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FIG. 3

two distinct isotopic forms of water may be directed into one or more fil-
tration modules comprising a graphene oxide membrane. The graphene ox-
1de membrane(s) may be used to separate the stream into a permeate and a
retentate, wheremn the permeate comprises an increased concentration of
light water relative to the retentate.
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SYSTEMS AND METHODS FOR ISOTOPIC WATER SEPARATION
RELATED APPLICATIONS

[0001]  This application claims the benefit of US. Provisional Patent

Application No. 61/869,568 filed August 23, 2013 and titled "SYSTEMS

AND METHODS FOR ISOTOPIC WATER SEPARATION".
SUMMARY

[0002] Disclosed herein are embodiments and iImplementations of
methods and systems for filtering water according to its isotopic forms.
For example, in some embodiments and implementations, deuterium
oxide and/or tritium oxide may be separated from the more abundant
isotopic form of water containing hydrogen atoms having no neutrons.
Some embodiments and implementations may be particularly useful in
connection with nuclear power plants in which nuclear reactors use
heavy water to moderate the nuclear reactions taking place in the
reactor(s). Because some of this heavy water becomes tritiated water as
the heavy water captures neutrons'from the nuclear reactions, and
because heavy water must be removed before such water can be
returned to the environment, it may be useful to be able to filter or
separate the heavy water from one or both of its other Isotopic forms.
[0003]  Inone particular example of a method for filtering water from a
nuclear power plant according to its isotopic forms, the method may

comprise obtaining a waste stream of liquid water from a nuclear power

plant. Such streams typically comprise at least two distinct isotopic forms
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of water (such as tritiated water and light or normal water). In some
Implementations, the waste stream of liquid water may be heated to form
a gas comprising at least two distinct isotopic forms of water.

[0004] The gas may then be directed Into a filtration module
comprising one or more graphene oxide membranes. At least a portion
of the gas may be directed into one or more of the graphene oxide
membranes, such that the graphene oxide membrane(s) can be used to
separate the gas into a permeate and a retentate, wherein the permeate
comprises an Increased concentration of light water relative to the
retentate.

[0005] In some implementations, the graphene oxide membrane may
comprise a plurality of graphene oxide sheets. In some implementations,
the graphene oxide membrane may comprise a thickness of between
about 0.1 micrometers and about 10 micrometers. In some such
Implementations, the graphene oxide membrane may comprise a
thickness of between about 0.2 and about 6 micrometers. In some such
Implementations, the graphene oxide membrane may comprise a
thickness of between about 0.3 and about 1 micrometer. In some such
Implementations, the graphene oxide membrane may comprise a
thickness of about 0.5 micrometers.

[0006] In some Implementations, each of the plurality of graphene
oxide sheets Is separated from an adjacent graphene oxide sheet by a
distance of between about 0.5 nanometers and about 2 nanometers. In
some such implementations, the sheets may be laminated so as to be
separated from each adjacent sheet by a distance of about 1 nanometer.
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In some Implementations, the sheets may be laminated so as to be
separated from each adjacent sheet by a distance of at least about 0.0
nanometers.

[0007] In another example of a method for filtering water according to
its I1sotopic forms, the method may comprise directing a stream
comprising at least two distinct isotopic forms of water into a filtration
module, wherein the filtration module comprises a graphene oxide
membrane comprising a plurality of graphene oxide sheets. At least a
portion of the stream may be passed through the graphene oxide
membrane, which may separate the stream into a permeate and a
retentate, wherein the permeate comprises an increased concentration of
light water relative to the retentate.

[0008] In some implementations, the stream may comprise a waste
stream of water from a nuclear power plant.

[0009] In some implementations, the permeate may be directed into a
second filtration module, and in some such implementations, a plurality of
additional filtration modules. Such filtration module(s) may also comprise
graphene oxide membranes each comprising a plurality of graphene
oxide sheets.

