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Scheme S1. Main steps of the procedure of quaternization of APEI beads.
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Table S1. FTIR assignments peaks and corresponding wavenumbers (cm™) of APEI, Q-APEI, Q-APEI+U, Q-APEI after desorption and Q-APEI after 5 cycles of

sorption/desorption.
Vibration Ref. Wn. APEI  Q-APEL Q-ApE1+y  AfterU After 5
in ref. des. cycles
. . 3136
O-H overlapped with N-H stretching [1,2] 3500 -3000 3445 3447 3441 3217 3211
Open-chain imino (-C=N-) [3, 4] 1690-1590
. . . 1641
N-H bend primary/secondary amine overlapped with 1632 1618 1624 1622
. . [3] 1650-1550 1730
carboxylic acid salt
C-H bend asym. /methylene groups linked to N* [3,5-7] 1485-1430 ** 1468
. 1385 1396 1396
Carboxylate (carboxylic acid salt) [3] 1420-1300 1411
O-H bend of primary/ secondary in-plane [3] 1350-1260 1400 1313
C-O stretch primary/secondary alcohol [3] 1100-1050 1122 1094 1105 1097 1099
C-N h of ami 1032 1030 1032 1033 1032
-N stretch of amine [3, 6, 8-10] 1210-1020 916 916
Methylene -(CHz)n- rocking 750-720 841
1 4
Alcohol, OH out-of-plane bend 3] 720-590 816 80 794 839 825
Sulfate ion 680-610 617 (strong) 625 (weak)
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Table S2. H-RES. XPS peaks of C 1s, O 1s, N 1s, Ca 2p and S 2p for APEI and Q-APEI sorbent.
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Table S3. Assignments, Binding energies (BEs), Full width at half-maximum (FWHM) and Atomic
Fractions (AF, %) of APEI, and Q-APEI sorbents.

APEI Q-APEI
Signal Assignments
BE (eV) FWHM AF (%) BE (eV) FWHM AF (%)
C(C H N) 284.27 0.77 4.94 284.97 2.72 94.27
C(-NH, NH2) 285.41 2.44 84.6
Cis C(-O, =N) 286.08 1.82 2.71 286.86 1.56 5.01
C(=0, -0-C) 287.6 1.15 5.7 287.92 0.56 0.43
O-C(=0, C-0) 288.44 0.71 2.05 288.58 0.6 0.29
O-Ca 529.29 1.17 4.43 529.22 0.83 3.54
O1s c=0 530.7 1.27 12.82 530.19 0.77 4.72
O(C, H) 532.27 2.08 82.75 531.89 2.47 91.74
N(C=C, H) 399.2 1.8 61.76 398.44 1.91 63.75
N Is Niert. 400.74 15 38.24 399.7 0.87 3.44
N+ 401.65 2.04 32.81
S2p S 2pie 165.98 1.82 19.03
SO 168.01 1.51 80.97
Cl 2pse 196.42 1.56 60.65
Cl2p
Cl 2p12 198.39 1.25 39.35
Ca 2pspe 347.12 1.62 64.41 346.36 1.6 66.87
Ca2p 349.8 0.52 13.97
Ca 2pie 350.69 0.52 35.59
350.75 1.04 19.16
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Table S4. H-RES. XPS characterization of Q-APEI after loading with uranyl ions.
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Table S5. Assignments, Binding energies (BEs), Full width at half-maximum (FWHM) and Atomic

Fractions (AF, %) of APEI, and Q-APEI sorbents.

