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Synthesis of Carbonaceous Nanofibers (CNFs). The CNFs were prepared by the 48 

template- directed hydrothermal carbonization (HTC) process.S1 Briefly, 30 mL of 49 

acetone was added into 10 mL of the prepared Te nanowire solution to precipitate the 50 

product before centrifuging at 6000 rpm, which was then dispersed into 80 mL of 51 

glucose solution (5.0 g of glucose) under vigorous stirring for 15 min. Hydrothermal 52 

treatment of the mixed solution at 160 ºC for different times could result in Te@C 53 

nanocables with various diameters. Pure CNFs could be obtained by removal of Te 54 

templates by chemical etching in an acidic H2O2 solution.    55 

Preparation of IR, XPS, XANES and EXAFS Samples.  56 

The samples for IR and XPS analysis were prepared as followed procedures: 3.0 mL 57 

of 0.1 mol/L NaClO4 solution and 15 mL of 20.0 mg/L U(VI) or Eu(III) were added 58 

into 50 mL polycarbonate tubes, and then 12 mL of 0.4 g/L the CNF solution were 59 

added into the aforementioned solution. The pH values of suspension were adjusted to 60 

be 4.5 by adding negligible volume of 0.1-5.0 mol/L HClO4 or NaOH solution. Then 61 

the suspension was agitated on a shaker for a reaction time of 24 h. The solid and 62 

liquid phases were separated by centrifugation at 7104 ×g for 30 min. The samples for 63 

IR and XPS analysis were obtained by drying them in vacuum oven overnight. For 64 

samples of XPS analysis after desorption (CNFs_U(d) and CNFs_ Eu(d)), 15 mL of 65 

the aforementioned supernate after centrifugation was removed and then 15 mL of 66 

0.02 mol/L NaClO4 solution was added. The pH values of suspension were adjusted 67 

to be 4.5 by adding negligible volume of 0.1-5.0 mol/L HClO4 or NaOH solution. 68 

Then suspension was agitated on a shaker for a reaction time of 24 h. The solid and 69 
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liquid phases were separated by centrifugation at 7104 ×g for 30 min. The powder 70 

was obtained by freeze drying it overnight. 71 

The samples for XANES and EXAFS analysis of Eu(III)- and U(VI)-bearing CNFs at 72 

different pH and initial concentrations were prepared in the glove box filled with 73 

nitrogen gas (< 1 ppm CO2) to eliminate the effect of atmospheric CO2 on the fitting 74 

of U/Eu-C shell of CNFs. Briefly, the CNFs with 0.01 mol/L NaClO4 were weighted 75 

into 250 mL flask bottles and then Milli-Q water (boiled then bubbled with Ar gas) 76 

was added and pre-equilibrated for 24 h. The CO2-free Eu(NO3)3 or UO2(NO3)2 77 

solutions were slowly dropwise added under vigorous stirring conditions. Then the 78 

suspensions were adjusted to pH 4.5 or 7.0 by using negligible volume 0.01-1.0 mol/L 79 

HClO4 or NaOH solution. Samples were then gently agitated on a shaker for 24 h. 80 

The solid phase was separated from liquid phase by centrifugation at 7104 × g for 30 81 

min and then through 0.22-µm membrane filters. The wet pastes of Eu(III)- and 82 

U(VI)- bearing CNFs were mounted in Teflon sample holders with Kapton tape.  83 

Analysis of EXAFS data. Uranium and europium LIII-edge EXAFS spectra were 84 

measured at Shanghai Synchrotron Radiation Facility (SSRF, Shanghai, China) using 85 

Si(111) double-crystal monochromator. The spectra of all samples were collected in 86 

fluorescence mode with high-throughput 30-element solid-state Ge detector. For 87 

XANES analysis, the data of reference samples (UIVO2(s) and UVIO2
2+) were derived 88 

from our previous studies.S2 EXAFS spectra were extracted from the subtraction of 89 

background and the correction of energy for raw EXAFS data. The extracted EXAFS 90 

spectra of Eu(III) and U(VI) were Fourier transformed (FT) using the k range of 91 
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2.0-10.0 and 2.8-11.5 Å-1, respectively. The values of R for Eu(III) and U(VI) were set 92 

in the range of 0-6.0 and 0-9.0 Å, respectively. The k2-weighted EXAFS data were 93 

analyzed using Athena and Artemis interfaces to IFFEFIT 7.0 software.S3 The paths of 94 

