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Table S1a. Modeling of uptake kinetics [1-3].

Model | Equation Parameters Ref.
Oeq.2 (Mmol g™1): sorption
_ kgt capacity at equilibrium
PFORE 9(0) = qeqa (1= e77) ki (min): apparent rate [1]
constant of PFORE
Oeq.2 (Mmol g1): sorption
PSORE (t) = ng,zkzt capacity at equilibrium [1]
B T ko qeqat k2 (g mmol™ min%): apparent
rate constant of PSORE
o is the initial rate of
: 1 sorption (mmol g* min?)
Elovich (1) = E n(1+ ax f xt) B is the desorption constant [3]
(mmol g?)
1) _Dequl )
q(t) 1 Z 66!(6( + 1)exp (—TZ t
RIDE | Yeq L 9+9a+qia De(m? min™) : Effective 2]
With gn being the non-zero roots of diffusivity coefficient
tang, = —2 and 24 =_1_
an 3+ aq3 Ve, 1l+a

(m (g): mass of sorbent; V (L): volume of solution; Co (mmol L™): initial concentration of the
solution).

Table S1b. Modeling of sorption isotherms [1, 2, 4, 5]

Model Equation Parameters Ref.
G 1Co gm.L (Mmol g1): Sorption capacity at saturation
Langmuir Qeq = 1+'ch of monolayer [1]
L>eq b. (L mmol™?): Affinity coefficient
Ereundlich Goq = kFCeIC{"F Ig;j:t?or:r: empirical parameters of Freundlich (4]
qmsbscl/ns gm,L, bs and ns: empirical parameters of Sips
Sips oq = ’—elcjns equation (based on Langmuir and Freundlich [2]
1+ bsCpq equations)
: _RT T (K); R: gas constant; Ar: Temkin binding
Temkin Qeq = B_Tln(ATCeq) constant (L mmol™); By: sorption heat (J mol™) [5]

Akaike Information Criterion, AIC [6]:

2
Zévzo(yi exp. — Yi model) ZNP(NP + 1)
AIC = N1 — - 2N. -~
n( N TN+ N-N,-1

Where N is the number of experimental points, N, the number of model parameters, Yiexp. and
Yimodel the experimental and calculated values of the tested variable.




Table S2a. SEM-EDX of raw beads (APEI)/surface and crosscut section (bar: 200 pm).

Element Atomic Weight
Symbol Conc. Conc.
C 46.26 42.52
o 41.61 40.15
N 8.65 6.98

Cl 1.86 3.17
Ca 1.13 5.07

S 0.49 2.11

APEI- Surface

7 g g 10

Element Atomic Weight
4 Symbol Conc. Conc.
C 46.23 45.87
o 35.25 36.9

N 10.82 5.58
1 4.75 6.39

S 1.73 2.65
Ca 1.22 2.61

Table S2b. SEM-EDX analysis of activated chloride beads (spacer arm)/surface and crosscut
section (bar: 200 pum).

. Element Atomic Weight
- Symbol Conc. Conc.
2 C 46.69 4227
36.55 36.22
10.11 5.71
5.63 13.27
0.67 1.79
035  0.74

APEI-CI Surface

[] 1 2
423193 counts in 117 seconds

O Element Atomic Weight
i Symbol Conc. Conc.
v g acC 4872 46.91

3 \ %6 3513 35.4
S NFY N 871 5.62
0 i WU Cl 4.37 8.42
Googgs /'5 A Ca 2.64 273
- .7 .S 0.43  0.92
APEI-CI
Crosscut section




Table S2c. SEM-EDX of sorbent after grafting of phosphoryl groups (bar: 200 pm).

