials in an envi-
ronment and the graphene oxides. In some embodiments, the
sorption includes a non-covalent bonding interaction
between the materials in an environment and the graphene
oxides. In some embodiments, the sorption includes a hydro-
gen bonding interaction between the materials in an envi-
ronment and the graphene oxides. In some embodiments, the
sorption includes a van der Waals interaction between the
materials in an environment and the graphene oxides. The
aforementioned interactions are non-limiting and herein
referred to as sorption.

Various graphene oxides may also be utilized in the
methods of the present invention. For instance, the graphene
oxides may be at least one of functionalized graphene
oxides, pristine graphene oxides, doped graphene oxides,
reduced graphene oxides, functionalized graphene oxide
nanoribbons, pristine graphene oxide nanoribbons, doped
graphene oxide nanoribbons, reduced graphene oxide nan-
oribbons, stacked graphene oxides, graphite oxides, and
combinations thereof. In some embodiments, the graphene
oxides may be functionalized with functional groups that
comprise at least one of carboxyl groups, esters, amides,
thiols, hydroxyl groups, carbonyl groups, aryl groups, epoxy
groups, phenol groups, phosphonic acids, amine groups,
polymers and combinations thereof. In some embodiments,
the graphene oxides may be functionalized with polymers,
such as polyethylene glycols, polyvinyl alcohols, poly eth-
ylene imines, poly acrylic acids, polyamines and combina-
tions thereof.

Furthermore, the methods of the present invention may be
utilized to purify various materials from various environ-
ments. For instance, in some embodiments, the environment
is an aqueous solution, such as contaminated water. In some
embodiments, the environment is an atmospheric environ-
ment, such as air. In some embodiments, the environment is
a solution comprising nuclear fission products.

In some embodiments, the materials to be purified include
radioactive elements. In some embodiments, the radioactive
elements comprise at least one of metals, salts, metal salts,
radionuclides, actinides, lanthanides, and combinations
thereof. In more specific embodiments, the radioactive ele-
ments in the environment include radionuclides, such as
thallium, iridium, fluorine, americium, neptunium, gado-
linium, bismuth, uranium, thorium, plutonium, niobium,
barium, cadmium, cobalt, europium, manganese, sodium,
zinc, technetium, strontium, carbon, polonium, cesium,
potassium, radium, lead, actinides, lanthanides and combi-
nations thereof. In some embodiments, the radionuclide is
actinide.

In some embodiments, the materials to be purified include
chlorates, such as ammonium chlorate, barium chlorate,
cesium chlorate, fluorine chlorate, lithium chlorate, magne-
sium chlorate, potassium chlorate, rubidium chlorate, silver
chlorate, sodium chlorate, and combinations thereof. In
some embodiments, the materials to be purified include
perchlorates, such as ammonium perchlorate, barium per-
chlorate, cesium perchlorate, fluorine perchlorate, lithium
perchlorate, magnesium perchlorate, perchloric acid, potas-
sium perchlorate, rubidium perchlorate, silver perchlorate,
sodium perchlorate, and combinations thereof. In additional
embodiments, the materials to be purified include organo-
halogens, such as polychlorinated biphenyls (PCB) and
halogenated flame retardants.

In more specific embodiments, the methods of the present
invention are used for the sorption of actinides from a
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solution comprising nuclear fission products. Such methods
may also include a step of separating the graphene oxides
from the solution comprising nuclear fission products after
the sorption step.

The methods of the present invention provide various
advantages, including the effective separation of various
radioactive elements from various environments. For
instance, in some embodiments, the methods of the present
invention may be used to reduce radioactive elements in a
solution by at least about 70%.

The methods of the present invention also provide various
applications. For instance, in some embodiments, the meth-
ods of the present invention may be used for waste water
treatment and environmental remediation applications.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 shows data relating to the removal of various
radionuclides by graphene oxide. FIG. 1A shows the kinetics
of U(VID), Am(Ill), Th(IV) and Pu(IV) sorption onto gra-
phene oxide, indicating that steady state conditions are
reached within 5 minutes. FIG. 1B shows pH-sorption edges
for Th(IV), U(V]D), Pu(IV) and Am(IIl). FIG. 1C shows
pH-sorption edges for Sr(II), Tc(VII), and Np(V) at steady
state. The concentrations are listed in Example 5.