U-Oax, U-Oeq, U-C and U-U shells were fitted from the crystal structures of schoepite 95 

((UO2)8O2(OH)2
.12H2O) and Rutherfordine (UO2CO3),

S4,S5 whereas the Eu-O, Eu-Eu 96 

and Eu-C shells were fitted from the crystal structures of Eu(OH)3
S6 and 97 

[Eu(µ-CH3COO)(CH3COO)2 (H2O)2]2·4H2O. S7 
98 

Batch Adsorption Kinetics and Isotherms. For adsorption kinetics, 0.6 mL of 0.1 99 

mol/L NaClO4 solution and 3.0 mL of 20.0 mg/L U(VI) or Eu(III) solution were 100 

added into 10 mL polycarbonate tubes. The pH of the suspension was adjusted to 4.5 101 

and then the suspension was agitated on a shaker for different reaction times ranging 102 

from 2.0 to 240 min. For adsorption isotherms, 0.6 mL of 0.1 mol/L NaClO4 solution 103 

and 3.0 mL of 1.0-30.0 mg/L U(VI) or Eu(III) solution were added to the 10 mL 104 

polycarbonate tubes. The pH of the suspension was adjusted to 4.5, and the 105 

suspension was then agitated on a shaker for a reaction time of 24 h. The solid and 106 

liquid phases were separated by centrifugation at 7104 ×g for 30 min. 107 

The calculation of amount of reduction of U(VI) to U(IV). The amount of 108 

reduction of U(VI) to U(IV) was calculated by the change in the energies of 109 

adsorption edge of XANES spectra. A linear combination of the samples was fitted by 110 

using the two references spectra of UVIO2
2+ and UIVO2 (s). Therefore, the amount of 111 

reduction of U(VI) to U(IV) can be calculated as Eqn. (S1): 112 

Reduction	�%
 =
���×���_����
���_������


��_����
���_����

                        (S1) 113 
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where E0_U(VI), E0_sample and E0_U(IV) referred to the energies of adsorption edge (E0 114 

values) of UVIO2
2+, CNFs_U(a1) pH 7.0 and UIVO2 (s), respectively. The values of 115 

E0_U(VI), E0_sample and E0_U(IV) were 17178.503, 17177.980 and 17177.029 eV, 116 

respectively. Therefore, the percentage of reduction of U(VI) to U(IV) was calculated 117 

to 35.48 %.  118 

Adsorption Kinetics. The pseudo-first-order and pseudo-second-order kinetic models 119 

can be described by Eqns. S2 and S3, respectively: 120 

ln�q! − q#
 = lnq! − k% × t	                                 (S2) 121 

#

&'
=

�

(�×&�
) +

#

&�
                                            (S3) 122 

where qe and qt (mg/g) are the amount of radionuclides adsorbed at equilibrium and at 123 

time t, respectively. kf and ks are the pseudo-first order and pseudo-second order 124 

kinetic rate constant, respectively. The fitted results and the corresponding kinetic 125 

parameters are shown in Figure S1 and Table S1, respectively. 126 

Table S1. The parameters of pseudo-first-order and pseudo-second-order kinetic 127 

model of U(VI) and Eu(III) sorption on the CNFs 128 

Adsorbates Pseudo-first-order Pseudo-second-order 

 qe (mg/g) kf (min-1) R2 qe (mg/g) ks (g/(mg.min)) R2 

U(VI) 139.35 0.044 0.927 1000 5.00×10-4 0.999 

Eu(III) 303.69 0.0060 0.735 1000 7.65×10-5 0.999 

 129 
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Figure S1. The fitted results of pseudo-first-order and pseudo-second-order kinetic 131 

models of U(VI) and Eu(III) sorption on the CNFs 132 

Calculation of Surface Site Concentration. The surface site concentration of the 133 

CNFs was calculated according to data of acid-base titration. The acid-base titration 134 

of the CNFs at 0.01 mol/L NaClO4 solution was performed at 298 K with a DL50 135 

Automatic Titrator (Mettler Toledo, Switzerland). Briefly, 40 mL of 0.16 g/L the 136 

