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The drawbacks of current high-level liquid waste (HLLW) separation processes would bring some
adverse effects on the sustainable and clean utilization of nuclear power. In this work, a novel separation
method for HLLW treatment based on graphene oxide membranes (GOMs) was investigated. Effects of
nitric acid concentration and membrane thickness on the permeation behaviors of typical ions through
GOMs were systematically investigated. On the whole, the permeation rates were in the order: hydrogen
ion, cesium ion > sodium ion > strontium ion > europium ion, uranyl ion > thorium ion, which could be
well explained by size exclusion and chemical interaction. As the nitric acid concentration decreased,
strong coordination cations were generally restrained from migrating through GOMs due to cations
hydrolysis and deprotonation of graphene oxide sheets. Ions permeation was supposed to be a two-step
process which included entrance to the membrane and intramembrane migration. Based on the favorable rejection of f-block elements, GOMs separation showed promising potential in HLLW treatment.
Furthermore, a new technical route for HLLW separation was proposed which showed superiority of
simpliﬁed process, low running cost, less secondary radioactive waste production.
© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction
Nuclear energy is one of the energy options for many countries.
To ensure the sustainable and clean utilization of nuclear energy,
the appropriate disposal of high-level liquid waste (HLLW) generated from nuclear fuel reprocessing (Ansari and Mohapatra, 2017) is
of great importance. Alpha emitters existing in HLLW, especially
plutonium (Pu) and minor actinides (MA), usually have extremely
long half-life time and pose an enormous threat to the biosphere
(Ansari et al., 2011). Till now, ﬁnal geological disposal after solidiﬁcation of HLLW has been the most mature tactics (Gin et al., 2013).
The crucial point of this tactics is to achieve selective separation of
some non-radioactive composition and high heat-generating radionuclides from HLLW before solidiﬁcation. Removal of water
(H2O) and nitric acid (HNO3) could greatly reduce the volume of
HLLW needing to be solidiﬁed. Separation of cesium-137 (137Cs)
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and strontium-90 (90Sr) could greatly improve the utilization efﬁciency and safety performance of geological repositories (Aguila
et al., 2016). Currently, the mainstream separation method for
H2O and HNO3 is evaporation which has drawbacks of massive
energy consumption (Abdel Rahman et al., 2011) and poor operational safety. Besides, additional denitration agents such as formic
acid (Li et al., 2017) and formaldehyde (Mishra et al., 2010) are
needed to further decompose the HNO3. Subsequently, 137Cs and
90
Sr can be extracted by ion exchange (Cappelletti et al., 2011),
extraction chromatography (Zhang et al., 2016), solvent extraction
(Xu et al., 2012), etc. These chemical separation methods usually
produce massive secondary waste and need sophisticated technology and equipment. The disadvantages of above processes and
requirement of two independent steps would bring some adverse
effects from the points of environmental and economic aspects.
Under the guidance of cleaner production principle, novel separation methods should be developed for HLLW treatment.
As a novel separation technology, graphene oxide membranes
(GOMs) separation has gained lots of attention in water treatment
ﬁeld. Due to the favorable dispersity of graphene oxide (GO) in
solution, GOMs can be easily fabricated by vacuum ﬁltration, drop-
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casting and spin-coating methods (Jia and Wang, 2015). GOMs
exhibit extremely high-water ﬂux owing to the nanoscale capillaries (Nair et al., 2012) and unique water molecules migration
behavior (Boukhvalov et al., 2013). Selective sieving can be achieved based on the mechanism of size effect (Mi, 2014), coordination effect (Sun et al., 2013), electrostatic and cation- p interactions
(Perreault et al., 2015). In addition to owning the merits of conventional membrane separation like lower energy consumption,
higher efﬁciency and less secondary wastes (Zakrzewska-Trznadel,
2013), GOMs separation also owns the advantage of higher waterﬂux and better selectivity. So far, GOMs separation have shown
great application prospect in water treatment ﬁled such as desalination of seawater (You et al., 2016), heavy metal (Zhang et al.,
2017) and organic dye (Huang et al., 2013) removal from industrial sewage.
However, as a subﬁeld of water treatment, HLLW separation
based on GOMs has been rarely reported. Based on above consideration, we have been working on the potential application of
GOMs in HLLW separation. Ma et al. (2017) demonstrated the
feasibility of separating Cs and Sr from HLLW by GOMs. Whereas,
the stability of hydrated GOMs and effect of membrane thickness
were not explored. Zhao et al. (2019) veriﬁed the stability of GOMs
in radioactive liquid waste separation. Further, in this work
permeation behaviors of typical ions in HLLW like hydrogen ion
(Hþ), sodium ion (Naþ), cesium ion (Csþ), strontium ion (Sr2þ),
4þ
europium ion (Eu3þ), uranyl ion (UO2þ
2 ) and thorium ion (Th )
through GOMs were systematically investigated. The effects of nitric acid concentration and GOMs thickness on permeation performance of various ions were explored and related mechanism
was also discussed. Moreover, a new technical route for HLLW
separation is proposed and compared with the current technical
route.
2. Material and methods
2.1. Materials
UO2(NO3)2$6H2O and Th(NO3)4$6H2O were provided by the
warehouse of Shanghai Institute of Applied Physics (Shanghai,
China). Graphite (99.95%, 325 mesh), Eu(NO3)3$6H2O (99.9%)
were supplied by Aladdin. NaNO3, CsNO3, Sr(NO3)2 and other
chemical reagents were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). All of the chemical reagents were
analytical grade with high purity. All aqueous solutions were prepared with deionized water (DI water) supplied by a Millipore MillQ system.
2.2. Fabrication of GOMs
GO was synthesized by oxidation of natural graphite based on
an improved Hummer’s method (Peng et al., 2010). The preparation
process involved preliminary and secondary oxidation of graphite,
followed by washing, dialysis and drying of GO. 1.0 g of the ﬁnal GO
product was dispersed in 1000 mL DI water and exfoliated into
monolayer sheets with the aid of sonication. The obtained 1.0 g/L
homogeneous GO suspension served as a stock solution for GOMs
fabrication.
GOMs were made by the method of vacuum ﬁltration as
described below. A certain volume of above GO suspension was
ﬁltrated through a polycarbonate membrane (PCM: Whatman,
47 mm in diameter, 0.2 mm pore size) in a suction ﬁlter device as
shown in Fig. 1a. GOMs with varying thickness could be conveniently fabricated by controlling the volume of ﬁltered GO suspension. After ﬁltration, the PCM covered with wet GO was
carefully removed and then dried in oven at 50  C. The