FIG. 2 shows sorption isotherms for U(VI) (FIG. 2A),
Sr(Il) (FIG. 2B), and Am(III) (FIG. 2C) in 0.01 M NaClO,.
Isotherms were fitted with both Langmuir (solid line) and
Freundlich (dashed line) formalism. Parameters of fitting
and sorption capacity (Q,,,..) are shown in Table 1 (Example
3). The concentrations of the graphene oxides are listed in
Example 5.

FIG. 3 shows sorption efficiencies of different materials
that are compared along with the coagulation properties of
graphene oxide solutions. FIGS. 3A and 3B show the
removal of U(VI) (FIG. 3A) and Pu(IV) (FIG. 3B) from
simulated liquid nuclear wastes (see Table 1) by graphene
oxide and some routinely used sorbents at equal mass
concentrations. FIG. 3C shows coagulation of graphene
oxide in a simulated nuclear waste solution. The left panel
shows the initial graphene oxide suspension (labeled as 1),
and the coagulated graphene oxide (labeled as 2). The right
panel shows a scanning transmission electron microscope
(STEM) and the corresponding EDX spectrum. The high-
lighted section in the STEM image shows the formation of
nanoparticulate aggregates containing cations from simu-
lated nuclear waste solution (Si and P are trace contaminants
in graphene oxide from its preparation, as described in
Example 5).

FIG. 4 shows micrographs and analyses of Pu/graphene
oxide coagulates. FIG. 4A is an STEM image of Pu(IV) on
graphene oxide with EDX spectra corresponding to the
different areas indicated on the STEM image. Pu-containing
particles in graphene oxide could be observed by Z contrast
of the STEM and from the EDX spectra of the highlighted
regions. FIG. 4B is a high resolution transmission electron
microscopy (HRTEM) image of PuO,, . .nH,O nanoparticles
together with the FFT of individual nanoparticles from the
highlighted region, indicating the cubic structure typical for
PuO,,,.
DETAILED DESCRIPTION OF EXEMPLARY

EMBODIMENTS

It is to be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory only, and are not restrictive of the
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invention, as claimed. In this application, the use of the
singular includes the plural, the word “a” or “an” means “at
least one”, and the use of “or” means “and/or”, unless
specifically stated otherwise. Furthermore, the use of the
term “including”, as well as other forms, such as “includes”
and “included”, is not limiting. Also, terms such as “ele-
ment” or “component” encompass both elements or com-
ponents comprising one unit and elements or components
that comprise more than one unit unless specifically stated
otherwise.

The section headings used herein are for organizational
purposes only and are not to be construed as limiting the
subject matter described. All documents, or portions of
documents, cited in this application, including, but not
limited to, patents, patent applications, articles, books, and
treatises, are hereby expressly incorporated herein by refer-
ence in their entirety for any purpose. In the event that one
or more of the incorporated literature and similar materials
defines a term in a manner that contradicts the definition of
that term in this application, this application controls.

The nuclear industry generates large amounts of radioac-
tive wastewater that must be effectively treated before it is
discharged into the environment. The toxic radioactive ele-
ments (such as radionuclides) in the wastewater cannot be
effectively removed by current drinking water purification
techniques. Furthermore, separation techniques involving
chromatographic methods can be time-consuming and
expensive. Moreover, various industries generate large
amounts of halogenated by-products, such as chlorates,
perchlorates, and organohalogens (e.g., polychlorinated
biphenyls and halogenated flame retardants). As a result,
new methods are needed for the efficient removal of radio-
active and halogenated elements from various solutions and
environments, especially for waste water treatment and
environmental remediation applications. The present inven-
tion addresses these needs.

In some embodiments, the present invention provides
methods of sorption of various materials from an environ-
ment. In some embodiments, the materials to be removed
from an environment include at least one of radioactive
elements, chlorates, perchlorates, organohalogens, and com-
binations thereof.

Such methods generally include associating graphene
oxides with the environment. This in turn leads to the
sorption of the materials to the graphene oxides. In some
embodiments, the methods of the present invention also
include a step of separating the graphene oxides from the
environment after the sorption of the radioactive elements to
the graphene oxides.

As set forth in more detail below, the methods of the
present invention have numerous variations. For instance,
the methods of the present invention may involve the
purification of various materials from various environments
by the use of various graphene oxides.