CNFs with 0.01 mol·L-1 NaClO4 background electrolyte was purged with argon gas 137 

(< 1 ppm CO2) for 60 min under vigorous stirring to exclude atmospheric CO2(g). The 138 

initial suspensions were adjusted to pH 3.0 by adding 0.1 mol/L HNO3 solution 139 

gradually. The base titrations were conducted to pH 11.0 with 0.01 mol/L NaOH 140 

titrant at a variable increment (0.002 to 0.02 mL) under the dynamic mode and the 141 

equilibration time conditions. The values of Gran function (G) at acid and base side 142 

can be calculated by Eqns. S4 and S5, respectively:S8 143 

At	acid	side: G0 = �V� + V0 + V2
 × 10�56 × 100                (S4) 144 

At	base	side:	G2 = �V� + V0 + V2
 × 10���8.:�56
 × 100           (S5) 145 
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where Ga and Gb are the Gran functions at the acid and base sides, respectively; V0 is 146 

the initial volume of the suspension. Va and Vb represent the total volume of acid 147 

added and base added at different titration points, respectively. The linear regression 148 

analysis of Gran plots at acid side (Veb1) and at base side (Veb2) can be considered as 149 

the neutralization with excess H+ cations. As shown in Figure S3, the value of Veb1 150 

and Veb2 were calculated to be 0.55 and 2.2 mL at 0.01 mol/L NaClO4 solution.  151 
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Figure S2. Gran plots of the CNF titration at 0.01mol/L NaClO4, V0 = 40 mL, m/v = 153 

0.16 g/L and T = 298 K. 154 

The total surface site concentration of the CNFs per solid weight (Hs, mmol/g) 155 

calculated from the two equivalence points on the Gran plot (Veb1 and Veb2) is defined 156 

by the Eqn. (S6):S9 157 

H< =
�=�>)�=�>?
×@>

A�
                         (S6) 158 

where Cb and ms refer to the concentration of NaOH (0.01 mol/L) and mass of the 159 

CNFs (0.0064 g), respectively. Therefore, the total surface site concentration of the 160 

CNFs was calculated to be 2.578 mmol/g.  161 
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Distribution of radionuclides in aqueous solutions. The distribution of U(VI) and 162 

Eu(III) in aqueous solutions were calculation by visual MINTEQ mode (Figure 163 

S3).S10 164 

Table S2. The equilibrium constants of U(VI) and Eu(III) species in aqueous solution 165 

Reactions Log K Ref. 

U(VI) 

UO2
2+ + H2O = UO2OH+ + H+ 

UO2
2+ + 2H2O = UO2(OH)2 + 2H+ 

UO2
2+ + 3H2O = UO2(OH)3

- + 3H+ 

UO2
2+ + 4H2O = UO2(OH)4

2- + 4H+ 

UO2
2+ + CO3

2- = UO2CO3 (s) 

UO2
2+ + 2CO3

2- = UO2(CO3)2
2- 

UO2
2+ + 3CO3

2- = UO2(CO3)3
4- 

Eu(III) 

Eu3+ + H2O = EuOH2+ + H+ 

Eu3+ + 2H2O = Eu(OH)2
+ + 2H+ 

Eu3+ + 3H2O = Eu(OH)3 + 3H+ 

Eu3+ + 4H2O = Eu(OH)4
- + H+ 

Eu3+ + CO3
2- = EuCO3

+  

Eu3+ + 2CO3
2- = Eu(CO3)2

-  
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Figure S3. The relative distribution of radionuclides as a function of pH in aqueous 167 

solutions, C0 = 10.0 mg/L, PCO2 = 10-3.5 atm, I = 0.01 mol·L-1 NaClO4, T = 298 K. 168 
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Calculation of precipitate. The amount of schoepite and Eu(OH)3(s) under 169 

atmospheric CO2 was derived from the previous study.  170 
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Figure S4. The amount of schoepite (A) and Eu(OH)3(s) (B) under atmospheric CO2, 172 

C0 = 10 mg/L, T = 298 K. 173 

Adsorption Isotherms. The Langmuir and Freundlich models can be expressed by 174 

Eqns. (S7) and (S8), respectively: 175 

Q! =
&�×CD×@�

�ECD×@�
                            (S7) 176 

Q! = KG × C!
�/J                            (S8) 177 

where Ce (mg/L) and Qe (mg/g) refer to the equilibrium solute concentration and the 178 

amount of adsorbate adsorbed per unit mass of adsorbent, respectively. KL (L/mg) and 179 

