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Table S1a. Reminder on equations used for modeling uptake kinetics [1, 2]. 

Model Equation Parameters Ref. 

PFORE 𝑞(𝑡) = 𝑞𝑒𝑞,1(1 − 𝑒−𝑘1 𝑡)

qeq,1 (mmol g-1): sorption ca-

pacity at equilibrium 

k1 (min-1): apparent rate con-

stant of PFORE 

[1] 

PSORE 𝑞(𝑡) =
𝑞𝑒𝑞,2

2 𝑘2𝑡

1 + 𝑘2𝑞𝑒𝑞,2𝑡

qeq,2 (mmol g-1): sorption ca-

pacity at equilibrium 

k2 (g mmol-1 min-1): apparent 

rate constant of PSORE 

[1] 

RIDE 

𝑞(𝑡)

𝑞𝑒𝑞
= 1 − ∑

6𝛼(𝛼 + 1)exp (
−𝐷𝑒𝑞𝑛

2

𝑟2 𝑡)

9 + 9𝛼 + 𝑞𝑛
2𝛼2

∞

𝑛=1

With qn being the non-zero roots of 

tan 𝑞𝑛 =
3 𝑞𝑛

3+ 𝛼𝑞𝑛
2and 

𝑚 𝑞

𝑉 𝐶0
=

1

1 + 𝛼

De (m
2 min-1) : Effective dif-

fusivity coefficient  
[2] 

(m (g): mass of sorbent; V (L): volume of solution; C0 (mmol L-1): initial concentration of the solution). 
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Table S1b. Reminder on equations used for modeling sorption isotherms [2-4]. 

Model Equation Parameters Ref. 

Langmuir 𝑞𝑒𝑞 =
𝑞𝑚,𝐿𝐶𝑒𝑞

1 + 𝑏𝐿𝐶𝑒𝑞

qm,L (mmol g-1): Sorption capacity at saturation 

of monolayer 

bL (L mmol-1): Affinity coefficient 

[3] 

Freundlich 𝑞𝑒𝑞 =  𝑘𝐹𝐶𝑒𝑞
1/𝑛𝐹 kF and nF: empirical parameters of Freundlich equation [4] 

Sips 𝑞𝑒𝑞 =
𝑞𝑚,𝑆𝑏𝑆𝐶𝑒𝑞

1/𝑛𝑆

1 + 𝑏𝑆𝐶𝑒𝑞
1/𝑛𝑆

qm,S, bS and nS: empirical parameters of Sips equation 

(based on Langmuir and Freundlich equations) 
[2] 

Akaike Information Criterion, AIC [5]: 

𝐴𝐼𝐶 = 𝑁 ln (
∑ (𝑦𝑖,𝑒𝑥𝑝. − 𝑦𝑖,𝑚𝑜𝑑𝑒𝑙)

2𝑁
𝑖=0

𝑁
) + 2𝑁𝑝 +  

2𝑁𝑝(𝑁𝑝 + 1)

𝑁 − 𝑁𝑝 − 1

Where N is the number of experimental points, Np the number of model parameters, yi,exp. and yi,model the ex-

perimental and calculated values of the tested variable. 
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Table S2. Parameters of the PSORE for the modeling of uptake kinetics for the different sorbents. 

Sorbent 
Agitation 

mode 

qeq,exp. 

(mmol U g-1) 

qeq,2 

(mmol U g-1) 

k2 × 10 

(min-1) 
R2 AIC 

Chit MA 0.094 0.412 2.92 0.985 -134

GG MA 0.070 0.098 4.91 0.970 -134

PGG@C #1 MA 0.488 0.641 1.23 0.982 -92

PGG@C #2 MA 0.481 0.645 1.14 0.975 -89

MChit MA 0.065 0.081 13.8 0.961 -131

MGG MA 0.062 0.077 13.4 0.975 -139

PGG@MC #1 MA 0.433 0.529 2.45 0.968 -89

PGG@MC #2 MA 0.438 0.544 2.15 0.964 -88

PGG@C UT 0.501 0.547 6.84 0.980 -94

PGG@MC UT 0.397 0.432 9.85 0.959 -91

MA: Mechanical Agitation; UT, Ultrasonic Treatment. 
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Table S3. Parameters of the RIDE (Effective Diffusivity, De) for the modeling of uptake kinetics for the dif-

ferent sorbents. 

