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ABSTRACT: Uranium(VI) exhibits little adsorption onto sediment minerals in acidic, alkaline or 16 

high ion-strength aqueous media that often occur in U mining or contaminated sites, which 17 

makes U(VI) very mobile and difficult to sequester. In this work, magnetic mesoporous silica 18 

nanoparticles (MMSNs) were functionalized with several organic ligands. The functionalized 19 

MMSNs were highly effective and had large binding capacity for U sequestration from high salt 20 

water (HSW) simulant (54 mg U/g sorbent). The functionalized MMSNs, after U exposure in 21 

HSW simulant, pH 3.5 and 9.6 artificial groundwater (AGW), were characterized by a host of 22 
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spectroscopic methods. Among the key novel findings in this work was that in the HSW simulant 23 

or high pH AGW, the dominant U species bound to the functionalized MMSNs were uranyl or 24 

uranyl hydroxide, rather than uranyl carbonates as expected. The surface functional groups 25 

appear to be out-competing the carbonate ligands associated with the aqueous U species. The 26 

uranyl-like species were bound with N ligand as η2 bound motifs or phosphonate ligand as a 27 

monodentate, as well as on tetrahedral Si sites as an edge-sharing bidentate. The N and 28 

phosphonate ligand-functionalized MMSNs hold promise as effective sorbents for sequestering 29 

U from acidic, alkaline or high ion-strength contaminated aqueous media.        30 

 31 

TOC for abstract 32 
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 35 

1. INTRODUCTION 36 

Uranium contamination often occurs in acidic (e.g., Savannah River Site F-area, pH = 3-4)1 37 

or alkaline (e.g., the Hanford Site 300 area, pH = 8-9)2 groundwater or high ion-strength aqueous 38 

media (e.g., U mine and industrial wastes)3. In such aqueous media under oxic condition, U(VI) 39 

species (e.g., UO2
2+ and UO2

2+-carbonate) typically exhibit weak adsorption to sediments, which 40 

leads to its high environmental mobility and difficult sequestration. One of the favored 41 
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remediation strategies for U is the reduction of U(VI) to its less mobile form U(IV). For 42 

example, microbial reduction4 and zero-valent iron5 have been effective in decreasing the risk 43 

associated with U contamination to the environment. However, bioreduction technologies need 44 

to inject electron donors (e.g., acetate and ethanol) to stimulate the microorganism population for 45 

its sustainable effectiveness, while chemical reduction approaches are not applicable to the low 46 

pH systems. More importantly, the reductive product, U(IV) dioxide, is readily re-oxidized and 47 

U(VI) is re-mobilized under most of the environmental conditions.6-8 Thus, there is a great need 48 

to develop more robust technologies for remediation of U from acidic, alkaline and high ion-49 

strength contaminated systems.    50 

In addition, the U concentration in seawater is ~3.3 µg/L, with a total global pool of ~4.3 51 

billion tons of U in seawater,9 which can support nuclear power production at the current 52 

capacity for nearly 72,000 years. However, an extraordinary challenge for extracting U from 53 

seawater of high salt and complex aqueous chemistry is to develop efficient and cost-competitive 54 

recovery technologies.10, 11  Over the last six decades, the majority of such research activities 55 

have focused on inorganic materials (e.g., hydrous titanium oxide),12 chelating polymers (e.g., 56 

amidoxime-based polymers),10, 13 nanomaterials (e.g., mesoporous carbon14, 15  and silica16-18), 57 

and biologically derived sorbents.19 Amidoxime-based resins or nanomaterials have been 58 

demonstrated to be the most promising adsorbents for recovering U from seawater.10 While 59 

considerable progress has been achieved, the current state-of-the-art adsorbents nevertheless 60 

suffer from severe deficiency in appropriate species selectivity. Therefore, selective and cost-61 

effective adsorbent materials that can lead to feasible and economical technologies for extracting 62 

U from seawater remain an important research need.  63 
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Aqueous U speciation is unusually complex because it readily undergoes hydrolysis, is redox 64 

sensitive, and forms numerous strong complexes especially to environmental concentrations of 65 

phosphate, Cl-, natural organic matter, carbonate, calcium and magnesium.20-23 Furthermore, pH 66 

not only has an impact on the extent of hydrolysis, but also influences the types of complexes, 67 

the extent of (co)precipitation, type of complexes that form, and the extent that polyatomic 68 

species are formed. Uranium speciation has been shown to greatly impact sorption to mineral 69 

surfaces. More specifically, in the Ca-Mg-carbonate aqueous systems, the formation constant 70 

calculations demonstrated that CaUO2(CO3)3
2- is more important than Ca2UO2(CO3)3 and that 71 

the Ca2UO2(CO3)3 distribution increased with increasing Ca2+ concentration. Uranium sorption 72 

onto anion-exchange resins is inhibited by the formation of the neutral Ca2UO2(CO3)3
0 species.24 73 