[0010] In some implementations, at least a portion of the permeate
may be passed through the graphene oxide membrane of the second
and/or other filtration module(s), which may result in the permeate being
separated into one or more sub-permeates and sub-retentate(s), wherein
the sub-permeate(s) comprises an increased concentration of light water
relative to the sub-retentate(s). In some implementations, the sub-

3
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retentate(s) may be redirected into one or more of the original filtration
modules such that at least a portion of the sub-retentate passes through
the graphene oxide membrane of the filtration module(s). In this manner,
a reflux cascade filtration system may be established.

[0011] In some implementations, liquid water comprising at least two
distinct isotopic forms of water may be heated to form a gas. In some
such implementations, the stream may comprise the gas such that water
vapor Is passed through the graphene oxide membrane of the filtration
module(s). In some such implementations, the step of heating liquid
water may comprise use of a mechanical vapor recompression process.
[0012] In one particular example of a nuclear power plant filtration
system, the system may comprise an intake coupled to a waste stream of
water from a nuclear power plant. The waste stream of water may
comprise at least two distinct isotopic forms of water, and the waste
stream of water may comprise a first concentration of at least one of
heavy water and super heavy water. The system may further comprise a
plurality of filtration modules, one or more of which Is coupled with the
intake.

[0013] One or more of the plurality of filtration modules may comprise
at least one graphene oxide membrane, and one or more of the
graphene oxide membranes may comprise a plurality of graphene oxide
sheets coupled together in a layered, interlocking structure. At least one
of the plurality of filtration modules may be configured to separate the
waste stream Into a permeate and a retentate, wherein the permeate
comprises an Increased concentration of light water relative to the

4
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retentate. In some embodiments, each of the plurality of filtration
modules may comprise at least one graphene oxide membrane, and
each of the graphene oxide membranes may comprise a plurality of
graphene oxide sheets coupled together in a layered, Interlocking
structure.

[0014] Some embodiments may further comprise an outlet coupled
with at least one of the plurality of filtration modules, wherein the outlet Is
configured to deliver water comprising a second concentration of at least
one of heavy water and super heavy water, and wherein the second
concentration is lower than the first concentration.

[0015] In some embodiments, the second concentration is at least
substantially zero. In other words, iIn some embodiments, the filtration
module(s) may be configured to at least substantially eliminate heavy
and/or super heavy water from an incoming stream of liquid and/or
gaseous water.

[0016] In some embodiments, the plurality of filtration modules may
comprise a reflux cascade filtration system. In some embodiments, one
or more thermal pretreatment modules may be provided to receive liquid
water from the waste stream of water and convert the liquid water into
gaseous water. The thermal pretreatment module(s) may be coupled
with at least one of the plurality of filtration modules, either directly or
indirectly. In some embodiments, the thermal pretreatment module(s)
may comprise a mechanical vapor recompression module.

[0017] Some embodiments may be configured with one or more
modules configured to maintain a particular humidity and/or water partial
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pressure within the system or at least one of the filtration modules of the
system. For example, some embodiments may be configured with one
or more modules that are configured to maintain a partial pressure of
water inside one or more filtration portions of one or more filtration
modules of at least about 10 mbar. Some such embodiments may be
configured with one or more modules that are configured to maintain a
partial pressure of water inside one or more filtration portions of one or
more filtration modules of at least about 15 mbar.

[0018] In addition, or alternatively, some embodiments may be
configured with one or more modules that are configured to maintain a
relative humidity within the filtration portion of the module of at least
about 20%. Some such embodiments may be configured with one or
more modules that are configured to maintain a relative humidity within
the filtration portion of the module of at least about 30%. Some such
embodiments may be configured with one or more modules that are
configured to maintain a relative humidity within the filtration portion of
the module of at least about 50%.

[0019] In some embodiments, a second outlet may be coupled with at
least one of the plurality of filtration modules. The second outlet may be
configured to deliver "heavy” water (comprising heavy and/or super
heavy water) relative to the first outlet. In other words, the second outlet
may be configured to deliver water comprising a third concentration of at
least one of heavy water and super heavy water, wherein the third
concentration is higher than the first concentration.

