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1. Batch adsorption experiments.

(1) Isothermal Adsorption Experiments

Sr2* solutions with gradient initial concentrations (C, = 28.84 - 1000.42 mg L) were subjected to
equilibrium studies. A fixed solid-to-liquid ratio (m/V =1 g L'Y; m = 10 mg adsorbent, V = 10 mL
solution) was maintained. After 12 h agitation (25 + 1°C), suspensions were filtered through 0.22 um
membranes. The filtrates were acidified with 2% HNO; (v/v) prior to Sr?* quantification via ICP-
MS/OES.

(2) Adsorption Kinetic Experiments

A 50 mg of [(CH3),NH,][Zr(PO,)F,] powder was introduced into 50 mL Sr?* solution (C, = 34.04 mg L
1). Aliquots (1 mL) were extracted at predetermined time intervals (t = 1 - 1440 min), immediately
filtered, and analyzed by ICP-MS to determine residual Sr** concentrations (C,). The pseudo-first-order
model and pseudo-second-order model were fitted to kinetic data.

(3) pH Effect Experiments

The pH of Sr?* solutions (Co = 11.12 - 14.15 mg L) was adjusted from 0.92 to 12.92 using 0.1 M
HNO3/NaOH. Adsorption proceeded for 12 h at m/V =1 g L'! (25 + 1°C). Post-filtration acidification
and ICP-MS analysis followed the isotherm protocol. The dissolution concentrations of Zr were
measured by ICP-MS. Then, we employed the pH drift method for analyzing the pH dependence of
adsorption. 10 mg of [(CH3),NH,][Zr(PO,4)F,] was immersed for 12 hours in 10 mL aqueous solutions
with a pH range of 0.97-13.11, and then the solutions pH was recorded. The initial pH value was then
compared to the triangular pH value.

(4) Competitive Adsorption Experiments

Selectivity was evaluated in multicomponent systems (containing Na*, K*, Cs*, Ca%*, and Mg?* ions)
and actual aqueous systems such as seawater (Dongshan Island, Zhangzhou, Fujian, China), tap water
(Wulong River, Fuzhou, Fujian, China), river water (Wulong River, Fuzhou, Fujian, China), and lake
water (Qishan Lake, Fuzhou, Fujian, China). Sr?* concentration (C;=3.15-6.59 mg L) andm/V=1gL
1 were employed. Competitive distribution coefficients (K;°) and removal rate (R%) were calculated
after 12 h contact.

(5) Adsorption-Desorption Experiments

The [(CHs3),NH,][Zr(PO,4)F,] adsorbent (50 mg) was equilibrated with 50 mL Sr?* solution (nominal
concentration: 1000 mg L?) for 12 h at 25 °C to yield Sr**-loaded [(CH3),NH,][Zr(PO,4)F,] (denoted
[(CH3),NH,][Zr(PO,)F,]-Sr). Subsequently, 20 mg aliquots of [(CHs),NH,][Zr(PO,)F,]-Sr were immersed
in 20 mL eluent solutions (0.5 mol L'! KCI) under continuous agitation (200 rpm) for 12 h at ambient
temperature. Post-treatment, the solid phases were recovered via vacuum filtration (0.22 um
membrane), air-dried at 25 °C, and subjected to powder X-ray diffraction. The filtrates were acidified
with 2% HNOs (v/v) for Sr?* desorption quantification by ICP-MS.

(6) Thermodynamic Experiments

The [(CHs),NH,][Zr(PO,4)F,] adsorbent (10 mg) was added to 10 mL Sr?* solutions (initial

concentration: 9.82 - 10.39 mg L1). The mixtures were magnetically stirred for 12 h at controlled
temperatures (293, 313, 333 K). Post-adsorption solutions were diluted appropriately and analyzed by

ICP-MS for residual Sr** concentration.



2. Equations.

The equations for the analysis of adsorption experiments are summarized as follows:

(1) The adsorption capacity g (mg g?) can be calculated according to Eq. S1.

(Cy-CHV

g=— (Eq. 51)
m

Co (mg L) and C, (mg L) are the initial and equilibrium concentration of target ions, respectively.
The m (g) and V (mL) are the mass of the adsorbent and the volume of the solution used in the
adsorption experiment, respectively.

