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ARTICLE INFO ABSTRACT

Keywords: A capacitive deionization (CDI) electrode comprising ethylenediamine triacetic acid (EDTA) and 2D MXene
Capacitive deionization (EDTA-MXene) is fabricated to separate Cs* from strongly acidic process water. The method provides new di-
Cesium . rection for an advanced aqueous recycle process to separate fission products from spent fuel liquor. Grafting
Is\f;:;:uel liquor EDTA on MXene has no detrimental effect on its structure but does diversify the modes of ion interaction and
EDTA increase the number of binding sites. The composite CDI electrode has a Cs™ adsorption capacity of 2.07 mmol
Enrichment g’1 at 1.2 V with 97.3% removal efficiency within 15 min. Step-wise adsorption and desorption cycling of the

electrode highlights the chemisorption effect of EDTA which immobilizes the ions as the applied voltage is
lowered, although almost all ions can be stripped by reversing the voltage to —1.4 V and without the need for
chemical treatment. The EDTA-MXene electrode demonstrates outstanding cyclic performance with a capacity
retention of >80% after 320 cycles. Furthermore, the electrode maintains its performance in strongly acidic
solution, removing 0.66 mmol g~ Cs* at 1.2 V, as well as being stable after immersing in 3 mol L™} HNOs for 7
days. Through continuous cycling it is possible to enrich the Cs™ into a highly concentrated solution for element
recovery or safe disposal. The EDTA-MXene material is robust and maintains good performance in harsh
chemical environments, levering its multiple binding sites to successfully isolate Cs™ from strongly acidic so-
lutions and in the presence of competing ions, Sr** and Ce(IV).

1. Introduction sent to a geological disposal facility.

Capacitive deionization (CDI) has shown great potential to decon-

The demand for electricity is rapidly increasing and nuclear power is
a viable option to meet demand and not compromise the net zero
agenda. With expansion of the nuclear fleet, the technology used in the
closed-cycle process must be reevaluated so that other desirable ele-
ments can be efficiently recovered to provide sustainability to the
industry.

Closed-cycle systems such as the Plutonium Uranium Reduction
Extraction (PUREX) process or variations thereof, are currently used to
separate U and Pu from fission products [1]. However, redesigning the
flowsheet to expand the range of species recovered is desired in future
operations of aqueous recycle. New approaches to separation must in-
crease recovery of valuable elements, lessen or eliminate the use of toxic
extractants, lower the cost of extraction, and reduce the waste volume
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taminate complex effluents. Similar to a capacitor, CDI treats effluents
by immobilizing ions within the electrical double layer of the electrode
surface [2-4]. Its use has already been demonstrated to recover U(VI)
from simulated process water, but the recovery of fission products by
CDI is less studied [5-8]. Relatively simple electrode materials such as
activated carbon fibres [9], as well as more elaborate materials, such as
a tungsten trioxide and carbon (WO3/C) composite [10], and porous
chitosan and biocarbon composite [11], have shown good recovery of U
(VI), with the best reported extraction of 449 mg g™ ! at 1.2 V, although
electrode regeneration (consecutive cycles of ion adsorption and
desorption) has shown limited performance with capacity dropping to
90% after 5 cycles [10].

The removal of fission products by CDI has rarely been explored
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using MXene as the electrode template [12]. However, its use as an
adsorbent is extensively studied because of its two-dimensional layered
structure, rich elemental composition, and surface chemistry. Khan et al.
[13] used Ti3CyTy to adsorb Cs* from simulated wastewater, exploiting
the materials -OH, -O and -F groups to act as binding sites for Cs™,
although its adsorption capacity remained low at 25 mg g~. Jun et al.
[14] could increase capacity to 148 mg g~ by finding the optimal test
conditions (Cs™ concentration, pH, temperature and adsorption time),
however, regeneration of the pristine MXene was poor and removal ef-
ficiency dropped below 70% after 4 cycles. Shahzad et al. [15] prepared
MXene aerogel spheres coated with Prussian blue to give selective
binding to Cs". The composite had a Cs* adsorption capacity of 316 mg
g1, but when dispersed in HNO3 solutions, the sorbent was found to be
ineffective and the removal efficiency dropped below 20%. Loss of
performance in strongly acidic solutions is commonly seen because of
issues relating to material stability and/or limited ion exchange/
adsorption due to the effects of protonation [16-18]. As such, few
studies have tested the performance of adsorbents under process rele-
vant conditions. Given its excellent electrical conductivity, good me-
chanical stability [19] and versatile interaction pathways for adsorbing
radionuclides [20], MXene has many desirable properties for it to
perform under harsh conditions.

Although efforts have been made to modify the MXene surface to
recover radionuclides, as highlighted, more effective functionalization
of MXene is needed to overcome current limitations and make the
approach more practical for industry. In the current study, an EDTA-
MXene composite (Fig. 1) was prepared so that the grafted-EDTA pro-
vides specific binding sites to firmly immobilize Cs". Furthermore, when
combined with CDI, the adsorption capacity of the material can be
modulated by the applied voltage, and so the material can be regener-
ated for reuse. The method is a technological step-forward as it allows
for the stripping of radionuclides by the simple reversal of the applied
voltage, providing a route for extraction and enrichment without using
toxic extractants.

