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Origin of the exceptional selectivity of NaA zeolite
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In this work, we reported an exceptionally high selectivity of a NaA zeolite (for which the framework type
code of LTA was assigned by the Structure Commission of the International Zeolite Association) towards
radioactive °°Sr?* and explained the origin of this high selectivity by combining structural Rietveld refine-
ments and density functional theory (DFT) calculations. Nuclear wastewater with a °°Sr>* radioactive con-
centration of 400 Bq L™ (7.75 x 1072 ppt) and highly concentrated NaNOsz and NH4NO3 (0.03 M Na* and
0.4 M NH,*, Na*/%%Sr?* = 3.48 x 10°, and NH,"/°°Sr** = 4.64 x 10™) was treated with NaA zeolite. The

t °°Sr2* radioactive concentration was as low as 0.62 + 0.12 Bq L™, close to the upper limit of

resultan
90Gr-induced radioactive activity in drinking water, and the distribution coefficient, Ky, was as high as
421,56 + 13.39 L g~. The NaA zeolite showed fast adsorption kinetics (ca. 5 min), high capture capacity
(294.12 mg g74), a broad working pH range (4-12), and excellent radiation resistance. The crystallinity and
performance of NaA zeolite were not affected by 1000 kGy ®°Co y irradiation. Structural Rietveld refine-
ments revealed that all Sr?* ions are located at the center of the single 6-membered rings (s6rs) of the
NaA zeolite. DFT calculations showed the free energy difference of exchanging different cations with Na*
located in the 8-membered ring (s8r) of the NaA zeolite, and predicted the sequence of Sr**(—8.17 eV) >
Ca®*(—6.17 eV) > K*(-2.13 eV) > Mg®*(-1.94 eV) > NH,*(—0.65 eV) > Cs*(—0.11 eV). The strong tendency
of Sr?* replacing Na* explains the exceptionally high selectivity of the NaA zeolite for °°Sr2* in high con-
centrations of Na* and NH4*. Along with the ion-exchange process, structural Rietveld refinements
revealed that the Sr2* ions at the s8rs center migrated to the s6rs center.
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rapid development of the nuclear energy industry and its pro-
jects leads to an increased chance of harmful fission product-

1. Introduction
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The World Nuclear Industry Status Report 2021 reports that
nuclear energy’s share of global gross electricity generation
was 10.1% in 2020 and it continues to increase. However, the
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radionuclides being released into the environment, seriously
threatening aquatic life and human health." Among these
harmful fission products, °°Sr is the most biohazardous
species because of its high fission yield (5.73% with **°U as
fuel) and relatively long half-life (28.8 years). Due to the simi-
larity in its chemical properties compared with Ca®", °°Sr**
readily accumulates in bones of humans and animals, causing
blood and bone cancers through the emission of high energy
beta rays.*®

The US Environmental Protection Agency has set the upper
limit of *°Sr-induced radioactive activity in drinking water as
0.3 Bq L™, corresponding to 6.3 x 10™'® mol L™" or 5.8 x 107>
parts per trillion (ppt) of °°Sr in terms of chemical concen-
tration, suggesting that essentially all °°Sr** must be removed
from nuclear wastewater (e.g., reprocessing liquid waste)
before releasing it into the environment.” Even though °°Sr**
is present in the solution as a single component (i.e., no com-
petitive radioactive cations are present), its complete removal
is still a huge challenge due to the extremely low concentration
threshold. Moreover, an excess of many more competitive non-
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radioactive cations are also present in real nuclear wastewater.
Accordingly, in real low-level radioactive wastewater from a
domestic nuclear power plant with a °°Sr*>" radioactive activity
of 400 Bq L™ (7.75 x 107> ppt), the concentration of NaNO;
and NH,NO; is 0.03 and 0.4 mol L™, respectively, corres-
ponding to a Na*/°°Sr** ratio of 3.48 x 10'® and an NH,"/°°Sr**
ratio of 4.64 x 10'" in mol, respectively. The capture of the
trace level radioactive °°Sr*>* from highly salted nuclear waste-
water produced from nuclear power plants is a huge challenge
in low-level radioactive wastewater treatment. Moreover, the
%°Sr** removal system must be radiation-proof to eliminate
potential safety hazards after solidification.

Several methods have been developed to remove
including adsorption,>'°** solvent extraction,"*'* chemical
precipitation,'>'® membrane filtration,>'”'® and bio-treat-
ment."® Because the concentration of *°Sr>" is extremely low in
nuclear wastewater, either adsorption via ion exchange or
extraction with a strong binding site to °°Sr*" is the most
efficient and energy-saving method.'*°>¢

Various organic and inorganic absorbents have been
employed to remove °°Sr**, including resins,>’*® activated
carbon,® natural minerals,>**" zeolites,*>** metal-organic
frameworks (MOFs),>**> covalent organic frameworks
(COFs),*® etc. Compared with organic/polymer-based ion
exchangers, inorganic ion exchangers are more affordable for
large-scale applications. Meanwhile, their improved mechani-
cal and thermal stability and excellent radiation resistance®”
make them more suitable in treating radioactive wastewater.
Zeolites, which are types of microporous aluminosilicate crys-
tals with negatively charged frameworks and ion-exchangeable
counter-cations, with high ion exchange capacity, excellent
thermal, mechanical, and radiation stability, and low price, are
desirable candidates for nuclear waste treatment.*® To date,
zeolites with framework type codes of LTA, GIS, CHA, MOR,
FAU, MFI, and *BEA have been investigated in their removal of
radionuclides. Among them, LTA is the most promising adsor-
bent to selectively remove *°Sr** ions.>®

So far, most of the reported experiments involving zeolites
have been focused on the adsorption of non-radioactive Sr** or
the radioactive *Sr*" at a concentration much higher than the
ppt level when fewer competitive cations are present. In this
study, we use NaA zeolite to capture at the ppt level radioactive
%08r>* from nuclear wastewater with a °°Sr** radioactive activity
of 400 Bq L™ (7.75 x 1072 ppt) and high concentrations of
NaNO; and NH,NO; (0.03 M Na' and 0.4 M NH,', corres-
ponding to Na*/?°sr®" = 3.48 x 10'°, and NH,"/°’Sr*" = 4.64 x
10!, respectively). NaA zeolite showed exceptionally high
selectivity for the radioactive isotope of °°Sr**, fast adsorption
kinetics (ca. 5 min), high capture capacity (294.12 mg g™ '), and
a broad working pH range (4-12). The origin of high Sr**
selectivity in NaA zeolite was investigated by combining struc-
tural Rietveld refinements and density functional theory (DFT)
calculations. The superior selectivity, coupled with the ultra-
low cost and environmentally benign nature, renders NaA
zeolite a promising candidate
management.

