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Synthesis of nano-magnetite

Nano-magnetite was synthesized by chemical precipitation of Fe?" and Fe** under
basic conditions, which can be depicted as Eqn. (S1):

Fe?* + Fe3*+ 80H- = Fe304¢+ 4H,0 (S1)

Typically, 0.92 g FeCl; 6H,0 and 0.52 g FeSO4 7H,0O were added to 400 mL DI
water at room temperature under N, conditions, and then NH4OH solution was
titrated to pH 10.0. The suspensions were washed with DI water several times.

The calculation of U(VI) reduction (Ured)

The amount of U(VI) reduction (Ured) was calculated by the difference of adsorbed
U(VI) and extracted U(VI) using Na,CO; solution.! Briefly, 6 mL of 0.2 mol/L
Na,COs; solution was added into the wet paste after reaction. The suspension was
reacted for 30 min under vigorous stirring and glovebox conditions. After
centrifugation at 6000 rpm for 30 min, the amount of extracted U(VI) was detected by
kinetic-phosphorescence-analyzer (KPA-11, Richland, USA).

Detection of dissolved Fe(Il) and Fe(III)

The concentration of dissolved Fe(Il) and Fe(Ill) was demonstrated by
spectrophotometric method. Briefly, 2 mL of 0.15 % phenanthroline solution and 5
mL HAc-NaAc buffering solution were added into 2 mL of supernatant after reaction,
then 1 mL of 10 % hydroxylamine hydrochloride (detection of Fe(Il) was not added)
was added during the measurement of Fe(Ill) concentration, and mixtures were
diluted to 25 mL and were aged for 10 min. The concentrations were detected by

DR3900 UV-VIS spectrophotometer (HACH, USA) at 510 nm.
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Characterization of nano-magnetite

The characterizations of nano-magnetite were provided such as TEM, XPS, TGA and
magnetization technique. The morphology of nano-magnetite was conducted by TEM
(Titan ™ G2 60-300, Hitachi, Japan). The spectra of O Is XPS spectra were
conducted XPS spectrometer (Kratos Axis Ultra) equipped with a monochromatic Al-
Ka source and charge compensation system at 40 eV and sweep steps of 0.05 eV.
TGA was conducted by using a Shimadzu TGA-50 thermogravimetric analyzer with a
air rate of 50 ml/min. The magnetization curve of nano-magnetite was measured by
using a model 155 vibrating sample magnetometer at room temperature over the

ranging from -20 to 20 kOe.
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Figure S1 Characterization of nano-magnetite, A: TEM; B: XPS; C: TGA; D:

magnetization
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Batch adsorption experiments

All experiments were conducted in a glovebox at 293 K. Briefly, 2.5 mg nano-
magnetite was added into 5 mL of 10.0 mg/L U(VI) solution with 0.01 mol/L NaClO4
solutions, and then value of pH was adjusted to 4.0 and then reacted 24 h in glovebox
conditions. The wet paste of solid was collected after centrifugation it at 6000 rpm for
10 min. The effect of polycarbonate centrifuge tubes was conducted by the blank
experiments. Briefly, 5 mL of 10.0 mg/L U(VI) solution with 0.01 mol/L NaClO,
solutions was added into 10 mL polycarbonate centrifuge tubes without nano-
magnetite, and then value of pH was adjusted to 4.0 and then reacted 24 h in glovebox
conditions. The wet paste of solid was collected after centrifugation it at 6000 rpm for
10 min. The results revealed the no effect of polycarbonate centrifuge tubes on U(VI)
adsorption. The adsorption results indicated that adsorption rate of U(VI) significantly
increased with increasing reaction time. Approximate 95 % of U(VI) was absorbed by
nano-magnetite at reaction time of 3 h.

Preparation of samples for XANES and EXAFS analysis

The samples for uranium XANES and EXAFS spectra were prepared in a glovebox
(95 % N, + 5 % H,) at 293 K. Typical, 0.01 mol/L NaClO4 and UO,(NOs3), solution
were pre-equilibrated for 24 h, and then solution was added into nano-magnetite
under vigorous stirring conditions. After adsorption equilibrium (24 h), the Na,S
solution was added into suspensions at different pH and reaction times. After
centrifugation at 9800 rpm for 30 min, wet pastes were sealed in Teflon sample

holders under anaerobic conditions. It is reported that U redox states (such as U(IV),
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U(V) and U(VI)) can be effectively detected by M,-edge high energy resolution
XANES method at relatively low (1000 ppm) total U concentrations. The high
resolution EXAFS spectra were obtained by using spherical bent crystal analyzer in
fluorescence mode. Briefly, sample, spherical bent crystal analyzer (radius of
curvature, 182 mm) and 32-element Ge detector were located on the geometrical
structure of Rowland circle. The samples were irradiated with a beam of X-rays at 45°
and then the fluorescence emitted from sample was captured by spherical bent crystal
analyzer.

The values of energies (AE®) were fixed to decrease the degree of freedom during the
data fitting. The goodness of fit between the experimental and theoretical spectrum
was evaluated by R-factor (a least squares residual). Briefly, an initial fit for each
shell of atoms was conducted by altering the type of shell and coordination numbers.
Then the best fits were obtained by iteratively adjusting bonding distance and Debye-
Waller factor at the 1 % significance level. The non-integral CN was finally obtained
due to the average information of coordination sites. The accuracies of bonding
distance were determined = 0.05 A.