2. Materials and methods
2.1. Synthesis of MXene

Ti3AlCy (99%, 400 mesh, Ningbo Jinlei Biotech Co.) was etched
using aqueous HF solution (48%, Aladdin) at a solid-to-liquid mass ratio
of 1:10 (1 g Ti3AlC; and 8.67 mL HF). The suspension was magnetically
stirred for 4 h at 60 °C, before recovering the particles by centrifuging at
10,000 rpm for 15 min. The sediment was repeatability washed using
deionized water until the filtrate pH was 7 and dried in a vacuum oven at
—1 bar for 12 h at 60 °C. Generally, the dilute HF in the wastewater of
this experiment can be detoxified by precipitation with addition of CaCly
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to form CaF, precipitates while the concentrated HF could be reused.
The resultant CaF; is highly insoluble in water and can be collected for
safe disposal. It should be noted that with great care, the use of HF could
be well controlled and recycled as encountered in semiconductor and
microelectronics industries [21]. While the HF method is commonly
used to prepare MXene, it is worth noting that HF-free routes such as
electrochemical etching potentially offer a green route for their prepa-
ration. The method etches Al from porous Ti»AlC using HCl solution, but
the time needed for etching is several days [22], substantially longer
than the current method. While greener routes are being developed, they
do lack scalability, unlike the wet etching process as described here
[23], and so there remains a compromise which is still to be solved.

2.2. Preparation of EDTA-MXene

The EDTA-MXene was prepared by a facile liquid phase reaction
following a previously reported method [24], see Fig. 1. The method
allows the hydroxyl groups of EDTA-silane to react with the hydroxyl
groups on the surface of MXene that are generated during the etching
process. Firstly, 120 mg of MXene was dispersed in 300 mL ethanol and
ultrasonicated for 2 h. The dispersion was then mixed with 50 mL EDTA-
silane (MW 462.4, 2.0% v/v, J&K Scientific) under gentle magnetic
stirring for 12 h at 65°C. The particles were recovered following the
same method used to prepare the MXene particles.

2.3. Electron microscopy

A high-resolution TEM (FEI Titan Themis Cubed 300 microscope,
Thermo Fisher Scientific) operated at 300 kV was used to image the
layered structure of the prepared particles. The particles were dispersed
in ethanol at 1000 ppm and ultrasonicated for 5 min before depositing
one drop of the suspension onto a copper grid of an amorphous carbon
film (Beijing Zhongjingkeyi Technology Co., Ltd.) and dried under an
infrared lamp.

A TM3030Plus SEM (Hitachi) with energy dispersive X-ray spec-
troscopy (EDX, Oxford Instruments, X-stream-2) was used to determine
the morphology and elemental composition of the particles. The accel-
eration voltage was set at 10 kV with a working distance of 8 mm.
Samples were prepared following the previously described method and
deposited onto a single-crystal silicon wafer.

2.4. Fourier transform infrared spectroscopy

FTIR was used to determine the surface chemistry of MXene and
EDTA-MXene. The samples were mixed with KBr by strong vibration and
the mixture pressed into a 10 pm thick pellet. A Nicolet iS10 FT-IR
spectrometer equipped with a deuterated triglycine sulphate (DTGS)
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Fig. 1. Flow diagram highlighting the key steps to convert MXene to EDTA-MXene. T,: terminal functional groups such as OH™ and F~.
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KBr detector was used.

2.5. X-ray photoelectron spectroscopy

The surface chemistry of MXene and EDTA-MXene was determined
using XPS (VG Multilab 2000) with a monochromated Al Ka X-ray
source of 1486.6 eV (Thermo Fisher, Escalab 250Xi, USA). Samples were
placed in the XPS chamber that was maintained under 10~7 Pa of vac-
uum. Charge build-up on the samples was compensated by an electron/
ion gun. All spectra were calibrated against the C 1 s peak (285 eV) and
deconvoluted using the Avantage software of Powell fitting algorithm
with Gauss-Lorentz mix product and 0.0001 convergence value.

2.6. Thermogravimetric analysis

The amount of EDTA loaded onto the MXene substrate was approx-
imated from TGA. 10 mg samples were placed into a STA449F3 TGA
(NETZSCH, Germany) and heated from 25 to 1000°C at a heating rate of
10 K/min with a gentle purge of argon.

2.7. Electrode preparation and metal ion adsorption

The CDI electrodes were prepared by milling the active material
(MXene or EDTA-MXene), Super P® (Kejing Ltd.) and polyvinylidene
fluoride (PVDF, Sigma Aldrich) at a mass ratio of 8:1:1 in N-methyl-
pyrrolidone (NMP) using an agate mortar for 1 h. The slurry was then
coated onto a 10 pm thick graphite paper (Jinlong International Carbon
Group) using a film applicator machine (MSK-AFA-ES200, Kejing Ltd.)
with a gap spacing of 100 pm and a coater speed of 3 mm/s. The film was
dried in a vacuum oven at 80 °C for 12 h and then cut to size (80 x 80
mm) so that each electrode contained 200 mg of the active material.