The theoretical adsorption capacity can be calculated according to Eq. S2.

. One half of atomic weight of strontium
q(theoretical) = - x 1000 (Eqg. S2)
Formula weight of adsorbent

(2) Eqg. S3, S4 and S5 represent the classical isotherm models, namely the Langmuir, Langmuir-
Freundlich and Freundlich models !, which are used to evaluate the maximum adsorption capacity (gm)

of the adsorbent for a target ion.
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The g, is the maximum adsorption capacity (mg g?); b is the Langmuir constant related to the
affinity of the ion for the adsorbent (L mg?), and n is the density constant at the adsorption site. K:

(mgV/n-LUn/g) is the fitting parameter related to the adsorption capacity.

(3) The removal rate R (%) can be calculated according to Eq. S6.

(CO - Ce)

R=-—"x100% (Eq. S6)
CO

(4) Kinetics models are shown in Eq. S7 and S8 2.

(a.-q)
ln—e = _klt (EqS7)
q.
t L1
—=—+— Eq. S8
4 kg de (Ea. 58)

The k, and k;, are pseudo-first-order and the pseudo-second-order rate constants of kinetics models,
respectively. The pseudo-second-order rate expression has been widely applied to the adsorption of

pollutants from aqueous solutions.

(5) The distribution coefficient K4 (mL g) can be calculated according to Eq. S9.
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(EG. S9)



(6) Leaching rate (R,)

Cp
R, = C—><100% (Eg. S10)
T
Where R (%) is the leaching rate, G, (mg L?) is the concentration of Zr ions in the solution after
soaking the [(CHs),NH,][Zr(PO,4)F,], and G; (mg L1) is the theoretical concentration of Zr ions when
[(CH3),NH,][Zr(PO,)F,] is completely dissolved in the solution.
(6) Separation factor (SF)
A
Ky
SF = — (Eq. S11)
Ky
In this equation, K4 and K& represent the distribution coefficients of A and B ions, respectively.

(7) The desorption rate can be considered as the percentage of the mass of Sr?* ions desorbed off
to the mass of Sr?* ions adsorbed on, but considering the loss of solid mass, it can be calculated by the
following equation:

de
C e Vde
mZ(er/mad)

where C. (mg L) is the Sr2* concentration in the solution after desorption, Vg (L) is the volume of
solution used during desorption. M@ (mg) is the mass of adsorbed Sr* ion during the adsorption
process, and m,q (mg) is the mass of the solid sample after adsorption of Sr**, m, (mg) is the mass of

the solid sample used during desorption.

(8) The thermodynamic parameter Gibbs free energy change (AG) can be calculated using Eq. S13.
The relationship among AG, entropy change (AS), and enthalpy change (AH) is described by Eq. S14.
Combined with Equations Eq. S13 and Eqg. S14, the van’t Hoff equation (Eq. S15) is derived.

Thermodynamic parameters were determined as follows 3 4:

AG® = -RTlK, (Eq. S13)

AGY = AH® - TAS® (Eq. S14)

InK —AH0+ASO (Eq. S15)
n = —_ —_— .
¢ RT R a

where K. denotes the equilibrium constant, R is the ideal gas constant (8.314 J mol! K1), and T

represents the absolute temperature in Kelvin (K).



3. Crystal structures section.

Figure S1. ORTEP plot (50% ellipsoid probability) showing the crystallographically asymmetric unit of
[(CH3),NH,][Zr(PO,)F,]. Hydrogen atoms are omitted for clarity.

* The above data are all from the corresponding CIF files. Interlayer spacing quantification in
[(CH3),NH,][Zr(PO,)F,] was performed using Diamond crystallographic software through the following
protocol (Figure 1e): (1) Selection of three non-coplanar Zr atoms defining the anionic basal plane; (2)
construction of a least-squares orthogonal plane from these reference atoms; (3) measurement of

perpendicular distance (d_L) from each Zr site in adjacent layers to the reference plane).



Table S1. Crystallographic data and refinement details for [(CH3),NH,][Zr(PO,)F,].