EDX

Element Atomic Weight
Symbol Conc. Conc.

y C 40.38  40.02
o 43.44 41.09
N 785 53
- P 6.03 839
cl 1.05  1.46
P2-APEI-Surface Ca 0.97 3.15

S 0.28 0.59

[ 1 2
87.476 counts in 60 seconds

Element Atomic Weight
Symbol Conc. Conc.
o

45.66 458
C 38.83 39.86
N 725 549
P 515  6.58
Cl 198 133
Ca 0.81 027
S 029 0.63

Na 0.03  0.04
P2-APEI-Crosscut section




Table S3. FTIR assignments and wavenumber (cm™) of APEI, APEI-CI, and P2-APEI beads

Vibration Ref. Whn. in ref. APEI APEI-CI P2-APEI
O-H and N-H stretch (overlapped) [7] 3500 -3000 3427 3423 3406
C-H aliphatic (stretch) [7, 8] 2970-2950 2897 2935 2960
C(=0)O ester (stretch) [8] 1750-1725 1741
C=0 amide (stretch) [9, 10] 1690-1630 1629. 1517 1627 1633
(-C=N-)/ 1° and 2° amine bending (overlapped) [9, 10] 1690-1550 ’ 1519 1519
C-H bending [9, 11-13] 1485-1430 1467 1467 1463
-COO" Salt [9] 1420-1300 1384 1386 1384
1°/2° hydroxyl bending in-plane [9] 1350-1260 1263 1259

P=0 (asymmetric) [14-17] 1350-1250 1251
P(O) Phosphate ion (stretch) [14-18] 1000-1100

C-C (stretch 19 1350-1000 1089

c-o-(c, c-cg (stretch) [[9]] 1150-1050 1095 1033
C-N (stretch) [7, 8, 20-22] 1090-1020 1033 1035

OH out-of-plane (bend) [8, 9] 750-590 590 590 586
CH2-Cl [23] 700-800 788

P-O-C (stretch) [14-18] 570/990—1100 611/746




Table S4. FTIR assignments and wavenumber (cm™) of P2-APEI, loaded sorbent with either Pr(111) and Tm(l11), and after 5 cycles of sorption

and desorption.

Pr(l11) Tm(l1)
Assi Ref. Whn. in ref. P-APEI
ssignments ¢ n.anre loaded | 5cycles | loaded | 5 cycles
O-H and N-H stretch (overlapped) [7] 3500 -3000 3406 3420 3411 3421 3412
C-H aliphatic (stretch) [7, 8] 2970-2950 2960 2937 2947 2929 2933
C(=0)O ester (stretch) [8] 1750-1725 1741 1728 1737
- 1627 1627
C=0 amide (stretch) [9, 10] 1690-1630 1633 1633 1633
(-C=N-)/ 1° and 2° amine bending (overlapped) [9, 10] 1690-1550 1519
. 1452 1452
C-H bending [9, 11-13] 1485-1430 1463 1404 1444 1408 1452
-COO" Salt [9] 1420-1300
— 1384 1 1384
1°/2° hydroxyl bending in-plane [9] 1350-1260 38 388 38
P=0 (asymmetric) [14-17] 1250-1350 1251 1253 1251 1249 1255
P(O) Phosphate ion (stretch) [14-18] 1000-1100 1103 1111
C-N (stretch) [7, 8, 20-22] 1090-1020
1033 1035 1035
C-0O-C, C-O (stretch) [9] 1150-1050 1037 1035
C-C (stretch) [19] 1350-1000
P-O-C (stretch) [14-18] 570/990-1100 | 611/746 | 545/808 | 561/812 | 536 | 611/810
Sulfate ion [9] 680-610 617 617
OH out-of-plane (bend) [8, 9] 750-590 586 559




Table Sba. C 1s signal for APEI, P2-APEI (before and after metal sorption).

Binding Energy (eV)

Binding Energy (eV)

APEI P2-APEI
Cls Cls
B £
g £
E =
292 290 288 286 284 252 292 290 288 286 254 282
Binding Energy (eV) Binding Energy (eV)
P2-APEI / Pr P2-APEI / Tm
Cls Cls
2 2
=] =]
= =
288.76 289.07
— et - _ A W i . ot .
292 290 288 286 284 282 292 290 288 286 284 282




Table S5b. O 1s signal for APEI, P2-APEI (before and after metal sorption).

