Electronic Supplementary Material (ESI) for Environmental Science: Nano.
This journal is © The Royal Society of Chemistry 2018

Supplementary Information (SI) of
Simultaneous Elimination of Cationic Uranium(VI) and Anionic Rhenium(VII)
by Graphene Oxide-Poly(ethyleneimine) Macrostructures: a Batch, XPS,

EXAFS, and DFT Combined Study

Zhi-Wei Huang 2, Zi-Jie Li 2, Qun-Yan Wu 2, Li-Rong Zheng °, Li-Min Zhou °, Zhi-Fang Chai 9,
Xiao-Lin Wang ¢, Wei-Qun Shi 2*

2 Laboratory of Nuclear Energy Chemistry and Key Laboratory for Biomedical Effects of Nanomaterials and
Nanosafety, Institute of High Energy Physics, Chinese Academy of Sciences, Beijing, 100049, China
b School of Chemistry, Biological and Materials Sciences, East China University of Technology, Nanchang
330013, China
¢ Beijing Synchrotron Radiation Facility, Institute of High Energy Physics, Chinese Academy of Sciences, Beijing,
100049, China
4 School of Radiological and Interdisciplinary Sciences (RAD-X), and Collaborative Innovation Center of
Radiation Medicine of Jiangsu Higher Education Institutions, Soochow University, Suzhou 215123, China
¢ Institute of Nuclear Physics and Chemistry, China Academy of Engineering Physics, Mianyang, Sichuan, 621900,
China
* Corresponding authors: E-mail: shiwq@ihep.ac.cn (W.Q. Shi). The first two authors contributed equally to this

work.

EXAFS models for U(VI)-loaded GO-PEI samples. The paths of U-O,,, MS of
U-O,, U-O/Ngq were fitted from the crystal structure of [UO,][NH,],0,[H,0]s, the
U-C; and U-U paths were fitted from the crystal structures of Na,UO,(CO;); and
schoepite, respectively, whereas the U-C, shell at 3.45 and 3.50 A was from
UO,(CsHgO4)(C19HgN;) and UO,(dbsf)(phen) (dbsf: 4,4’-dicarboxybiphenyl sulfone,

phen: 1,10-phenanthroline), respectively.

Table S1. Description of the U EXAFS model for the treated GO-PEI samples with

uranium. The variables in the model are marked with bold type.

Path R (A) CN AR (A) 62 (A2  AE (eV)

U'Oax 1.81 2 AROax O-ZOaX AE(]




U-Oaxl—oaxz 3.61 2 Z'ARoax 2'0-20ax AEO

U-Op1-U-Opp 361 2 2-AR g 20%0n  AE
U-O,1-U-Oyy 361 2 2-ARou 4% AE
U-O/Neqi 231 Nocqt ARocq1 o AE
U-O/Neg 2.50 6/5-Noeqt  ARoeq Poqt AE
U-C, 2.86 Nex ARcy 0004  AE,
U-C, 3.45/3.50 Nea ARcy 0.004  AE,
U-U 3.83 Ny ARy 0004  AE,

Pseudo-first-order and pseudo-second-order kinetic models and fitting results.
The adsorption kinetic data were fitted by using pseudo-first-order and pseudo-

second-order models, and their linear form can be expressed as:

Pseudo-first-order: In(q,-q,) = Inq, - kqt

Pseudo-second-order:
where g, and g, represent the amount of metal adsorbed at equilibrium and time ¢,

respectively; k; and &, are the rate constants of the two models, respectively.

Table S2. pH values of the solutions with different molar ratios of Na,COj; to UO,?",

Co(U) = 100 mg/L.

molar ratio (Na,CO3:UO,(NO3),) 0:1 1:1 2:1 3:1

Solution pH 4.20 542 6.64 8.51

Table S3. Kinetic parameters of the adsorption of U(VI)/Re(VII) on the GO-PEL

Pseudo-first-order Pseudo-second-order
pH e €Xp ky g.cal 2 ky qg.cal .
(mg/g) (/min) (mg/g) (x10-3g/mg/min) (mg/g)