2+
90g2+

in nuclear wastewater
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2. Experimental section
2.1 Synthesis

2.1.1 Chemicals and materials. Commercial NaA zeolite
powder was obtained from Luoyang Jalon Micro-Nano New
Materials Co., Ltd. Colloidal silica (Ludox® AS-40, 40%) was
obtained from Aldrich. Triethanolamine (TEA), potassium
nitrate, magnesium nitrate, and NaAlO, were acquired from
Sinopharm Chemical Reagent Co., Ltd. Sodium hydroxide and
nitric acid were obtained from Beijing Chemical Works.
Sodium nitrate was obtained from Tianjin Guangfu Fine
Chemical Research Institute. Calcium nitrate was obtained
from Tianjin Fuchen Chemical Reagents Factory. Strontium
chloride (guaranteed reagent) was obtained from Shanghai
Macklin Blochemical Co., Ltd. The chemicals were purchased
and used without further purification.

2.1.2 Synthesis of NaA single crystals for Rietveld refine-
ments. NaA zeolite single crystals, which possess shapes of
edge-truncated cubes and sizes of 15-20 pm in edge length,
have been synthesized with a starting mixture having a molar
composition of 1.7 Na,O : Al,03: 0.7 SiO, : 165 H,0: 6.1 TEA.*®
The initial mixture was prepared as follows: NaOH and NaAlO,
were dissolved in deionized water to form a clear solution. TEA
was thoroughly dispersed in the solution, followed by slow
addition of colloidal silica. The resultant mixture was stirred at
0 °C for 1 h to ensure homogeneity, then transferred into a
Teflon-lined stainless steel autoclave, and heated at 85 °C for
21 d. The product was separated by filtration, washed 3 times
with deionized water and dried at 353 K overnight. The
elemental analysis confirmed that the Si/Al ratio of NaA single
crystals was 1, the same as that of the NaA zeolite powder from
Luoyang Jalon Micro-Nano New Materials Co., Ltd.

2.2 Characterization

Powder X-ray diffraction (PXRD) data were recorded on a
Rigaku D/Max 2550 X-ray diffractometer with Cu-Ka radiation
(A = 1.5418 A) at 50 kV and 200 mA. Thermogravimetric ana-
lysis (TGA) was performed using a TA TGA Q500 in an air
atmosphere with a heating rate of 10 °C min™" from ambient
temperature to 800 °C. The morphology was investigated with
field emission scanning electron microscopy (SEM,
JSM-7800F). The elemental composition of solid samples was
analysed using an Oxford X-MAX 80 energy dispersive spectro-
meter (EDS). The chemical composition of the solutions was
determined with inductively coupled plasma (ICP) analyses
carried out on a Thermo Fisher Scientific iCAP7600 DUO
instrument. PXRD data for Rietveld refinements were col-
lected on a STOE STADI P ESSENTIAL X-ray diffractometer
equipped with a Mythen II detector in the Debye-Scherrer
mode with Cu Kol radiation (1 = 1.5406 A). The radioactive
activity of the solution was measured using a Low background
alpha beta measuring instrument LB4110 (ShangHai
Ergonomics Detecting Instrument Co., Ltd). The y-ray radi-
ation was provided by a ®°Co radiation source with a radiation
dose rate no higher than 2000 Gy h™". The total radiation time
was 500 h, and the total radiation dose was 1000 kGy. The
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zeta potential was measured by a Zetasizer-Nano ZS (Malvern
Instruments Ltd).

9OSr2+

2.3 Radioactive adsorption

The assessment of NaA zeolite for °°Sr** removal was con-

ducted using a solution with a pH of 8 and a radioactive
activity of 400 Bq L™ (7.75 x 1072 ppt), 0.03 M Na* (2500 ppm
NaNOj3), and 0.4 M NH," (32 000 ppm NH,NOj;), corresponding
to a Na'/?°Sr** molar ratio of 3.48 x 10'° and an NH,'/°°Sr**
molar ratio of 4.64 x 10", respectively. The experiments were
conducted with solid/liquid ratios of 1/20, 1/100, 1/500,
1/1000, 1/2000, and 1/5000 in g mL™" by adding pre-weighed
NaA zeolite powder into 20 mL of the radioactive solution.

2.4 Rietveld refinements

Two NaA zeolites with calculated exchange degrees of 50 and
100% for Sr**, respectively, were prepared with controlled
initial concentrations of Sr**. In detail, 0.2791 g (50%) or
0.5582 g (100%) of SrCl, was added to 50 mL of deionized
water containing 1.0 g NaA zeolite. The resultant slurry was
stirred for 12 h at 25 °C. The product was separated by fil-
tration and dried at 80 °C. The composition of the resultant
product was |Nagy 51Sr3.09Ca6.76H2 00|[SiosAlosO3s4] (denoted
as NaA-Sr-1) and  |Nayy.00S720.64Ca6.03H7.66|[SiosAlosO354]
(denoted as NaA-Sr-2), respectively. The actual exchange degree
for the two NaA zeolites was 49.97 and 61.75%, respectively.
Ca®" ions as impurities come from the raw material SrCl,.
Before collecting the PXRD data for Rietveld refinements, both
samples were transferred into a capillary with a diameter of
0.2 mm and then dehydrated at 300 °C for 12 h. Subsequently,
the capillary was sealed with wax and measured with a 26
angle range of 5-120°, step size of 0.015°, and a total counting
time of 24 h at ambient temperature.