In this work, we developed magnetic mesoporous silica nanoparticles (MMSNs) that were 74 

further grafted with dihydroimidazole (DIM), polyacryloamidoxime (AD), phosphonate (PP), 75 

phosphonate-amino (PPA), poly(propylenimine) dendrimer (PPI), and poly(amidoamine) 76 

dendrimer (PM). The new functionalized MMSNs are magnetic for the purpose of easy post-use 77 

retrieval, possess high surface areas and mesopore structures to provide more active binding sites 78 

and greater accessibility, with organic binding ligands that can selectively retain U and improve 79 

adsorption capacity. The objectives of this work were as follows:1) evaluate the adsorption 80 

capacities using batch adsorption experiments of these functionalized MMSNs for removing U 81 

from three model systems: high salt water (HSW) simulant, low pH artificial groundwater 82 

(AGW) and high pH AGW; 2) identify the U speciation sorbed to the functionalized MMSNs 83 

using U L3-edge synchrotron X-ray absorption near structure (XANES), Fourier transform 84 

infrared (FTIR) and electron paramagnetic resonance (EPR) spectroscopies; and 3) elucidate the 85 

molecular mechanisms responsible for U species binding to the functionalized MMSNs surfaces 86 
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using U L3-edge extended X-ray absorption fine structure (EXAFS) spectroscopy. One of the key 87 

novel findings in this work is that the dominant U species bound to the most effective sorbents 88 

were uranyl or uranyl hydroxide, rather than the expected uranyl carbonate species.  It is further 89 

postulated that the surface functional groups of the MMSNs out-competed the carbonate ligands 90 

associated with the aqueous U species. 91 

 92 

2. MATERIALS AND METHODS 93 

 94 

2.1. Materials. 3-Aminopropyltriethoxysilane, acrylonitrile, hydroxylammonium chloride 95 

(NH2OH•HCl), 3-(trihydroxysilyl)propyl methylphosphonate, (3-chloropropyl)triethoxysilane, 96 

polyamidoamine dendrimers, polypropylenimine dendrimers, tetraethoxysilane, 97 

hexadecyltrimethyl-ammonium bromide, 1,4-dioxane, were purchased from Sigma Aldrich. 98 

Nitric acid, sodium hydroxide, dichloromethane, and diethyl ether were purchased from Fisher 99 

Scientific. N-(3-triethoxysilylpropyl)-4,5-dihydroimidazole and diethylphosphato-100 

ethyltriethoxysilane were purchased from Gelest, boric acid (99.8%) was purchased from Alfa 101 

Aeser, and hydrofluoric acid (51% in water) was purchased from Acros Organics. All chemicals 102 

were used as received.  103 

2.2. Synthesis of MMSNs. The magnetite nanoparticles were synthesized under argon 104 

condition based on a slight modification of a published one-pot chemical co-precipitation 105 

method.25 Typically, they were spherical in shape and had a particle size of ~11 nm.25 MMSNs 106 

were synthesized using a surfactant template method that has been described in literature.25-27 In 107 

this approach (Figure 1A), hexadecyltrimethyl-ammonium bromide (1 g), NaOH (3.5 mL, 2M), 108 

and water (500 mL) were mixed with Fe3O4 nanoparticles (300 mg) and sonicated. The contents 109 

were heated at 80 °C and tetraethoxysilane was added. The reaction mixture was aged for 2 h and 110 
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then filtered, washed with deionized water and methanol, and dried at 120 °C overnight. The 111 

surfactant template was removed by calcining the product at 600 °C for 6 h to obtain MMSNs. 112 

After calcilation, the magnetite core might partially or completely be transformed to 113 

maghemite.25  The Fe content of the MMSNs was 13 wt%.26 The superparamagnetism of the 114 