combinational membrane gained was a 40 mm diameter GOM
stuck on a PCM. The pore size of PCMs (0.2 mm) was much larger
than the d-spacing of hydrated GOMs, so the effect of PCMs on the
permeation rates of ions through GOMs was negligible. Hence, in
subsequent permeation experiments, combinational membranes
were directly used without peeling the PCMs off.
2.3. Characterization of GO and GOMs
The obtained GO was characterized by Raman spectroscopy
(HORIBA Scientiﬁc, LabRAM HR, France) and Fourier transform
infrared spectroscopy (FTIR, PerkinElmer, Frontier, USA). Atomic
force microscope (AFM) images of GO nanosheets and prepared
GOMs surface were acquired by operating on a Multimode 8 system
(Bruker, USA). The microscopic morphology of GO sheets deposition on a copper grid was examined by means of Transmission
Electron Microscope (TEM, FEI, Tecnai G2 F20 S-TWIN, USA). The
morphology of GOMs was observed by ﬁeld emission scanning
electron microscope (SEM, ZEISS, LEO 1530VP, Germany). Information about the lamellar structures of GOMs was provided by Xray powder diffraction (XRD, XPert Pro MPD, PANalytical,
Netherlands).
2.4. Permeation behavior of cations in GOMs driven by
concentration gradient
Studies on permeation behavior of Hþ, Naþ, Csþ, Sr2þ, Eu3þ,
4þ
UO2þ
in GOMs driven by concentration gradient were
2 and Th
performed in a homemade permeation setup, as shown in Fig. 1b.
The detachable U-shaped tube was split by a GOM into feed and
permeate chambers. The effective permeation area was 3.8 cm2.
After a GOM was loaded, initial feed and fresh blank solutions of
same volume were added in corresponding chambers respectively.
Magnetic stirring was employed in two chambers to eliminate
concentration gradient. Samples from two chambers were simultaneously pipetted at certain intervals and then analyzed.
For the metal ions permeation experiments, the initial feed solutions were 80 mL simulated radioactive liquids with varying
concentration of HNO3 containing mixed metal ions (Naþ, Csþ, Sr2þ,
4þ
Eu3þ, UO2þ
2 and Th ). The initial blank solutions were pure HNO3
mediums with the same concentration of feed in order to eliminate
the acidic differences of two chambers. Analysis of metal ions was
performed by ICP-OES (PerkinElmer Optima 8000, USA) and ICPMS (PerkinElmer NexION 300D, USA).
For the Hþ permeation experiments, the initial feed and blank
solutions were 80 mL HNO3 with certain concentration and DI
water respectively. Previous studies indicated the hydrated GOMs
would turn unstable in the case of low concentration of HNO3 (Zhao
et al., 2019). Thus, in order to ensure the satisfactory stability of
GOMs, 1 mmol/L Eu3þ was added in the initial HNO3 feed. Measurements of Hþ were conducted by a potentiometric titrator (T70,
METTLER TOLEDO) or a pH meter (FiveEasy Plus FE20, METTLER
TOLEDO) depending on the acidity of samples.
3. Results and discussion
3.1. Characterization of GO and GOMs
GO synthesized based on above method was characterized by
Raman spectroscopy and FT-IR to explore its chemical properties.
The Raman spectroscopy (Fig. 2a) of GO showed two peaks at
1349 cm1 (D peak) and 1594 cm1 (G peak), conforming the lattice
distortions. The G peak represents in-plane stretching vibration of
sp2 hybridization of the graphitic carbon, while D peak represents
the presence of disorder in sp2 hybridized carbon systems, which