[0020] The features, structures, steps, or characteristics disclosed

0
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herein In connection with one embodiment may be combined In any

suitable manner in one or more alternative embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS
[0021] The written disclosure herein  describes llustrative
embodiments that are non-limiting and non-exhaustive. Reference Is
made to certain of such illustrative embodiments that are depicted In the
figures, In which:
[0022] FIG. 1 depicts an embodiment of a system for separating one
or more Isotopic forms of water from one or more other isotopic forms of
water using graphene oxide membranes.
[0023] FIG. 2 depicts an alternative embodiment of a system for
separating one or more Isotopic forms of water from one or more other
iIsotopic forms of water using graphene oxide membranes.
[0024] FIG. 3 depicts yet another embodiment of a system for
separating one or more isotopic forms of water from one or more other

Isotopic forms of water using graphene oxide membranes.

DETAILED DESCRIPTION
[0025] Embodiments may be best understood by reference to the
drawings, wherein like parts are designated by like numerals throughout.
It will be readily understood that the components of the present
disclosure, as generally described and illustrated in the drawings herein,
could be arranged and designed In a wide variety of different
configurations. Thus, the following more detailled description of the

[4
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embodiments of the apparatus Is not intended to limit the scope of the
disclosure, but is merely representative of possible embodiments of the
disclosure. In some cases, well-known structures, materials, or
operations are not shown or described In detall in order to avoid
obscuring aspects of the disclosure. Furthermore, the described
features, structures, steps, or characteristics may be combined In any
suitable manner In one or more alternative embodiments and/or
Implementations.

[0026] The present disclosure provides various embodiments and
Implementations of methods and systems for separating one or more
Isotopic forms of water from one or more other isotopic forms of water.
For example, iIn some embodiments and implementations, deuterium
oxide (“heavy water’) may be separated from the more abundant isotopic
form of water containing hydrogen atoms having no neutrons (‘normal” or
‘light” water). In other embodiments and implementations, tritium oxide
(“tritiated water” or “super heavy water”’) may be separated from normal
water. As those of ordinary skill in the art will appreciate, super heavy
water in a more diluted form may comprise HTO (3HOH) along with
water. In some embodiments and implementations, tritiated water and
heavy water may be separated from one another in one or more
processes. Alternatively, tritiated water may be separated along with
heavy water from light water.

[0027] As discussed In greater detail below, the inventive principles
disclosed herein may allow for separation of molecules from one another
due to a wide variety of different characteristics between the molecules

8
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that may be difficult to take advantage of in other filtration processes.
For example, although some of the molecular weights of particular
molecules that may be separated/filtered in one or more embodiments
may differ, in other embodiments, other physical and/or chemical
characteristics, such as bond angle and/or bond length, may be used to
separate particular molecules.

[0028] It is thought that one or more principles, embodiments, and/or
implementations discussed herein may be particularly useful In
connection with nuclear energy plants. For example, many nuclear
reactors use heavy water to moderate the nuclear reactions taking place
In the reactor(s). Some of this heavy water becomes tritiated water as
the heavy water captures neutrons from the nuclear reactions. Because
tritiated water Is radioactive, It may be desirable to remove such water
from waste streams prior to releasing the water into the environment so
as to Iimit the detrimental impact of tritiated water on living organisms
and on the environment more generally. Thus, some embodiments and
Implementations may be specifically configured to filter or otherwise
separate tritiated water from light water in a water waste stream of a
nuclear power plant.

[0029] Other embodiments and implementations may also, or
alternatively, be configured to filter or otherwise separate heavy water
from light water. Because heavy water, although not radioactive, may
serve useful purposes (such as use as a moderator in a nuclear power
plant), some embodiments and implementations may be specifically
configured to separate and store heavy water for further use or sale.

9
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[0030] Although the preferred embodiments and Implementations
discussed herein generally relate to the nuclear power industry, it Is
contemplated that the Iinventive concepts disclosed herein may be
applied to other industries, such as for obtaining heavy and/or super
heavy water for use In life science research, spectroscopy, neutrino
detection, efc.

[0031] In some preferred embodiments and implementations, one or
more filtration modules may be employed comprising graphene oxide
membranes. (Graphene oxide IS a graphene sheet that has been
interspersed or covered with other molecules, such as hydroxyl groups,
epoxy, etc. Graphene oxide may be made, for example, by oxidizing
graphite to intersperse the carbon layers with oxygen molecules and then
reducing the composition to separate the carbon layers into individual
layers.