Intensity

APEI

Intensity

P2-APEI
01ls

Binding Energyv (eV)

Binding Energyv (eV)

5 536 534 532 530 528 526
Binding Energy (eV) Binding Energy (eV)
P2-APEI / Pr
01s
2 2
=] =]
5 5
536 534 532 530 528 526 536 534 532 530 528 526




Table S5c. N 1s signal for APEI, P2-APEI (before and after metal sorption).

Binding Energy (eV)

Binding Energy (eV)

APEI P2-APFEI
Nls Nls
398.13
& 399,57 .
8 2
=] [=F]
5 =
v
: X Vi
405 403 401 399 397 395 405 403 401 309 397 305
Binding Energy (eV) Binding Energy (eV)
P2-APEI / Pr P2-APEI / Tm
Nls Nls
E £ 393.55“
g g |
: i 0
400.54 | & \\
W bl
T ] 'lrw " 1 .?=i N
# : = L] bl L] bl L] L L] L L] L] L] L] L] u L]
405 403 401 399 397 395 405 403 401 399 397 305 393




Table S5d. P 2p signal for APEI, P2-APEI (before and after metal sorption).

P2-APFI P2-APEI / Pr
P2p P2p

8 8
& &
5 5
A
SN
130.69
:-:b_
- . 131.53 -
139 137 135 133 131 129 139 137 135 133 131 129 127
Binding Energy (eV) Binding Energy (eV)
P2-APEI / Tm
P2p
|
2
=]
E
13

139 137 135 133 131 129 127
Binding Energyv (eV)




Table S5e. XPS signals, assignments and atomic fraction (AF) for APEI, P2-APEI (before &
after metal sorption).

Signal APEI P2-APEI P2-APEI + Pr(l11) P2-APEI + Tm(lIl) Assignment
C 1s 284.73 284.90 284.87 284.89 o
(18.57) (30.02) (51.29) (45.10)
286.20 286.22 286.21 286.30
(69.80) (46.39) (34.39) (37.74) C-0-C,CN
287.97 287.14 287.49 287.70 c=0
(7.38) (20.97) (9.70) (12.30) B
288.97 288.83 288.76 289.07 _ _
(4.25) (2.62) (4.63) (4.85) 0-C=0, N-C=0
01s 529.94 529.97 530.22 530.31 OH
(23.58) (24.14) (44.85) (51.88)
531.26 531.43 531.70 _
(61.44) | 93142(6392) (42.28) (41.41) c=0
532.51 532.66 532.60 533.16
(14.98) (11.94) (12.87) (6.71) C-O-C, COOH
398.13 398.31 398.68 398.58 _
N1s | 4542 (23.98) (62.27) (60.52) R=N-R
399.57 399.33 _
(34.20) (17.51) N-C=0,N-H,N-C
400.77 400.51 400.54 400.45 N-(C=0)-O-
(20.38) (58.51) (37.73) (39.48) (C=0)-N-(C=0)
130.
P2p (2062;; P 2pis
131.53
(2.31) P 2par
132.45 132.15 132.10 P-O-C, P-C,
(66.67) (52.06) (48.32) PO; (P 2p3p)
132.99 132.94
(26.03) (24.16) PO« (P 2psz)
133.29 133.43 133.19 P-O-C, P-C,
(33.33) (9.97) (18.35) PO; (P 2p1p)
134.27 134.03
(4.99) 9.17) PO4 (P 2p12)
162.80 162.22 162.83 162.86
520 | (17.39) (10.55) (13.26) (18.40) S 2psiz (R-SH)
163.98 163.40 164.01 164.04
(8.69) (5.27) (6.63) (9.20) S 2puz (R-SH)
167.09 166.98 167.07 166.92 S 2psp (sulfate)
(49.29) (56.12) (46.07) (48.26) Par2
168.57 168.16 168.25 168.10 S 2pus (sulfate)
(24.64) (28.06) (23.04) 24.13) P12
1($832§3 S 2ps2 ( metal sulfate)
1(296%1 S 2p12 (metal sulfate)
Cl 2p (1 498%218) (11946.'7231) Cl 2p3, (inorganic)
197.70 197.81 .
(18.06) (7.37) Cl 2p3, (organic)
197.88 198.82 . .
(24.30) (51.94) Cl 2py, (inorganic)
199.30 200.42 .
(9.03) (25.97) Cl 2py, (organic)
Ca2p (364666276) Ca 2pan2
349.86
(3333) Ca 2p3/2
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Table S6. Elemental analysis of APEI and P2-APEI sorbents.

sorbent  C. N N H O s P P
(%) (%) (mmoINgh) (%) (%) (%) (%) (mmolPg?)