The recovery of Cs™ by MXene and EDTA-MXene was studied using a
continuous CDI system which included a custom-built CDI cell, power
source (RXN-605D, Zhaoxin), peristaltic pump (BT100-2J, Lange),
conductivity meter (Type 308A, Leici Company) and 500 mL feed and
discharge beakers. For each CDI test, 200 mL of contaminated water was
cycled through the CDI cell at 20 mL/min while applying a direct voltage
of 0 V (open circuit) or 1.2 V (closed circuit). A 1-mm thick silicon
rubber seal was used to separate the CDI electrodes: working electrode,
MXene or EDTA-MXene; counter electrode, graphite paper. The Cs*
concentration was varied from 0.2 to 2 mmol L™! and the solution pH
maintained at 5.0 £ 0.1. The residual ion concentration in solution after
adsorption was measured by atomic absorption spectroscopy (AAS, 200
Series AA, Agilent Technologies). The adsorption capacities (Q,) of the
electrodes were calculated by [25]:

(Co—C)V
m

Qe = (1)
where Cp and C, (mmol L™ represent the initial and equilibrium ion
concentrations, respectively, V (L) the solution volume, and m (g) the
mass of active material (not including the mass of binder and conductive
agent) in the electrode.

The isotherm data was fitted using the Langmuir adsorption model
(Eq. (2)) which implies a monolayer adsorption of Cs™ on the electrode
surface:

QK. C.
Q=17 K. C. 2
The linearized form of Eq. (2) is given by Eq. (3):
1 1 1
3)

— =t
0. Qo OK.C,

where Q, is the equilibrium adsorption capacity (mmol g~1) at the
equilibrium concentration, C, (mmol L’l), Q, is the theoretical
maximum adsorption capacity (mmol g~1) of the electrode, and K; (L
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mmol~?) is the Langmuir adsorption constant which describes the af-
finity between the ions and binding sites.

2.8. Adsorption kinetics

The electrodes were evaluated using the CDI setup operating with an
applied voltage of 0 V or 1.2 V. Test solutions of 200 mL were prepared
at Cy of 0.5 mmol L™ Gs* and recirculated through the CDI cell at a flow
rate of 20 mL/min. The residual concentration (C; — time dependent
concentration) was measured at 5, 15, 30, 45, 60, 90 and 120 min. The
adsorption kinetic data was fitted to the pseudo-second order rate
equation (PSORE) [26]:

1
Qt_k?.QE Qe

4

where Q; (mmol g™!) and Q. (mmol g~ ') refer to the quantity of
adsorbed ions at times t and at equilibrium, and k, represents the
adsorption rate constant.

2.9. Competitive adsorption

The effect of HNO3 on the Cs' adsorption capacity of the electrodes
was evaluated using the CDI cell operating at 1.2 V. Test solutions of
100 mL were prepared to 0.75 mmol L™ Cs™ with different concentra-
tions of HNO3 from 0 to 3 mol L™!. The test solutions were recirculated
through the CDI cell at a flow rate of 0.8 mL/min for 125 min.

2.10. Electrochemical performance

The electrochemical performances of the MXene and MXene-EDTA
electrodes were measured using a three-electrode setup which
included a working electrode (MXene, EDTA-MXene), a Pt mesh counter
electrode and an Ag/AgCl reference electrode. A CHI 604E electro-
chemical workstation (CH Instruments, Inc, China) was used, and the
test solution was either 0.5 mmol L™ CsCl or 0.5 mmol L™} CsCl with 2
mol L' HNOjs. For cyclic voltammetry (CV) the voltage was varied
between 0 and 1.2 V at a scan rate of 20 mV s *. Electrical impedance
spectroscopy (EIS) was conducted in the frequency range of 0.01 Hz to
100 kHz with an alternating current (AC) amplitude of 5 mV. Galva-
nostatic charge-discharge (GCD) measurements were performed be-
tween 0 and 1 V at a current density of 0.5 A g™ ™.

Using the CV data, the specific capacitance (C, F g~!) can be deter-
mined by [27]:

B J1av
T 2mvAV

)

where I is the current density (A g’l), m is the mass of active material in
the working electrode (g), v is the scan rate (V s’l), and A V is the po-
tential window (V).

2.11. Electrode durability

The electrode loading capacity was measured by varying the applied
voltage between —1.4 to 1.6 V. Although the voltage was occasionally
higher than the critical voltage for water electrolysis (1.23 V in pure
water), no visible signs of water electrolysis were observed and it is
known that adding salt to pure water increases the voltage limit [28],
hence water electrolysis was not a concern in the current study. Using
test solutions of 0.5 mmol L™! Cs*, 200 mL of the test fluid was recir-
culated through the CDI cell at 20 mL/min for 30 min. An asymmetric
CDI configuration was used where the anode was graphite paper
(adsorption capacity for Cs* was 0.045 mmol g™1) and the cathode
either EDTA-MXene or MXene. The applied voltage was adjusted be-
tween 0 V and 1.6 V to study the effect of voltage on adsorption, and for
desorption, the CDI electrode was first operated with a voltage of 1.6 V
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for 30 min, before lowering the voltage to desired level and holding for
30 min. The test solution was then sampled and the ion concentration
measured by AAS.