MMSNs was demonstrated, but its magnetic property was considerably lower than the magnetite, 115 

due to the reduced weight percentage of magnetite in MMSNs.25 In addition to facilitating easy 116 

removal of the nanoparticles from the solution phase, we examined whether the magnetite core 117 

would enhance the adsorption of U. However, our initial studies showed that the magnetic and 118 

the non-magnetic mesoporous silica nanoparticles showed similar adsorption capacities for 119 

uranium. As a result, we focused our study on magnetic MMSNs. 120 

2.3. Functionalization of MMSNs with organic molecules. Functionalization of MMSNs with 121 

dihydroimidazole group,28 polyacryloamidoxime group,29 phosphonate group,16 phosphonate-122 

amino group,30 poly(propylenimine) dendrimer group,31 and poly(amidoamine) dendrimer 123 

group31 was conducted using a post synthesis method through a silane coupling group that is 124 

bonded with mesoporous silica surfaces.26 The details for surface functionalization were 125 

described in Supporting Information (SI), and the structures of the functionalized molecules were 126 

displayed in SI Figure S1. Briefly, as shown in Figure 1B, calcined MMSNs (1 g) were refluxed 127 

with a certain amount of chosen organic molecules in solvents (toluene or 1,4-dioxane) at 120 °C 128 

for 6 h. The reaction mixture was filtered and washed with a 1:1 mixture of diethylether and 129 

dichloromethane, or methanol, and then dried overnight at 100 °C. However, for 130 

polyacryloamidoxime group functionalization, aminopropyl functionalized MMSNs (1 g) were 131 

refluxed with acrylonitrile (8 mmol) in methanol at 65 °C for 12 h under N2 atmosphere. The 132 

reaction mixture was filtered and washed with 1:1 mixture of diethyl ether and dichloromethane, 133 
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and then dried at 50 °C overnight in an oven. The product obtained from the above reaction was 134 

then mixed with 0.5 g of NH2OH•HCl and 50 ml of methanol. The pH of the reaction mixture 135 

was adjusted to 8 and it was equilibrated at 70 °C for 24 h. The reaction mixture was filtered, 136 

washed with methanol and then dried at 50 °C overnight.29 In addition, phosphonate-amino 137 

functionalized MMSNs were made using 3-aminopropyltriethoxysilane and diethylphosphato-138 

ethyltriethoxysilane refluxion in toluene, while poly(propylenimine) and poly(amidoamine)  139 

dendrimer group functionalization was conducted after pre-functionalization of MMSNs with 140 

chloropropyl group.31 The physical and chemical properties of the functionalized MMSNs are 141 

characterized using the N2 adsorption-desorption isotherms (SI Figure S2), small and high angle 142 

powder X-ray diffraction  (SI Figure S3), thermogravimetric analysis, transmission electron 143 

microscopy (SI Figure S4), 13C cross-polarisation magic angle spinning solid state nuclear 144 

magnetic resonance spectroscopy (SI Figure S5).26 The considerable difference in the saturation 145 

magnetization of the amine functionalized and non-functionalized MMSNs also suggested that 146 

the functionalization further decrease the magnetic property of the functionalized MMSNs.25 147 

2.4. Batch experiments for U adsorption isotherms. Batch U(VI) sorption experiments for 148 

obtaining the adsorption isotherms (the mass of U sorbed onto the sorbent (qe, mg/g) versus 149 

solution U concentration at equilibrium) were conducted in pH 8.1 HSW simulant under ambient 150 

atmospheric CO2 and temperature (22 °C). The HSW simulant was made following literature 151 

protocol32 and this specific HSW recipe was selected in order to evaluate the functionalized 152 

MMSNs for U removal from both high ion-strength aqueous media like contaminated water and 153 

seawater. The nominal chemical composition of the HSW simulant (in mg/L) was Na 10,760, K 154 

390, Mg 1,280, Ca 410, Cl 19,380, SO4 2,910, and CO3 140. For each set of experiments, a 155 

sorbent-free control was included as the initial U concentration for adsorption quantity (qe) 156 
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calculations and to provide an indication of U sorption to labware during the experiment. 157 

Approximately 0.0075 or 0.0040 g MMSNs and 7.1 to 7.5 mL HSW simulant were added to 15 158 

mL polypropylene centrifuge tubes prior to U spiking. Uranyl nitrate hexahydrate (238U, Electron 159 