APEI  39.43 585 4.18 6.98 3501 041 0.001 -

P2-APEI 40.46 3.87 2.76 725 40.2 0.03 7.9 2.58
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Table S7a. SEM-EDX of raw beads (APEI) before and after loading with Pr(111) and Tm(I11)

(surface and crosscut section) at pHo 5

o 1 2
678,438 counts in 121 seconds

Element Atomic Weight
Symbol Conc. Conc.

C 46.26 42.52
o 41.61 40.15
N 8.65 6.98
Cl1 1.86 3.17
S Ca 1.13  5.07
SEPE S 0.49 2.11

APEI- Surface

2 s 9

10

Element Atomic Weight

& Symbol Conc. Conc.
C 46.23 45.87

(o] 35.25 36.9

N 10.82 5.58

Cl 4.75 6.39

S 1.73 2.65

Ca 1.22 2.61

APEI- Crosscut section

Element Atomic Weight
£ Symbol Conc. Conc.

45.11  42.2
43.41 47.11
9.32 6.34
1.87 4.02
0.13 0.1
APEI+Pr/ Na 0.11 0.22
pHS Surface Ca 0.05 0.01

© 10

7

o 1 2
178.243 counts in 66 seconds

- Element Atomic Weight

55 . .~ Symbol Conc. Conc.
C 49.54 45.12
o 37.86 43.31
N 9.29 5.33
B S 2.39 5.21
Pr 0.52 0.07
APEI+Pr/ pHS Na 0.3 0.46
Crosscut section  Ca 0.1 0.5

7 8 ° 10

\;&( Element Atomic Weight

V% Symbol Conc. Conc.
3 c 47.46  42.56

42.97 47.31

7.62 6.79
1.48 3.22
0.4 0.09
0.07 0.03

Surface

°

10

° 1 2
294,368 counts in 119 seconds

Weight
Conc. Conc.
48.09  49.44
41.8 42.29

8.64 5.06
0.97 2.35
0.41 0.83
4 0.09 0.03
APEI+Tm/ pHS
Crosscut section
ED @ @

7 0 g 10

Table S7b. SEM-EDX of loaded P2-APE

| sorbent (su

rface and crosscut section)
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SEM

3 4 5

A r\;‘:a'\;'“"&""" ;“}?W’Q. & ® J Element Atomic Weight
53 7 . : = Symbol Conc. Conc.
e ; ‘ i:c 40.14 34.79

o 36.86 40.34

P 9.77 8.48

- Pr 6.16 936

S # N 56 4.05
P2-APEI+PrdIL)/ fjl (1)121‘1‘ (2).411;
HESEmiles Na 017 025
Ca 0.05 0.13

‘ Py h *’ Element Atomic Weight

L, > Vj*ﬂ Symbol Conc. Conc.
Pie 2 ® | C 4558 s
IRY V€. o 347 374
R e f 1P 10.57 5.8
ar i'f~ : N 6.65 3.59
L e Cms by 0.84 7.2
Y y s 116 116
P2-APEI+Pr(Ill/  Na 033 0.49
pHS Crosscut section Cl1 0.11 0.38
Ca 0.06 0.16

[ 1 2
126172 counts in 47 seconds

3 4 5

7 8

9 10

)¥ o
&
% -

6
‘ Element Atomic Weight
Symbol Conc.