The regeneration of the as-prepared electrodes was studied using the
asymmetric CDI cell configuration. The applied voltage was alternated
between 1.2 V (adsorption) and —1.4 V (desorption). Test solutions of
200 mL and 0.5 mmol L~! Cs* were recirculated through the CDI cell at
20 mL/min. For each adsorption and desorption step, the applied
voltage was kept constant for 30 min, i.e. 1 h per cycle. The total testing
time was 320 h and so 320 cycles. After each 10 cycles the test solution
was sampled to determine the amount of Cs™ adsorbed by the electrode
(gx)- The capacity retention is given by g, /qist, where gy is the adsorp-
tion capacity at x cycles, and q; is the adsorption capacity at the first
cycle. During the first 3 cycles, a conductivity meter was used to monitor
the conductivity changes of test fluids.

The ability to enrich waste solutions was assessed using the setup
shown in Figure S1 of the Supporting Information. The test solution of
500 mL of 0.5 mmol L™ Cs™ was pumped at 50 mL/min for 30 min and
recirculated through the CDI cell that was operated with an applied
voltage of 1.2 V. The flow was then switched to the enrichment tank so
that the Cs™ could be desorbed into 50 mL of deionized water, with the
CDI voltage reversed to —1.4 V for 30 min. This process of switching
between two flow lines was repeated 10 times. While the enriched fluid
was not replaced, a fresh feed solution was used each time so as not to
deplete the Cs™ concentration in the feed. To determine the limit of
enrichment, a second test was undertaken using 50 mL of 75 mmol L™}
Cs™ (~10,000 ppm) as the solution in the enrichment tank. The same
test protocol was repeated, but the starting concentration in the
enrichment tank was significantly higher.

3. Results and discussion

The morphologies of MXene and EDTA-MXene were confirmed by
SEM and TEM imaging. Both materials are composed of thin Ti3C, layers
of approximately 0.85 nm thickness and form an accordion-like
morphology (Fig. 2a and d), confirming the successful etching of the
MAX phase [29]. An SEM image of the MAX phase is provided in
Figure S2 for comparison. BET surface area analysis revealed the specific
surfaces areas of MXene and EDTA-MXene to be 20.2 and 26.5 m? g1,
respectively. The low surface area confirms the low porosity of both
samples after the HF etching process. High-resolution TEM images
(Fig. 2b and e) and the corresponding selected area electron diffraction
(SAED) patterns (Fig. 2¢ and f) of MXene and EDTA-MXene confirm both
materials retain the hexagonal structure of the MAX phase [29,30].
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Measurement of the lattice leads to the labelled Ti3Cy crystal, with
corresponding lattice planes of (0 1 0 0) and (1 0 1 0)[29,30].

XRD further confirmed the crystal structure of MXene and EDTA-
MXene (Fig. 3a). Compared with the diffraction peaks of MAX, most
of the non-basal plane peaks (strongest peak at 39°) disappeared after
etching with HF. Furthermore, the peaks at 9.8° and 18° shifted to lower
20 values of 8.2° and 16.7°, confirming the interlayer expansion of
MXene compared to MAX [29]. These findings validate the successful
preparation of MXene. It is interesting to note a negligible difference
between MXene and EDTA-MXene, implying that the grafting of EDTA
has no discernable influence on the crystal structure of MXene. From
TGA, the amount of EDTA grafted on MXene surface was 0.403 mmol
g_l, see Fig. S3a of the Supporting Information which compares the
thermograms of MXene and EDTA-MXene. Furthermore, EDS analysis of
EDTA-MXene (Fig. S2) confirmed a homogeneous distribution of EDTA
on the MXene surface.

The surface chemistry was evaluated by FTIR. As shown in Fig. 3b,
the spectrum for EDTA-MXene exhibits some additional peaks that are
not seen for MXene. The peaks located at 1708 cm ™! and 1045 cm ™! are
attributed to carboxyl groups and C-N stretching, demonstrating the
successful complexing of EDTA on the MXene surface [24]. The peak at
870 cm! is ascribed to Si-O vibration of EDTA-MXene, which results
from the formation of the Si-O bond via the reaction of EDTA-silane
alcoholysis and -OH terminals on the MXene surface [24].

Further confirmation of the complexed EDTA-MXene structure is
provided by XPS analysis. As shown in Fig. 3c, the XPS survey spectra of
MXene and EDTA-MXene revealed the existence of C 1s, O 1s, Ti 2p and
F 1s signals in both materials, while the exclusive peaks of Si 2p and N 1s
in EDTA-MXene spectrum demonstrate the successful grafting of EDTA.
Fig. 3d shows the XPS N 1s core-level spectrum of EDTA-MXene.
Deconvoluting the N 1s peak at 399.7 eV yields only one kind of
nitrogen-containing functional group as the tertiary amine of EDTA
[31].

Deconvolution of the Ti 2p spectra revealed mild oxidation of the as-
prepared MXene, with the oxidative product of TiO, measured to be 8.4
at%, which was slightly suppressed in the presence of EDTA (TiO», 4.3 at
%) [32]. The mildly oxidized MXene was also seen from SEM analysis,
where the MXene edges are less clearly defined than those of EDTA-
MXene, see Table S2 and Figure S8a and S8b of the Supporting
Information.