KF ((mg1−nLng−1)) are the equilibrium constants of Langmuir and Frenudlich models, 180 

respectively. qm (mg/g) represents the maximum adsorption capacity.  181 

XPS analysis. The difference in binding energies of C 1s and O 1s of the CNFs 182 

before and after U(VI) and Eu(III) desorption was summarized in Table S3.  183 

 184 



 S12 / 18 

 

Table S3. The binding energy of the CNFs after Eu(III)/U(VI) adsorption and 185 

desorption. 186 

 C (eV) O (eV) Radionuclide (eV) 

CNFs 284.79 531.93 NAc 

CNFs_Eu(a)a 284.80 532.37 1135.39 

CNFs_Eu(d)b 284.81 532.04 NA 

CNFs_U(a) 284.74 532.98 335.3 

CNFs_U(d) 284.24 532.29 NA 

a Adsorption of Eu(III) on CNFs; b Desorption of Eu(III) on CNFs; c no analysis; 187 

Table S4. The deconvolution of C 1s of the CNFs after radionuclides adsorption.  188 

Samples Functional groups Binding energy (eV) Relative ratios (%) 

CNFs C-C 

C-O 

C=O 

C(O)O 

284.70 

286.02 

287.80 

289.00 

64.28 

20.98 

9.050 

5.690 

CNFs_U(a) C-C 

C-O 

C=O 

C(O)O 

284.72 

286.24 

287.60 

288.86 

68.51 

17.61 

7.060 

6.820 

CNFs_Eu(a) C-C 

C-O 

C=O 

C(O)O 

284.72 

286.06 

287.31 

288.51 

56.19 

25.93 

5.670 

12.21 

EXAFS Spectra Analysis of U(VI) Samples. Figure S5 showed the k2-weighted U 189 

LIII-edge EXAFS spectra of the reference (UO2
2+, schoepite) and samples 190 

(CNFs_U(a2) pH 4.5, CNFs_U(a1) pH 4.5 and CNFs_U(a1) pH 7.0). The EXAFS 191 

spectra of UO2
2+ species showed a distinct cyclic evolution, whereas a different 192 

feature for UO2(OH)2 precipitate was observed at κ > 6 Å-1 due to the existence of 193 

U-U back scattering. As shown in Figure S6, the similar EXAFS spectra features were 194 

observed for CNFs_U(a1) pH 4.5 and CNFs_U(a1) pH 7.0, whereas the FT features 195 
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of CNFs_U(a2) pH 4.5 were significantly different from those of CNFs_U(a1) pH 4.5 196 

and CNFs_U(a1) pH 7.0. 197 
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Figure S5. The k2-weighted U LIII-edge EXAFS spectra of the reference and samples, 199 

m/V = 0.16 g/L, CU(VI) = 10.0 mg/L, I = 0.01 mol/L NaClO4, T = 298 K. 200 

EXAFS Spectra Analysis of Eu(III) Samples. Figure S6A and S6B showed the 201 

k2-weighted europium EXAFS spectra and the corresponding Fourier transform (FT) 202 

data of reference samples and CNFs_Eu pH 4.5 and CNFs_Eu pH 7.0, respectively. 203 

The position of absorption line at ~6983 eV indicated that Eu was trivalent in all 204 

samples in terms of X-ray absorption near edge structure spectra.S13  205 

For aqueous Eu(III) ions, a single wave frequency of monotonically decreasing 206 

amplitude was observed at k > 3 Å-1 (Figure S6A), which was attributed to a single 207 

ordered coordination shell.S14 The EXAFS spectra for crystalline Eu(OH)3 displayed 208 

evident frequencies compared to aqueous Eu(III) ions. The difference was not only 209 

attributed to multiple backscattering paths in the first coordination shell, but also can 210 

be related to the presence of higher atomic shells.S15 Compared to reference samples, 211 

the broaden oscillation at k ~ 6.5 Å-1 for CNFs_Eu pH 4.5 and CNFs_Eu pH 7.0 was 212 
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due to the formation of inner-sphere surface complexes.S13 213 