Conc.

b (C 46.4 37.29

o 34.39 38.52

K P 9.26 8.03

y . Tm 514  9.09

’ N 2.39 3.99

- S 2.02 2.36
P2-APEI+TmdID)/ () 033 0.61
pHS Surface Na 0.06  0.07

Ca

0.02

0.04

Element Atomic Weight

Symbol Conc. Conc.

> 45.47 4521

1 33.45 36.33
"y 9.61 4.88
o= 4.29 6.51
‘ 5.24 3.18
. 1.63 3.22
b=t 2 Cl1 0.26 0.56

P2-APEI+Tm(ID/pH5 Ca 0.04 0.1

Crosscut section Na 0.01 0.01

° 1 2
267,959 counts in 57 seconds

Table S7c. SEM-EDX of P2-APEI sorbent after elution (surface and crosscut section)



=== Element Atomic Weight
Symbol Conc. Conc.
g C 43.48 35.83
VA0 28.21 28.37

10.27 9.52

N 8.23 4.31
Cl 7.47 16.51

1.97 4.72

0.37 0.74

After elution
P2-APEI+Pr(1II)/ pHS Surface

6 7 8 9 10

[ 1 2
231,930 counts in 57 seconds

Element Atomic Weight
; Symbol Conc. Conc.
{ C 46.62 46.13
‘o 3583 29.34

$i P 621 643
N 556 4.32
el 4.9 11.59
" Ca 0.58 1.55
'S 0.3 0.64

After elution
P2-APEI+Pr(Il)/pHS
Crosscut section

@

Element Atomic Weight
Symbol Conc. Conc.
46.81 41.43
27.34 29.12

9.23 9.47
9.34 4.03
5.28 12.45
1.68 2.81
0.32 0.69
After elution P2-APEI+Tm(II)/
pHS Surface

6

7

8 9

10

o 1 2
223,247 counts in 57 seconds

Element Atomic Weight
T#8 Symbol Conc. Conc.
48.44 44.75
27.04 32.93
8.71 10.23

7.06 5.53
7.63 3.94
0.66 1.76
0.35 0.74
Tm 0.08 0.11
Na 0.03 0.01

After elution P2-APEI+Tm(II)/
pHS Crosscut section

15



Table S8. SEM-EDX analysis of P2-APEI after treated with equimolar solution at different
pH values.

Surface Crosscut section
"-) =y - ~ o Element Atomic Weight

e [ Symbol Conc. Conc.

NG C 44.62  37.49
1 - [¢) 3512 36.06
B = P 738 678
- N 637 475

¥ S 419 805

Na 047 031

Si 042 076

Zn 033 138

Tm 0.3 1.21

cl 026 058

Al 018 032

Fe 014 05

Mg 014 021

Pr 0.06  1.54

0.02 0.06

Element Atomic Weight
Symbol Conc.  Conc.
c 4211 36.07

o 3942 44.94
P 6.3 4.63
S 535 7.24
N 555 339
Na 029 045
Si 0.26 0.5
) cl 0.24 0.58
% m. Fe 018 0.67
— . 0.13 1.24

& o . Pr
Selectivity Exp./ pH1 Mg 0.09 0.14
Crosscut section Al 0.08 0.15
Ca 0 0
Tm o 0

0

9 10

— +~ Element Atomic Weight
P, Symbol Conc. Conc.
( c 4539 411
o 3636 39.6
7 P 7.36 7.77
N 7.04 4.08

Selectivity Exp./ pH2 Im 014 0.73
Surface Al 018 034

i 5 -
SRR g0

Ty

3 4 s 6 7 8 9 10

40.02
42.43
4.33
4.02
4.43
1.51
0.59
0.45
0.7
0.s

¢ < Element Atomic Weight
g\ Symbol Conc.  Conc.
P c

g e
o2 <S
CRBING

* Element Atomic Weight
Symbol Conc. Conc.
c 4615 36.45

o 3328 40.06
P 7.6 722
N 5.55 4.34
S 2.88 3.97
&y Pr 129 1.84
-~ Tm 1.27 1.16
Fe 0.53 1.94
Si 0.37 0.69
i 033 0.78
Selectivity Exp./ pH3  Na 022 033
9 Al 0.22 038
Surface Z 0.16 025

° 1 2 3 a 5 6 7 0 9 10
in 58 seconds




Crosscut section

Selectivity Exp./ pH3 ;'

_ Element Atomic Weight

Conc.