H. Zhao et al. / Journal of Cleaner Production 266 (2020) 121884

3

Fig. 1. (a) Photo of the suction ﬁlter device. (b) Photo of the permeation setup.

indicates the existence of oxygen-containing functional groups. As
shown in Fig. 2b, chemical functional groups were further identiﬁed by FT-IR spectroscopy: CeO vibrations (1224 cm1), unoxidized
sp2 C]C bonds (1621 cm1), C]O stretching vibration (1720 cm1),
OeH stretching vibration (3184 cm1). The AFM image of GO
nanosheets (Fig. 2c) indicated that large ﬂakes of GO with thickness
of ~1 nm were synthesized.
A series of combinational membranes with different thickness
of GO were shown in Fig. 3a. The actual coverage area of GO was
12.6 cm2 (4.0 cm in diameter). Typically, when 5, 10, 20, 30 mL of
1.0 g/L GO stock suspension was ﬁltrated, GOMs with mass thickness of 0.4, 0.8, 1.6, 2.4 mg GO/cm2 were obtained. In appearance,
GOMs fabricated by the method of vacuum ﬁltration had smooth
surface, and as the thickness of GOMs increased, the color was
deepened gradually from brown to black. By means of SEM
(Fig. 3b), microscopic morphology of GOM surface could be provided and typical corrugations, which might be formed by the
overlap of GO sheets with irregular size distribution, were
observed. Laminated structure information of GOMs could be

offered by their XRD spectra. As shown in Fig. 3c, XRD spectrum of
dry GOM had an apparent peak (2q ¼ 10.1 ), which indicated that
GOMs formed by numerous GO sheets stacked layer upon layer
possessed great lattice structures. According to Bragg’s law, the dspacing of dry GOMs was about 8.7 Å.
Further microscopic morphology of GOMs were provided by
TEM and AFM characterization. As shown in Fig. 4a and Fig. 4b, GO
sheets were mutually stacked and the dark area had more layers of
GO than the light area (Stobinski et al., 2014). As the same as SEM
characterization, the AFM images of both surface of GOMs (Fig. 4c
and 4d) also showed representative wrinkles due to the GO layers
piled up.
3.2. Effect of acidity on the permeation of Naþ, Csþ, Sr2þ, Eu3þ,
4þ
UO2þ
2 and Th
In most cases, HLLW originated from nuclear fuel cycle was a
complicated aqueous system with various metal ions. Except for
4þ
Csþ and Sr2þ, Naþ, Eu3þ, UO2þ
were selected as typical
2 and Th

