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Details of adsorption experiment

To prepare the uranium-containing aqueous solution of specific concentration,
first, accurately weigh 2.11 g of UO,(NO;),-6H,0 and dissolve it in 100 mL of
deionized water. Next, transfer the solution to a volumetric flask and adjust the volume
to 1 L to obtain a 1000 mg L-! U(VTI) stock solution. Dilute the stock solution to prepare
the desired concentration of the uranium-containing aqueous solution for subsequent
use. To conduct the adsorption experiment in the uranium-containing aqueous solution,
add a certain mass of adsorbent into a conical flask filled with 50 mL or 100 mL of the
specific concentration of uranium-containing aqueous solution. Place the flask in a
constant temperature water bath shaker for a certain period of time, with the
temperature set to 25°C and the rotation speed set to 160 r min'!. Measure the U(VI)
concentration before and after the adsorption reaction using a UV-Vis
spectrophotometer or ICP-MS. Finally, calculate the adsorption capacity of U(VI) using
Eq. (S1) and (S2).
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where R (%) is the removal rate, ¢. (mg g™!) is the adsorption capacity, Cy (mg L-
I and C, (mg L") are the initial and equilibrium concentrations of U(VI), ¥ (L) is the

solution volume, and m (g) is the mass of the adsorbent.



To determine the optimal amount of adsorbent for the material, an aqueous
solution containing U(VI) was used with a concentration of 50 mg g!, a volume of 50
mL, and varying amounts of adsorbent (5, 7.5, 10, 15, 20, 30, 40, and 50 g). To identify
the optimal adsorption pH for the material, the optimal adsorbent dosage was used and
the pH of the aqueous solution containing U(VI) was adjusted to 2.0, 3.0, 4.0, 5.0, 6.0,
7.0, 8.0, and 9.0 using 0.5 M HNOj; and 0.05 M Na,COs. To study the adsorption
kinetics during the process, the pH of the aqueous solution containing U(VI) was
adjusted to the optimal adsorption pH, and small samples were taken at intervals after
adsorption began (1, 2, 3, 4, 6, 8, 12, 16, 24, 36, 48, 60, and 72 h). To reduce the
influence of sampling on the solution volume, the solution volume was set to 100 mL.
To evaluate the adsorption kinetics of the materials, the pseudo-first-order adsorption
kinetics !, pseudo-second-order adsorption kinetics 2, and internal diffusion model 3

were used to fit the adsorption kinetics, according to Eqs. (S3), (S4), and (S5),

respectively.
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where ¢; (mg g!) is the adsorption amounts at equilibrium time and contact time,

ki (h'") and &, g (mg-h) ! are the pseudo primary adsorption kinetic constants and pseudo



secondary adsorption kinetic constants, respectively. ki, mg (g-h%5) is the internal
diffusion constant.

In order to examine the effect of temperature and initial concentration on the
adsorption performance of the materials, initial concentrations of 50, 100, 150, 200,
250, 300, 350, and 400 mg L' were tested at temperatures of 298.15 K, 308.15 K, and
318.15 K. To evaluate the adsorption isotherms of the materials, Langmuir 4, Freundlich

>, and Temkin ¢ adsorption isotherm models were fitted using Eq. (S6), (S7), and (S8),

respectively.
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where ¢, (mg g!) are the adsorption amount at equilibrium and the theoretical
maximum adsorption amount, K; (L mg-') is the Langmuir adsorption constant, K [(mg
g)(L mg )" is the Freundlich adsorption constant, n is the expression function of
adsorption strength, Kt (L mg™') is for the Temkin isotherm constant, » (J mol!)-(g
mg!) is for the Temkin constant related to the heat of adsorption, and R [J (mol-K) -]
is for the ideal gas constant 8.314.

To evaluate the thermodynamics of the adsorption process, the standard
equilibrium constant K® 78 was calculated using the Langmuir adsorption constant

based on Egs. (S6) and (S9). The van't Hoff isotherm equation and the Gibbs free energy
4



defining equation were then applied according to Eq. (S10) and (S11) for further

analysis.
K°®=K xM, x10°xC® (S9)
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where K is the standard equilibrium constant, M,q4 is the molecular weight of the
adsorbent, C® (mol L) is the standard concentrationl, A H® (kJ mol!) is the standard
enthalpy change, A S® J (mol-K)-! is the standard entropy change, A G° (kJ mol™!) is
the standard Gibbs free energy change, and 7 (K) is the ambient temperature.

To screen for the best desorbent, adsorption experiments were conducted using a
50 mg L-! aqueous solution containing U(VI), and the adsorbed material was eluted
with 50 mL of H,O, 0.1 M HNOs, 0.1 M NaOH, 0.1 M Na,EDTA, and 1 M Na,CO;+0.1
M H,0,. The eluted material was then placed in a constant temperature water bath
oscillator for a specified time period. To investigate the adsorption-desorption cycle
performance of the material, the adsorption experiment was first conducted using a 50
mg L aqueous solution containing U(VI), and then the best desorption solution was
selected for elution. After the elution, the material was washed with deionized water
until neutral, dried in an oven at 90°C, and subjected to another adsorption-desorption
cycle experiment. The equilibrium adsorption amount g. and desorption rate Ds were

calculated using Eq. (S2) and (S12), respectively.
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where, D (%) is the desorption rate and Cyq (mg g™!) is the concentration of U(VI)
in the desorption solution.