[0032] Certain graphene oxide membranes have been found to be
Impermeable to liquids, vapors, and gases, with the exception of water.
As an example, water permeates through graphene oxide membranes
ten orders of magnitude faster than helium. Without being limited by
theory, it i1s thought that this behavior may be attributed to a nearly
frictionless flow of a single layer of water through two-dimensional
capillaries that are formed by closely-spaced graphene oxide
membranes. Permeation of other molecules may be blocked by the
water that clogs the capillaries. As compared to the hydrophobic
graphene surfaces, these hydrophilic groups in graphene oxide allow
water molecules to have a greater number of hydrogen-bonding

10
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configurations, thereby increasing water flux.

[0033] Considering that the distance between the two-dimensional
graphene oxide capillaries I1s on the order of molecular dimensions, there
may be significant differences in the permeation behaviors of light water
versus heavy and super heavy water through graphene oxide
membranes. These differences may be attributed to the distinct chemical
and physical properties of these species. For example, differences In
diffusion coefficients, molecular dimensions (bond length and bond
angle), molecular mass, moment of inertia, quadrupole moment, and/or
viscosity may contribute to distinct permeation behaviors between the
various isotopic forms of water.

[0034] Without being limited by theory, it is thought that one or more
of these properties may be responsible for a higher permeability of light
water than heavy water, and an even higher permeability of light water
relative to super heavy water, through graphene oxide membranes.
Thus, separation of one or more of these isotopic forms of water from
one or more other such Isotopic forms of water may be achieved by
providing one or more filtration units or modules comprising graphene
oxide membranes.

[0035] Graphene oxide membranes tend to allow for a single layer of
light water molecules that can slide along the surface of the membrane
with little to no friction. When other atoms or molecules attempt to pass
through a graphene oxide membrane in a similar manner, they tend to be
blocked by the presence of the layer of light water molecules. Again,
without being limited by theory, it is thought that, due to the distinct

11



CA 0292119%7 2016-02-11

WO 2015/026848 PCT/US2014/031730

physical and chemical characteristics of heavy water and super heavy
water relative to light water, heavy water and/or super heavy water may
similarly be impeded by the presence of light water within the graphene
oxide membranes.

[0036] In some embodiments and implementations, enhanced
separation of these Iisotopic forms of water may be achieved by
processing through one or more cascade filtration units or modules, such
as a reflux cascade. In addition, one or more modules may be
configured to separate light and heavy water In either the gaseous or the
liguid phase. Some embodiments may be configured to employ modules
that filter heavy and/or super heavy water using graphene oxide
membranes In the gaseous phase, and other modules In the same
system that filter heavy and/or super heavy water Iin the liquid phase.
[0037] In certain preferred embodiments and implementations, heat
may be added to transform the water into a gaseous phase and this
water vapor may be passed through a filtration system, as described
below, In order to separate/filter heavy water and/or super heavy water
from light water vapor. For example, iIn some embodiments and
iImplementations, a thermal pretreatment step/module may be used to
vaporize the liquid water. In some such embodiments and
Implementations, a conventional evaporator may be utilized for this
purpose. However, In other embodiments and implementations, the
thermal efficiency of the process may be improved by implementing
mechanical vapor recompression (MVR).

[0038] In some such embodiments and implementations, gaseous

12
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effluents from one or more separation steps may be directed to
blowers/compressors, which may Increase the pressure, and
consequently the condensation temperature, of the vapors. The vapors
may then be directed to heat exchangers to supply sensible heat and
latent heat of vaporization to the liquid feed. The use of MVR evaporation
may also serve as a pretreatment to the gaseous phase separation
process In that it may remove contaminants that could adversely affect
the separation process. MVR may also be used as a thermally-efficient
pretreatment step to provide a clean distillate to the liquid phase
separation process.