Signal Assignments BE (eV) FWHM AF (%)

C (C, H,N) 283.9 0.4 13.26
C(-NH or NHy) 284.58 2.88 59.01
Cls C(-0, =N) 285.85 0.52 12.16
C(=0, -0-C), O-C-0 286.97 2.81 15.57
O1e O(=C, C,H) 531.09 279 96.05
U-0 529.92 1.04 3.95
N(C,=C, H) 398.43 223 69.15

N 1s Neert, N-U 400.75 0.58 2.29
N* 401.55 1.6 28.56

S 2p SO# 167.25 2.8 100
346.07 0.34 37.03
CaZp Ca2pse 346.65 0.58 62.97
U 467 380.23 3.48 61.74
389.71 1.57 13.37
Ut U dfse 391.34 1.9 2131
Satellite peak 384.31 1.22 3.58
738.35 0.57 18.83
739.85 119 35.16
U 4d U4d 737.4 0.48 13.33
736.45 0.96 22.61
742.9 0.6 10.07

U 4pl U 4p1 1272.31 0.05 100
U 4p3 U 4p3 1048.93 0 100
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Table S6. SEM-EDX analysis of Q-APEI after U(VI) sorption at different pH values.
pH SEM EDX
1 Elem Wit% At %
C K 43.07 58.15
OK 30 30.41
SK 16.96 8.58
CIK 5.6 2.56
UL 437 0.3
o Total100 100
c el
- = ’ i .
tMagn  Det WO Exp F—— 200um 2.20 4.20 6.20 0.20 10.20 12.20 14.20 16.20
.0 102x BSE 9.8 0
2 Elem Wit% At%
CK 46.43 61
§ OK 32.72 32.27
c NaK 3.69 2.53
o SK 6.16 3.03
CIK 1.16 0.51
2 UL 9.84 0.66
2] e 3 U Total 100 100
% Na Cl
. i
Dot WD Exp - 200um 2.10 410 6.10 8.10 1010 12.10 14.10 16.10
3 Elem Wit% At %
CK 52.01 66.69
& s OK 299 2874
NaK 0.87 0.58
SK 578 2.77
o CIK 1.17 0.51
UL 1027 0.71
Y Total 100 100
C1
Na '“;'
.1 1.10 6.10 8.10 10.10 12.10 11.10 16.10
4 Elem Wit% At%
& CK 33.83 58.31
OK 24.66 31.9
NaK 3.81 3.43
SK 4,22 2.73
CIK 1.44 0.84
UL 32.04 2.79
100 100
210 4.10 6.10 8.10 10.10 12.10 14.10
5 Elem Wt% At %
CK 31.25 51.72
OK 28.02 37.58
NaK 4.92 4.25
SK 4.79 3.01
CIK 0.97 0.54
UL 30.05 2.9
Total 100 100
U
: ‘ i G i e
T D 00 8.20 10.20 1z.20 14.20
E 99 0
6 & Elem Wit% At %
CK 50.79 67.75
OK 2508 2512
NaK 5.19 3.62
& s SK 381 1.9
u CIK 1.53 0.69
UL 13.6 0.92
Na |Cl Total 100 100
J‘ i s s L E | Lkl
2.10 1.10 6.10 810 10.10 1Z.10 1110
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Table S7. Uptake kinetics modeling — PFORE (pseudo-first order rate equation), PSORE (pseudo-second
order rate equation) and RIDE (resistance to intraparticle diffusion equation — Crank equation).

Model Equation Parameters
PFORE [11] ot Geat ki
t) = 1-— ekt
q( ) qeq,l( e ) (mg gl) (min‘l)
PSORE [11] ® = Qg2 X ky Xt eq? k
s 1 + qeg2 X k; X & (mg gt (L mg™ min-1)
RIDE [12] D q’t
_ba(a+ 1)exp[ezq”
@ =1- Z r
Ueq ~  9+9a+qla’ De
With gn being the non-zero roots of (m? min-)
tangy =——0 and  MA__1
3+« an VC, 1+«

Table S8. Sorption isotherm modeling [13, 14]

Model Langmuir Freundlich Sips
q Ams X bS xceqz/ns
Equation _ qmL X b, X Ce q = kf C:{;n 9 = 1 + be X C 1/?15
= 1 7 b, x Ceq S €eq
(mL ke qms
(mg g)* (mg'th gt L) (mmol g)*
Parameters b B b
(L mg1)** (dimensionless) (L mg1)**
ns
i ) (dimensionless)

*: Sorption capacity at saturation of the monolayer; **: Affinity coefficient.
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Table S9. Pre-treatment of PLS (Abu Zeneima ore): initial concentrations of major elements and
residual concentrations after Cu cementation, and after separation of REEs (by oxalic precipitation)

and iron abatement (pH control).