2.5 Theoretical calculations

The periodic DFT calculations were carried out using VASP
(version 5.4.4).*"** The DFT calculations were performed
under the Perdew, Burke, and Ernzerhof (PBE)*® flavour of
density functional theory (DFT) with the post-stage van der
Waals attraction, DFT-D3 with Becke-Johnson damping.** The
projector augmented wave (PAW) method*>*® was used to
account for core-valence interactions. The kinetic energy
cutoff for plane wave expansions was set to 400 eV, and recipro-
cal space was sampled with only gamma point. The energy
convergence criterion is 1 x 107> eV when solving the elec-
tronic wave function. The Methfessel-Paxton smearing of the
second order with a width of 0.1 eV was applied. All geome-
tries were considered converged when the maximum force is
less than 3 x 107> eV A™". All atoms of the lta cage extracted
from the NaA zeolite were fixed, while the metal cations and
H,0 molecules were relaxed during the calculations.

The cluster DFT calculations were performed using the
Gaussian (2016 Revision A.03) program.*” The B3LYP hybrid
functional was employed.*® The LanL2DZ basis sets with a
quasi-relativistic pseudopotential were used to describe the K,
Cs, Mg, Ca, and Sr elements, and the split valence basis set
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6-21 was employed for the other elements (H, N, O, Na, Al,
and Si elements). D3 dispersion correction was included to
take into account the dispersion interaction. Solvation effects
were considered using the continuum solvent model, SMD,
with parameters settings for water.*’

In this work, a cluster model with constraints to represent
the zeolite crystal structure was employed to simulate the ion-
exchange process as observed experimentally. The initial struc-
ture model of the [ta cage of NaA zeolite was obtained from the
high symmetry refined structures that contains an lta cage, six
single 8-rings (s&8r), and eight single 6-rings (s6r). The center of
each s8r and s6r is occupied by Na', leading to 14 Na' ions in
the simulation model. Moreover, the breaking bonds of term-
inal oxygen were saturated with hydrogen atoms, leading to a
formula of [Naj4Al,4Si 405,(OH).]"*". Although the single
defect method has an advantage in avoiding the ambiguity in
defining the reference states,”>>' the solvation effect can be
more easily included in the direct simulation of the aqueous
exchange process. To simulate the ion-exchange process under
the experimental conditions, a model with 20 water molecules
inside the lta cage was established according to the experi-
mental analysis of synthetic and hydrated NaA zeolite.’>>* The
model with explicit water molecules has the formal formula of
[Na;4Al,,Siz405,(0H),5-20H,0]'°", and the atomic coordinates
are provided in Fig. S1.1 The metal cations were all solvated by
water molecules. Six water molecules were bound to Sr** and
Na" cations to simulate the first solvation shell.>***

2.6 Batch adsorptions

2.6.1 Influence of ion-exchange time. In the batch adsorp-
tion experiments, 0.01 g of NaA zeolite was added to 10 mL of
SrCl, solutions with an initial concentration of 100 mg L™*
and a pH of 6.7 at 25 °C. A series of adsorption experiments
were performed by varying the stirring times to be 0.25, 0.5, 1,
2,3,4,5,6,7,8,9, and 10 minutes. The solutions were filtered
with a polyethersulfone (PES) membrane (diameter 13 mm,
pore size 0.22 pm). Adsorption capacity (Q.), removal efficiency
(R), and distribution coefficient K4 (mL g™ ') were calculated
using the following mass balance equations:>°

C;i—C
R(%) = ——x 100
i

Ci—Ce) XV
Qe:(l mE)

Ci—C. V
Kd:¥><*

Ce m

where C; and C,. are the initial and the equilibrium concen-
trations of Sr** (mg L"), respectively, V is the solution volume
(L), and m is the adsorbent mass (g).

The ICP-MS analyses had an uncertainty of +10%, but our
repeatability tests indicated that this uncertainty was often
within +5%. All samples were analyzed three times. The
average values were calculated, and the corresponding errors
were estimated from the two samples’ standard deviations of
each triplicate set.

This journal is © the Partner Organisations 2022
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2.6.2 Influence of adsorbent dosage. A series of adsorption
experiments were performed by varying the amount of adsor-
bent dosages (0.20, 0.10, 0.04, 0.02, and 0.01 g of NaA zeolite
powder per 20 mL of Sr** solution) under stirring for 12 h at
pH 6.7, corresponding to solid/liquid ratios of 1/100, 1/200,
1/500, 1/1000, and 1/2000 in g mL ™.

2.6.3 Influence of pH. A series of solutions of Sr** with a
PH of 3-12 were prepared by first adjusting with 1.0 M HNO;
and NaOH solutions and then with 0.1 M HNO; and NaOH
solutions when the pH of the solution was close to the pre-set
value. Adsorption experiments were conducted by mixing
0.01 g of NaA zeolite with 10 mL of Sr*>" solution with a concen-
tration of 100 mg L ™" under stirring for 12 h at 25 °C.

2.6.4 Influence of initial concentration of Sr** solutions.
The concentrations of Sr*" were varied from 50 to 400 mg L™*
with an interval of 50 mg L™'. Adsorption experiments were
conducted by mixing 0.01 g of NaA zeolite with 10 mL of Sr**
solution under stirring for 12 h at 25 °C.

2.6.5 Influence of competitive cations (selectivity). The
concentration of Sr**, Na*, K*, Mg>*, and Ca** was 100 mg L'
Adsorption experiments were conducted by mixing 0.01 g of
NaA zeolite with 10 mL of mixed solution under stirring for
12 h at 25 °C.

The concentration of Sr** was 100 mg L™, while that of
competitive cations Na*, K*, Mg**, and Ca®" was set as 0.1, 0.2,
0.3, 0.4, or 0.5 mol L™". Adsorption experiments were con-
ducted by mixing 0.01 g of NaA zeolite with 10 mL of Sr** solu-
tion under stirring for 12 h at 25 °C.