3.5 32.12 0.109 28.45 0.937 5.239 30.49 0.983



Re

5.0

218.66

8.3 (10ppm) 26.04

3.5

6.0

151.00

61.81

0.170

0.947

0.772

0.135

204.71

25.81

151.38

56.57

0.949

0.999

0.998

0.938

1.273 215.63 0.991
0.384 25.89 0.999
54.08 151.80 0.999
3.32 60.28 0.984

Adsorption isotherms and fitting results

The adsorption isotherm data were fitted by using Langmuir and Freundlich models

The Langmuir and Freundlich isotherm models are expressed as:

Langmuir:

Freundlich:

Ce Ce

e Im

quL

1
Inq, = Inky + —InC,
n

where ¢g. and C, represent the adsorption capacity and the concentration of metal ions

at equilibrium condition respectively; ki is the Langmuir isotherm constant and ¢, is

the maximum adsorption capacity of the adsorbent. kg is the Freundlich isotherm

constant and 1/n is related to the heterogeneity parameter of the sorbent.

Table S4. Isotherm model parameters for the adsorption of U(VI) and Re(VII) on GO-

PEI at pH 3.5 and 5.0.

Langmuir Model Freundlich Model
Adsorbate  pH Naclo. m i R? e n R?
concentration (mg/g) (L/mg) (mg/g)

3.5 oM 75.1 0.010 0.966 1.00 1.452 0.990

. 5.0 oM 555.8 0.297 0.931 192.6 3.639 0.991
oM 458.89 0.010 0.992 11.138 1.505 0.990

3.5 0.01 M 310.85 0.001 0.996 0.665 1.132 0.995

e 0.1 M 54.64 0.018 0.985 1.397 1.382 0.999

6.0 oM 396.43 0.003 0.999 2.582 1.268 0.999




0.01M

219.39 0.001

0.998

0.299

1.111

0.999

Table S5. Adsorption capacities of various adsorbents for U(VI) as reported.

Experimental Adsorption
Adsorbents References
conditions capacity
GO pH 4.0, RT 299 mg/g !
Amidoximated Fe;04@GO pH 5.0, 7=298 K 284.9 mg/g 2
Polyaniline/GO pH 3.0, 7=298 K 245.65 mg/g 3
PEI/Spirulina pH 5.0, T=298 K 279.5 mg/g 4
Titanate nanotubes pH 5.0, 7=298 K 333mg/g 3
Carbonaceous Nanofibers pH 4.5, T=298K 125mg/g 6
Vanadium Carbide MXene pH 5.0, RT 174mg/g 7
pH 3.5, RT 75.1 mg/g
GO-PEI This study
pH 5.0, RT 629.5 mg/g

Table S6. Simultaneous adsorption of coexisting metal ions in original seawater on

the GO-PEI. Contact time =3 h, m/V'=0.2 g/L.

Element Co (mg/L) Cr (mg/L) % removal
Na 9897.14 9871.11 0.3%
Mg 1373.67 1370.81 0.2%
Sr 8.07 7.97 1.2%
Co (ng/L) Cr (ng/L)
Ni 17.11 15.39 10.1%
\Y% 2.29 1.27 44.5%
Zn 10.21 8.37 18.0%
Mo 5.11 4.42 13.5%
Al 15.23 12.35 18.9%

Table S7. Alternative

structural parameters around uranium in U pHS5.0 and



U pH8.3 1 derived from EXAFS analyses by constraining the sum of CN of

equatorial oxygens/nitrogens to be 5 .

Sample Shell CN R(A) o2 (A2) AE, (eV)d Ry, Red-y2
U_pH5.0 U-O,, 20 1.82(0)  0.003(0) 14.8(1.0) 6.0x10°5, 11.5
U-ONe  2.7(4) 2392)  0.007(2)¢
U-ONez 230 2.55(2)
U-C, 1.4(5) 2932)  0.004¢
U-C, 3.0(1.0)  348Q2)  0.005¢
U pH83 1  U-Oy 24 1.82(0)  0.003(0) 13.7(1.0) 8.6x10°5, 10.4
U-ONeg  2.9(6)" 241(2)  0.005(2)¢
U-ONez  2.1° 2.54(3)
U-C, 1.8(5) 2932)  0.004%
U-C, 3.0(1.1)  3482)  0.004%