Fig. 2. Raman spectroscopy (a), FT-IR spectroscopy (b) and AFM image (c) of GO.
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Fig. 3. (a) Photos of combinational membranes with varying mass thickness of GO (from left: 0.4, 0.8, 1.6, 2.4 mg GO/cm2). (b) SEM image of GOM. (c) XRD spectrum of GOM.

metal cations in this work based on the following considerations.
Naþ was taken into account because NaNO2 was a traditional additive for adjustment of Pu valence (Marchenko et al., 2009). Due to
the chemical similarity, Eu3þ could represent trivalent lanthanide
ﬁssion products and actinide cations such as Am3þ, Cm3þ. UO2þ
2 and
Th4þ were the core elements of UePu, TheU fuel cycle. Besides,
Th4þ could be regarded as a chemical analogue of Pu4þ.
First, effect of HNO3 concentration on the permeation behavior
of above cations through GOMs with mass thickness of 1.6 mg GO/
cm2 was studied. To verify the stability of GOMs in the permeation
process, the XRD spectra of hydrated GOMs were characterized, as

shown in Fig. 5. GOMs immersed in the feed solutions all had sharp
peaks, which indicated ﬁne lattice structures of GOMs. According to
Bragg’s law, d-spacings of hydrated GOMs were also calculated and
noted. GOMs are formed by numerous GO sheets stacked layer
upon layer with d-spacing of 8.7 Å in the dry state, as mentioned
previously. As GOMs were hydrated in feed solutions, d-spacings
gradually increased resulting from the electrostatic repulsion between negatively charged GO sheets. However, owing to charge
screening effect (Zheng et al., 2017) and coordination interaction, dspacings would be kept from over-expanding and have an equilibrium value of about 15 Å. As a result, the hydrated GOMs still can
possess orderly arranged lamellar structures and provide transportation passageways for ion permeation.
The variation of each cation in permeation chamber over time
was shown in Fig. 6. The concentrations of cations increased linearly and the migration rates were obtained and listed in Table 1 by
liner ﬁtting. In the range of HNO3 concentration studied, the
permeation
rate
of
cations
was
in
the
order:
4þ
Csþ > Naþ > Sr2þ > Eu3þ, UO2þ
2 > Th . On the whole, the selected

Fig. 4. (a, b) TEM images of GO. (c) AFM analysis of GOM surface contacting with air in
fabrication. (d) AFM analysis of GOM surface contacting with a PCM in fabrication.

Fig. 5. XRD spectra and corresponding d-spacings of GOMs which were hydrated in
feed solutions of acidity condition experiments.
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Fig. 6. Effect of HNO3 acidity (a: 1.0 mol/L HNO3, b: 0.10 mol/L HNO3, c: 0.010 mol/L HNO3, d: 0.0010 mol/L) on the permeation behaviors of cations through GOMs (mass thickness
of GOMs: 1.6 mg GO/cm2, initial concentration of each cation: 1 mmol/L).

metal cations can be divided into three groups: fast group (Csþ and
4þ
Naþ), medium group (Sr2þ) and slow group (Eu3þ, UO2þ
2 and Th ).
As well known, ions sieving through GOMs is based on size
exclusion and chemical interaction. Apparently, cations with larger
hydrated ion size are more liable to be suppressed from permeating
through GOMs. The effective hydrated ionic radii of cations are
comprehensively affected by bare ionic radii, ionic charge, electrolyte environment, etc. The hydrated radius of Csþ, Naþ and
Sr2þwas 3.29, 3.58 and 4.12 Å (Zhong et al., 2015). As f-block ele4þ
ments, Eu3þ, UO2þ
generally have strong coordination
2 and Th
ability, which results in very complicated hydrated ion species.
Anyway, according to hydrated number and bare ionic radii, Eu3þ,
4þ
UO2þ
should have larger hydrated ionic radii than Csþ,
2 and Th
þ
2þ
Na and Sr . From the perspective of chemical interaction, coordination effect between GOMs and cations also has adverse effect
on the permeation. Theoretically, the coordination ability of above
cations is in the order: slow group (f-block elements) > medium
group (alkaline earth metal element) > fast group (alkali metal
elements), which leaded to reverse order of permeation rates. The
diversity of cation permeation performance could be well
explained by both viewpoints. For alkali metal elements, permeation rate is mainly affected by radii of hydrated ions. Obviously,
Csþ has a smaller hydrated radius than Naþ, which results in a faster
migration rate than Naþ. With regards to the slow group, the
tetravalent Th4þ possesses the greatest ionic potential and thus the
most powerful complexation ability. That is why Th4þ has the
slowest permeation rate.
Table 1
Calculated permeation rate (  107 mol/m2/s) of metal cations in different HNO3
medium and corresponding SF (Sr2þ/Eu3þ) values.
c(HNO3)/mol/L