3. Results and discussion
3.1 Characterization studies of NaA zeolite

The XRD patterns of the as-synthesized NaA single crystals, the
commercial NaA powder, and the 1000 kGy °°Co y-irradiated
commercial NaA powder are shown in Fig. 1(a), which fit well

(a ) Irradiated commercial NaA powder ( b L 100
E} e
< @
7 | Commercial NaA powder g 0
.é' = 85
0 -
5 'E, 80
+ | As-synthesized NaA single crystals ° ..
£ 2 751 — Commercial NaA powder
' A M 70| — As-synthesized NaA single crystals

2 3 -
5 10 15 20 25 30 35 20 0 100 200 300 400 500 600 700 800

2 Theta(deg)

Temperature (°C)

T

Fig. 1 (a) XRD patterns of the as-synthesized NaA single crystals, com-
mercial NaA powder, and 1000 kGy ®°Co y-irradiated commercial NaA
powder; (b) TG curves of the as-synthesized NaA single crystals (red)
and the commercial NaA powder (black); (c) SEM image of the as-syn-
thesized NaA single crystals; (d) SEM image of the commercial NaA
powder, and (e) SEM image of the 1000 kGy ®°Co y-irradiated commer-
cial NaA powder.
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with each other, indicating that the as-synthesized NaA in the
form of single crystals is a pure phase and both commercial
NaA powder and as-synthesized NaA single crystals are radi-
ation resistant. TG curves of the NaA powder and the NaA
single crystals are shown in Fig. 1(b), demonstrating the pres-
ence of physically adsorbed H,O in both samples (17.23 wt%
for NaA powder and 16.14 wt% for NaA single crystals), which
will be taken into account in the subsequent calculation of the
adsorption capacity for Sr**. The SEM image in Fig. 1(c)
shows that the as-synthesized NaA single crystals possess the
shape of edge-truncated cubes with sizes of 15-20 pm in edge
length. Fig. 1(d) shows the SEM image of the commercial NaA
powder, showing that the commercial NaA powder also pos-
sesses the shape of edge-truncated cubes but with a reduced
size of 2 um in edge length. After irradiation, the shape of the
crystals of commercial NaA powder is maintained, as shown in

Fig. 1(e).

3.2 Adsorption of radiative *°Sr**

The radioactive activity of °°Sr>* in the solution was 400
Bq L™, which corresponds to a concentration of 7.75 x 10~ ppt
or 8.62 x 10~ M. The concentration of Na' and NH," was
0.03 M (2500 ppm NaNO;) and 0.4 M (32 000 ppm NH,NO3),
respectively, corresponding to a Na’/°°Sr** molar ratio of
3.48 x 10'° and an NH,'/°°Sr** molar ratio of 4.64 x 10",
respectively. 20 mL of radioactive solution was mixed with
various doses of NaA powder to meet the solid/liquid ratios of
1/20, 1/100, 1/500, 1/1000, 1/2000, and 1/5000 in g mL™". The
removal efficiencies under various solid/liquid ratios and the
corresponding distribution coefficients are shown in Fig. 2
and the detailed values are listed in Table S1.}

As shown in Fig. 2, the *°Sr** removal efficiency reached a
maximum value of 99.83% at the solid-liquid ratio of 1:20
g mL™", and the final radioactive activity of *°Sr was 0.63 + 0.12
Bq L%, which is very close to the upper limit of 0.3 Bq L™" set
by the US Environmental Protection Agency for *°Sr-induced
radioactive activity in drinking water. With a decreasing
sorbent dosage, the removal efficiency of *°Sr decreased very
slightly. At the solid/liquid ratio of 1/2000 in g mL™", the

o8 F

9% F 1300

Removal Efficiency (%)
b
Distribution Coefficient (L/g)

2Q 1 M M " L 1

0
1220 1/100  1/500 1/1000 1/2000 1/5000
Solid/liquid Ratio (g/mL)

Fig. 2 °°Sr?* removal efficiencies of NaA powder with various solid/
liquid ratios and the corresponding distribution coefficients in L g™,
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Table 1 Removal performance for °°5r?*

using zeolite NaA and other adsorbents
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Initial Competitive ions’
Adsorbent concentrations concentration (ppm) n(M)™ In(Sr)** Performance Ref.
Resorcinol formaldehyde 10 ppm Na': 20 000, K': 850 Na': Sr** = 7619.13 Adsorption capacity: 28
polycondensate resin 14.90 mg g~
K": Sr** =190.97
Sodium nonatitanate powder 77730 Bq L™" Na': 360, Ca®": 67 Na': Sr** =9.33 x 107 After adsorption: 57
(1.51 x 10~ ppm) 8530 Bq L™
A little Mg”* and K* Ca®":sr**=9.98x10° K43=16225mLg "
Na,Ti,0,,,:1/Si0, 1 ppm Na': 10 000, K': 400, Na': Sr*" =38 095.65 Adsorption capacity: 58
Ca®": 5,and Mg>": 5 437 mgg™"
K: Sr** = 898.67
Ca*": sr** =10.95
Mg>": Sr** = 18.02
K,Tig0,5/Si0, 1 ppm Na': 10 000, Ca*": 10, Na': Sr** = 38 095.65 Adsorption capacity at 59
Mg>": 1 breakthrough point:
0.176 mg g '
Ca®": sr*" =21.90 Column test
Mg**: Sr** = 3.60
Layered vanadosilicate 28100 Bq L™* Na*: 46 000 Na": Sr**=3.33x10"" Ky=536 mLg™" 9
(5.4 x 107° ppm)
32100 Bq L™* Na®: 115 000 Na": sr**=7.23x10"° Kq=119mLg™"
(6.2 x 107° ppm)
Zeolite A 77730 Bq L™* Na*: 360, Ca*": 67 Na: Sr**=9.33 x 10’  After adsorption: 3400 Bq 57
(1.51x 107> ppm) L™
A little Mg* and K* Ca**:Sr*" =9.98x10° Ky=43723mLg™"
Macroporous zeolite A 28520 Bq L™ Na': 9600, K': 400, Na': Sr** = 6.83 x 10° Adsorption capacity at 60
monolith (5.5x107° ppm)  Ca*": 400, Mg>": 1200 breakthrough point:
1.2ngg™"
K" Sr*" =1.68 x 10° Column test
Ca*": Sr** =1.64 x 10°
Mg>": Sr** = 8.07 x 10°
Zeolite NaA 400 BqL™* Na': 2500 Na': Sr”* =3.48 x 10'"®  After adsorption: This work
(7.75 x 1072 ppt) 1.89Bq L'
NH,": 32 000 NH,": Sr** =4.64 x 10""  K4=421.56 +13.39Lg™"

removal efficiency was as high as 99.53 + 0.01%, corres-
ponding to a Ky of 421.56 + 13.39 L g~ *. According to the data
reported so far on the adsorptive removal of °°Sr>" (Table 1),
NaA zeolite shows the best capture performance for the
removal of °°Sr>* from low-level radioactive liquid waste even
under NH,'- and Na'-rich conditions and low solid/liquid ratio
of 1/2000 in g mL™", which makes NaA zeolite a promising
candidate for nuclear wastewater management. However, at
the solid/liquid ratio of 1/5000 in g mL™", the removal
efficiency dropped to 89.62 + 0.29%, corresponding to a K4 of
43.19 + 1.34 L g~'. These results show that the appropriate
solid/liquid ratio is 1/2000 in g mL™".