Note: CN: coordination number; R: bond distance; ¢%: Debye-Waller factor; Ry, Red-y?: quality of

fit as defined in the literature; Number in parentheses present the errors in the last digit.  Value

fixed during the fit; © 6> was allowed to vary but linked for two equatorial O/N shells; ¢ AE, was

allowed to vary but lined for all paths

Table S8. Structural parameters for aqueous ReO4 and Re pH3.5 derived from

EXAFS analyses. FT-! range from 3.9 to 14.8 A-! and FT from 1.0 to 1.8 A.

Sample Shell CN R (A) 02 (A%  AEy;(eV) Ry Red-y2
ReOs (aq) Re-O 4  1.74(1)  0.001(1) 10.52.6) 5.8x10%, 171
Re pH3.5 Re-O 3.9 1.74(1) 0.001(1) 11.4(3.3) 2.0x10%4 712
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Figure S1. Characterizations of the pure GO and GO-PEI. (a) The GO-PEI SEM, the
inset in the top left corner is an image of the GO-PEI; (b) XRD patterns, and (c) Zeta
potentials.
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Figure S2. SEM and XRD characterizations of the treated GO-PEI with uranium

adsorbed.
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Figure S3. Effect of ionic strength on the U(VI) adsorption on GO-PEI, Cy(U)=100
mg/L, m/V=0.4 g/L.
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Figure S4. (a) Reusability of the GO-PEI in the removal of U(VI). m/V=0.4 g/L,
Co(U)=100 mg/L, pH=5.0. A 0.1 M HNOj; solution was utilized to desorb the
adsorbed U(VI). (b) Reusability of the GO-PEI in the removal of Re(VII). m/V=0.4

g/L, Cy(Re)=100 mg/L, pH=3.5. A 0.1 mM NaOH solution was utilized to desorb the

adsorbed Re(VII).
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Figure S5. XPS survey spectra of the fresh GO-PEI, U pHS5.0, and U pHS.3.
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Figure S6. (a) The k*-weighted Re Li-edge EXAFS spectra of the ReO4 (aq)
reference and the GO-PEI sample after rhenium adsorption at pH 3.5 (Re_pH3.5), and
(b) corresponding FT spectra. Cy(Re)=100 mg/L, m/V=0.4 g/L, dotted lines:

experimental data; solid lines: fitted data.

Theoretical computational details

In order to investigate the coordination modes of U(VI)/Re(VII) with the GO-PEI



at the molecular level, the structures of U(VI)/Re(VII) complexes with PEI were
optimized using density functional theory (DFT). To save computational efficiency, a
unit of PEI was chosen as a computational model. All structures were optimized using
the hybrid exchange-correlation function B3LYP method® with the Gaussian 09
program.” The quasi-relativistic pseudo-potential ECP60MWB and associated
ECP60MWRB valence basis sets were used to describe for U and Re atoms,!%!! the 6-
31G(d) basis set was used for the other light atoms H, C, N, and O. To confirm the
adsorption mechanism of Re(VII) ion, the fragment calculations were carried out in
the ADF program,'?> which could supply an energetic decomposition of the PEI-
Re(VII) interaction. The BP86 functional and the Slater type orbital (STO) basis set
with the quality of the triple-zeta plus polarization (TZP) basis set were used,!3
without the frozen core. The interaction energy (AE;;) between two fragments is
defined as the sum of three terms: AEj,=AEpai + AEes + AEqw,. Here, AE i and AE
are Pauli repulsive interaction and electrostatic interaction energy between the

fragments, respectively. The AE,, gives the stabilizing orbital interaction.
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PEI-UO2-3H20

Figure S7. Structures of the complexes PEI-UO,-nH,O (n=3,4) and the relative
electronic energies (kcal/mol) are provided.

Table S9. Calculated U-N, U-O and hydrogen bond lengths (A) and O,,UO,, bond



angles (degree) for the complexes PEI-UO,-nH,0 (n=3.,4).