Compound [(CH3),NH,][Zr(PO,4)F,]
Empirical formula CoHgF,NO4PZr
Formula weight 270.28
Temperature/K 100
Crystal system monoclinic
Space group P2./m
a/A 6.5946(10)
b/A 6.5775(11)
c/A 9.962(3)
al° 90
8/° 98.763(18)
v/° 90
v/A3 427.07(16)
z 2
Peacg cm3 2.102
u/mm-t 1.480
F (000) 264.0
Crystal size/mm3 0.20 x 0.10 x 0.05
Radiation MoK, (A =0.71073 A)
20range for data collection/® 6.252t052.73
-8<=h<=7,
Index ranges -8<=k<=7,
-10<=/<=12
Reflections collected 3341

951 [Rin = 0.1117,

Independent reflections
Reigma = 0.1033]

Data/restraints/parameters 951/20/75
Goodness-of-fit on F2 1.097
Ry = 0.0559,
Final R indexes [I>=20(/)]
WR, = 0.1330
R, =0.0714,
Final R indexes [all data]
WR, =0.1477
Largest diff. peak/hole/eA3 1.18/-1.14
CCDC 2466544

@R =3 | Fol=|Fc | /3 |Fol, Ry = [SW(Fo>—F2)2/sW(F,2)?] V2.



Table S2. Selected bond distances (A) and angles (°) for [(CH3),NH,][Zr(PO,)F5].

Zr(1)-F(1) 1.972(6) | zr(1)-0(3)#2 2.054(5) | P(1)-0(1)#4 1.528(4)
Zr(1)-F(2) 2.007(6) | zr(1)-0(3)#3 2.079(5) | P(1)-0(2) 1.534(7)
Zr(1)-0(1)#1 2.054(4) | P(1)-0(3) 1.527(5) | N(1)-C(2) 1.471(19)
zr(1)-0(1) 2.054(4) | P(1)-0(1) 1.528(4) | N(1)-C(1) 1.52(2)
F(1)-Zr(1)-F(2) 176.0(2) | O(1)#1-2r(1)-0(1) 177.2(3) | 0(3)-P(1)-0(2) 107.0(4)
F(1)-Zr(1)-O(1)#1  89.10(13) | O(1)#1-Zr(1)}-0(3)#2  91.11(10) | O(1)-P(1)-0(2) 110.7(2)
F(1)-Zr(1)-0(1)1  90.82(13) | O(1)-Zr(1)-O(3)#2 91.11(10) | O(1)#4-P(1)-0(2) 110.7(2)
F(1)-Zr(1)-0(1) 89.10(13) | O(1)#1-Zr(1)-0(2)#3  88.89(10) | P(1)-O(1)-Zr(1) 144.8(3)
F(2)-Zr(1)-0(1) 90.82(13) | O(1)-Zr(1)-0(2)#3 88.89(10) | P(1)-0(2)-Zr(1)#3 142.6(4)
F(1)-Zr(1)-0(3)42  90.5(2) | O(3)#2-zr(1)-0(2)#3  179.9(3) | P(1)-0(3)-zr(1)#2 144.5(5)
F(2)-Zr(1)-0(3)42  93.5(3) | O(3)-P(1)-0(1) 110.3(2) | C(2)-N(1)-C(2) 119(3)
F(1)-Zr(1)-0(243  89.4(2) | O(3)-P(1)-O(1)#4 110.2(2)

F(2)-Zr(1)-0(2#3  86.6(3) | O(1)-P(1)-O(1)#4 108.0(4)

* Symmetry Codes: #1 +x,1/2-y,+z; #2 1-x,1-y,1-z; #3 -x,1-y,1-z; #4 +x,3/2-y,+z.

Table S3. Hydrogen bonds between [(CH;3);,NH,]* cations and the anionic layers in
[(CH3),NH,][Zr(PO,4)F,].

D-H--A d(D-H) (A) d(H--A) (A) d(D--A) (A) <(DHA) (°)
N(1)-H(1B)---F(2)#1 0.91 2.65 3.37(4) 137.3
C(1)-H(1C)--0(2)#2 0.98 2.70 3.58(4) 150.4
C(2)-H(2A)--F(2)#3 0.98 2.05 2.99(2) 160.1

C(2)-H(2B)-F(1) 0.98 1.82 2.63(3) 138.4

* Symmetry Codes: #1 +x,+y,1+z; #2 +x,-1+y,+z, #3 -x,1-y,1-z.

