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Materials

Uranyl nitrate hexahydrate salt (UO2(NO3)2.6H20) was purchased Thomas Baker (Chemicals)
Ltd. Sodium carbonate (Na;CO3) and HNO3; were purchased from Rankem Glasswares and
Chemicals Pvt.Ltd., India respectively. Phosphorylated cellulose nanocrystal- ferrihydrite
(PCNCFH) was synthesized in the laboratory. For the synthesis of PCNCFH, FeCls-6H>0,
STMP, and Na>SO4 were obtained from RANKEM Glasswares, Sigma Aldrich, and Chemicals
Pvt. Ltd., India respectively. All chemicals were of analytical grade and were used without

further purification. Deionized (DI) water was used throughout the experiments.
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Instrumentation

High Resolution Transmission Electron Microscopy (HRTEM) - TEM images were
obtained using a JEOL 3010 instrument fitted with an ultra-high resolution (UHR) polepiece,
operating at an accelerating voltage of 200 kV. For high-resolution TEM (HRTEM) analysis,
the nanocomposite was first dispersed in water, and the suspension was subsequently drop-cast
onto carbon-coated copper grids. The prepared grids were left to dry under ambient conditions

at room temperature for imaging.

Infrared (IR) — IR spectra are collected using PerkinElmer IR instrument within the range of

400-4000 cm™.

Raman Spectroscopy - Raman spectroscopy was performed using CRM Alpha 300 S
microRaman spectrometer of WiTec GmbH (Germany). A glass slide with a cavity (which can
hold 100 pL of the sample solution) was mounted on the piezoelectric scan stage of the setup.
The spectra (for pH 7.53 and pH 9.01) were collected at 633 nm laser excitation. The spectra
for pH 5.01 were collected using a Lightnovo miniRaman handheld spectrometer with an
excitation wavelength of 785 nm for all measurements. Integration times (tin¢) for spectra collected
using Aex = 633 and 785 nm were 5 and 20 s, respectively. Laser powers (P) were 10—-11 and
90 mW, respectively. The background subtraction of the spectrum was done using a second-
order polynomial. All reported Raman spectra represent an average of 10 spectra, which were
background corrected using a blank (water) Raman spectrum, and intensities were corrected
by dividing spectral counts by laser power and integration time. To compare spectral intensities
collected on the various Raman detectors, an ethanol standard was used so that instrument
correction factors (from detectors and excitation wavelengths) were estimated. Briefly, Raman
bands from the symmetric stretching mode of uranyl UO,?" were analyzed using a peak analysis
protocol (Casa XPS) using data between 750 - 880 cm™!. Then, the second derivative of this
spectral window were smoothed using the Savitzky-Golay filter (8 points) in Origin 2025b.
Both Gaussian and Lorentzian functions were used for spectral analysis. Species were
determined by setting vibrational frequency windows expected from the literature.'> Fwhm (

I") values for all uranyl species were set between 13 - 20 cm .

Computational Details - All electronic structure calculations and Born—Oppenheimer
molecular dynamics (BOMD) simulations were performed within the Kohn—Sham density
functional theory (DFT) framework.? The exchange—correlation effects were described using

the Perdew—Burke—Ernzerhof (PBE) functional, combined with molecularly optimized double-
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{ valence polarized short-range (DZVP-SR) basis sets, as implemented in the CP2K software
package.*> For the auxiliary plane-wave basis, a kinetic energy cutoff of 300 Ry and a
reference grid cutoff of 60 Ry were used.®’ The core—valence interactions for Fe, H, O, C, and
U atoms were modeled using Goedecker—Teter—Hutter (GTH) pseudopotentials, which are
compatible with the selected basis sets.® Long-range dispersion interactions were accounted
for via Grimme’s D3 correction scheme.’ Given the relatively large size of the simulation cell,
Brillouin zone sampling was limited to the I'-point. Structural optimizations for the uranium
complexes and a-Fe,Os surfaces were performed until the forces on all atoms were smaller than
0.02 eV/A, and the energy convergence criterion for the self-consistent field (SCF) cycles was
setto 107 eV. Spin polarization was included throughout all calculations to accurately describe
the magnetic ordering of Fe** centers in a-Fe203. A 4 x 4 supercell of hexagonal a-Fe203,
measuring 20.36 A x 20.36 A x 32.55 A and containing 96 Fe and 144 O atoms, was considered
to study the adsorption of uranium-based complexes, where the large supercell ensures minimal

lateral interactions between periodic images of the adsorbate.

Taking into account the strong correlation between 3d-electrons of the Fe atom, it is
well-established that a Hubbard U term acting on the Fe 3d atoms is required in addition to the
standard density functional to get an accurate description of the electronic structure. To account
for the strong on-site Coulomb interactions associated with localized d and f electrons, which
are not adequately described by standard GGA or LDA functionals, we employed the DFT+U
approach. Specifically, the simplified Dudarev scheme,'® as implemented in CP2K/Quickstep,
was used, wherein the Hubbard correction is introduced through a single effective parameter
Uey = U — J, with U and J representing the on-site Coulomb and exchange interaction
parameters, respectively. For simplicity, Uey is generally referred to in literature as “U”,!! and

the same convention is adopted here.