3.3 Rietveld refinements

The NaA zeolite crystallizes in the cubic system with the space
group of Fm3c. From a topological point of view, each sodalite
(sod) cage connects with six double 4-rings (d4rs), while each
d4r is linked with two sod cages. In this case, the larger lta
cages surrounded by smaller sod cages and d4rs are con-
structed. Meanwhile, all lta cages are connected through the
s8r openings.*® To reveal the origin of the exceptional selecti-
vity of NaA zeolite for °°Sr>*, we first conducted the structural
Rietveld refinements for Sr** partially exchanged NaA (NaA-Sr-
1 and NaA-Sr-2) since the concentration of °°Sr** in low-level
radioactive liquid waste is extremely low and the °°Sr** can
only partially replace the Na* in NaA via ion-exchange. Rietveld

6262 | Inorg. Chem. Front., 2022, 9, 6258-6270

refinements may provide us with the locations of Sr** after the
adsorption.

Taking the NaA-Sr-1 sample as an example to illustrate the
process of Rietveld refinements in detail, the profile fitting
was first of all performed to identify the experimental unit cell
parameters and check the phase purity. Then, the bond
lengths and bond angles of the framework against the angle
and distance restraints were further optimized. After that, the
scale factors between the simulated PXRD data of the opti-
mized framework and the experimental PXRD data were
obtained against the high angle PXRD data (26: 60°-120°),
where extra-framework species in the channels or cavities have
a negligible effect. Subsequently, the electron difference
density map can be calculated by applying the scale factors to
full ranges (Fig. 3).

Since dehydrating the sample has eliminated the inter-
ference from water, the electron density map shows the posi-
tions of the cations in NaA-Sr-1. It turns out that all cations are
located in the single 6-rings (s67) of the lta cage, as shown in
Fig. 4. It is worth noting that there are non-ignorable Ca**
cations in NaA-Sr-1 with a wunit cell composition of
|Na31.515123.090Ca6.76Hz.90|[SiosAlosO3s4], Which was confirmed
by EDS results. Fig. 4 illustrates that the final refined locations
of Na', Sr**, and Ca®" are in the s6r of the Ita cage.
Crystallographic details of Rietveld refinements are provided
in Table S2.7

This journal is © the Partner Organisations 2022


https://doi.org/10.1039/d2qi01958b

Published on 03 October 2022. Downloaded by Dalian Institute of Chemical Physics, CAS on 1/10/2023 2:34:31 AM.

Inorganic Chemistry Frontiers

—difference
—— calculated
—— observed
[l bragg peak
-
=
8
>
=
7]
c
il
c J Ltd oy
N 1
Il -
T I
5 20 40 60 80 100 120

2 theta (degree)

Fig. 3 Plots for locating cations in NaA-Sr-1 by applying the appropri-
ate scale factor to the whole pattern. The inset is the difference electron
density map to locate the initial positions through Rietveld refinements.
The observed, calculated, and difference curves are in blue, red, and
black, respectively. The vertical bars indicate the positions of Bragg
peaks (A = 1.5406 A).
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Fig. 4 Crystallographic structure of NaA-Sr-1. All cations Na*, Sr?*, and
Ca?* are located in the single 6-rings (s6r) of the lta cage (highlighted by
the red circle).

Furthermore, the locations and occupancies of cations in
NaA-Sr-2 are both determined by the same method, which has
a higher Sr** exchange degree than that for NaA-Sr-1. Na*, Sr*",
and Ca®" in NaA-Sr-2 are also located in the s67 of the Ita cage,
as shown in Fig. S2, and its unit cell composition is
|Nay7.005120.64Ca6.03H7.66 | [SiosAlosO354)-

To investigate the migration of cations, Rietveld refine-
ments were also performed on the parent NaA zeolite. The
electron density map of NaA in Fig. 5 shows that Na" cations
are distributed in the s6r and the s8r of the lta cage. The final
refined result of NaA is illustrated in Fig. 6, and the refined
unit cell composition is |NaggHg|[SiosAlogO354]-

According to the results of Rietveld refinements as men-
tioned above, the Sr*" ions are exclusively located in the sér.
However, the detailed exchange mechanism needs to be
further investigated by combining the theoretical calculations.

3.4 Theoretical calculations of the ion-exchange of Na* with
Sr** in NaA zeolite

Explicitly hydrated cations are considered in the simulation to
better describe the ion-exchange process in solution. Six water

This journal is © the Partner Organisations 2022
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Fig. 5 Plots for locating cations in NaA by applying the appropriate
scale factor to the whole pattern. The inset is the difference electron
density map to locate the initial positions through Rietveld refinements.
The observed, calculated, and difference curves are in blue, red, and
black, respectively. The vertical bars indicate the positions of Bragg
peaks (1 = 1.5406 A).
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Fig. 6 Crystallographic structure of NaA. Na™ cations are distributed in
the s6r and the single 8-rings (s8r) of the (ta cage (highlighted by the red
circle).

molecules are placed around Na*, K", Cs*, Mg>*, Ca®", and Sr**
ions, and four water molecules are set around the NH," ion,
because such hydration structures are those generally accepted
to correctly reproduce the hydration properties of various
3451 The interaction energies between the framework and
the Na" at the center of the s6r or the s8r are obtained from
DFT calculations. The results in Fig. 7 show that the energy of
Na' dissociation from s8r is —4.89 eV, compared with —3.15 eV
from the s6r. Thus, DFT calculations indicate the ion-
exchanged cations substituting for Na" in the s8r is easier. The
potential energies of various cations substituting for Na* in
the s&r are listed in Table 2. For alkali metal cations, DFT cal-
culations indicate that Cs" has the weakest interaction energy
of —0.11 eV, while that of K is —2.13 eV.