[0039] Further details of certain examples of embodiments of methods
and systems according to the present disclosure will now be provided In
conjunction with the accompanying drawings. Figure 1 depicts an
embodiment of a system 100 for separating one or more isotopic forms of
water from one or more other isotopic forms of water. System 100
comprises a cascade filtration system comprising four filtration
modules—filtration modules 110, 120, 130, and 140. Each of the
filtration modules comprises at least one graphene oxide membrane,
namely, filtration module 110 comprises graphene oxide membrane 112,
filtration module 120 comprises graphene oxide membrane 122, filtration
module 130 comprises graphene oxide membrane 132, and filtration
module 140 comprises graphene oxide membrane 142.

[0040] Of course, as those of ordinary skill in the art will appreciate,
each of the modules may comprise multiple graphene oxide membranes.
In addition, other membranes and/or filtration technology may be

13
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iIncorporated into one or more of modules 110-140, and/or water being
fed through modules 110-140 may pass through other filters, filtration
modules, or the like, either before or after being fed into cascade filtration
system 100. In addition, any number of modules may be used In
alternative embodiments as desired. In some embodiments, for
example, a single filtration module may be used that may, in some
embodiments, comprise a single graphene oxide membrane.

[0041] One or more of the modules depicted and described herein
may, In some embodiments, comprise graphene oxide membranes
comprising a plurality of sheets of graphene oxide. Such sheets may be
layered together if desired to form a single membrane. For example, In
some embodiments, graphene oxide laminates may be used, which may
be formed as a collection of micron-sized crystallites of graphene oxide
that form a layered, interlocked structure comprising a membrane.

[0042] In some embodiments, one or more such membranes may
comprise a thickness of between about .1 micrometers to about 10
micrometers. In some such embodiments, one or more such membranes
may comprise a thickness of between about .2 and about 6 micrometers.
In some such embodiments, one or more such membranes may
comprise a thickness of between about .3 and about 1 micrometer. In
some such embodiments, one or more such membranes may comprise a
thickness of about .5 micrometers.

[0043] In some embodiments comprising layered graphene oxide
sheets, such as graphene oxide laminate membranes, the sheets may be
laminated so as to be separated from each adjacent sheet by a distance

14
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of from about .5 nanometers to about 2 nanometers. In some such
embodiments, the sheets may be laminated so as to be separated from
each adjacent sheet by a distance of about 1 nanometer. In some
embodiments, the sheets may be laminated so as to be separated from
each adjacent sheet by a distance of at least about .6 nanometers.

[0044] However, it has been shown that humidity and/or partial
pressures of water may play a role Iin altering the interlayer spacing of
certain layered graphene oxide membranes. As such, some
embodiments may be configured to maintain a particular humidity and/or
water partial pressure within the system or at least one of the filtration
modules of the system.

[0045] For example, some embodiments may be configured with one
or more modules that are configured to maintain a partial pressure of
water inside the filtration portion of the module of at least about 10 mbar.
Some such embodiments may be configured with one or more modules
that are configured to maintain a partial pressure of water inside the
filtration portion of the module of at least about 15 mbar.

[0046] In addition, some embodiments may be configured with one or
more modules that are configured to maintain a relative humidity within
the filtration portion of the module of at least about 20%. Some such
embodiments may be configured with one or more modules that are
configured to maintain a relative humidity within the filtration portion of
the module of at least about 30%. Some such embodiments may be
configured with one or more modules that are configured to maintain a
relative humidity within the filtration portion of the module of at least

15
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about 50%. However, other embodiments are contemplated in which it
may be desirable to maintain a lower humidity, for example a humidity
less than about 50%, or less than about 30%, in order to reduce the
relative spacing between sheets. Although such graphene oxide
membranes may not allow for passage of light water as easily through
the membranes, they may make it more difficult for heavy and/or super
heavy water to pass through the membrane to increase the efficacy of
the filtration.

[0047] In some embodiments, the relative humidities and/or partial
pressures of water may vary within the system to take advantage of the
differences In heavy water penetration associated with differing
humidities and/or partial pressures of water. The thicknesses of the
membranes and/or spacing between sheets In multi-layered graphene
oxide membranes may also vary between modules in the same filtration
system for similar reasons. For example, one or more filtration modules
In a heavy water filtration system may be configured with a graphene
oxide membrane having certain characteristics or parameters—such as
thickness, interlayer spacing, humidity, etc.—that are more specifically
configured to selectively filter super heavy water and one or more other
filtration modules may be configured with a graphene oxide membrane
having certain characteristics or parameters that are better configured to
selectively filter heavy water.