Sorbent 
Agitation 

mode 

De × 1012 

(m2 min-1) 
R2 AIC 

Chit MA 11.7 0.970 -123

GG MA 11.6 0.960 -133

PGG@C #1 MA 13.3 0.975 -86

PGG@C #2 MA 13.3 0.967 -83

MChit MA 5.29 0.965 -133

MGG MA 4.42 0.977 -140

PGG@MC #1 MA 4.82 0.970 -89

PGG@MC #2 MA 4.56 0.965 -87

PGG@C UT 37.4 0.989 -103

PGG@MC UT 11.4 0.973 -98

MA: Mechanical Agitation; UT, Ultrasonic Treatment. 
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Table S4. Parameters of the Freundlich equation for the modeling of sorption isotherms for the different 

sorbents. 

Sorbent 

kF 

(mmol1-1/nF L1/nF g-1) 
nF R2 AIC 

Chit 0.215 1.640 0.981 -87

GG 0.185 1.572 0.969 -85

PGG@C #1 1.449 3.984 0.859 -31

PGG@C #2 1.419 4.106 0.869 -32

MChit 0.167 1.469 0.978 -90

MGG 0.140 1.419 0.963 -87

PGG@MC #1 1.256 3.593 0.891 -36

PGG@MC #2 1.255 3.530 0.890 -36

Table S5. Parameters of the Sips equation for the modeling of sorption isotherms for the different sorbents. 

Sorbent 
qm,exp. 

(mmol U g-1) 

qm,S. 

(mmol U g-1) 

bS 

(L mmol-1) 
nS R2 AIC 

Chit 0.288 0.498 0.830 1.025 0.988 -88

GG 0.256 0.716 0.361 1.216 0.972 -82

PGG@C #1 1.29 1.28 158 0.795 0.972 -45

PGG@C #2 1.27 1.29 63.4 0.941 0.966 -43

MChit 0.239 0.709 0.318 1.157 0.979 -87

MGG 0.203 0.655 0.281 1.140 0.965 -84

PGG@MC #1 1.16 1.18 50.2 0.831 0.987 -55

PGG@MC #2 1.15 1.19 35.1 0.862 0.981 -51
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Table S6. U(VI) sorption properties of PGG@C and PGG@MC sorbents and alternative sorbents (teq, min; qm: mmol U g-1; bL: L mmol-1). 

Sorbent pH teq qm,exp qm,L. bL Ref. 

Tulsion CH-96 (in HNO3 solution) 4 M 600 0.315 0.294 1.48 [6] 

Magn. phosphine oxide/amino funct. composite 0.5 180 0.714 0.826 5.48 [7] 

Tri-octylamine impregnated Siplite LX-16 resin 1.5 60 0.390 0.403 0.93 [8] 

201 × 8 anion-exchange resin (on leachates) 1.57 180 - 0.282 5.71 [9] 

Purolite A400 (strong base anion-exchanger) 1.9 480 - 0.494 61.9 [10] 

Quinoline-silicate Lewatit resin 2.5 30 0.870 0.913 7.78 [11] 

Duolite ES-467 3 90 - 0.326 10.9 [12] 

Dowex 50WX8 / Alizarin Red-S 3 30 0.508 0.512 141 [13] 

Amberlite IRA-402 (trimethyl ammonium) 3 120 - 0.894 11.9 [14] 

Amberlite GG-400 anion exchange resin 3.5 360 - 0.240 57.2 [15] 

Magnetic Momordica charantia leaf/chitosan 5 200 0.987 1.05 8.57 [16] 

Cyanobacterial bloom (Anabaena flos-aquae) 5 60 0.825 0.799 28.6 [17] 

Trioctyl amine impregnated MnO2/zeolite 4 20 0.399 0.416 19.0 [18] 

Aluminum sludge/PVA/sodium alginate 4 240 - 0.176 249 [19] 

Hydroxypyridone-functionalized PE fabrics 4 1200 0.084 0.087 119 [20] 

α-aminophosphonate resin 4 90 1.06 1.31 7.32 [21] 