Theoretical calculations

All density functional theory (DFT) calculations were performed by using the Vienna
ab initio Simulation Package (VASP).> 3 The projector augmented wave (PAW)
method was used to describe the electron ion interaction.* 3 The electron exchange
correlation energy was treated within the generalized gradient approximation in the

Perdew-Burke-Ernzerhof formalism (GGA-PBE).® The calculations were performed
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with the cutoff energy of 600 eV and Gaussian electron smearing method with ¢ =
0.05 eV. Spin-polarization was included in all the structural optimizations. The
Brillouin zone integration was calculated using 3x1x2 Monkhorst-Pack k-point mesh
for a (2x1x2) supercell of y-FeOOH.” It is well known that DFT could not properly
handle the strong on-site Coulomb repulsion of the d and f electrons for solid
materials. For Fe eclement, a Hubbard term with U= 5 eV was found to the best
compromise for reproducing the experimental band gap of 2.0 eV of the bulk y-
FeOOH.® For U element, a Hubbard term with U= 1.9 eV for U(VI) was used as
previously,” whereas Hubbard term with U = 4.0 eV for UOy(s).!” The lattice
parameters of y-FeOOH used here were achieved from high accuracy geometry
optimization of a unit cell.!' The antiferromagnetic arrangement (AFM) was taken
into account for y-FeOOH with antiparallel spin into and between layers in all the
calculations. Figure S2 shows the optimized structure of the lepidocrocite (a = 3.05 A,
b=12.59 A and ¢ = 3.85 A), which was agreed very well with the previous study (a=
3.08 A, b=12.50 A and c=3.87 A).!! Figure S3 shows three possible binding fashions
of U(IV) with orthorhombic lattice of y-FeOOH, whereas five basically possible
positions of U(V) and U(IV) were showed in Figure S4 and S5, respectively.

The required energies (Egg) of uranium (U(IV), U(V) and U(VI)) desorbed from v-
FeOOH were calculated by the differences in the Gibbs free energies of the products
and reactants, which can be described by Eqns. (S2-S4):

Ege = Eurs::0)s + Ereoont —Ereoo-uV-4En" - SEmo — 2Es> (S2)

Ege = Euvoss:0): T Ereoon —Ere00-0V0:-2En* - 4Ew.0 —Eg* (S3)
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Ege = Ev¥ 0:s#:0) + Ercoon —Ere00-v¥ 0:-En - 4Em0 — Eg* (S4)

U(IV)-2

Figure S3 Initial binding modes of U(IV) cations in the initial (2x1%2) supercell of

lepidocrocite. Red, O; H, grey; Fe, green; U, blue.
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Figure SS Initial binding modes of U(VI) in the initial (2x1%2) supercell of
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Table S1 Reaction energies of U(IV), U(V) and U(VI) with lepidocrocite under

different binding fashions

AE
M Reacti
odes (keal/mol) eactions

UIv)-1 -49.56

FeOO-U!Y +4H* + 5H,0 + 28% = UIVS,(H,0)s + FeOOH
U(Iv)-2  -26.16

U(VD-1 2112
U(VD-2  -24.67

U(VD-3  -19.13
FeOOH
.U.(MI.).'.‘"......:18587.... ----- eecccccccoe eeccccccce eececccccee eeccccccce eecccccccee oo

U(VD-5 2199

FeOOH
U(V)1-1416 ..... cesessesses cesesseses cesessesens cesesseses cesessesens .
U(v)-2 -14.17
U(Vv)-3 -12.78 FeOO-UVO, + H + 4H,0 + S* = UY0,S(H,0)4 + FeOOH

FGOO-UVOZ — H20 —-2H" + Fe(H20)53+ + 8% =
UVOQS(H20)4' + FeOOH

U(V)—Sa -13.88 FeOO—UV02 —-2H" + FC(H20)53Jr = UVOQ(H20)5+ + FeOOH
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Desorption of Fe?* and total Fe (Fe** and Fe’*)
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Figure S6. Effect of reaction time (A and B) pH (C and D) on desorption of Fe?" (A

and C) and total Fe (B and D) from nano-magnetite under different S> conditions

Iterative transformation factor analysis (ITFA)

ITFA method has been extensively used for the EXAFS spectra of U(VI).5!1>15 The

fraction of the U(VI), U(V) and U(IV) in uranium-bearing sorption samples was

calculated by as following steps. Firstly of all, the number of main components for all

sorption samples was optimized using principal component analysis (PCA) approach.

The EXAFS spectra of sorption samples were reproduced by a linear combination of

three components (i.e., U(VI), U(V) and U(IV)). Secondly, iterative target test (ITT)

and VARIMAX procedure have been applied to determine the relative concentrations

of U(VI), U(V) and U(IV) by assuming UO, and UO5 with 100 % of U(IV) and U(VI),
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respectively.
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Figure S7 U Ly-edge EXAFS spectra of standards (UO,?*, deliensite and uraninite)
and samples (UpHS_Z, UpH3_128 and UpH7_128)-

Table S2 Adsorption (Uads), desorption (Udes) and reduction (Ured) of U, fractions

of U(VI), U(V) and U(IV) in UpH3_29 UpH3_128 and UpH7_128 samples

Sample ULds Uges Ured Uuvn RE uw RE um RE
(mg/g)  (mg/g) (mg/g) (%) (%) (%)
Upns 2 7.88 6.70  0.18 83.9 0.25 2.5 3.24 13.2  0.53

Upns 128 7.88 4.65 2.83 1225 0.65 8l1.2 2.1 6.3 0.86

Upn7 128 22.10 1.24 1945 6.68 069 767 354 856 0.26
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