Fig. 4a shows the Cs* adsorption isotherms for MXene and EDTA-
MXene at 0 V. The data are well-fitted using the Langmuir model and
the corresponding fitting parameters are provided in Table S1 of the
Supporting Information. The Cs* adsorption capacity of MXene was
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Fig. 2. SEM and TEM images of MXene (a and b) and EDTA-MXene (d and e), with corresponding SAED patterns of MXene (c) and EDTA-MXene (f).
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0.58 mmol g~ at 0 V, which is enhanced to 1.02 mmol g~! for EDTA-
MXene, an improvement of 75% compared to MXene. It is interesting
to note a more than doubling in the adsorption capacity (2.07 mmol g 1)
of EDTA-MXene when 1.2 V is applied in the CDI cell. The adsorption
capacity was found to be comparable to those reported for other mate-
rials for example, activated carbon, montmorillonite, graphene oxide,
copper hexacyanoferrate and pristine MXene, see Table S3 of the Sup-
porting Information.

The binding of Cs" with EDTA-MXene and MXene was evaluated
using FTIR and XPS. Fig. 3c shows the XPS survey spectra of Cs-MXene
and Cs-EDTA-MXene. The two peaks at 725 and 737 eV are ascribed to
Cs 3d3/2 and Cs 3ds,», demonstrating successful adsorption of Cs™ [14].
Furthermore, the FTIR spectra comparing EDTA-MXene and Cs-EDTA-
MXene (Fig. 3b) shows the position of —COOH for Cs-EDTA-MXene to
be slightly shifted to a higher wavenumber, 1724 cm™! compared to
1708 cm™! (without Cs™), which results from the carboxylic trans-
formation to carboxylate, with Cs™ chemically bound.

Moreover, EDTA is a hexadentate ligand that forms distorted octa-
hedral complexes with metal ions. Cs* complexes with EDTA in form of
[CsH4L]™ or [CsHaL]~, wherein EDTA is abbreviated as H4L and L rep-
resents CioH12N204~ [33]. Based on this, the proposed interactions
between Cs™ and EDTA are highlighted in Fig. 1, wherein the nitrogen or
carbonyl oxygen act as an electron donor for the complexation of Cs™,
forming a stable five-ring structure for its chemical immobilization.
Furthermore, the dissociated oxygen of EDTA increases the electroneg-
ativity of EDTA-MXene, with the zeta potential being —44 mV compared
to —28 mV for MXene. While maybe less significant in retaining the
adsorbed ions, the stronger electrostatic attraction can also contribute to
enhanced removal of Cst via the electrical double layer effect. These
results demonstrate that the enhanced capacity of EDTA-MXene for Cs™*
is indeed from the grafting of carboxyl-rich EDTA-silane on the MXene
surface, as intended in our design.

The rate at which target ions can be isolated from process water is a
key performance characteristic when considering the suitability of both
materials. Fig. 4b compares the adsorption kinetics of MXene and EDTA-
MXene in 0.5 mmol L™ Cs* solution with 0 and 1.2 V applied in the CDI
cell. As shown in Table S1 of the Supporting Information, the R? values
for all curves were 0.99, confirming that the data is well-fitted by the
pseudo-second order rate equation. All curves (Fig. 4b) exhibited a sharp
drop in Cy/Cp within the first 15 min, with Cs* removal (loading) effi-
ciencies of 47.6% and 59.8% for MXene at 0 V and 1.2 V, and 73.2% and
97.3 % for EDTA-MXene at 0 V and 1.2 V. The Cs™ removal efficiency by
EDTA-MXene was 99.5% with 1.2 V applied for 120 min, a value much
higher than MXene and other common materials such as activated car-
bon, montmorillonite and graphene oxide, see Table S3 for comparison.
The rate constants (k) for all experiments were determined by a linear
fit and are provided in Figure S4.

To better understand the performance gain of EDTA-MXene
compared to MXene, a series of adsorption and desorption studies
were undertaken by recirculating 200 mL of 0.5 mmol L™} CsCl solution
through the CDI cell, with the applied voltage incrementally increased
from 0 to 1.6 V, and for desorption, incrementally lowered from 1.6 V.
As shown in Fig. 4c, Cs* adsorption by both MXene and EDTA-MXene
exhibits three distinct stages: i) between 0 and 0.4 V, the adsorption
capacity remains independent of the applied voltage, with ion adsorp-
tion mostly physisorption for MXene, and for EDTA-MXene, chemi-
sorption will also contribute leading to a greater adsorption capacity
under the same conditions; ii) between 0.4 and 1.2 V, the adsorption
capacity increases almost linearly with applied voltage, thus confirming
the strong effect of electroadsorption; and iii) beyond 1.2 V the active
binding sites become saturated as the maximum adsorption capacity is
met.