Conc.
42.96
36.76
5.6
4.73
372
1.08
1.06
1.2
0.94
0.57
0.42

Surface

Selectivity Exp./ pH4 €I

Al
Na
Mg
Zn

47.32

Atomic Weight
Conc.

onc.
38.86
35.76
711
4.66
3.6
219
211
0.76
1.2
0.66
0.48

0.29
0.68
1.2

@ selectivity Exp./ pH4
Crosscut section

Tm

Atomic
Conc.
45.08
343
7.55
512
1.56
1.39
1.32
1.3
1.19
029
0.26
0.25
0.18
0.16
0.05

‘Weight
Conec.
42.51
34.61
512
3.93
327
1.41
0.59
2.74
2.06
1.67
0.47
0.47
0.76
0.25
0.14

Selectivity Exp./ pHS
Surface

Al
Ca
Cl

Conc.

47.46
31.1
7.58
5.41
2.26
137
1.22
0.96
0.84
0.81
0.34

3! Element Atomic Weight
- Symbol

Conc.
35.77
39.19
6.42
3.54
4.7
3.35
2.44
1.65
0.42
0.21
0.78
0.44
0.72
0.23
0.14

Selectivity Exp./ pHS
Crosscut section

~ Symbol
iC

Element Atomic Weight
Conc.  Conc.
44.66
34.44
8.41
7.53

17



Table S9. Pr(l11) and Tm(II1) desorption kinetics using APEI and P2-APEI sorbents from
binary solutions — Fitting parameters for PFORE and PSORE models.

Sorbent
Model Parameter APEI P2-APEI
Pr(l11) Tm(l1) Pr(lll) — Tm(Ill)
EXp. Geg.exp (MmMol g™) 0.0461  0.0450 0.191 0.184
PFORE Q1.calc (Mmol g?) 0.0461 0.0456 0.230 0.357
ki x 10 (min™) 2.27 1.31 0.612 0.246
R? 0.987 0.975 0.990 0.990
AIC -94 -89 -72 -74
PSORE 02.caic (Mmol g?) 0.0532 0.0562 0.334 0.616
kz (L mmol™ min') 5.43 2.51 0.140 0.024
R? 0.991 0.984 0.990 0.990
AIC -98 -93 -74 -74
Table S10. Composition of ore and tailing — Main elements
Element Ore Tailing Ore Tailing
. Element " 4
(oxide) Conc. (%) Conc. (%) Conc. (mg g™) Conc. (mgg™)
SiO2 36.76 35.29 U 1033 294
Al203 12.01 4.54 Cu 4020 816
Fe203 9.85 4.13 Ni 210 105
CaO 8.96 4.21 \% 189 19
Na2O 2.01 0.19 REE 794 227
MgO 7.44 2.69 Mo 201 85
K20 1.96 0.16 Zn 518 7
MnO 1.18 0.58 Co 32 14
“L.O.l. 18.81 22.33
“L.O.1. loss on ignition (%).

18



Table S11. Composition of tailing leachate and after successive pre-treatments.

L o Sorption

:\élr?tal Leachate Prec;;ln_lltztlon Precrzﬂtgtlon OHeg  PHeg DPHeq  PHeq  PHeq

138 234 341 368 391
Si(1V) 58.93 55.68 54.97 54.19 5390 53.29 52.34 51.88
AI(I) 2779 2537 84.04 83.01 82.77 80.87 77.16 76.11
Fe(l11) 6804 89.18 26.48 26.28 25.17 2350 2322 23.19
Ca(ll) 1875 1838 1833 1830 1814 1794 1773 1732
Mn(lI) 106.0 103.5 98.91 98.05 97.67 9549 9439 93.90
Ni(ll) 29.97 27.98 27.00 26.48 26.39 26.19 2550 24.56
Cu(ll) 188.9 183.2 182.9 1819 176.8 1742 1724 170.2
Nd (1) 21.35 20.95 20.19 1769 1060 722 325 121
Pr(l11) 15.76 15.31 15.20 1359 8.06 586 228 0.99
Tm(ll) 3.90 3.88 3.61 328 255 200 139 0.25
Zn(Il) 12.96 11.39 11.00 1096 1056 10.09 9.40 8.22
REE(IIl)  97.50 95.89 94.89 82.90 62.05 37.90 28.77 14.90