[0048] One or more of the graphene oxide laminates or membranes
disclosed herein may be made by obtaining graphite oxide dispersed In
(light) water. Such graphite oxide may be dispersed In water by, for

16
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example, sonication In order to create a stable suspension of graphene
oxide crystallites. This suspension may then be used to produce
laminates by, for example, spray coating and/or spin coating. In some
Implementations of such methods, the substance may be applied to a
substrate, such as silicon dioxide, glass, silicon nitride deposited on a
silicon wafer, or plastics.

[0049] One or more of the modules depicted and described herein
may, In some embodiments, comprise multiple graphene oxide
membranes. Such membranes may be stacked or otherwise be arranged
together in a manner to more effectively filter water according to its
various Isotopic forms.

[0050] Alternatively, or additionally, one or more graphene oxide
membranes may be configured into tubes and used In a cross-flow
filtration configuration. Other cross-flow filtration modules, devices, or
systems, may also be included in the system so as to, for example, allow
for effective filtration of other substances. Other water treatment
processes may also be Incorporated Into the system as needed
according to the industry and/or application.

[0051] Returning to the specific embodiment depicted in Figure 1, a
stream, such as a waste stream of water from a nuclear power plant, for
example, may be fed Into the graphene oxide filtration system 100 at
filtration module 110 and passed through a graphene oxide membrane
112. In some embodiments, the liquid stream may first be converted to a
gaseous stream by heating the liquid water before passing it through one
or more such filtration modules.
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[0052] The permeate, which should contain a lower concentration of
heavy and/or super heavy water, Is then passed to a second filtration
module 120 comprising a second graphene oxide membrane 122.
Again, the permeate I1s passed along to a third filtration module 130
comprising a third graphene oxide membrane 132, after which the
resulting permeate is passed along to another, fourth filtration module
140 comprising another graphene oxide membrane 142. Of course,
fewer or greater number of modules may be used In alternative
embodiments.

[0063] The final permeate comprising light water, or at least a reduced
concentration of heavy and/or super heavy water, may then be released
Into the environment, as indicated by the “Out Light” label in Figure 1. Of
course, the final permeate may instead be stored for reuse, fed Into
secondary filtration and/or treatment systems, or otherwise directed as
desired.

[0054] The retentate from each of modules 110-140, which may
contain a higher concentration of heavy and/or super heavy water, may
be directed out of system 100 as indicated by the "Out Heavy” label In
Figure 1. This retentate may be stored for disposal, directed to other
treatment modules, or stored for other uses, such as for resale.

[0065] Some embodiments may be configured to reflux one or both of
the retentate and the permeate in a reflux cascade filtration system. For
example, the filtration system 200 depicted in Figure 2 comprises a reflux
cascade system. Reflux cascade system 200 comprises a first filtration
module 210 comprising a graphene oxide membrane 212 and a second
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filtration module 220 also comprising a graphene oxide membrane 222.
[0066] As shown in the diagram of Figure 2, a stream, such as a
waste stream of water from a nuclear power plant, for example, may be
fed into the graphene oxide filtration system 200 at filtration module 210
and passed through a graphene oxide membrane 212. The permeate
from module 210, which should contain a lower concentration of heavy
and/or super heavy water, may be fed to filtration module 220 and
through graphene oxide membrane 222. The retentate from module 210,
which may contain a higher concentration of heavy and/or super heavy
water, may be directed out of system 200 as indicated by the "Out
Heavy” label in Figure 2. The retentate from module 220 may be
directed to filtration module 210, and again through graphene oxide
membrane 212.

[0057] The permeate comprising light water, or at least a reduced
concentration of heavy and/or super heavy water, from module 220 may
be released into the environment, as indicated by the "Out Light” label In
Figure 2. Of course, this permeate may instead be stored for reuse, fed
iInto secondary filtration and/or treatment systems, or otherwise directed
as desired. As mentioned above, fewer or greater number of modules
may be used In alternative embodiments, and alternative configurations
of such modules may be apparent to those of ordinary skill in the art after
having received the benefit of this disclosure.