To investigate the selective adsorption performance of the material towards U(VI),
a 0.2 mM ion competition solution was prepared containing Na*, Mg?*, K*, Ca?*, Sr?*,
Ba?*, Co?*, Ni?*, Zn?* cations (all nitrates) and U(VI). The adsorption experiments were
conducted and the equilibrium adsorption amount (g.) of each ion was calculated
individually using Eq. (S2). The distribution coefficient (Ky) of each ion was also

calculated using Eq. (S13).

G-C .V (S13)
m

where K4 (mL g!) is the distribution coefficient.

Furthermore, VO3;*, Mn2*, Fe3*, Co?", Ni?*, Cu?" and Zn?*, which have similar
concentrations to U(VI) in seawater, were chosen for adsorption experiments using a
competitive solution with U(VI) formulated at 100 times the ion concentration in
seawater %19, To assess the adsorption selectivity of the materials, the equilibrium
adsorption amount ¢, for each ion was calculated using Eq. (S2), and the distribution
coefficient Ky for each ion was calculated using Eq. (S13).

To investigate the adsorption performance of the materials on U(VI) in real
seawater, 35 g of sea salt was added to 1 L of deionized water to prepare real seawater.

A 1 mg L' U(VI) stock solution was added to 50 mL of real seawater to prepare spiked
6



10, 20, 50, 100, and 200 pg L-! real seawater. The pH of real seawater containing U(VI)
was adjusted to 8 using 0.05 M Na,COs. After reaching adsorption equilibrium, the
remaining U(VI) concentration was detected using ICP-MS.

In addition, a dynamic seawater adsorption device was built, as shown in Fig. S10.
The device consists of an adsorption column, a diaphragm pump, a storage tank, and a
controller. The adsorption column comprises two cylindrical polyurethane sponges
sandwiching the AO-PAM/Alg hydrogel in the middle. The remaining space inside the
column is filled with glass beads. The pH value of the real seawater was adjusted to 8.0
using 0.05 M Na,COs;. A small amount of the solution was periodically taken, and the

U(VI) concentration was detected by ICP-MS.



Theoretical calculation
Simulations were conducted using Gaussian16 software !!. Initially, we optimized
the geometry of all models using the density functional theory (DFT) B3LYP exchange-
correlation functional. Standard 6-311G(d) basis sets with dispersion functions were
employed to describe carbon, hydrogen, oxygen, and nitrogen atoms '%!3. The uranium
atom was described using the Stuttgart quasi-relativistic effective core potential
(RECP) along with the corresponding optimized basis set, which was combined with a
small core RECP to represent the 60 core electrons in uranium for geometric
optimization and single-point energy calculations !4, Subsequently, to enhance the
accuracy of energy calculations, we used the PBE1PBE functional for all models, and
the all-electron basis set def2-TZVP was employed to describe light atoms '°. To
incorporate dispersion interactions, we calculated empirical corrections for all models
using the DFT-D3 method. All calculations were performed using the solvation model
based on density (SMD) for the water model. The binding energy (E.q) of the
coordination structure model was calculated using Eq. (S14).
Eoy = Enoramaisuy ~ Eroramae = Eu (S14)
The surface electrostatic potential analysis of the adsorbed mass was conducted
through a combination of the wave function analysis program Multiwfn 3.7 '6and
Gaussian 16 '! software. The resulting isosurface maps were rendered using the VMD

software 7.
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Fig. S1 The pore size distribution of PAM/Alg and AO-PAM/Alg hydrogel
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Fig. S2 TGA (a) and DTG (b) curves of PAM/Alg and AO-PAM/Alg
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Fig. S3 Photos of AO-PAM/Alg hydrogel after soaking in 1 M NaOH (a) and HCI (b)

for 5 days
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Fig. S4 SEM images of AO-PAM/Alg hydrogel after soaking in I M NaOH (a and b)

and HCl (c and d) for 5 days
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Fig. SS FT-IR curves of AO-PAM/Alg hydrogels after immersion in 1 M NaOH and

HCI for 5 days
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Fig. S6 Zeta potentials of PAM/Alg and AO-PAM/Alg hydrogel at different pH.

14



Adsorpion ~ Elution

Fig. S7 Photos of AO-PAM/Alg before and after adsorption and elution
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Fig. S8 FT-IR curves of AO-PAM/Alg and AO-PAM/Alg-U
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Fig. S9 XRD curves of AO-PAM/Alg and AO-PAM/Alg-U
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Table S1 The mercury intrusion porosimetry (MIP) analysis results

Median pore Total intrusion Total pore
Porosity
Samples diameter (area) volume area
pum mL g-! m? g-! %
PAM/Alg 43.80 2.39 0.19 78.88
AO-PAM/Alg 59.19 1.90 0.12 73.06
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Table S2 Isothermal model parameters.