Csþ

Naþ

Sr2þ

Eu3þ

UO2þ
2

Th4þ

SF (Sr2þ/Eu3þ)

0.0010
0.010
0.10
1.0

16.3
18.3
17.9
17.9

9.2
10.6
8.7
9.6

3.0
4.3
3.0
3.3

0.2
0.6
1.3
1.9

0.2
1.1
0.8
1.3

0
0
0.2
1.1

17.0
7.3
2.4
1.8

Notes: SF (Sr2þ/Eu3þ) represents separating factor of Sr2þ from Eu3þ.

As Table 1 showed, the HNO3 concentration had different effect
on the permeation of above cations. With the acidity of HNO3
medium decreased from 1.0 mol/L to 0.001 mol/L, the permeation
rates of Csþ, Naþ and Sr2þ changed little but permeation of Eu3þ
and Th4þ was regularly suppressed. The migration rate of UO2þ
2 was
less affected by HNO3 in the range of 1.0 to 0.01 mol/L, but sharply
decreased to a low level in 0.001 mol/L HNO3. Inﬂuence mechanism
of HNO3 concentration on the permeation behavior of cations could
be well explained as follows. As shown in Fig. 5, the interlayer
spacing of hydrated GOMs was insigniﬁcantly affected by HNO3
acidity. Hence, d-spacing should not be the key inﬂuencing factor
on permeation. In the case of Csþ, Naþ and Sr2þ which generally
have weak coordination ability, variation of HNO3 concentration
had little impact on their hydrated ionic radii and chemical interaction with GO sheets. Accordingly, permeation rates of them
basically kept steady. On the contrary, the acidity of medium
exhibited great impact on Eu3þ and Th4þ. As the HNO3 acidity
decreased, coordination ability of Eu3þ and Th4þ was gradually
enhanced. On the one hand, hydrated ionic radii increased due to
the hydrolysis behavior. On the other hand, deprotonation of
oxygen-containing groups of GO sheets was intensiﬁed. Thus, the
permeation of Eu3þ and Th4þ would regularly be restrained as the
HNO3 concentration was decreased. Compared with Eu3þ and Th4þ,
the divalent UO2þ
2 with smaller ionic potential was only intensively
inhibited from permeating in extremely low concentration of HNO3
(0.0010 mol/L).
In summary, f-block elements could be effectively restrained
from permeating through GOMs on account of the strong coordination ability. These results provided theoretical basis for the potential application of GOMs in HLLW treatment. To evaluate the
separation effect of GOMs, separating factor of Sr2þ (the medium
group) from Eu3þ (the slow group) was calculated and noted in
Table 1. As the HNO3 acidity decreased from 1.0 to 0.001 mol/L
HNO3, the value of SF (Sr2þ/Eu3þ) increased from 1.8 to 17.0, indicating the separation of Csþ, Naþ and Sr2þ from f-block elements
would work better in lower concentration of HNO3.
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3.3. Effect of acidity on the permeation of HNO3
As the main component of HLLW, permeation behavior of HNO3
was further investigated. As shown in Fig. 7a, Hþ concentration of
permeate increased linearly over time. By data ﬁtting, the permeation rates of HNO3 at different initial feed concentration were
obtained and demonstrated in Fig. 7b and Table 2. Overall, the
HNO3 migration rate was proportional to its initial concentration. In
the U-shaped permeation apparatus, ions migration was driven by
concentration gradient of feed and permeation. Undoubtedly, the
rate linearly depends on the initial concentration of feed.
By comparing the data of Tables 1 and 2, it could be found that
the permeation rate of Hþ was a few orders of magnitude faster
than that of other cations. Obviously, the initial feed concentration
of Hþ was much higher than that of other cations, which resulted in
a much faster permeation rate. For the convenience of analyzing,
the rate of Hþ with initial concentration of 1 mmol/L can be
approximately obtained according to the proportion relation.
Because it’s just an approximate calculation, the obtained value of
1.3  106 mol/m2/s was slightly less than Csþ (1.6  106 mol/m2/
s). As reported, the hydrated ionic radius of monovalent ions was in
the following order: Naþ (0.36 nm) > Csþ (0.33 nm) > Hþ (0.28 nm)
(Zhong et al., 2015). Thus, Hþ should possess the fastest permeation
rate than Csþ and Naþ, so that it could be classiﬁed as the fast group.
3.4. Effect of GOMs thickness on the permeation of Naþ, Csþ, Sr2þ,
4þ
Eu3þ, UO2þ
2 , Th and HNO3
As a key parameter of membrane separation, effect of GOMs
thickness on the permeation behavior of metal cations was also
investigated and the results were shown in Fig. 8 and Table 3.
Generally, the migration rates of Naþ, Csþ, Sr2þ linearly decreased
as the mass thickness of GOMs increased from 0.4 to 2.4 mg GO/
cm2. Rates of Eu3þ, UO2þ
2 remained constant as the GOMs thickness
increased from 0.4 to 0.8 mg GO/cm2, but linearly decreased as the
thickness increased from 0.8 to 2.4 mg GO/cm2. Permeation of Th4þ
was only intensively suppressed with GOMs thickness of 2.4 mg
GO/cm2.
For metal cations with different coordination ability, the inﬂuence rule of GOMs thickness on permeation was also different. The
inﬂuence mechanism might be explained as follows. The migration
of ions across GOMs could be regarded as a two-step process.
Firstly, cations in feed solution need to overcome the resistance of
coordination effect with GO sheets to enter the membrane surface.
Secondly, with the aid of nanocapillary pressure, ions subsequently
move along the transportation channels and ﬁnally arrive at the
permeate chamber. Because the surface of GOMs possesses the
dominant quantity of deprotonated oxygen-containing groups,

