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Methods and Experiments

Materials: All chemical reagents and solvents were received from
commercial suppliers. Caution! Sr-90 is a high-energy  emitter. All Sr-
90 experiments were performed in an authorized laboratory designed for
radiological studies and provided standard protections for radioactive
materials.

X-ray Crystallography Studies: Single crystal X-ray diffraction data
of SZ-7 was collected on a Bruker D8-Venture diffractometer with a Turbo
X-ray Source (Mo—Ko radiation, A = 0.71073 A) and a CMOS detector
under 298 K. The data of SZ-7 was collected using the program APEX3
and then processed using SAINT routine in APEX3. SHELXTL was used
to solve and refine the structure of SZ-7 by direct methods.

Characterizations: Powder X-ray diffraction (PXRD) patterns were
collected from 5° to 50° with a step of 0.02° on a Bruker D8 Advance
diffractometer with Cu Ko radiation (A=1.54056 A) and a Lynxeye one-
dimensional detector. Thermogravimetric analyses were performed on a
NETZSCH STA449F3 instrument in the range of 30-900 °C with a heating
rate of 10 K/min under a nitrogen flow for the dried SZ-7. Scanning
electron microscopy images and energy-dispersive spectroscopy data
(SEM/EDS) of SZ-7 were collected on a FEI Quanta 200FEG Scanning
Electron Microscope with the energy of the electron beam being 30 keV.

SZ-7 samples were directly placed on the carbon conductive tape, and then



coated with Au. The concentration of nonradioactive Sr?>* was determined
by inductively coupled plasma-atomic emission spectrometry (ICP-AES,
Thermo Fisher Scientific iCAP 7000) or inductively coupled plasma-mass
spectrometry (ICP-MS, Thermo Finnigan high resolution magnetic sector
Element 2) depending on the specific concentration. Meanwhile, the
concentration of radioactive *°Sr>* in solution was measured using liquid
scintillation counting system (LCS). X-ray photoelectron spectroscopy
(XPS) spectra were collected with a KratosAxis UltraDLD spectrometer
using a monochromatic Al Ka source (1486.6eV) and the samples for XPS
analysis were prepared in the batch experiments.

Synthesis of SZ-7: SZ-7 was synthesized by a solvothermal reaction.
The mixture of 0.15 mmol (48.3 mg) of ZrOCl, * 8H,O and 0.25 mmol
(94.5 mg) of p-Xylenebis(diethyl phosphonate) dissolving in 2 mL of N,N-
dimethylacetamide (DMA), 0.5 mL of H,0O, 0.15 mL HNOj solution (68%)
and 0.05 mL HF solution (40wt%) was placed in a Teflon-lined stainless
steel reactor and heated at 210 °C for 3 d, and then cooled to 30 °C at a rate
of 22.5 °C h''. The precipitated solid was separated and washed with
ethanol, and then dried at 60°C. Finally, colourless crystals were obtained
as a pure phase.

Stability Measurements.: Hydrolytic stability of SZ-7 was studied by
stirring the samples in HNO; or NaOH solutions with different pH from 0

to 14 for 12 h. The solids were re-collected and treated for PXRD patterns



analysis. B irradiation resistance experiment was implemented using
electron beams (1.2 MeV) provided by an electron accelerator. SZ-7 was
irradiated for two different doses of 100 and 200 kGy at a dose rate of 20
kGy/h. y irradiation experiment was carried out using a ®°Co irradiation
source (2.22 x 10 Bq) in the similar dose. PXRD patterns of irradiated
SZ-7 samples were then collected to evaluate the irradiation stability.

Sr?* Sorption Experiments: All the experiments were carried out at
room temperature using the batch method. The solid/liquid ratio in
nonradioactive batch experiments was 1 g/L. In a typical ion-exchange
experiment of SZ-7, 10 mg SZ-7 was added into 10 mL aqueous solution
containing certain Sr?>". The mixture was kept stirring for 12 h. The
concentration of Sr?* in solution was determined by inductively coupled
plasma mass spectrometry (ICP-MS) and/or inductively coupled plasma-
atomic emission spectrometry (ICP-AES). The solids were separated by
centrifugation or filtration. The distribution coefficient K, is given by the
equation:

Kq=(VI(Co — Ce)/Cc])/m

where V is the volume (mL) of the testing solution, Cy and C, are the
initial and equilibrium concentration of Sr>* (mg L-), and m is the amount
of the SZ-7 samples (g) used in the experiment.

Kinetics Experiments: In the kinetics study, 30 mg of SZ-7 material

was added into a 30 mL solution containing 10 ppm Sr?*. The mixture was



then stirred by a magnetic bar for a desired contact time and then the
concentration of Sr?* as a function of time was obtained to determine the
exchange kinetics line.

Adsorption Isotherm: The Sr?* removal from solutions of various
concentrations of 0-400 mg/L were investigated at the solid/liquid of 1 g/L
stirring for 12 h at room temperature. The data were used for the
determination of Sr>* adsorption isotherm curve.

Competitive experiment: Competitive ion-exchange experiments of
SZ-7 were also performed with the batch method at the solid/liquid of 1
g/L with the contact time of 12 h at room temperature. Specifically, 10 mg
SZ-7 samples were stirred with 10 mL solutions containing 5 mg/L Sr**
with the Na*/K* : Sr?* molar ratio of 10:1, 100:1, 1000:1, 5000:1, and
10000:1 and 20000:1, respectively.