Langmuir Freundlich Temkin
Isotherm
qm KL KF bT KT
model R’ n R’ R’
mgg!  Lmg! (mg g') (L mgh)'" (Jmol')-(gmg’) L mg!

298.15K 1413.0 0.094 0.999 233.404 2.546 0916 17.510 1.226 0.986
308.15K 1526.6 0.161 0.999 333.003 2.791  0.906 18.120 2.798 0.979
318.15K 1633.6 0.232 0.996 436.566 3.056 0.899 19.130 6.131 0.969
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Table S3 Kinetics model parameters.

Pseudo-first-order Pseudo-second-order Intra-particle diffusion
Kinetics model 7 oy X 102 g Jyx10°3 kip
R’ R? Step R?
mg g'! bt mgg! g(mgh)! mg (g-h®3)!

Step 1 9.061 0.981

PAM/Alg 58.9 1.788 0959 669 1.581 0.990 Step 2 5.489 0.985
Step 3 4.971 0.994

Step 1 64.304 0.991

AO-PAM/Alg 202.4 5.419 0.958 2513 1.163 0.999 Step 2 26.219 0.989
Step 3 3.422 0.802
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Table S4 Adsorption thermodynamic parameter

T A GO A HO A 0
K kJ mol! kJ mol! kJ (mol-K) !
298.15K -80.496
308.15K -82.532 35.831 203.619
318.15K -84.569
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Table S5 The calculated stability data of uranyl ion/complex and charge transfer

Coordination mode E,q(kcal mol!) no. donor ? Charge transfer (a.u.) ®
mode [ -15.706 5 0.167
mode 11 -20.785 5 0.251
mode IIT -32.374 5 0.355
mode IV -42.532 5 0.552
mode V -37.051 5 0.555

2 Number of donor atoms of uranyl

b Based on Mulliken charge



Table S6 Comparison of the U(VI) adsorption capacity of AO-PAM/Alg hydrogel

with those of the previously reported adsorbents

Adsorption conditions

Adsorbent fm Refs
U(VI) concentration (mg g)
Temperature and pH
(mg L)

U/Sr-1P2 40 T =298 K, pH =7.0 316.5 18
Alginate Beads 78 T=298 K,pH=15.0 237.1 19
nZVI@Alg—Ca beads 280 T=318K,pH=3.0 204.1 20
Ca-alginate beads 100 T=298 K, pH =4.0; 400.0 21
aMSP/SA 1000 T=313K,pH=4.0 210.0 22
SA/CMC-Ca-Al 200 T=298 K, pH=4.0 101.7 23
ZIF-67/SAPg 45 200 T =318.15 K, seawater 510.8 24
SA/PVA/PEO/ZSM-5 500 T=318.15K,pH=5.0 92.7 2
MF-A aerogel 300 T=298.15K,pH=4.0  211.22 26

AO-PAM/Alg hydrogel 400 T=318.15K,pH=6.0 1633.6  This work
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Table S7 Comparison of AO-PAM/Alg hydrogel and amidoxime functionalized

adsorbents reported in the past three years in the adsorption capacity of U(VI) in real

seawater
Adsorption conditions Gm
Adsorbents Forms Refs
Adsorption time Condition (me e
AO-PAM/Alg Hydrogel 25 days V=20L;m=3 mg 6.23 This work
MP-PAO Hydrogel 28 days V=100L; m=10 mg 5.8 27
PAO-CB Hydrogel 56 days V=100L; m =10 mg 8.56 28
PLMR Resin 10 days V=200T; m=300g 2.14 29
MS@PIDO/Alg Sponge 56 days V=1T, m=36 mg 1.87 30
Porous
PAF-CS 60 days V=100L; m =5 mg 8.92 31
Powder

CI-PAO Membrane 4 weeks V=100L; m=10 mg 6.17 32
5-AFM Membrane 56 days Soaked in seawater 7.46 33
PAO-BSPE Membrane 33 days Soaked in seawater 5.6 34
AM3 Membrane 10 weeks Soaked in seawater 6.03 33
PAO PNM Membrane 35 days m=3mg 9.35 36
AOBS-M Fiber 30 days Soaked in seawater 0.97 37
PAO-co-AA Fiber 27 days V=30L; m=10mg 5.4 38
FE-PT Fiber 30 days m =100 mg 3.22 39
CID NFs Fiber 87 days V=25L;m=5mg 11.39 40
PAO-PHMB-A Fiber 30 days Soaked in seawater 3.19 4
PAN-NH,-AO Fiber 91 days Soaked in seawater 0.312 42
PAO/Alg NFs Fiber 8 weeks V=8T;m=10mg 8.42 =
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