Table 2
Calculated permeation rate (  104 mol/m2/s) of Hþ with different initial
HNO3 concentration.
initial c(HNO3)/mol/L

permeation rate of Hþ

0.1
0.5
1.0
2.0
4.0

1.3
7.8
16.1
27.5
69.1

coordination effect mainly acts in the ﬁrst step and is less affected
by GOMs thickness. Cations have to cover longer transmission
channels through a thicker GOM during permeation. Thus, the
second step namely intramembrane migration of ions is mainly
determined by size exclusion, which is directly related to the
migration distance. As a two-step process, the permeation rates of
ions depend on the lower step. For weak complexing cations such
as Naþ, Csþ, Sr2þ, the rates predominantly depend on the second
step. Hence, Naþ, Csþ, Sr2þ permeated faster through a thinner
GOM. With regards to strong complexing cations such as Eu3þ,
4þ
UO2þ
2 and Th , both size exclusion and coordination effect determine the permeation. For a thinner GOM, coordination effect plays
a leading role and is slightly varied with thickness, which results in
a stable permeation rate. As the thickness keeps increasing, size
exclusion gradually becomes stronger and dominates at a certain
turning point where permeation rates are determined by size
exclusion. At that turning point, permeation rates would start to
slow down along with the thickness increasing.
In addition, effect of GOMs thickness on the permeation of Hþ
was also studied and the results were shown in Fig. 9a. By data
ﬁtting, the acquired rates of Hþ were listed in Table 4. As illustrated
in Fig. 9b, the rates of Hþ linearly decreased with GOMs thickness
increasing. The inﬂuence rule of GOMs thickness on rates of Hþ was
the same as the weak coordination cations. The related mechanism
could be well explained by above interpretation.
To assess effect of GOMs thickness on the separation performance of GOMs, separating factor of Sr2þ from Eu3þ was calculated
and noted in Table 3. The values of SF (Sr2þ/Eu3þ) did not change
much as thickness varied from 0.4 to 2.4 mg GO/cm2. However,
thinner GOMs were preferably employed for greater water ﬂux and
processing capacity.
3.5. Potential application of GOMs in HLLW treatment
Because of the extremely long half-life time and enormous
threat to the biosphere, alpha nuclides in HLLW are particularly
concerned. In the traditional route (route 1) for HLLW treatment,
concentration by evaporation and chemical separation were