UN UN U0, UO, UO, U-O, U-O, U-Oy H-bond O,UO,
PEI-UO,-4H,O-1 2625 - 2618 2653 2584 2218 1781 1778 1772 177.9
PEI-UOr4H,0-2 2631 - 2610 2703 2585 2229 1779 1778  1.817 177.3
PEI-UO»-4H0-3 2622 2,653 2.547 2541 2541 — 1774 1779 11'88‘;‘(‘)/ 174.8
PEI-UO,-4H,0-4 5582 2,665 2.590 2.654 2495  — 1787  1.772  1.657 176.5
PEI-UO>-3H,0 2500 2,630 2.630 2.629 2587 - 1.776  1.774 - 178.6

3N denotes the nitrogen atom of PEI molecule, O, denotes the oxygen atom of water
molecules.
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Figure S8. Structures of the complexes PEI-UO,-CO;-nH,0 (n=1-3) and the relative
electronic energies (kcal/mol) are provided.
Table S10. Calculated U-N, U-O, U-C and hydrogen bond lengths (A) and O, UO,,

bond angles (degree) for the complexes PEI-UO,-CO;-nH,0 (n=1-3).2

U-N UN U0, UO, U0, U0, U-O, U-0, U-C H-bond 0,,UO,,
PEI-UO,-CO;-3H,0-1  2.655 - 2240 2301 2525 2694  1.788 1792 2771 1.824/1.691/ 171.0
1.661/1.763
PEI-UO,-CO;-3H,0-2  2.665 - 2233 2288 2.652 2609  1.788 1.787  2.771 1~6014é 19-2731/ 169.4
PEI-UO,-CO;-3H,0-3  2.695 - 2285 2289 2600 2512 1781 1.789  2.803 1~6113g 18-9742/ 170.9
PEI-UO,-CO3-3H,0-4  2.700 - 2235 2272 2570 2636 1791 1.788  2.763 1.657/1.767/ 170.9

1.887
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20, denotes the oxygen atom of carbonate group, C denotes the carbon atom of carbonate group.
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Figure S9. Structures of the complexes PEI-UO,-2CO; and the relative electronic

energies (kcal/mol) are provided.

Table S11. Calculated U-N, U-O and U-C bond lengths (A) and O,,UO,, bond angles

(degree) for the complexes PEI-UO,-2CO;.

U-N U-O, U-O, U-O, U-O, U-On U-Op U-C U-C OuyUO
PEI-UO,-2CO5-1 2,636 2372 2.280 2.434 2387 1.804 1.811 2.809 2.852 175.3
PEI-UO,-2CO5-2 2584 2370 2340 2371 2419 1.810 1.804 2821 2.844 177.6
PEI-UO,-2CO5-3 2709  2.419 2315 2402 2334 1.803 1.807 2.823 2.831 175.4
PEI-UO,-2CO5-4  2.644 2456 2362 2375 2288 1.805 1.810 2.854 2.811 176.1
PEI-UO,-2COs-5 2.634 2432 2320 2416 2321 1.805 1.808  2.834 2.852 174.6
PEI-UO,-2CO5-6  2.713  2.428  2.350 2.394 2289 1.804 1.818 2.846 2.824 173.8
PEI-UO,-2CO5-7  2.618  2.337 2439 2300 2387 1.810 1.808 2.821 2.854 175.2
PEI-UO,-2CO5-8  2.650  2.401 2.334 2398 2308 1.812 1.811 2.828 2.837 175.4
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Figure S10. Structures of the protonated PEIH-ReO, (a) and PEI-ReO, (b) complexes

PEI-ReO,-1 0.0 PEI-Re0O,-2 3.21 " PEI-Re0,3 3.59

PEI-ReO,-4 4.21

as well as the relative electronic energies (kcal/mol) and hydrogen bonding lengths (A)
are provided.
Table S12. Interaction energies (kcal/mol) and energy decompositions of the Re(VII)

and PEI/protonated PEI interactions at the BP86/TZP level of theory.

Complexes AE; AEpauii AE AEq

PEI-ReO;, -16.99 16.21 -21.22 -11.98

PEIH-ReO, -100.53 33.91 -102.94 -31.51
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