By lowering the applied voltage to study ion desorption, significant
hysteresis is seen for EDTA-MXene but not MXene. No hysteresis
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Fig. 4. Adsorption isotherms of MXene and EDTA-MXene at 0 V and 1.2 V (a). The initial concentration of Cs™ was increased from 0.2 to 2 mmol L. The solid lines
represent Langmuir isotherm fits; Adsorption kinetics of MXene and EDTA-MXene in 0.5 mmol L™ CsCl solution at 0 V and 1.2 V (b); Step-wise electroadsorption
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the electro-desorption data of decreasing applied voltage after electroadsorption at 1.6 V for 30 min. The initial concentration of the test fluid was 0.5 mmol L™! Cs*;
Cycling performance of MXene and EDTA-MXene when treating 0.5 mmol L™ Cs* solutions (d).

confirms that the ion retention energy is comparable during adsorption
and desorption, as is the case for Cs-MXene, and is characteristic of the
dominant binding mechanism being physisorption via the electrical
double layer (EDL) effect. For Cs-EDTA-MXene, the desorption (capac-
ity) curve exceeds the adsorption curve, which suggests that the bound
ions are more strongly retained at an equivalent applied voltage, and
supports the understanding of a strong chemisorption effect for Cs-
EDTA-MXene — see previous discussion on the complexation of EDTA
with Cs™. Cs* is retained by EDTA-MXene at 0 V (desorption), with the
sorption capacity being 1.5 mmol g~ compared to 0.82 mmol g ' at 0 V
(adsorption) initially. This difference verifies the strong chemisorption
effect, and to strip the ions to regenerate the sorbent, the applied voltage

had to be reversed to —1.4 V, when the sorption capacity was lowered to
0.008 mmol g~ '. It is noted that a capacity of 0 mmol g~! means the
solution ion concentration after desorption is equal to the initial ion
concentration before desorption. Since the CDI cell is operated with an
asymmetrical electrode configuration, where the counter electrode has
negligible electroadsorption capacity, it is possible to almost fully strip
the ions adsorbed to the working electrode and return them to the test
fluid. The critical desorption voltage for MXene was found to be smaller
due to the absence of any chemisorption. These results demonstrate that
EDTA-MXene can effectively immobilize Cs*, but also by simple reversal
of the applied voltage to induce electrostatic repulsion, the chemisorbed
ions can be stripped-off without the need to use harsh chemicals to
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Fig. 5. Cyclic voltammograms at 20 mV s~ ! (a), galvanostatic charge/discharge at 0.5 A g~ ! (b), and Nyquist plots of MXene and EDTA-MXene in 0.5 mmol L' CsCl

and 0.5 mmol L~ CsCl with 2 mol L™} HNO3 ().
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regenerate the adsorbents.

The CV curves of the fabricated electrodes are shown in Fig. 5a. For
MXene, both CV curves (without and with HNOg) are highly rectangular
albeit slightly distorted. The distortion results from the charging dy-
namic which is characteristic of a thick MXene electrode [34]. However,
the rectangular shape indicates the pure electrical double-layer capaci-
tive properties of the electrode, and hence, Cs* removal is via electro-
adsorption. By contrast, the CV curves of EDTA-MXene exhibited weak
and broad peaks in the region of 0.2 and 0.9 V, suggesting that EDTA-
MXene shows pseudo-capacitance with Cs™, such that the ion binding
is not purely electroadsorption, but there is a component of chemi-
sorption. As previously discussed, EDTA-MXene can bind with Cs™ via
the hexadentate ligand of EDTA, wherein the nitrogen or carbonyl ox-
ygen of EDTA acts as an electron donor for Cs™ complexation, presenting
weak and broad peaks in the CV curves. The specific capacitances of
EDTA-MXene and MXene in 0.5 mmol L™! CsCl were 245.2 and 154.8 F
g1, confirming the enhanced capacitance of the chemically modified
electrode. In 0.5 mmol L' CsCl and 2 mol L ™! HNOg, the specific ca-
pacitances of the two electrodes were lower (EDTA-MXene, 189.4 F g_1 ;
MXene, 112.1 F g 1) due to the presence of HT, but the test does confirm
the retained performance of the electrode in strongly acidic solution, see
further discussion below. Such performance is also verified by the GCD
profiles (Fig. 5b) which show increased discharge duration of the EDTA-
MXene electrode relative to MXene. Fig. 5¢ shows the Nyquist plots for
the EDTA-MXene and MXene electrodes. The width of the semicircle
describes the charge-transfer resistance which is measured to be 19 Q
and 12 Q for MXene and EDTA-MXene (without HNO3). The smaller
interfacial reaction resistance of EDTA-MXene compared to MXene can
be attributed to the pseudo-capacitance induced by the chemical
modification.

To assess regenerability, MXene and EDTA-MXene were continually
cycled between 1.2 V (adsorption) and —1.4 V (desorption) in 0.5 mmol
L7 Cs* solutions. As shown in Fig. 4d, the performance (loading ca-
pacity) of both adsorbents gradually declined after cycling hundreds of
times, with the loading capacity of EDTA-MXene decreasing from 1.83
mmol g1 to 1.48 mmol g! after 320 cycles. However, after cycling
hundreds of times, the performance of EDTA-MXene still greatly
exceeded that of MXene without cycling, highlighting once again the
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significant benefit of the chemical modification. The residual Cs™ con-
centration increased as the adsorbent performance declined, and for
EDTA-MXene, the residual concentration was 0.04 mmol L™! after 320
cycles, much lower than that seen for MXene after only 200 cycles.
Those residual concentrations could be further lowered to 10 ppb by a
second pass of the feed stream through the CDI cell with the same
applied voltage, see Figure S5 (a). Being able to regenerate the adsorbent
more than 300 times is a significant step-forward in cycling-
performance, yet further work is still needed to overcome this gradual
loss in performance.