Fig. 7. (a) Variation of Hþ concentration in permeate chamber with time (GOM thickness: 1.6 mg GO/cm2, initial HNO3 concentration in feed chamber: 0.1, 0.5, 1.0, 2.0, 4.0 mol/L). (b)
Calculated permeation rate of Hþ as a function of initial HNO3 concentration in feed chambers.
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Fig. 8. Effect of mass thickness of GOMs (a: 0.4, b: 0.8, c: 1.6, d: 2.4 mg GO/cm2) on the permeation behaviors of metal cations (HNO3 acidity of feed: 1 mmol/L, initial concentration
of each cation: 20 mmol/L).

Table 3
Calculated permeation rate (  107 mol/m2/s) of metal cations through different thickness GOMs and corresponding SF (Sr2þ/Eu3þ) values.
mass thickness (mg GO/cm2)

Csþ

Naþ

Sr2þ

Eu3þ

UO2þ
2

Th4þ

SF (Sr2þ/Eu3þ)

0.4
0.8
1.6
2.4

469.7
397.3
312.7
194.0

247.4
169.1
140.9
80.4

36.8
29.7
21.9
13.2

3.4
3.6
2.5
1.1

4.4
4.4
3.1
1.1

0.1
0.1
0.1
0.0

10.9
8.3
8.7
12.6

Fig. 9. (a) Variation of Hþ concentration in permeate chamber with time for different mass thickness of GOMs (initial HNO3 concentration in feed chamber: 1.0 mol/L). (b)
Calculated permeation rate of Hþ as a function of mass thickness of GOMs.

Table 4
Calculated permeation rate (  104 mol/m2/s) of Hþ through different thickness
GOMs.
mass thickness of GOMs (mg GO/cm2)

permeation rate of Hþ

0.4
0.8
1.6
2.4

26.3
22.6
16.1
11.8

performed successively for effective partition of H2O, HNO3, Csþ
and Sr2þ, as illustrated in Fig. 10. Subsequently, the obtained small
quantity of alpha liquid waste was solidiﬁed for further geology
disposal. Due to the independence of two separation processes, the
requirements for techniques and equipment are very complicated.
Besides, drawbacks of huge energy consumption, poor operational
safety and massive secondary waste are also unfriendly to the
plant’s operation.
As described above, the permeation rates of typical ions of HLLW
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Fig. 10. Comparison of two technical routes for HLLW treatment.

4þ
were in the order: Hþ, Csþ > Naþ > Sr2þ > Eu3þ, UO2þ
2 > Th . The fblock elements were generally rejected by GOMs. On this basis, a
novel technical route for HLLW treatment could be proposed, as
shown in route 2 of Fig. 10. In actual application, multistage GOMs
separation would be required. At the former stages, HNO3, Csþ and
Naþ could be effectively separated due to the fast migration rates.
However, recovery of Sr2þ would be limited due to the high HNO3
acidity of HLLW. Along with the continuous extraction of HNO3,
acidity is gradually lowered. Hence, at the latter stages Sr2þ could
be well separated from f-block elements. As a result, Hþ, Csþ, Naþ
and Sr2þ along with H2O would be successively extracted while the
alpha nuclides are basically entrapped in the feed end. Thinner
GOMs are preferably employed for greater processing capacity.
After the treatment, HLLW could be divided into large volume of
non-alpha liquid waste and much smaller volume of alpha liquid
waste. The latter can then be solidiﬁed for disposal as the traditional route. Because the disposal requirement for non-alpha liquid
waste is not as harsh as alpha liquid waste, the bulk of non-alpha
liquid gained could be further treated as low or intermediate
level waste (Wang, 2015). The new route could greatly simplify the
treating process and lower the cost. Except for HLLW treatment,
GOMs separation would also be applied for processing other alpha
liquid waste which originated from uranium or thorium mining
and metallurgy, nuclear fuel fabrication, etc.

and expected to be a cleaner production route for HLLW treatment.
In future, process parameter, operation mode and related separation equipment of HLLW treatment based on GOMs will be further
investigated.
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