Magnetic poly(aminophosphonic) PGMA 4 240 1.12 1.20 16.2 [22] 

Magnetic amidoxime-functionalized chitosan 4 90 1.50 1.57 53.9 [23] 

Methyl-α-aminophosphonate funct. chitosan 4 120 1.12 1.35 6.64 [24] 

Chit 4 60 0.288 0.482 0.89 

This work 

MChit 4 60 0.239 0.494 0.54 

GG 4 60 0.256 0.472 0.69 

MGG 4 60 0.203 0.457 0.47 

PGG@C 4 60 1.28 1.32 47.1 

PGG@MC  4 60 1.15 1.22 22.0 

Montmorillonite/Polyamide 6 composite 4.5 30 0.563 0.584 9.76 [25] 

β-cyclodextrin functionalized silica gel 4.5 60 - 0.070 50.3 [26] 

Chitosan fiber 3D-network 5 600 0.748 0.827 223 [27] 

Phosphonic acid functionalized cellulose 5 35 2.63 3.00 100 [28] 

Amidoxime-functionalized silica microspheres 5 120 1.54 1.62 225 [29] 

Sugar beet pulp 5 60 - 0.086 6.43 [30] 

PEI-modified p(GA-EGMA) microbeads 6 120 0.369 0.373 59.0 [31] 

Trimesoyl chloride/Melamine/Palygorskite 6 75 0.588 1.16 0.95 [32] 

Citric acid-treated Luffa cylindrical fibers 6 180 0.756 0.858 2.78 [33] 

Nano-hydroxyapatite/Activated carbon/Alginate 6 420 0.044 0.078 0.95 [34] 

Temperature sensitive urea-formaldehyde resin 6 300 0.399 0.416 928 [35] 

Carboxymethyl konjac glucomannan/gellan gum 6 720 0.414 0.407 45.7 [36] 

Bis-amidoxime functionalized marine fungus 6 110 1.56 1.56 0.38 [37] 

Diethylenetriamine tethered mesoporous silica 6 180 3.87 4.48 3.95 [38] 

Yarrowia lipolytica /alginate beads 7.5 60 - 0.102 2.86 [39]
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Table S7. Composition of selected ore (percentage for major compounds, ppm for minors). 

Compound Percentage (%) Metal ion Content (ppm) 

SiO2 36.81 U 312.57 

Al2O3 11.97 Cu 215.49 

Fe2O3 5.33 Ni 98 

CaO 3.96 V 105.01 

Na2O 3.31 Zn 735.3 

Cl 3.27 Co 37.77 

MgO 4.02 U 312.57 

K2O 0.54 

MnO 3.27 

L. O. I 25.88 

L.O.I.: loss on ignition.

Table S8. Composition of WPS (concentrations, mg L-1; natural pH: 6.3) and sorption efficiency (%) at dif-

ferent pH values (using PGG@C and PGG@MC). 

Element 
WPS 

PGG@M PGG@MC 

pHeq pHeq 

(mg L-1) (µmol L-1) 2.31 3.98 5.94 2.29 3.85 5.88 

Si(IV) 9.957 354.5 10.2 32.1 39.3 9.5 24.5 38.4 

Al(III) 91.12 3377 2.7 12.8 16.0 1.5 10.7 13.6 

Fe(III) 69.05 1236 15.1 28.4 31.8 16.2 29.1 34.0 

Ca(II) 143.86 3589 5.0 23.1 25.8 5.5 22.1 29.0 

Mn(II) 28.928 526.6 3.4 12.1 12.9 6.9 14.1 17.1 

Ni(II) 2.03 34.59 2.0 16.7 27.1 6.4 14.3 35.0 

Cu(II) 32.75 515.4 11.9 30.8 37.2 7.4 22.0 26.9 

Zn(II) 9.05 85.92 10.9 41.5 43.4 11.4 33.8 44.7 

U(VI) 5.62 38.03 29.8 81.3 88.9 20.7 67.7 83.3 
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Table S9. Ionic properties of selected elements (hydrated) 

Element 
Structure 

(a) 

Solution-phase  

electronegativity 

(b) 

Hydrated 

radius (Å) 

(a) 

Hydrated 

radius (Å) 

(c) 

-∆G°

(kcal 

mol-1) 