Fig. S7a shows the gradual drop in capacity retention of MXene and
EDTA-MXene to 80% after 200 and 320 cycles, respectively. To under-
stand the mechanism of capacity fade, the fabricated adsorbents were
reanalyzed by HR-TEM after long-term cycling. Fig. 6 compares the
interlayer structures of the as-synthesized, Cs-adsorbed, and cycled ad-
sorbents (MXene and EDTA-MXene). The interlayer spacings of the as-
synthesized MXene (Fig. 6a) and EDTA-MXene (Fig. 6d) were 0.72
and 0.78 nm, respectively. A slight expansion of the MXene interlayer
with EDTA is attributed to steric hindrance from the EDTA-silane grafted
layer. For Cs-adsorbed, the interlayer spacings of the two adsorbents
increased to 0.81 nm for Cs-MXene (Fig. 6b) and 0.92 nm for Cs-EDTA-
MXene (Fig. 6e). This interlayer expansion of 10 to 20% is likely due to
the increased volume occupied by hydrated Cs ions [35,36]. However,
after hundreds of cycles, the interlayer spacings were smaller compared
to the as-synthesized and Cs-adsorbed materials. For MXene and EDTA-
MXene, the interlayer spacings were 0.58 nm (Fig. 6¢) and 0.64 nm
(Fig. 6f), respectively. With a smaller interlayer spacing, the number of
available binding sites accessible to Cs* will be reduced (greater
impedance to Cs diffusion through the interlayers), contributing to the
observed drop-off in performance. It is hypothesized that the reduced
interlayer spacing results from the gradual stripping of functional groups
(OH™ and F7) from the MXene interlayer during repeated Cs adsorption/
desorption cycles.

It is also noted that MXenes are propone to oxidative degradation,
which may contribute to the capacity fade [37]. SEM inspection of
MXene and EDTA-MXene before and after cycling revealed slight dif-
ferences in the physical appearance of MXene; MXene edges possibly
become less clearly defined, but this is not the case for EDTA-MXene, see

AdsQ‘l;bfad Cs*t

Fig. 6. HR-TEM images of fresh MXene (a); Cs-MXene (b); MXene after 200 cycles without adsorbed Cs (c); fresh EDTA-MXene (d); Cs-EDTA-MXene (e); and EDTA-

MXene after 320 cycles without adsorbed Cs (f).
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Fig. 7. Competitive adsorption of MXene and EDTA-MXene in 0.75 mmol L~! Cs* with HNO3 concentration varying from 0 to 3 mol ™! (open symbols represent an
experimental repeat) (a); Increasing concentrations of Cs in the wastewater following each enrichment step (b); Desorption of Cs into 75 mmol L~ CsCl solution at
1.4 V and 1.6 V (c); Photographs of the concentrated solution after 10 enrichments and the dried solid after solvent evaporation at 40°C for 5 h (d).

Figure S8b and S8d of the Supporting Information. The oxidative
product, TiO,, was detected using XPS, with the TiO; content of MXene
increasing from 8.4 at% to 13.3 at% after cycling, but remained rela-
tively low at 5.8 at% for EDTA-MXene, see Table S2 of the Supporting
Information. This means the grafted EDTA inhibits the oxidative
degradation of the electrode and performance loss is more reasonably
attributed to interlayer collapse, which should be addressed if the
cyclability is to be significantly extended.

Considering the potential use of MXene and EDTA-MXene to remove
Cst from process water, it is important to determine any potential
detrimental effects of HNO3 [38,39]. The CDI cell was operated at 1.2 V
for 30 min with CsCl solution (0.75 mmol L) recirculated with varying
concentrations of HNOs from 0 to 3 mol L™, The Cs* adsorption ca-
pacities of MXene and EDTA-MXene were found to decrease at higher
HNO3 concentrations (Fig. 7a). While the loss in performance can be
attributed to increased competitive adsorption of H, therefore deacti-
vating available binding sites for Cs*, it is interesting to note that EDTA-
MXene showed reasonable adsorption capacities even up to 2 mol L™}
HNOg3, with performance being almost equal to that of MXene in pure
water.

Few studies have reported good Cs' adsorption in strongly acidic
solutions. Jiang et al. [40] tested the performance of an EDTA-
functionalized covalent organic framework in pH 1 water, showing
performance was 30% of that in weakly acidic solutions. A similar
performance loss is seen in the current study. The authors noted better
removal of Ag", a soft Lewis acid, rather than borderline and hard Lewis
acid ions, suggesting a stronger interaction between the soft Lewis acid
and soft base of EDTA. A layered metal sulfide (KInSnS4) has also

demonstrated good recovery of Cs" in highly acidic solutions, with the
authors also attributing its performance to the Hard-Soft-Acid-Base
(HSAB) theory, with the soft basic S%~ from [InSnS4]%~ layers having a
stronger affinity for the soft Lewis acid Cs™ [41]. For EDTA-MXene, it is
likely the HSAB interaction contributes to its sustained performance in
strongly acidic solutions, with the complexation interactions become
stronger in weakly acidic solutions.