Table S12. Distribution ratio (D, L g*) for the sorption of metals from pre-treated leachates
(at different values of pHeq)

Element pH 1.38 pH 2.34 pH 3.41 pH 3.68 pH 3.91
Si(1V) 14.48 19.71 31.59 50.30 59.30
A1) 12.31 15.20 39.08 89.11 103.68
Fe(ll) 7.45 51.72 126.7 139.9 1411
Ca(ll) 1.40 10.56 21.49 33.67 58.33
Mn(II) 8.72 12.59 35.74 47.79 53.14
Ni(ll) 19.55 22.87 30.81 58.80 98.67
Cu(lr) 5.53 34.59 49.98 61.00 74.54
Zn(11) 3.69 40.94 89.94 169.3 337.3
Nd(I1T) 140.8 899 1794 5196 15573
Pr(l) 118.3 881.6 1595 5654 14294
Tm(l11) 98.0 412.0 800.8 1593 13575
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Table S13. SEM analysis of P2-APEI beads (surface and crosscut section) after sorption step

treated leachate of tailings.

onto pre
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Surface
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Table S14. EDX analysis of the sorbent (surface and crosscut section) after application at pHo

® o, A
‘ by e
- A 1 r‘\‘
7 S R
".‘ -—a |

Application at pH 5
Crosscut section

Surface Crosscut section
Element Atomic Weight Atomic Weight
Fraction (%) Fraction (%) Fraction (%) Fraction (%)
C 41.64 16.76 37.14 23.86
O 25.72 15.8 24.94 14.07
N 5.03 4.65 4.53 3.46
S 3.11 3.34 5.08 4.59
P 7.56 6.62 9.13 5.32
Cl 0.6 0.72 0.7 0.76
Na 2.42 1.87 3.34 2.32
Mg 0.6 0.49 0.59 1.44
Al 0.57 0.52 0.65 0.53
Si 0.63 0.59 0.71 0.61
Ca 0.35 0.47 0.52 0.63
Mn 0.11 0.21 0.31 0.51
Fe 0.74 1.38 1.15 1.95
Ni 0.17 0.33 0.15 0.26
Cu 0.42 0.9 0.49 0.94
Zn 0.46 1 0.48 0.95
Y 0.31 0.94 0.33 0.88
La 0.45 2.61 0.55 2.33
Ce 0.51 2.4 0.62 2.61
Pr 0.53 2.52 0.28 1.18
Nd 0.33 1.5 0.27 1.18
Pm 0.19 0.94 0.37 0.62
Sm 0.31 1.96 0.39 1.76
Eu 0.2 1 0.08 0.36
Gd 0.47 2.48 0.41 1.97
Tb 0.56 2.09 0.65 1.15
Dy 0.38 2.04 0.49 1.41
Ho 0.54 1.97 0.71 1.54
Er 0.45 2.52 0.6 1.02
Tm 0.63 1.55 0.68 1.47
Yb 0.5 2.92 0.59 2.08
Lu 0.97 2.66 0.96 1.08
U 2.54 12.25 2.11 15.16
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Table S15. Metal concentrations (mg L) in the eluate from sorbent loaded at different values