4. Characterizations section

Table S4. Experimental results of the adsorption capacity study of [(CH3),NH,][Zr(PO.)F,] (m/V=1gL?,

at room temperature and 12 h contact time).

coSr ceSr qur

(mgL?) (mgL?) (mgg?)
28.84 0.95 27.89
50.78 1.27 49.51
100.36 10.05 90.31
149.62 22.20 127.42
227.99 85.71 142.28
442.53 289.85 152.68
708.62 553.52 155.10

1000.42 841.46 158.96




Table S5. Adsorption constants obtained by fitting isotherm data to [(CH3),NH,][Zr(PO,)F,] using the

Langmuir, Langmuir-Freundlich, and Freundlich models.

Adsorption isotherm Langmuir Langmuir-Freundlich Freundlich
model model model model
R? 0.9699 0.9858 0.8467
gn® (mg g?) 154.16 + 5.00 161.48 + 5.99 -
b (L mg?) 0.21 +0.045 0.18 £ 0.038 -
n - 1.34+0.18 6.34+£1.36
ke - - 60.11 +11.08

Table S6. Comparison of the adsorption capacities of [(CH3),NH,][Zr(PO,4)F,] and some other reported

inorganic adsorbents for Sr?*.

Materials gm> (mggl) Ref.
[(CH3),NH,][Zr(PO4)F] 161.48 This work
[(CH3),NH,],[ZrCeHa(CH,PO5),F,] (SZ-7) 129.1 5
[(CH3),NH,][ZrCH,(PO3),F] (SZ-4) 121 6
[(CH3),NH,][Zr(CH,(HPO3)(PO3)), (SZ-5) 118.6 7
y-Zr(PO4)H,PO,4-2H,0 (y-ZrP) 114.78 8
K, SNaxSex (X = 0.65-1) (KTS-3) 102.00 9
KoxMg,SN,Ss (x = 0.5-1) (KMS-2) 86.89 10
K5, Mn, SN Se (x = 0.5-0.95) (KMS-3) 77.00 1
[Me;NH;]a/3[MesNH],,35n35,-1.25H,0 (FISM-SnS) 65.19 12
K,Zr[CH,(PO3),]F, (SZ-8) 55 13
K,Zr(POy), 52.83 e
a-Zr(HPO,),H,0 (a-ZrP) 43.03 15,16
Zr0,-Sb,0 22.21 7
AMP-PAN 16.00 18

Table S7. The Sr?* adsorption kinetics results of [(CH3),NH,][Zr(PO,)F,] (m/V = 1 g L%, at room

temperature).
t (min) G5 (mg L?) RS (%)
0 34.04 0.00
1 1.74 94.89
3 1.24 96.36
5 0.38 98.88
10 0.28 99.18
20 0.47 98.62
40 0.42 98.77
60 0.53 98.44
90 0.33 99.03
123 0.78 97.71

Table S8. Kinetic fitting parameters of [(CH3),NH,][Zr(PO,4)F,] for Sr** removal (m/V =1 g L', at room

temperature).
ki k; qc’
kinetic model R?
(min?) (g mg* min-) (mgL?)
Pseudo-first-order model 3.3364 - 33.49 0.6429

Pseudo-second-order model - 0.7119 33.62 0.7695
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Figure S2. The [(CH3),NH,][Zr(PO,)F,] kinetics data fitted by the pseudo-first-order model (a) and the

pseudo-second-order model (b) using nonlinear equation.

Table S9. The Sr?* adsorption results and Zr leaching percentage of [(CH3),NH,][Zr(PO,)F,] (m/V=1gL

1, at room temperature and 12 h contact time) across pH = 0.92 — 12.92.