For alkaline earth metal ions, the interaction energies
follow the order of Mg>* (-1.94 eV) < Ca®" (=6.17 eV) < Sr**
(—8.17 eV). Additionally, the interaction energy for NH," is the
smallest (~—0.65 eV), which can explain non-priority ion-
exchanges occurring at extremely high NH," concentrations.

Under experimental conditions, NaA zeolite is in solution.
To better describe the ion-exchange process of Sr** into NaA
zeolite, we constructed a model with 20 water molecules inside

ions.
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Fig. 7 Molecular structures of the Naj4Al>4Si>407,(0OH)4g lta cage (Na-
LTA model) and the dissociation energies of Na* in the center of s8r and
s6r in the Na-LTA model.
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Interaction energies (in eV) of Na*

in the s8r of the lta cage
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hydrated ions of Na"(H,O), and Sr**-(H,O), are shown in
Table S37), and the detailed ion-exchange energies are sum-
marized in Table 3.

As shown in Fig. 8, the first Sr**(H,0), is adsorbed via ion-
exchange along with the dissociation of two Na' ions at an
s8r’s center with ion-exchange energy of —7.30 eV. One s&r
center is occupied by a Sr**, while the other one is empty
(denoted as LTA-Srg). When the second Sr*'-(H,0)s is
adsorbed, the Sr** ion is directly located at the unoccupied s8r
center, and two additional Na* ions are dissociated from the
s8r’s center (denoted as LTA-2Sr(). The ion-exchange energy
for this step is —5.31 eV. Subsequently, the third Sr**-(H,0),
ion is adsorbed at the s8r center, and the last two Na* ions at

Table 3 The calculated ion-exchange energies for adsorption of six
Sr2*.(H,0)e ions into NaA zeolite in sequence

Adsorption reaction AE (eV)
LTA + 2H,0 + NH,"-(H,0), — LTA-NH, + Na*-(H,0), -0.65
LTA + K"-(H,0)¢ — LTAK + Na*-(H,0), —2.13
LTA + Cs"+(H,0)s — LTA-Cs + Na"-(H,0)s —0.11
LTA + 6H,0 + Mg>"-(H,0)s — LTA-Mg + 2Na"-(H,0)s -1.94
LTA + 6H,0 + Ca”*(H,0) — LTA-Ca + 2Na*-(H,0), -6.17
LTA + 6H,0 + Sr**-(H,0)s — LTA-Sr + 2Na*-(H,0) -8.17

the lta cage extracted from NaA zeolite according to the experi-
mental analysis of synthetic and hydrated NaA

(Fig. s1f).

zeolite

We calculated the ion-exchange pathways of

Sr**-(H,0)e as shown in Fig. 8 (the formation energies of the

AE
Adsorption reaction pathway (eV)
LTA + 6H,0 + Sr*"(H,0)s — LTA-Sr(g) + 2Na" (HZO) —-7.30
LTA-Sr(g) + 6H,0 + Sr*"- (HZO)6 — LTA-2Sr(g) + 2Na" (H20)6 -5.31
LTA-2Sr(g) + 6H,0 + Sr**-(H,0)s — LTA-3Sr(g) + 2Na'-(H,0)s -5.76
LTA-3Sr(g) + 6H,0 + Sr**-(H,0)s — LTA-4Sr(g) + 2Na"-(H,0), -3.81
LTA- 4SI‘(8) — LTA- ZSI(GL 251‘(8) -0.42
LTA-4Sr(g) + 6H,0 + Sr”"-(H,0)s — LTA-55r(g) + 2Na'-(H,0)s —2.85
LTA-5Sr(g) + 6H,0 + Sr** (HZO)G — LTA-6Sr(g) + 2Na"-(H,0)s -3.11
LTA- 251’(6) 281’(8) + 6H,0 + Sr** (HZO) — LTA- 4SI'(6) 1SI'(8) + -2.69
2Na™(H,0)s
LTA- 4Sr(6) 1Sr(g) + 6H,0 + Sr*"+(H,0)s — LTA-6Sr(s) + —2.69
2Na™(H,0)s
LTA- SSI(S) d LTA—4SI"(6)-1SI’(8) -0.26
LTA-6Sr(g) — LTA-6Sr(q) -3.55
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Fig. 8 Calculated ion-exchange energies of Sr2*-(H,0)¢ into NaA zeolite and the corresponding pathway. The ion-exchange path labelled with the
green arrows is the thermodynamically favourable path.
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the s8r’s centers are dissociated (LTA-3Sr(). The ion-exchange
energy for this step is —5.76 eV. At this stage, all six Na' ions
in the center of s8r are dissociated, leaving six empty s&r
centers, with three of them occupied by Sr** ions. When the
fourth Sr**-(H,0), is adsorbed by the empty s8r center, the two
Na' ions at the center of s6rs will be dissociated (LTA-4Sr(g)).
Because Na' ions at s6rs center are more difficult to dissociate
than Na' ions at the s8r center, the ion-exchange energy at this
step is —3.81 eV, which is significantly less than those energies
of the first three steps. The LTA-4Srg has two types of
vacancies: one is the two empty s8rs, and the other is the two
empty sérs. Additionally, we calculated another possibility:
LTA-2S1()-2S1(g), in which the fourth Sr** occupies one of the
empty s6r when one Sr** was originally located at the center of
s8r migrates to the other empty center of s6r. The potential
energy with implicit solvation is further decreased by —0.42 eV,
indicating that Sr** ions at the center of s8r can migrate to the
sé6r center during the ion-exchange process, while the fourth
Sr** prefers an s6r center. Along with the ion-exchange of the
fifth and the sixth Sr**-(H,0), ions, the Na* ions at the s6rs
center are further removed, and it is expected that the empty
s6rs center can be occupied by a new Sr>* from solution, while
the original Sr** migrates to the s8r center of the lta. Such a
prediction is supported by the energy decreases of —2.69 eV
for LTA-4Sr1Srg and —2.69 eV for LTA-6Sr). Because six
s8rs are around the lta cage, the event of a fourth, fifth, and
sixth Sr** being adsorbed at the empty center of s8r is also
possible. Accordingly, we calculated the ion-exchange energies
for the processes of LTA-4Srg) to LTA-5Sr) and further to
LTA-6Sr(g), and the corresponding energy decreases are —2.85
and —3.11 eV, respectively.