Based on prior literature, a Hubbard U value of 5 eV was applied to Fe 3d states, which
is known to yield an accurate description of the magnetic and electronic properties of o-
Fe;03.!21 Uranium in the studied complexes predominantly exists in the hexavalent oxidation
state, corresponding to a 5f° electronic configuration. Because U(VI) lacks partially occupied
5f orbitals, strong on-site correlation effects are expected to be minimal. Hence, energies were
computed both using a small on-site Coulomb parameter (U = 2 eV) on Uranium and without

any additional Hubbard correction (U = 0 eV). This approach is consistent with earlier
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computational studies on the U(VI) systems. For example, Grabias et al.'> employed U =0 eV

for uranium and successfully described the structure and stability of U(VI) hydroxyl species.

In addition, the widely used value of U = 4.0 eV was derived specifically from spectroscopic

16.17 and its transferability to other uranium species and

measurements of UO2, a U(IV) system,
oxidation states is not guaranteed.'® Indeed, earlier estimates for neutral uranium atoms yielded
considerably lower values for U (2.3 eV'? and 1.9 eV?°), highlighting the strong system
dependence even within uranium chemistry. Also, Beridze and Kowalski'® demonstrated that
the U value depends strongly on both the oxidation state and the chemical environment of
uranium. For instance, the U values that they derived for uranium halides, oxides, and
oxyhalides span a narrow range: UO3 =2.6 eV, UCls =2.2 eV, UOF4=2.8 eV, UFs = 3.1 eV,
and are consistently smaller by approximately 2 eV than the widely adopted UO»-derived value
of 4.0 eV. All these reports justify the small U correction (U = 0-2 eV) employed in the present
study. Initial structures of the surface—adsorbate systems were generated using the PACKMOL
software.?! BOMD simulations were conducted in the canonical (NVT) ensemble at 300 K
with a time step of 1 fs, and the temperature was maintained using a Nosé—Hoover chain
thermostat.>?> A vacuum gap of at least 15 A was introduced along the surface normal to
eliminate interactions between repeated slabs. For each system, the NVT simulations were
conducted for about 2.5 ps to identify a representative low-energy adsorption geometry of the
uranium complex on the a-Fe203(0001) surface. The minimum-energy configuration sampled
during the trajectory was extracted and subsequently optimized using spin-polarized DFT
without any Hubbard correction (U = 0). After full relaxation, single-point SCF calculations
were performed on the optimized structures by introducing the appropriate on-site Coulomb
corrections (Hubbard correction). These Hubbard U—corrected energies were then used for

calculating the binding energies.

The binding energy (Eping) of a uranium complex on an a-Fe>O3(0001) surface was
calculated using the formula, Eving = Esurface+uc — Esurface — Euc, Where Esurface+uc and Esuface are
the total energies of the uranium complex adsorbed on a-Fe>O3(0001) surface and the pristine
a-Fe203(0001) surface, respectively, and E,. is the energy of an isolated uranium complex.
Visualization of trajectories and generation of molecular structures were performed using

VMD?* and VESTA.

Regarding solvation treatment, the uranyl complexes were handled according to their intrinsic

coordination chemistry. The hydroxo complex, [(UO2)3(O)(OH)3(H20)s] *, incorporates six
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explicit inner-sphere water molecules as part of its primary coordination shell, which were
retained in all DFT and BOMD simulations, providing explicit quantum mechanical treatment
of first-shell interactions. The carbonato complex, [UO2(COs)3]*, does not coordinate with
water molecules in its primary sphere and was treated accordingly. No implicit continuum

solvent model was applied beyond the first coordination shell in either case.

We note that the absence of extended solvation may affect the absolute adsorption
energies, primarily due to the lack of long-range dielectric screening and bulk solvent
stabilization. In particular, solvation could influence the relative stabilization of charged
species and interfacial hydrogen-bonding networks. However, since all systems are treated
within the same computational framework and the primary coordination environment is
explicitly considered, the relative adsorption trends and comparative reactivity are expected to
remain valid. A fully explicit solvation treatment would require substantially larger system
sizes, longer simulation times, and systematic sampling of solvent configurations, which are

beyond the scope of the present study.

Visualization of trajectories and generation of molecular structures were performed using
VMD?* and VESTA.
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Figure S1. Comparative FTIR spectra of uranyl stock solution prepared at pH 5.0, 7.5 and 9.0
(pH are adjusted by HNO3/Na,CO3).
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Figure S2. FTIR spectra of PCNCFH and U(VI) adsorbed PCNCFH (U-PCNCFH) at pH 7.5.
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Figure S3. Comparative Raman spectral peak fitting analyses for the uranyl solution collected
at Aex = 633 and 785 for (a) pH 7.5, (b) pH 9.0.
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Figure S4. (a) Raman spectra for the various concentrations of U(VI) stock solutions at pH
5.0. (b) Peak area vs concentration graph as per the data presented in (a).
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Figure S5. (a) Raman spectra for the various concentrations of U(VI) stock solutions at pH
7.5. (b) Peak area vs concentration graph as per the data presented in (a).
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Figure S6. (a) Raman spectra for the various concentrations of U(VI) stock solutions at pH
9.0. (b) Peak area vs concentration graph as per the data presented in (a).