Column experiment: Column experiment was performed at auto solid
phase extraction system (Sepaths UP4) with 70 mg SZ-7 samples packed
into 3 mL column. The removal ratio was evaluated using aqueous
solutions of 5 mg/L Sr** at a flow rate of 1 mL/min.

HLW adsorption experiment: The radioactive °°Sr removal
performance from simulated SRS tank waste with a total  activity of 455
cpm were further studied by adding SZ-7 samples to 3 mL °°Sr solutions

with different solid-liquid ratios of 1:1, 5:1, 10:1, and 15:1. The mixtures



were placed on a shaker for 12 h, followed by analysis using the LSC

technique.



Table S1. Crystallographic data for complexes.

Sample SZ-7
CCDC No. 2082185
Formula [(CH3),NH,],[ZrCsH4(CH,PO3),F>]
Mr[g mol™] 461.32
Crystal system triclinic
Space group P1
a(A) 5.3254(10)
b(A) 8.7035(16)
¢ (A) 11.343(2)
a 92.747(10)
B 102.575(10)
7 107.729(10)
V (A3) 485.05(16)
VA 1
D, (g cm™) 1.579
F (000) 224
T(K) 296(2)

R1,2 (I>20(]))

R1,2(all data)

Ry =Y (Fy— F)/EFo; wRy = [SW(F,2 — F2) S w(F,2)*]12

0.0995, 0.2750

0.1314, 0.2953




Table S2. Bond distances of SZ-7

Sample  Bond type  Distance(A) Bond type  Distance(A)
SZ-7 Zt1-F1 1.987(6) N1--01 2.928
(Hydrogen bond)

Zr1-01  2.056(8)

Zr1-02  2.075(8)

Table S3. Bond Valence Sum (BVS) calculations O atoms.!

Atom BVS value  Bond type
01 1.91 Zr-O-P
02 2.04 Zr-O-P

03 1.32 P=0




Table S4. The equilibrium time and adsorption capacity for different

materials in Sr?* adsorption.

Experimental

Equilibrium

Ref
Comigomid conditions time q (mg/g) ¢
FISM-Sng | 220Kl /L 60 min 65.19 2
pH~7
KMS-1 1 g/L >2 h 77 3
T=298 K; 1 g/L;
KMS-2 10-15 h 86.8 4
5 pH=6.9 ?
T=298 K; 1 /L .
- >
KTS-3 Neutral pH 5 min 102 5
T=298 K; 4 g/L
ETS-4 24 h 2015 6
5 pH=5.9
MST T=293 K; 10 g/L >24 h 1213 7
pH=5
. T=298K; 1 g/L  90-120 min
Zeolite A 69.78 8
s pH=6 (20-60 °C) >
T=298 K; 0.5 g/L
Go-Hap pH=7.0£0.1: 2h 702.18 9
SZ-4 T=298 K; 1 g/L; 20 min 129.8 10
pH=4
FISM-INMOF ~ T=298 K;1 g/ 2040 min 43.83 1
Nd-BTC T=298K: 0058 50 i 58 12
pH=8
MOF-808-  T=293 K:1 g/L;
8k 12 206.34 |
.0, s 0 06.3 3
T=298 K; 1 g/L; , This
SZ-7 Neutral pH S min 129 work




Table S5. Chemical composition of the simulated SRS tank waste sample

used for test.!4

Compound Concentration (mol/L)*
Sr(NOs3), 1.8 x 10+
KNO; 7.42 x 1073
NaOH 1
NaNO; 3.73
NaNO, 0.49
NaCl 1.33 x 102
Na,SO, 4 %1072
Na,HPO, 6.87 x 1072
Radioactive Compound Activity (CPM)
082+ 455

*The components with concentrations below 0.001 M were excluded.

Table S6 °°Sr sorption results of SZ-7 by liquid scintillation counting in

simulated SRS waste.

Phase ratio(mg/mL) 0Sr activity
1 25
5 34
10 23

15 22
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Figure S1. Powder X-ray diffraction patterns of SZ-7.
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Figure S2. The asymmetric unit of SZ-7.
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Figure S3. The thermogravimetric analysis data of SZ-7.
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Figure S4. Powder X-ray diffraction patterns of SZ-7 after treatment with

aqueous solutions with different pH values.
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Figure S5. Powder X-ray diffraction patterns of SZ-7 samples after 3

radiation.

100 kGy y in water
200 kGyy
200 kGy y in water

. Simulated SZ-7

10 20 30 40 50
2 Theta

Figure S6. Powder X-ray diffraction patterns of SZ-7 samples after y

radiation.



Equation y = a*b*x/(1+b*x)

4 n Adj. R-Squa 0.99997

Value Standard Err
E a 722.4631 549.15278
E b 1.39343E | 1.06437E-4
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] .
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Figure S7. Pseudo-second-order model for Sr?* uptake by SZ-7.
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Figure S8. Comparison of the Sr?>* removal capacity (q) by SZ-7 with other

Sr-adsorbents at different pH values.
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Figure S9. Thermodynamic calculations on the equilibrium speciation of

Sr?* at alkaline condition.
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Figure S10. lon-exchange column made with SZ-7 composite used in the

column experiment.
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Figure S11. EDS data and SEM images of SZ-7.
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Figure S12. EDS data and SEM images of Sr-loaded SZ-7.
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Figure S13. Powder X-ray diffraction patterns of experimental Sr-loaded

SZ-7 samples.
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