[0058] Yet another example of a filtration system using graphene
oxide membranes is depicted in Figure 3 at 300. The filtration system
300 depicted in Figure 3 also comprises a reflux cascade system. Reflux
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cascade system 300 comprises a first filtration module 310 comprising a
graphene oxide membrane 312, a second filtration module 320
comprising a graphene oxide membrane 322, a third filtration module 330
comprising a graphene oxide membrane 332, and a fourth filtration
module 340 comprising a graphene oxide membrane 342.

[0059] As shown Iin the diagram of Figure 3, a stream, such as a
waste stream of water from a nuclear power plant, for example, may be
fed into the graphene oxide filtration system 300 at filtration module 330
and passed through a graphene oxide membrane 332. The retentate
from module 330, which may contain a higher concentration of heavy
and/or super heavy water, may be directed to adjacent filtration module
340, and through graphene oxide membrane 342. The retentate from
module 340 may be directed out of system 300 as indicated by the "Out
Heavy” label in Figure 3.

[0060] The permeate from module 340, which should contain a lower
concentration of heavy and/or super heavy water, may be fed back to
filtration module 330 and again through graphene oxide membrane 332.
Similarly, the permeate from module 330 may be fed to filtration module
320 and through graphene oxide membrane 322. The retentate from
module 320, which may contain a higher concentration of heavy and/or
super heavy water, may be directed to adjacent filtration module 330
adjacent to the feed line and through graphene oxide membrane 332.
And, likewise, the permeate from module 320 may be fed to filtration
module 310 and through graphene oxide membrane 312.

[0061] The retentate from module 310, which may contain a higher
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concentration of heavy and/or super heavy water, may be directed to
adjacent filtration module 320, and through graphene oxide membrane
322. The permeate comprising light water, or at least a reduced
concentration of heavy and/or super heavy water, from module 310 may
be released Into the environment, as indicated by the "Out Light” label In
Figure 3. Of course, this permeate may instead be stored for reuse, fed
Into secondary filtration and/or treatment systems, or otherwise directed
as desired. As also mentioned above, fewer or greater number of
modules may be used In alternative embodiments, and alternative
configurations of such modules may be apparent to those of ordinary skKill
In the art after having received the benefit of this disclosure.

[0062] It will be understood by those having skill in the art that
changes may be made to the detalls of the above-described
embodiments without departing from the underlying principles presented
herein. For example, any suitable combination of various embodiments,
or the features thereof, i1Is contemplated.

[0063] Throughout this specification, any reference to “one
embodiment/implementation,” "an embodiment/implementation,” or “the
embodiment/implementation”™ means that a particular feature, structure,
or characteristic described N connection with that
embodiment/implementation S Included n at least one
embodiment/implementation. Thus, the quoted phrases, or variations
thereof, as recited throughout this specification are not necessarily all
referring to the same embodiment/implementation.

[0064] Similarly, it should be appreciated that in the above description
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of embodiments, various features are sometimes grouped together in a
single embodiment, figure, or description thereof for the purpose of
streamlining the disclosure. This method of disclosure, however, Is not to
be Interpreted as reflecting an intention that any claim require more
features than those expressly recited Iin that claim. Rather, inventive
aspects lie iIn a combination of fewer than all features of any single
foregoing disclosed embodiment. Accordingly, this disclosure is to be
regarded In an illustrative rather than a restrictive sense, and all such
modifications are intended to be included within the scope thereof.

[0065] Likewise, benefits, other advantages, and solutions to
problems have been described above with regard to various
embodiments. However, benefits, advantages, solutions to problems,
and any element(s) that may cause any benefit, advantage, or solution to
occur or become more pronounced are not to be construed as a critical,

a required, or an essential feature or element.