Materials

The methods of the present invention may be utilized to
purity various materials from various environments. In some
embodiments, the materials to be purified include, without
limitation, radioactive elements, chlorates, perchlorates,
organohalogens, and combinations thereof. In more specific
embodiments, the materials to be purified include, without
limitation, polycyclic aromatics, chlorinated and brominated
dibenzodioxins and dibenzofurans, chlorinated biphenyls,
lindane, dichlorodiphenyltrichloroethane (DDT) and other
similar hydrophobic xenobiotics.
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Radioactive Elements

In some embodiments, the radioactive elements to be
purified from an environment are metals, salts, metal salts,
radionuclides, actinides, lanthanides, and combinations
thereof. In more specific embodiments, the radioactive ele-
ments in the solutions include radionuclides, such as thal-
lium, iridium, fluorine, americium, neptunium, gadolinium,
bismuth, uranium, thorium, plutonium, niobium, barium,
cadmium, cobalt, europium, manganese, sodium, zinc, tech-
netium, strontium, carbon, polonium, cesium, potassium,
radium, lead, actinides, lanthanides and combinations
thereof.

In more specific embodiments, the radioactive elements to
be purified from various environments include, without
limitation, americium(III), actinide(III), actinide(1V), thalli-
um(IV), plutonium(IV), neptunium(V), uranium(VI), stron-
tium(II), technetium(VII), and combinations thereof.

In more specific embodiments, the radioactive elements
include, without limitation, thallium-201, iridium-192, fluo-
rine-18, americium-241, americium-243, neptunium-237,
Gd-153, niobium-93, barium-133, cadmium-109, cobalt-57,
cobalt-60, europium-152, manganese-54, sodium-22, zinc-
65, technetium-99, strontium-90, thallium-204, carbon-14,
polonium 210, cesium-137, and combinations thereof.

In some embodiments, the radioactive elements may be
naturally occurring radioactive materials (NORMs). In some
embodiments, NORMs generally comprise uranium and its
isotopes. In some embodiments, NORMs may also comprise
thorium and its isotopes. In further embodiments, NORMs
may also include potassium, lead, and polonium. NORMs
are not only considered in the context of their natural
abundance and distribution, but also in view of human
activities that increase potential for exposure to them. In
some cases, those human activities may also serve to con-
centrate the radionuclides present, thereby resulting in what
is called technologically enhanced naturally occurring radio-
active materials (TENORMs).

NORMs or TENORMs can be produced by oil and gas
production and refining; mineral production; coal mining
and combustion; metal mining and smelting; fertilizer pro-
duction; production of mineral based building materials,
including granite, stone, gypsum, and concrete; and benefi-
ciation of mineral sands, including rare earth minerals,
titanium and zirconium. NORMs and TENORMs are also
present in drinking water supplies, particularly in Western
US and Canada. See, e.g., http://world-nuclear.org/info/
inf30.html.

While uranium and thorium-based elements are the main
isotopes of NORMs and TENORMSs, K-40, Po-210, Ra-226,
Ra-228, and Pb-210 can also be present. NORMs and
TENORMSs can also include actinides and lanthanides in
general. Thus, some embodiments of the present invention
addresses the need for the capture and clean-up of NORMs
and TENORMs.

In more specific embodiments, the radioactive elements to
be purified include actinides. In some embodiments, the
actinides are in a solution that contains nuclear fission
products.

Chlorates and Perchlorates

The methods of the present invention may also be utilized
to purify various chlorates and perchlorates. Non-limiting
examples of chlorates include ammonium chlorate, barium
chlorate, cesium chlorate, fluorine chlorate, lithium chlorate,
magnesium chlorate, potassium chlorate, rubidium chlorate,
silver chlorate, sodium chlorate, and combinations thereof.
Non-limiting examples of perchlorates include ammonium
perchlorate, barium perchlorate, cesium perchlorate, fluo-
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rine perchlorate, lithium perchlorate, magnesium perchlo-
rate, perchloric acid, potassium perchlorate, rubidium per-
chlorate, silver perchlorate, sodium perchlorate, and
combinations thereof. In some embodiments, perchlorates
may have similar sorption profiles to various radioactive
elements, such as pertechnetate (Tc(VID)).

Organohalogens

The methods of the present invention may also be utilized
to purify various organohalogens. Organohalogens generally
refer to organic compounds that include one or more halogen
groups. In some embodiments, the organohalogen is an
organochloride. In some embodiments, the organohalogen is
polychlorinated biphenyl (PCB). In some embodiments, the
organohalogen is a halogenated flame retardant. In further
embodiments, the organohalogens include, without limita-
tion, chloromethanes, dichloromethanes, trichloromethanes,
tetrachloromethanes, bromomethanes, bromoalkanes, bro-
mochloromethanes, iodoalkanes, iodomethanes, organofluo-
rines, organochlorines, acyclic organohalogens, cyclic
organohalogens, and combinations thereof.