(b) 

Soft-

ness 

σ 

(d) 

Si(IV) - - - - - 

Al(III) Al(H2O)6
3+ 3.435 0.535 - 1081.5

-

0.31 

Fe(III) Fe(H2O)6
3+ 3.835 0.645 - 1019.4 0.33 

Mg(II) Mg(H2O)6
2+ 2.158 0.72 0.72 437.4 

-

0.41 

Ca(II) Ca(H2O)8
2+ 1.862 1.12 1.00 359.7 

-

0.66 

Mn(II) Mn(H2O)6
2+ 2.458 0.830 0.82 420.7 

-

0.15 

Ni(II) Ni(H2O)6
2+ 2.891 0.690 0.70 473.2 

-

0.11 

Cu(II) Cu(H2O)6
2+ 2.952 0.73 0.73 480.4 0.38 

Zn(II) Zn(H2O)6
2+ 2.796 0.74 0.75 467.3 0.35 

Nd(III) Nd(H2O)9
3+ 3.085 1.16 1.16 783.9 

-

0.58 

U(VI) UO2(H2O)5
2+ - 1.08 0.75 * 

-

0.27 

(a): [40]; (b): [41]; (c): [42]; (d): [43]. ;*: strongly depends on the speciation of uranyl [44]. 

Xu et al [42] scaled the metal ions in function of an acid softness index expressed as the Gibbs free energy 

of formation: 
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Figure S1. SEM images of PGG@C and PGG@MC. 

PGG@C PGG@MC
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Magnetic separation 
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Sample data 
Crystal 

planes 

01-075-0449 01-089-5892

Magnetite, Fe3O4 Maghemite 

Position 

[2θ, deg.] 

d-spacing

[Å]

Rel. Int. 

[%] 

d-spacing

[Å]

Rel. Int. 

[%] 

d-spacing

[Å]

Rel. Int. 

[%] 

30.3268 2.94731 35.2 (220) 2.94 28 2.95 36 

35.6527 2.5183 100 (311) 2.50 100 2.50 100 

37.3 2.41 9.0 (222) 2.41 7 2.40 3 

43.27 2.091 15.19 (400) 2.08 19 2.08 17 

57.5013 1.60278 15.19 (511) 1.60 23 1.6 26 

63.0824 1.47375 40.89 (440) 1.47 33 1.47 35 

74.4108 1.27496 15.62 (533) 1.26 6 1.27 6 

XRD analysis 

Figure S2. Structural characterization of PGG@MC (magnetic behavior) and XRD diffraction patterns. 
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TGA DrTG 

Figure S3. Thermogravimetric analysis (TGA and DrTG) of PGG, PGG@C and PGG@MC. 
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Figure S4. FTIR spectra of different functionalized materials and composites (wavenumber range: 2000-500 

cm-1).
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Figure S5. FTIR spectra of PGG@C (a) and PGG@MC (b), after U(VI) sorption and after 5 cycles of recy-

cling. 
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Figure S6. Determination of pHPZC of PGG@C and PGG@MC sorbents (Sorbent dosage, SD: 2 g L-1; 

Background salt: 0.1 M; Time: 48 h). 

Figure S7. U(VI) speciation – Effect of pH (experimental conditions corresponding to the study of pH effect 

- C0: 0.42 mmol U L-1; pH controlled with HNO3 or NaOH; precipitation begins above pH 4.8; calculated

using Visual Minteq, [45]).
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Figure S8. pH variation during U(VI) sorption using PGG@C and PGG@MC (and intermediary products: 

Chit, MChit, GG, and MGG) (C0: 0.42 mmol U L-1; Sorbent dosage, SD: 833 mg L-1; Time: 48 h; v: 200 

rpm; T: 21 ±1 °C). 