Of pHeg.
Element pH 1.38 pH 2.34 pH 3.41 pH 3.68 pH 3.91
Si(1V) 3.82 4.99 8.14 12.55 14.77
A1) 4.87 5.89 14.84 33.78 38.97
Fe(ll) 0.88 6.33 14.66 15.73 16.09
Ca(ll) 12.44 95.29 188.00 294.83 499.75
Mn(Il) 3.99 5.89 16.66 22.22 24.03
Ni(ll) 2.43 2.89 3.74 6.99 11.78
Cu(ln 4.79 28.88 42.80 51.79 63.29
Zn(1l) 0.20 2.09 4.43 7.89 13.08
Nd(I1T) 12.22 47.05 63.89 83.99 93.89
Pr(1) 7.86 34.84 45.79 64.12 69.86
Tm(l11) 1.60 5.19 7.90 10.79 16.16

Table S16. Metal concentrations (mg L) in the residue of oxalic acid precipitation from
eluates collected from sorbent loaded at different values of pHeg.

Element pH 1.38 pH 2.34 pH 3.41 pH 3.68 pH 3.91
Si(1V) 3.69 4.75 7.59 11.30 12.99
A1) 4.69 5.68 13.49 31.35 36.59
Fe(ll) 0.75 5.70 13.49 14.48 15.49
Ca(ll) 11.39 87.39 175.49 174.38 475.49
Mn(II) 3.74 5.49 15.23 21.04 21.03
Ni(ll) 2.36 2.54 3.23 5.98 9.99
Cu(l) 3.97 25.91 38.49 49.39 57.27
Zn(1l) 0.16 1.90 4.39 7.48 10.50
Nd(I11) 11.49 45.68 58.89 1.39 1.46
Pr(I1l) 6.29 29.39 42.39 1.59 1.39
Tm(lI1) 1.39 4.61 7.40 0.40 0.30
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Table S17. EDX analysis of the oxalate precipitate from sorbent loaded at pHo 5

S o e D
i&:-"-,i}g;ﬁ"’afg Loy

SASe e AT S
e A -

P T 4?,5 - - =

o 1 2
321,009 counts in 58 seconds

Element Atomic fraction (%) Weight fraction (%)
0] 44.79 19.46
C 31.64 11.12
N 0.96 1.49
Ca 1.05 1.15
Y 2.23 2.0
La 0.21 0.78
Ce 0.38 1.44
Pr 0.95 2.87
Nd 5.58 21.83
Pm 0.18 0.71
Sm 3.62 10.82
Eu 1.71 3.64
Gd 2.57 6.68
Tb 0.55 2.38
Dy 1.24 3.71
Ho 0.4 1.8
Er 0.3 1.38
Tm 0.76 2.59
Yb 0.45 2.09

Lu 0.43 2.06
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size distribution.
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Figure S2. Thermogravimetric analysis of APEI and P2-APEI sorbents.
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Figure S3. FTIR spectra of APEI, activated APEI (chloromethylated APEI, APEI-CI) and
phosphorylated APEI (P2-APEI) beads (focus on selected wavenumber ranges).
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Figure S8a. Pr(l111) and Tm(I11) uptake kinetics using APEI and P2-APEI sorbents (duplicate
experiments) (Co: 50 mg L*; Sorbent dosage, SD: 0.25 g L™; pHo: 5; pHeq: 4.87 and 4.62 for
APEI for Pr(I11) and Tm(l1), respectively; 3.24-3.12 for Pr(111) and 3.44-3.47 for Tm(I1I)
with P2-APEI; T: 22 £1 °C; solid lines: modeling with PSORE (a) and RIDE (b)).
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Figure S8b. Pr(I11) and Tm(l11) uptake kinetics using APEI and P2-APEI sorbents from
binary solutions (Co: 50 mg L™!; Sorbent dosage, SD: 0.25 g L™; pHo: 5; pHeq: 4.87 and 4.62
for APEI for Pr(111) and Tm(lll), respectively; 3.24-3.12 for Pr(111) and 3.44-3.47 for Tm(l1I)
with P2-APEI; T: 22 £1 °C; solid lines: modeling with PSORE(a) and RIDE (b)).
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equation).
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Figure S13. Distribution of selected metals in the different compartments of the global
Sorbent), Residue in the eluate and the oxalic acid precipitate).
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