Environments

In the present invention, materials may be purified from
various types of environments. In some embodiments, the
environment is an atmospheric environment, such as air. In
some embodiments, the environment is a solution, such as
an aqueous solution. Non-limiting examples of aqueous
solutions include water, such as radioactive water, contami-
nated water, and waste water. In some embodiments, the
solution includes nuclear fission products. In some embodi-
ments, the solution to be purified is a non-aqueous solution,
such as a solution containing benzenes, toluenes, dichlo-
romethane, and other non-aqueous solvents.

Graphene Oxides

Various graphene oxides may also be utilized in the
methods of the present invention. Suitable graphene oxides
include, without limitation, functionalized graphene oxides,
pristine graphene oxides, doped graphene oxides, reduced
graphene oxides, functionalized graphene oxide nanorib-
bons, pristine graphene oxide nanoribbons, doped graphene
oxide nanoribbons, reduced graphene oxide nanoribbons,
stacked graphene oxides, graphite oxides, and combinations
thereof.

In some embodiments, the graphene oxides may be cova-
lently or non-covalently functionalized with various func-
tional groups, such as carboxyl groups, hydroxyl groups,
carbonyl groups, aryl groups, epoxy groups, phenol groups,
phosphonic acids (e.g., RPO(OH),, where R is a carbon
group linked to the graphene scaffold), amine groups, esters,
ether-based functional groups, polymers and combinations
thereof. In some embodiments, the graphene oxides may be
functionalized with polymers, such as polyethylene glycols,
polyamines, polyesters, polyvinyl alcohols, poly(ethylene
imines), poly(acrylic acids), and combinations thereof.

Examples of suitable polyethylene glycol functional
groups include, without limitation, triethylene glycol di(p-
toluenesulfonate), polyethylene glycol methyl ether tosylate,
and the like. In some embodiments, polyethylene glycol
functional groups on graphene oxides can be further hydro-
lyzed to remove most or all of any tosylate groups in order
to afford terminal hydroxyl groups.

The graphene oxides of the present invention may also
have various arrangements. For instance, in various embodi-
ments, the graphene oxides of the present invention may be
in stacked form. In some embodiments, the stacked gra-
phene oxides may contain from about 2 layers to about 50
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layers of graphene oxides. In some embodiments, the gra-
phene oxides of the present invention may form a single
sheet.

In some embodiments, the graphene oxides of the present
invention may also include one or more layers of graphene
along with the graphene oxides. Such graphenes may
include, without limitation, pristine graphenes, doped gra-
phenes, chemically converted graphenes, functionalized gra-
phenes and combinations thereof.

In further embodiments, the graphene oxides may be
graphene oxides derived from exfoliated graphite, graphene
nanoflakes, or split carbon nanotubes (such as multi-walled
carbon nanotubes). In more specific embodiments, the gra-
phene oxides of the present invention may be derived from
split carbon nanotubes. In various embodiments, the split
carbon nanotubes may be derived from single-walled carbon
nanotubes, multi-walled carbon nanotubes, double-walled
carbon nanotubes, ultrashort carbon nanotubes, pristine car-
bon nanotubes, functionalized carbon nanotubes, and com-
binations thereof. In more specific embodiments, the gra-
phene oxides of the present invention are derived from split
multi-walled carbon nanotubes.

In addition, various methods may be used to split carbon
nanotubes. In some embodiments, carbon nanotubes may be
split by potassium or sodium metals. In some embodiments,
the split carbon nanotubes may then be functionalized by
various functional groups, such as alkyl groups. Additional
variations of such embodiments are described in U.S. Pro-
visional Application No. 61/534,553 entitled “One Pot Syn-
thesis of Functionalized Graphene Oxide and Polymer/
Graphene Oxide Nanocomposites.” Also see Higginbotham
et al., “Low-Defect Graphene Oxide Oxides from Multi-
walled Carbon Nanotubes,” ACS Nano 2010, 4, 2059-2069.
Also see Applicants’ co-pending U.S. patent application Ser.
No. 12/544,057 entitled “Methods for Preparation of Gra-
phene Oxides From Carbon Nanotubes and Compositions,
Thin Composites and Devices Derived Therefrom.” Also see
Kosynkin et al., “Highly Conductive Graphene Oxides by
Longitudinal Splitting of Carbon Nanotubes Using Potas-
sium Vapor,” ACS Nano 2011, 5, 968-974.