Figure S9. Plot of log10 D (L g-1) vs. pHeq for U(VI) sorption using PGG@C and PGG@MC. 
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Figure S10. U(VI) uptake kinetics using Chit, GG, and PGG@C sorbents: non-magnetic (a) and magnetic 

(b) sorbents – Modeling with the PSORE (C0: 0.42 mmol U L-1; pH0: 4; Sorbent dosage, SD: 300 mg L-1; v:

200 rpm; T: 21 ±1 °C).
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Figure S11. U(VI) uptake kinetics using Chit, GG, and PGG@C sorbents: non-magnetic (a) and magnetic 

(b) sorbents – Modeling with the PSORE (C0: 0.42 mmol U L-1; pH0: 4; Sorbent dosage, SD: 300 mg L-1; v:

200 rpm; T: 21 ±1 °C).
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Figure S12. Effect of ultrasonic treatment (UT) on U(VI) uptake kinetics using PGG@C (a) and  

PGG@MC (b) sorbents – Modeling with the PSORE (C0: 0.42 mmol U L-1; pH0: 4; Sorbent dosage, SD: 

300 mg L-1; v: 200 rpm; T: 21 ±1 °C). 

0.6

0.7

0.8

0.9

1

0 10 20 30 40 50 60

PGG@C #1

PGG@C #2

PGG@C UT

Time (min)

C
(t

)/
C

0

PSORE

(a)

0.6

0.7

0.8

0.9

1

0 10 20 30 40 50 60

PGG@MC #1

PGG@MC #2

PGG@MC UT

Time (min)

C
(t

)/
C

0

PSORE

(b)



Molecules 2021, 26, 1920 21 of 29 

Figure S13. Effect of ultrasonic treatment (UT) on U(VI) uptake kinetics using PGG@C (a) and  

PGG@MC (b) sorbents – Modeling with the RIDE (C0: 0.42 mmol U L-1; pH0: 4; Sorbent dosage, SD: 300 

mg L-1; v: 200 rpm; T: 21 ±1 °C). 

0.6

0.7

0.8

0.9

1

0 10 20 30 40 50 60

PGG@C #1

PGG@C #2

PGG@C UT

Time (min)

C
(t

)/
C

0

RIDE

(a)

0.6

0.7

0.8

0.9

1

0 10 20 30 40 50 60

PGG@MC #1

PGG@MC #2

PGG@MC UT

Time (min)

C
(t

)/
C

0

RIDE

(b)



Molecules 2021, 26, 1920 22 of 29 

Figure S14. Effect of pH on the selectivity coefficients SC(Nd/Me) and SC(U/Me) for PGG@C and PGG@MC 

(C0: 0.5 mmol L-1; SD: 833 mg L-1; v: 200 rpm; T: 21 ±1 °C; Time: 10 h). 
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Figure S15. Comparison of U(VI) desorption kinetics for selected sorbents (metal-loaded sorbents collected 

from uptake  kinetics; 0.2 M HCl eluent; SD: 1.2 g L-1; v: 200 rpm; T: 21 ±1 °C). 
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Figure S16. Geological and location map of mining area. 
Fig. 1. Geological and location map of the studied area. 



Molecules 2021, 26, 1920 25 of 29 

Figure S17. Water washing of ore – Evolution of the concentrations of Cl- (g L-1) and U(VI) (mg L-1) at the 

outlet of the column (Volume fractions: 20 mL; dot line: outlet Cl- concentration: 3 g L-1). 
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Figure S18. Effect of pHeq on sorption efficiency (%) for target elements from WPS using PGG@C and 

PGG@MC. 
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Element 
PGG@C PGG@MC 

At. (%) Wt. (%) At. (%) Wt. (%) 

C 36.8 29.22 31.64 26.29 

O 32.96 27.83 34.85 33.54 

N 5.81 7.84 4.17 5.35 

P 8.95 9.81 6.54 5.43 

Cl 1.29 1.75 0.97 2.04 

S 1.03 3.05 0.47 3.24 

Si 1.36 1.95 1.01 1.38 

Na 1.11 2.47 0.89 3.01 

Al 0.67 1.03 0.79 1.11 

Fe 0.1 0.93 12.09 9.02 

Ca 0.74 1.94 0.52 2.03 

Mg 0.83 0.51 0.41 0.36 

Mn 0.32 0.53 0.29 0.31 

Cu 0.03 0.1 0.01 0.09 

Ni 0.09 0.1 0.01 0.11 

Zn 0.12 0.85 0.01 0.13 

U 7.79 10.09 5.33 6.56 

Figure S19. Semi-quantitative EDX analyses of PCC@C and PGG@MC after contact with WPS. 
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