As shown in Figure S6B, FT features at near 2.0 Å for all samples were related to the 214 

contributions from oxygen atoms of the nearest coordination shell. High amplitude 215 

contributions at R ~3.6 Å for crystalline Eu(OH)3 originated mainly from next-nearest 216 

Eu backscattering shells.S15 Only weak contribution at ~ 3.1 Å for crystalline Eu(OH)3, 217 

aqueous Eu(III) ions may originate either from multiple backscattering paths within 218 

the first coordination shell or from single backscattering paths from second and more 219 

distant hydration spheres. The results are quite in good agreement with the results of 220 

Eu(III) interaction with calcium silicate hydrates.S15 FT features displayed the slightly 221 

difference between aqueous Eu(III) ions and CNFs_Eu pH 4.5 and CNFs_Eu pH 7.0, 222 

but the oscillations at k ~ 6.5 Å-1 for CNFs_Eu pH 4.5 and CNFs_Eu pH 7.0 were 223 

wider than aqueous Eu(III) ions. FT features of obtained for Eu(III) adsorbed on 224 

CNFs_Eu pH 7.0 looks similar to crystalline Eu(OH)3, but difference somewhat is 225 

observed at R ~ 4.2 Å. The fit to the EXAFS data was simultaneously done for 226 

reference samples and CNFs_Eu pH 4.5 and CNFs_Eu pH 7.0 (dash lines at Figure 227 

S7A). The structural parameters derived from EXAFS analyses were summarized in 228 

Table S5. The REu-O value of ~2.45 Å for CNFs_Eu pH 4.5 and CNFs_Eu pH 7.0 was 229 

an average bond distance composed of Eu-O contribution, the hydration shell Eu-OH2 230 

and the excessive carboxylate groups Eu-O (CNFs) contribution on Eu(III) adsorption 231 

on the CNFs.S14-S16 The coordination number of first coordination shell (Eu-O path) 232 

decreases from ~6.69 to ~6.02 with pH increasing from 4.5 to 7.0, which indicated 233 

that the Eu(III) was coordinated with a hydration sphere of ~7 O in the first 234 
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coordination shell on CNFs_Eu pH 4.5 and with ~ 6 O in the first coordination shell 235 

at pH 7.0. Attempts to include the Eu-C sphere contribution to the EXAFS data for 236 

CNFs_Eu pH 7.0 suggested the formation the inner-sphere surface complexes. Results 237 

of EXAFS analysis suggested that the interaction mechanism between Eu(III) and the 238 

CNFs was determined from mononuclear monodentate complexes to binuclear 239 

bidentate surface complexes with increasing pH values. 240 
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Figure S6. k2-weighted Eu LIII-edge EXAFS spectra (A) and the corresponding 242 

Fourier Transforms (B) of the reference samples and selected adsorption samples, 243 

respectively, m/V = 0.16 g/L, CEu(III) = 10.0 mg/L, I = 0.01 mol/L NaClO4, T = 298 K. 244 

 245 

 246 

 247 

 248 

 249 
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Table S5. EXAFS results of reference samples and Eu(III) adsorbed on the CNFs at 250 

Eu LIII-Edge, T= 298 K, I=0.01 mol·L-1 NaClO4 251 

Sample shell R(Å)a Nb     σ2(Å 2)c 

Eu(OH) 3 

 

Eu(aq) 

CNFs at pH 4.5 

 

CNFs at pH 7.0 

Eu-O 

Eu-Eu 

Eu-O 

Eu-O 

Eu-C 

Eu-O 

Eu-C 

Eu-Eu 

2.404(8) 

3.648(9) 

2.423(1) 

2.412(8) 

2.316(9) 

2.407(5) 

2.311(0) 

3.531(2) 

9.08(0) 

1.91(0) 

8.47(4) 

6.68(0) 

4.01(9) 

6.03(4) 

4.42(0) 

2.35(8) 

0.0015(8) 

0.0055(0) 

0.0067(3) 

0.0060(0) 

0.0060(0) 

0.0030(0) 

0.0030(0) 

0.0030(0) 

aR: the bond distance. bN: coordination numbers of neighbors. cσ2: the Debye-Waller 252 

factor. 253 
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