DFT calculations indicate that migration of Sr** from the
center of s8r to the unoccupied sé6r center is always favourable.
The energy decreases of LTA-5Srs — LTA-4Sr)-1Srg and
LTA-6Srg) — LTA-6Sr() are —0.26 and —3.55 €V, respectively.
Considering that the process of LTA-4Sr(g) to LTA-2Sr(6)-2S1(g) is
energy favourable, the rearrangement of ions within the lta
cage should be easier than the ion-exchange process of
LTA-4Sr(g) to LTA-5S1(5). The ion-exchange path, labelled with
green arrows in Fig. 8, represents the most feasible thermo-
dynamic route, in which all six Sr** ions are finally located at
the center of the sé6rs. These predictions are consistent with
the Rietveld refinements results showing the Sr** partially
exchanged NaA (Fig. 4 and S21).

3.5 Batch adsorptions

3.5.1 Sr** adsorption kinetics. The detailed adsorption
data of NaA toward Sr** at different times are listed in
Table S4.f We conducted the experiments three times. The
average values from the first 5 minutes of mixing were used to
perform the fitting. The adsorption kinetics of commercial
NaA powder and irradiated commercial NaA powder for Sr**
are depicted in Fig. 9. As presented in Fig. 9(a), the removal
efficiencies of these two adsorbents rapidly increased to 89.23 +
0.02% and 74.83 + 2.25%, respectively, in the first 0.5 min.
When further extending the contact time to 5 min, the
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Fig. 9 (a) Adsorption kinetics of NaA and irradiated NaA for Sr2*. (b)
Linear fitting with the pseudo-first-order model and (c) the pseudo-
second-order model for NaA zeolite.

removal efficiencies of the two adsorbents reached 99.96 =+
0.01%. The results in Fig. 9(a) suggest that the NaA has fast
adsorption kinetics and excellent radiation resistance. As
shown in Fig. 1(b), the water content physically adsorbed in
NaA zeolite powder was 17.23 wt%, which will be considered
in the following calculations on adsorption capacity. Fig. 9(b)
and (c) show the linear fitting of the adsorption kinetics of
both adsorbents with pseudo-first-order and the pseudo-
second-order equations, respectively.
The equation of pseudo-first-order kinetics is:**

Qe =Qe(1—e™)

where Q. is the equilibrium adsorption capacity in mg g%, Q,
is the amount absorbed in mg g~" at time ¢ in min, and K; (in
min~") is the rate constant.

The pseudo-second-order kinetics equation is:®>

t 1 t

o ko2 Qe

where Q, (in mg g™ is the amount absorbed at time ¢ in min,
Q. (in mg g™ is the equilibrium adsorption capacity, and k,
[in g (mg min) '] is the rate constant.

The fitting result of the adsorption kinetics data with
pseudo-first-order and pseudo-second-order kinetics models is
shown in Fig. 9(b) and (c), respectively. The corresponding
fitting parameters are presented in Table 4. The results in
Table 4 indicate that the adsorption kinetics of NaA for Sr*" is
better described by the pseudo-second-order kinetics model
than the pseudo-first-order model because the correlation
coefficient of the former is 0.999, while that of the latter is
0.963.%

3.5.2 Sr** adsorption isotherms. The detailed adsorption
data of NaA toward Sr*" at different initial concentrations are
listed in Table S5.1f We conducted the experiments three times.
The average values were used to perform the fitting. The
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Table 4 Kinetic parameters for Sr?* sorption in NaA zeolite

Pseudo-first-order model Pseudo-second-order model

5 Qe 1 Kl‘ 1 5 Qe 1 kz R
R (mgg™) (min™) R (mgg™) (g(mgmin)™)

0.963 90.352 1.86 0.999 123.761 0.167

adsorption isotherms of NaA for Sr** and the corresponding
fitting with the Langmuir and the Freundlich models are
shown in Fig. 10(a), (b), and (c), respectively. The fitting para-
meters are summarized in Table 5.

The Freundlich model equation is:**

Qe = Kfcel/n

where Q. is the equilibrium adsorption capacity in mg g7*, C.

is the concentration of Sr** in mg L™ at equilibrium, and K;

(in mg'™"" L" ¢™') and n are the parameters related to the

adsorption capacity and the adsorption strength, respectively.
The Langmuir model equation is:**

_ QmbCe

Qe_1+bce

where Q, is the maximum equilibrium adsorption capacity in
mg g~ ', C. is the concentration of Sr** in mg L' at equili-
brium, and b is a constant in L mg ™" related to the adsorption
energy.
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Fig. 10 (a) Adsorption isotherms of NaA. (b) Linear fitting with the
Langmuir model and (c) the Freundlich model.

Table 5 Langmuir and Freundlich isotherm parameters for Sr?* adsorp-
tion in NaA zeolite

Langmuir isotherm model Freundlich isotherm model

R Qm(mgg™) bLmg™) R Un  K(mg"LUmg™)

0.998 294.12 0.691 0.757 0.125 166.72
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The results in Fig. 10(b) and (c) and Table 5 indicate that
the adsorption of Sr** in NaA follows the Langmuir model,
suggesting a monolayer adsorption.®®> According to the
Langmuir model, the calculated maximum adsorption capacity
of NaA for Sr** is 294.12 mg g™, which is slightly lower than
the theoretical adsorption capacity (308.52 mg g¢™*) calculated
based on the chemical composition. This result shows that
Sr** can exchange almost all Na* ions.