In various embodiments, the graphene oxides may be
doped with various additives. In some embodiments, the
additives may be one or more heteroatoms of B, N, O, Al,
Au, P, Si or S. In more specific embodiments, the doped
additives may include, without limitation, melamine, carbo-
ranes, aminoboranes, phosphines, aluminum hydroxides,
silanes, polysilanes, polysiloxanes, sulfides, thiols, and com-
binations thereof. In more specific embodiments, the gra-
phene oxides may be HNO, doped and/or AuCl, doped.

In various embodiments, the graphene oxides of the
present invention may also be dissolved or suspended in one
or more solvents before being associated with environments
containing radioactive elements. Examples of suitable sol-
vents include, without limitation, acetone, 2-butanone,
dichlorobenzene, ortho-dichlorobenzene, chlorobenzene,
chlorosulfonic acid, dimethyl formamide, N-methyl pyrroli-
done, 1,2-dimethoxyethane, water, alcohol and combina-
tions thereof.

In further embodiments, the graphene oxides of the pres-
ent invention may also be associated with a surfactant before
being associated with various environments. Suitable sur-
factants include, without limitation, sodium dodecyl sulfate
(SDS), sodium dodecylbenzene sulfonate, Triton X-100,
chlorosulfonic acid, and the like.

The graphene oxides of the present invention may have
various properties. For instance, in some embodiments, the
graphene oxides of the present invention have an aspect ratio
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in length-to-width greater than or equal to 2, greater than 10,
or greater than 100. In some embodiments, the graphene
oxides have an aspect ratio greater than 1000. In further
embodiments, the graphene oxides of the present invention
have an aspect ratio in length-to-width greater less than or
equal to 2.

Furthermore, the graphene oxides of the present invention
can come in the form of variable sized sheets. Such sheets
may have lengths or diameters that range from about a few
nanometers to a few hundred microns to several centimeters.
In more specific embodiments, the graphene oxides may
have lengths or diameters that range from about 1 nanome-
ters to about 3 centimeters.

The graphene oxides of the present invention are gener-
ally hydrophilic and can be coagulated upon addition of
cations or surfactants. Furthermore, in various embodi-
ments, the surface oxidation of the graphene oxides can be
gradually and systematically reduced to modify their prop-
erties. Such reduction can occur through the addition of
reducing agents (e.g., hydrazine, sodium borohydride, acid
or base with heat) or thermolysis (with or without H, being
present).

The graphene oxides of the present invention may also
have various forms. For instance, in some embodiments, the
graphene oxides of the present invention may be associated
with various composites. In some embodiments, such com-
posites may include organic materials, such as synthetic
polymers, natural fibers, nonwoven materials, and the like.
In some embodiments, the graphene oxide composites may
include inorganic materials, such as porous carbons, asbes-
tos, Celite, diatomaceous earth, and the like. In further
embodiments, the graphene oxides of the present invention
may be in isolated and pure forms.

In more specific embodiments of the present invention,
the graphene oxides are derived from the direct oxidation of
graphite. In some embodiments, the oxidation of graphite
could be through chemical methods, electrochemical meth-
ods or combinations of chemical methods and electrochemi-
cal methods that may occur simultaneously or sequentially
in either order. In some embodiments, graphene oxides are
derived by the chemical oxidation of graphite. Examples of
methods of oxidizing graphite are disclosed in Applicants’
prior work. See, e.g., Marcano, et al., “Improved Synthesis
of Graphene Oxide” ACS Nano 2010, 4, 4806-4814. Also
see U.S. Provisional Patent Application Nos. 61/180,505
and 61/185,640. Also see WO 2011/016889.

Association of Graphene Oxides with Environments

Various methods may also be used to associate graphene
oxides with various environments that contain materials to
be purified. In some embodiments, the association occurs by
incubating the graphene oxides with the environment (e.g.,
an atmospheric environment). In some embodiment, the
association occurs by mixing the graphene oxides with the
environment (e.g., an aqueous solution). The mixing may
occur by conventional methods, such as agitation, sonica-
tion, and the like.

In some embodiments, the association of graphene oxides
with an environment containing materials to be purified can
also occur by flowing the environment through a structure
that contains the graphene oxides. In some embodiments, the
structure may be a column or a sheet that contains immo-
bilized graphene oxides.

Additional methods of associating graphene oxides with
various environments can also be envisioned. Generally,
such associations result in the sorption of radioactive ele-
ments in the environment to the graphene oxides.