[0066] It should be further understood that the method steps and/or
actions described herein may be interchanged with one another. In other
words, unless a specific order of steps or actions is explicitly required for
proper operation of the embodiment, the order and/or use of specific
steps and/or actions may be modified. In addition, it should be
understood that other implementations of such methods need not
necessarily include each of the recited steps, and further that certain
steps from certain implementations disclosed herein may be
interchanged with other implementations, as those of ordinary skill in the
art would appreciate.
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[0067] It will be apparent to those having skill in the art that changes
may be made to the details of the above-described embodiments without
departing from the underlying principles set forth herein. The scope of

the present invention should, therefore, be determined only by the

following claims.
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WHAT IS CLAIMED:

1. A method for filtering water from a nuclear power plant according to its isotopic forms,
the method comprising the steps of:

obtaining a waste stream of liquid water from a nuclear power plant, wherein the waste
stream comprises at least two Isotopic forms of water;

heating the waste stream of liquid water to form a gas comprising at least two isotopic
forms of water;

passing the gas into a filtration module comprising a graphene oxide membrane such
that at least a portion of the gas is directed into the graphene oxide membrane thus separatmg

the gas into a permeate and a retentate, wherein the permeate comprises an increased
concentration of light water relative to the retentate.

2. The method of claim 1, wherein the graphene oxide membrane comprises a plurality
of graphene oxide sheets

3. The method of claim 2, wherein each of the plurality of graphene oxide sheets is

separated from an adjacent graphene oxide sheet by a distance of between about 0.5
nanometers and about 2 nanometers.

4 The method of claim 1, wherein the graphene oxide membrane has a thickness of
between about 0.1 micrometers and about 10 micrometers.

5. The method of claim 4, wherein the graphene oxide membrane has a thickness of
between about 0.2 and about 6 micrometers.

6. The method of claim 5, wherein the graphene oxide membrane has a thickness of
between about 0.3 and about 1 micrometer.

7. The method of claim 6, wherein the graphene oxide membrane has a thickness of
about 0.5 micrometers.
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8. A method for filtering water according to its isotopic forms, the method comprising
the steps of: '
directing a liquid or gas stream comprising at least two isotopic forms of water into a
filtration module comprising a graphene oxide membrane comprising a plurality of graphene
oxide sheets such that at least a portion of the stream passes through the graphene oxide
membrane thus separating the stream into a permeate and a retentate, wherein the

permeate comprises an increased concentration of light water relative to the retentate.

9. The method of claim 8, wherein the stream comprises a waste stream of water from
a nuclear power plant.

10, The method of claim 8, wherein the filtration module is a first filtration module, the
method further comprising:

directing the permeate into a second filtration module comprising a graphene oxide
membrane comprising a plurality of graphene oxide sheets such that at least a portion of
the permeate passes through the graphene oxide membrane of the second filtration module
thus separating the permeate into a sub-permeate and a sub- retentate, wherein the sub-
permeate comprises an increased concentration of light water relative to the sub-retentate.

1. The method of claim 10, further comprising:

directing the sub-retentate into the first filtration module such that at least a portion of

the sub-retentate passes through the graphene oxide membrane of the filtration module and
Is separated into the permeate and retentate.

12. The method of claim 8. further comprising heating liquid water comprising at least

two distinct isotopic forms of water to form a gas, wherein the stream comprises the gas
such that water vapor is passed through the graphene oxide membrane.

13. The method of claim 12, wherein the step of heating liquid water comprises use of a
mechanical vapor recompression process.
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14 The method of claim 8, wherein each of the plurality of graphene oxide sheets is

separated from an adjacent graphene oxide sheet by a distance of between about 0.5
nanometers and about 2.0 nanometers.

15, The method of claim 8, wherein the graphene oxide membrane has a thickness of
between about 0.1 micrometers and about 10 micrometers.

16.  The method of claim 15. wherein the graphene oxide membrane has a thickness of
between about 0.2 and about 6.0 micrometers.

7. The method of claim 16, wherein the graphene oxide membrane has a thickness of
between about 0.3 and about 1.0 micrometers.

18.  The method of claim 17. wherein the graphene oxide membrane has a thickness of
about 0.5 micrometers.

19. The method of claim 8, wherein the stream comprises a gas comprising water vapor.
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