3.5.3 Influence of dosage and pH. The detailed adsorption
data of NaA toward Sr** at different pH values and adsorbent
dosages are listed in Tables S6 and S7, respectively. The influ-
ence of the dosage and the solution pH on the Sr*" removal
efficiency of NaA is shown in Fig. 11(a) and (b), respectively. As
shown in Fig. 11(a), the removal efficiency increases with an
increase of the solid/liquid ratios, suggesting that a higher
concentration of adsorbent favors the removal of Sr>*. The
removal efficiency reaches 99.96 + 0.01% at a solid/liquid ratio
of 1 g L™". However, the adsorption capacity decreases with an
increase in solid/liquid ratios. Such a phenomenon can be
attributed to the fact that the adsorptive sites are excessive
when increasing the adsorbent dosage. Therefore, choosing an
optimal adsorbent dosage that can balance the removal
efficiency and the adsorption capacity is important in practical
applications. The data in Fig. 11(a) suggest that the solid/
liquid ratio of 1 g L™ can balance the adsorption efficiency
and the adsorption capacity, which would be an appropriate
solid/liquid ratio in practical applications. According to the
solubility product of Sr(OH), and given a Sr>* concentration of
100 mg L™, precipitation will occur at pH 14.°® Therefore, the
initial pH of the solution is set no higher than 13 when investi-
gating the influence of pH on the removal efficiency of NaA
zeolite. Fig. 11(b) shows the Sr*" removal efficiencies of NaA at
pH values of 3-12 and a solid/liquid ratio of 1 g L™'. The
results in Fig. 11(b) indicate that the removal efficiency of NaA
for Sr** is less affected within a wide pH range of 4-12 and the
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Fig. 11 (a) Sr?* removal efficiency and adsorption capacity using NaA
with various solid/liquid ratios. (b) Sr?* removal efficiency of NaA at
various initial solution pHs (the solid/liquid ratio is 1 g L™). (c) Zeta
potential of NaA as a function of pH. (d) The initial pH and the corres-
ponding equilibrium pH.
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removal efficiency is always greater than 99%. At the initial pH
of 3, the removal efficiency of NaA for Sr** significantly
dropped to 56.68 + 0.68%, which can be attributed to the com-
petition of H" and the positive charge of zeolite crystal surfaces.
Fig. 11(c) shows the zeta potential of NaA as a function of pH,
with pH 3 being very close to the point of zero charge (PZC) for
silica and alumina, the main components of zeolites.®” The
results in Fig. 11(d) show that although the initial pH ranges
from 3 to 8, the equilibrium pH values remain in a narrow
range of 8.36 to 9.14. This also explains that, even when the pH
value is 3, the zeta potential of NaA is positive, which ensures
NaA still has the ability to adsorb strontium ions. These results
indicate that NaA has an excellent acidic/basic buffer ability.

3.5.4 Selectivity. In practice, real low-level nuclear waste-
water usually contains extremely low concentrations of °°Sr**
and high concentrations of competitive cations, such as Na',
K*, Ca**, and/or Mg>". Therefore, selectivity experiments were
carried out by mixing Na*, K", Mg>", Ca®", and Sr*" at a concen-
tration of 100 mg L' to investigate the selectivity of NaA
zeolite toward Sr*" at the same concentration and the results
are shown in Fig. 12(a). As shown in Fig. 12(a), the removal
efficiency of NaA for Sr** is the highest. Accompanying the
adsorption or exchange-in of Sr**, Na® ions in NaA are
exchanged-out, resulting in an increasing concentration of Na*
ions in solution and a negative removal efficiency for Na'.
Furthermore, by mixing 100 mg L™" of Sr** with different con-
centrations (0.1, 0.2, 0.3, 0.4 or 0.5 mol L") of Na*, K", Ca*",
or Mg™*, we investigated the influence of competitive cations
on the Sr** removal efficiency of NaA. Fig. 12(b) shows the
removal efficiency of NaA for Sr*" as a function of the concen-
tration of competitive cations.

As shown in Fig. 12(b), the adsorption of Sr** in NaA is less
affected by Na* and Mg>*, even when the cation concentration
is as high as 0.5 M (Na'(Mg>")/Sr** = 438/1), in which the
removal efficiency is maintained above 80%. However, the
adsorption of Sr** in NaA is very sensitive to the coexistence of
K" and Ca**, especially Ca**. Even though the cation concen-
tration is as low as 0.1 M (Ca**/Sr** = 88/1), the removal
efficiency is decreased remarkably to below 20%. The removal
efficiency of NaA for Sr** was greatly decreased from 93.17 +
2.94% to 39.67 + 3.07%, with the increase of the concentration
of K from 0.1 M to 0.5 M. These results suggest the removal of
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Fig. 12 (a) Removal efficiency of NaA for Na*, K*, Ca®*, Mg?*, and Sr**
in a mixed solution, Comny = 100 ppm. (b) Influence of competitive
cations of Na*, K*, Ca*, and Mg?* on Sr?* adsorption in NaA zeolite.
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K" and Ca®" in the wastewater pretreatment stage is important
for efficient Sr** removal.

4. Conclusions

NaA zeolite can capture trace level radioactive *°Sr** (400 Bq L™,
7.75 x 107> ppt) from highly salted nuclear wastewater
(0.03 M Na* and 0.4 M NH,", Na"/?°sr** = 3.48 x 10'°, and
NH,"/°°St** = 4.64 x 10""). The distribution coefficient of Ky is
as high as 421.56 + 13.39 L g™". The structural Rietveld refine-
ments of NaA-Sr samples reveal that all Sr>* jons are located at
the center of the s6rs of lta cages. The DFT calculations indi-
cate that the Na" at the center of s8r is first replaced by Sr**,
and then the Sr*" at the center of s8r migrates to the center of
sé6r when it is available. Along with the ion-exchange process,
all Sr** ions at the center of s8rs migrate to the center of s6rs.
Compared with ions of NH,", K, Cs*, Mg?*, and Ca>", the re-
placement of Na* with Sr** has the lowest energy, which
explains the exceptionally high selectivity of NaA zeolite in
extracting the radioactive isotope of °°Sr**. Meanwhile, NaA
zeolite exhibits rapid adsorption kinetics (about 5 minutes),
high capture capacity (294.12 mg g~"), a broad operating pH
range (4-12), and strong radiation resistance when extracting
Sr** from solution. These superior features, together with its
ultra-low cost and environmentally benign nature, make NaA
zeolite a promising candidate for nuclear wastewater
management.
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