Metal ion Concentration (mg L)
PLS After cementation After REE (oxalic acid) and Fe
(pH control) precipitation
Cu 34000 94.3 3
U 600 450 350
REE 220 214 53
Fe 6500 7700 1925
Table S10. Semi-quantitative EDX analysis of loaded sorbent (pre-treated leachate at pH 2 and 4).
pH SEM micrograph EDX analysis
2 o Element|  Wt%| At%
Na 2298 | 33.67
Al 538 | 671
s 45.03 | 46.83
Si 380 | 455
Fe 1090 | 3.56
U 1191 | 4.68
Total 100 100
. Sy
280 480 6.80 880 1080 1280 1480 1680 1880
4 S

Element | Wt% | At%
Na 34.09 | 48.19
Al 4.65 | 5.60

S 34.40 | 34.86

Si 1.54 1.78

Fe 11.29 3.57

U 14.02 6

Total 100 100

u

6.60 8.60 10.60 12.60 14.60 16.60 18.60
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Figure S1. Determination of the pHrzc of APEI and Q-APEI sorbents by the pH-drift method (Sorbent
dosage, SD: 2 g L*1; contact time: 48 h; agitation speed: 170 rpm; background salt NaCl 1 M (dashed
lines) and 0.1 M (solid lines); T: 22 + 2 °C).
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Figure S2. Effect of equilibrium pH on the distribution ratio of U(VI) (log1o plot) for APEI and Q-APEI
sorbents (Sorbent dosage, SD: 0.333 g L-!; contact time: 48 h; agitation speed: 170 rpm; T: 22 + 2 °C).
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the experimental conditions relevant to pH study and sorption isotherms, respectively; calculations

performed using Visual Minteq, [15]).
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Figure S4. Variation of pH during U(VI) sorption using APEI and Q-APEI sorbents (Sorbent dosage,
SD: 0.333 g L-; contact time: 48 h; agitation speed: 170 rpm; T: 22 + 2 °C).
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Figure S5. U(VI) uptake kinetics using Q-APEI sorbent — Modeling with the PSORE (a) and the RIDE
(b) (SD: 0.3 g L%; pHo: 4; pHeq: 3.79-3.71; Co: 0.214 mmol U L and 0.249 mmol U L for 1+t and 2nd
series, respectively; agitation speed: 170 rpm; T: 22 + 2 °C).
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4 Element | Wt% At%

Si 1.72 2.97
Cu

P 1.19 1.86

s 25.38 | 38.38
Fe

U 0.47 0.10

Fe 20.09 17.45
Cu

Cu 51.15 | 39.24

Total 100 100

o L A — A .
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Figure S6. Semi-quantitative EDX analysis of copper-cake collected after cementation.

Element | Wit% | At%
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Figure S7. Semi-quantitative EDX analysis of iron-cake after pH control at pH 5.
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Figure S8. Effect of time on uranium sorption from multi-component solutions (Co: 350-346 mg U L-!
=1.47-1.45 mmol U L; T: 22 +2 °C; SD: 0.125 g L-; agitation speed: 170 rpm).
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Figure S9. Distribution ratios of Cu, Fe and U after sorption on Q-APEI at pHeq: 2.98 and 3.81 (pHo: 2
and 4, respectively) from pre-treated PLS (inserted numbers represent the relevant sorption capacities

at equilibrium, pmol g-1).
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Figure S10. Selectively coefficients SCu/cu and SCurre for metal sorption from pre-treated PLS (Co: 3
mg Cu L' =0.047 mmol Cu L, 1925 mg Fe L' = 34.47 mmol Fe L, 350-346 mg U L' = 1.47-1.45 mmol

U L, SD: 0.125 g L+; agitation speed:

170 rpm; agitation time: 24 h).
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Figure S11. Semi-quantitative analysis of the yellow cake produced from the eluates of sorbent after

U-loading from ore leachates at pH 2 and pH 4.
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Figure S1. Alloga locality of Abu Zienema area, South Western Sinai, Egypt.
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