S9



pH7.5 pH 9.0
(a) I UO,(CO,);* 816 cm™ (b) Il U0,(CO,);*
2(CO;)5 cm” 1 . 2(C0;)5™ 816 cm™ —_— in.
I (UO,);(OH);* z 838 om— 90 min : somin
: : — —
— 60 min. :
§ § — 45 min.
.
© — 45min.  — —
i — 30min.
g | s | S el
> : : > :
s e ] : — 15min.
c - d c :
[} : - ] :
< — 15 min. < I
: : — 5 min. ‘
; .: — Input
760 780 800 820 840 860 880 760 780 800 820 840 860 880

Raman shift (cm™)

Raman shift (cm™)

Figure S7. (a) Time-dependent Raman spectra of the interaction of PCNCFH with U(VI) at (a)
pH - 7.5 (b) pH - 9.0. Weight of the material taken: 2.5 g. All the Raman spectra were
deconvoluted using Casa XPS software.?
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Figure S8. Pseudo-first-order kinetics graph for PCNCFH at (a) pH 5.0, (b) pH 7.5, and (¢) pH

9.0.
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Figure S9. Zeta potential as a function of pH (range 5 -10) for PCNCFH particles in water (2
mg in 2 mL).
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Figure S10. (2) Bulk hexagonal conventional unit cell (containing 6 formula units) of a-Fe20s.
The antiferromagnetic spin arrangement, with up and down arrows indicating opposite spin
orientations at the Fe sites, that we considered while optimising this system, is shown. (c) Side
view of the a-Fe>O3(0001) -(2 x 2) slab model (unrelaxed) consisting of nine atomic layers. (b,
d) Top and side views, respectively, of the optimized 4 x 4 a-Fe203(0001) supercell used for
the binding energy calculations.
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(c)

Figure S11. (a, c) Top and side views of the optimised [UO2(CO3)3]* complex and (b, d) Top
and side views of the optimised [(UO2)3(0)(OH)3(H20)6]" complex.

Figure S12. Side views of the optimised (a) [UO2(COs)3]* and (b) [(UO2)3(0)(OH)3(H20)s]"
complexes adsorbed onto the a-Fe>03(0001) surface.
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Figure S13. Energy profiles of (a) [UO2(CO3)3]* and (b) [(UO2)3(0)(OH)3(H20)s] " complexes
adsorbed onto the a-Fe203(0001) surface. The most stable configurations considered for further
optimization are highlighted with a red circle.

Table S1. Comparative U(VI) removal efficiency of PCNC and PCNCFH, calculated from

ICPMS data
Adsorbent Material Input conc. | Qutput conc. Removal
amount (mg) of U(VID) of U(VI) capacity (%)
(ppb) (ppb)
PCNC 100 9944.05 6745.34 32.16
PCNCFH 100 9100 254.8 97.20

Table S2. Variation of binding energies with Hubbard U for the uranium complexes adsorbed on the
a-Fe203(0001) surface.

Ebpina (eV) Ebpina (eV)
Hubbard U value . .
[(UO2)3(0)(OH)3(H20)6] [UO2(CO3)3]™
Fe (U =5), Uranium (U =2) —8.958 —8.659
Fe (U=4), Uranium (U =2) -9.173 -8.991
Fe (U =4), Uranium (U =0) —9.927 —9.263

Equations used

The correlation between area under the peak and concentration of solution:
y=mx+c Equation (1)

Where, y is area under the peak, x is concentration of the solution (mM), and c is the intercept
and m is slope of line of the plot of y versus x. For calculating the unknown concentrations of
solution at all pH, the (x,y) data points of line in Figure S3b, Figure S4b and Figure S5b were
taken as reference for pH 5.01, 7.53 and 9.01, respectively.

Adsorption Kinetics can be expressed by using pseudo-second-order equation:
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t 1 1 .
ok + ;t Equation (2)

gt (mg/g) and ge (mg/g) are the amount of adsorbed uranium at particular time t and equilibrium,

respectively.

k2 (g mg™! min') is the adsorption rate constant.
Adsorption kinetics can be expressed by using pseudo-first-order equation:

In(ge-qt) = Inge -kit Equation (3)
qt (mg/g) and qe (mg/g) are the amount of adsorbed uranium at particular time t and equilibrium,

respectively.

ki pseudo-first-order rate constant (min 1),

The maximum uptake of uranium (q¢) by nanocomposites at particular time (t) was determined
using the following equation:

qi= (Co-Ce) * V/m Equation (4)

where q: (mg/g) represents the amount of U(VI) species adsorbed per gram of adsorbent at
particular time t, C. is the equilibrium concentration of U(VI) in the bulk solution (mg/L), C,
is the initial concentration of U(VI) (mg/L), V is the volume of the solution (L), and m is the
mass of the adsorbent (g).
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