y s s K RS Averagi di:solutfit;n Averag:_ Ieacl;i:g
p i ) } concentration of Zr percentage of Zr
(mgl?) (mgl?)  (mig?) (%) (me LY %)
0.92 11.19 7.77 4.40 x 10? 30.56 52.96 15.69
1.95 11.12 1.78 5.25x 103 83.99 22.28 6.60
2.98 11.54 1.80 5.41x103 84.40 6.14 1.82
4.02 11.75 1.17 9.04 x 103 90.04 6.72 1.99
4.83 11.61 0.71 1.54 x 10* 93.88 7.53 2.23
5.37 11.29 0.47 2.30x10* 95.84 6.92 2.05
6.53 11.62 0.45 2.48 x 10* 96.13 2.18 0.65
7.36 14.15 0.99 1.33 x 10* 93.00 4.00 1.19
8.46 11.64 0.99 1.08 x 10* 91.49 6.86 2.03
9.54 11.28 2.31 3.88 x 103 79.52 7.53 2.23
10.91 11.68 2.33 4.01 x 103 80.05 7.84 2.32
11.87 11.58 3.25 2.56 x 103 71.93 19.08 5.65

12.92 11.79 3.53 2.34x 103 70.06 47.49 14.07
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Figure S3. (a) Zr leaching percentage curves of [(CH3),NH,][Zr(PO,)F,] treated with different pH
solutions. (b) PXRD patterns of [(CH3),NH,][Zr(PO,4)F,] synthesized and its corresponding samples in

Sr?* solutions with different pH values. (c) The determination of pH,,. for [(CH;),NH,][Zr(PO,4)F,] in
aqueous solutions.

Table S10. The adsorption results of [(CH3),NH,][Zr(PO,)F,] under different Na*/Sr?* molar ratios (m/V
=1gL?, at room temperature and 12 h contact time).

Molar ratio CoN? CN2 Co*r C.Sr K4 KqNe RS SFoms
(Na*/sr*) (mg L) (mg L) (mg L?) (mg L) (mLg™?) (mLg™?) (%)

4.8 6.92 5.72 5.55 0.020 2.77x105  209.79 99.64  1317.98
178.3 224.55 197.78 4.80 0.022 2.17 x 105 135.35 99.54  1604.57
494.4 455.31 424.96 3.51 0.022 1.59 x 10° 71.42 99.37  2219.95
1190.6 1737.00 1674.50 5.56 1.52 2.66 x 103 37.32 72.66 71.21

Table S11. The adsorption results of [(CH3),NH,][Zr(PO,4)F,] under different K*/Sr?* molar ratios (m/V =
1gL?, at room temperature and 12 h contact time).

Molar

ratio COK CeK CoSr CeSr KdSr KdK RSr SF
(/s (MELD (melY)  (mgll)  (mglY)  (migh)  (migh) (%) o

45.6 107.34 71.53 5.28 0.13 3.96x10*  500.63  97.54 79.13

118.7 294.91 235.16 5.57 0.20 2.69x10°  254.08  96.41 105.67

568.9 1104.34  1042.29 4.35 1.26 245x103 5953 7103 41.19
1422.3 2690.96  2631.16 4.24 1.66 155x10% 2273 60.85 68.39




Table S12. The adsorption results of [(CHs),NH,][Zr(PO,4)F,] under different Mg?*/Sr?>* molar ratios

(m/vV=1gL?, at room temperature and 12 h contact time).

Molar ratio Co""!% (mg Ce""g_ COS'- . KdS'- Kd""'f RS* SFermg
(Mg?*/Sr?) L) (mg L) (mg L) (mg L?) (mLg?) (mLg?) (%)
20.1 27.64 19.88 4.96 1.17 x 10° 390.34 99.15  299.98
81.0 101.75 61.23 4.53 1.88 x 10° 661.77 99.47  283.71
211.4 292.51 260.22 4.99 9.72 x 102 124.09 49.30 7.84
538.4 724.12 693.84 4.85 2.47 x 102 43.64 19.79 5.65

Table S13. The Sr?* adsorption results of [(CHs),NH,][Zr(PO,)F,] under different Na*/K*/Cs*/Sr>* molar
ratios (m/V =1 g L, at room temperature and 12 h contact time).