The ability to adsorb Cs™ was also tested against other relevant
competing ions, S+ and Ce(IV), with the latter used as a surrogate for
U, see Figure S6 of the Supporting Information. For both Ce(IV) and
Sr?*, the Cs™ adsorption capacity decreased with increasing concen-
tration of the competing ion, and in the presence of 2 mol L™} HNOs, the
performance worsened. At the concentrations relevant to the composi-
tion of spent fuel dissolver liquor (Ce(IV), 300 g L™%; sr2*, 1 g L™! and
HNO3), the Cs™ adsorption capacity was 0.14 mmol g ! with Ce(IV) and
0.25 mmol g~! with Sr?*. However, it is noted that the Cs* concentra-
tion used is an order of magnitude lower than that found in dissolver
liquor (1 g L™ 1), and so performance should be better. While U could be
first separated from the fission products and pose little concern to the
extraction method, Sr*>* will be present and can mutually compete for
binding sites. In dissolver liquor, the concentrations of Cs™ and Sr?" are
almost equivalent, and so when revaluating Fig. S6b, it shows that Cs*
adsorption remains strong when the concentration of the two competing
ions are similar (Cs*, 0.1 g L ™! and Sr?*, 0.2 g L™1).

With very good performance in 2 mol L~} HNOs, there is potential
that such an approach could be adopted in the flowsheets of future fuel
recycling, particularly because of its simple application to concentrate
the fission product solution for storage. Furthermore, the excellent
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stability of the electrode in strong acid demonstrates its suitability to
recover cesium from real nuclear effluents. As seen in Figure S10, when
soaking the EDTA-MXene electrode in 3 mol L™} HNO; for 7 days, the
electrode appeared visually unchanged with no apparent structural
degradation, thus the composite electrode has potential for long-term
and repetitive utilization for cesium recovery from hazardous nuclear
effluents.

Enriching a smaller volume of fluid which could be processed to
recover useful radioactive elements or be sent for ultimate disposal is
advantageous yet is something that is rarely considered in the literature.
The current work has studied the ability to consecutively discharge
adsorbed ions into an increasingly concentrated wastewater. Fig. 7b
shows the build-up of Cs™ in the wastewater as the adsorbed ions are
discharged in 10 enrichment steps. Even as the Cs* concentration in the
wastewater exceeded 40 mmol L™}, the discharge of adsorbed ions to
enrich the wastewater remains unhindered. However, if the adsorbed
ions were discharged into a highly concentrated wastewater (¢ = 75
mmol L1 CsCl, or 10000 ppm), continual enrichment of the wastewater
is seen to decline, see Fig. 7c at 1.4 V. To compensate the declining
enrichment due to the higher activity coefficient of ions at higher con-
centrations, increasing the stripping (enrichment) voltage to 1.6 V
would overcome the issue (Fig. 7c), although the maximum voltage will
be limited by water electrolysis. Fig. 7d shows images of the concen-
trated wastewater before and after evaporation. The enriched Cs can be
crystalized by evaporation to 142 mg of solids (recovered after 10
enrichment steps), with the solids characterized by XRD confirmed to be
the CsCl (Fig. S5b), which from a practical perspective could then be
smelted to cesium metal via metallothermic reduction [42].

The method demonstrates a feasible strategy to enrich radionuclides
while treating radioactive process water by a chemically reactive CDI
system. The system is robust to competing ions and avoids the use of
secondary chemicals and so does not generate any additional waste
streams.

4. Conclusions

A 2D MXene material of EDTA grafted surfaces has been designed
and successfully prepared by a facile liquid phase reaction. The com-
posite material is capable of extracting Cs* from simulant nuclear pro-
cess water using CDI. The grafting of EDTA on MXene surface acts as
specific adsorption sites to immobilize Cs* wherein the nitrogen or
carbonyl oxygen act as an electron donor for its complexation, forming a
stable five-ring structure. The fabricated electrode exhibits outstanding
adsorption capacity of 2.07 mmol g~! at 1.2 V in CDI, and superior re-
covery of ~ 97.3% at 1.2 V after 15 min. The EDTA-MXene electrode
showed excellent durability with the adsorption capacity being retained
at more than 80% after 320 cycles. For the first time, good Cs™ recovery
has been shown in strongly acidic solutions (2 mol L' HNO3), whereby
the HSAB interaction mechanism likely becomes more significant than
the complexation interaction. Furthermore, simple reversing of the
applied voltage can strip the recovered ions without the need for
chemical intervention, hence, enrichment of fission products is readily
achieved into small waste packages. The excellent adsorption capacity,
kinetics and cycling performance would enable EDTA-MXene to be a
highly efficient and robust CDI electrode, showing promise for the
practical removal of cesium from hazardous nuclear process water.
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