Molar ratio

(M/5r2) lons CM (mg LY) CM(mgL?) KM(mL g?) RV (%) SFse/m
1 Sr2* 5.12 0.089 5.65 x 104 98.26 -
51.1 Na* 68.64 63.30 8.44 x 10! 7.78 670.08
12.5 K* 28.49 18.28 5.59 x 102 35.84 101.21
4.3 Cs* 33.54 9.44 2.55x 103 71.85 22.14
Molar ratio
(M/Sr2) lons GV (mgL?) CM(mglL?) KM(mL g?) RV (%) SFseym
1 Sr2* 5.34 0.19 2.71x 104 96.44 -
125.3 Na* 168.39 161.83 4.05 x 10t 3.90 668.67
55.3 K* 126.30 109.20 1.57 x 10?2 13.54 173.09
17.7 Cs* 137.18 86.08 5.94 x 102 37.25 45.66

Table S14. The removal efficiencies of [(CH3),NH,][Zr(PO,4)F,] under Cs*/K*/Na*/Ca%*/Mg?*/Sr?* molar
ratio of 0.6/17.8/54.0/8.6/5.0/1 (m/V =1 g L', at room temperature and 12 h contact time).

Molar ratio
(M/Sr2+) lons COM (mg L_l) CeM (mg L'l) Kd"”(mL g'l) RM (%) SFSr/M
1 Srz+ 3.35 0.45 6.44 x 103 86.57 -

0.6 Cs* 3.10 0.91 2.41 x 103 70.65 2.68
17.8 K* 26.63 12.99 1.05 x 103 51.22 6.14
54.1 Na* 47.55 46.90 1.40 x 10t 1.37 464.99
8.6 Ca?* 13.19 6.95 8.98x 102 47.31 7.18
5.0 Mg?* 4.61 1.30 2.55x 103 71.80 2.53




Table S15. The results on Sr?* ions removal by [(CH3),NH,][Zr(PO4)F,] in actual water samples

contaminated with Sr?* ions (m/V =1 g L'}, at room temperature and 12 h contact time).

Water Cor (mg L) C.M(mgL?) KM (mLg?) RS (%)
Tap water
5.47 0.05 1.08 x 10° 99.09
(Fuzhou, Fujian)
River water
5.43 0.09 5.93 x 104 98.34
(Fuzhou, Fujian)
Lake water
(Qishan Lake, 5.71 0.06 9.42 x 10* 98.95
Fuzhou, Fujian)
Seawater
(Dongshan Island, 6.59 1.38 3.78 x 103 79.06

Zhangzhou, Fujian)

Table S16. The adsorption and desorption results for [(CH3),NH,][Zr(PO,4)F,] at one cycle (m/V=1g L%,

at room temperature and 12 h contact time).

Adsorption Desorption
m v Cﬂsr Cesr RST my V1 CeSr EST
(mg)  (ml) (mgL?) (mgL™) (%) (mg) (mL) (mg L) (%)
50 50 11.62 0.72 93.80 20 20 9.97 91.47

250 ym
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Figure S4. (a) Elemental distribution mappings and (b) EDS analysis results of the material after

desorption. (c) PXRD patterns of [(CH;),NH,][Zr(PO,4)F,] after Sr** adsorption and desorption.
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Figure S5. Simulated and experimental PXRD patterns for pristine [(CH3),NH,][Zr(PO,)F,] and
experimental PXRD pattern of [(CH3),NH,][Zr(PO,)F,]-Sr.

(@)

Element Atomic%

80.7
14
08
08

147
20

(d)

Element Atomic%
c 80.5
0.0

04
09
08

154

21

Figure S6. The photograph (a), SEM images at magnification of 800 (b), and EDS analysis results (c) of
[(CH3),NH,][Zr(PO,)F,]. The photograph (d), SEM images at magnification of 450 (e), and EDS analysis
results (f) of [(CH3),NH,][Zr(PO,4)F,]-Sr.

Table S17. Thermodynamics data of Sr?* adsorption by [(CH3),NH,][Zr(PO,)F,] under different

temperature conditions (m/V =1 g L%, 12 h contact time).

T COSr CeSr Ky AHO ASC AGP
(K) (mg LY) () (mLg?) (khmol?)  (khmolt K1) (k) mol?)
293 9.82 1.01 8.72 x 103 -22.10
313 10.39 0.56 1.76 x 10 -25.43
29.62 0.18 —_—
333 10.21 0.24 4.15 x 10% -29.44

353 9.98 0.15 6.55 x 10* -32.55
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Figure S7. Ky vs. T (a) and InKy vs. 1/T (b) for Sr?* adsorption by [(CH3),NH,][Zr(PO,4)F,] at various

temperatures.
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