Microscopy Sciences, Hatfield, PA) was used to make the U stock solution (5×10-3 M, pH 3.6, 160 

and Eh 433 mV). After spiking with 0.0375 mL to 0.375 mL of the U stock solution, an initial U 161 

concentration of 2.5 ×10-5 M (6 ppm) to 2.5×10-4 M (59.5 ppm) in the working solution was 162 

targeted. The great initial U concentrations were used in this study to evaluate the adsorption 163 

capacity of the functionalized MMSNs and to prepare samples with reasonably high U loading 164 

for spectroscopic measurements. The suspensions were adjusted to pH 8.1 with 1 M NaOH or 1 165 

M HNO3, and equilibrated on a reciprocating shaker for 6 days. The solution pH values were 166 

also adjusted daily until the change in pH was < 0.1 pH unit (Radiometer Copenhagen PHM 95 167 

pH meter). After equilibration for 6 days, each suspension was filtered using 0.2 μm pore size 168 

nylon membrane syringe filters. The filtrate was acidified with 2% HNO3 in a typical 1:10 ratio 169 

and analyzed for U by inductively coupled plasma mass spectrometry (ICP-MS; NexION 300X, 170 

Perkin Elmer, Inc.). The ICP-MS analyses had an uncertainty of ± 10%, but our repeatability test 171 

indicated that this uncertainty was often within ± 5%. The solid samples were air dried and 172 

collected for spectroscopic characterization. 173 

Similarly, batch experiments were conducted to obtain functionalized MMSN samples with 174 

U exposure in pH 3.5 and 9.6 AGW for U speciation and chemical binding studies by 175 

spectroscopic measurements. The AGW was prepared following a literature protocol,1 and its 176 

nominal composition (in mg/L) was Na 1.25, K 0.25, Ca 0.93, Mg 0.66, Cl 5.51, and SO4 0.73. 177 

During equilibration, all tubes were open to the lab atmosphere without shaking twice per day for 178 

1 h to promote equilibration with atmospheric CO2, and the suspension pH values were adjusted 179 
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daily until it was < 0.1 pH unit within the target of 3.5 or 9.6.26 The nominal U loadings in these 180 

samples varied, up to 9000 ppm, based on U adsorption percentages from the batch experiment. 181 

2.5. FTIR and EPR measurements. Samples for FTIR measurements were prepared by 182 

mixing the air-dried sample with KBr. FTIR spectra were obtained at room temperature with a 183 

Bio-RAD FTS-40 instrument under the reflectance mode, in the range from 4400 to 400 cm-1 and 184 

a spectral resolution of 2 cm-1. An average of 265 scans were made and corrected against a 185 

background spectrum of KBr. Samples for EPR measurements were irradiated in a 60Co cell 186 

(dose rate of ~460 Gy/h) for 2 days and were mixed with KBr for dilution. EPR spectra were 187 

measured at room temperature on a Bruker EMX spectrometer, operated at microwave 188 

frequencies of ~9.73 GHz, a modulation frequency of 100 kHz, a modulation amplitude of 0.1 189 

mT, microwave powers of 0.2 mW and 6.35 mW, and a spectral resolution of 0.01 mT.   190 

2.6. U L3-edge XANES / EXAFS measurement and data analysis. After U adsorption, U L3-191 

edge XANES and EXAFS spectra of all functionalized and reacted MMSNs were collected using 192 

the Materials Research Collaborative Access Team (MRCAT) Sector 10-ID beamline at the 193 

Advanced Photon Source (APS) (Argonne National Lab, Argonne, IL). Experimentally, 50-100 194 

mg of each of the air-dried powder samples was pressed into a 6.3-mm diameter disk and sealed 195 

in Kapton tape double containment. The MRCAT Sector 10-ID beam line used a double crystal 196 

water cooled Si (111) monochromator, detuned to 50% of peak intensity to minimize higher 197 

order harmonics.33 The APS storage ring was operated at 100 ± 5 mA during the measurements. 198 

The monochromator was calibrated to 17038 eV using the first inflection point of the K-edge of 199 

yttrium metal foil, and the foil was recorded for all samples scans utilizing a reference ion 200 

chamber. The U L3-edge XANES and EXAFS spectra were collected in 20 scans using 201 
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fluorescence step-scanning mode with a Vortex 4-element silicon drift diode over the energy 202 

range of 17000-17750 eV at room temperature.  203 

All the collected spectra were processed and analyzed using the IFEFFIT software package 204 

including Athena and Artemis.34, 35 Data from multiple scans were processed using Athena by 205 

aligning and merging the spectra followed by background subtraction using the AUTOBK 206 

algorithm. The U L3-edge EXAFS data analysis were conducted on the merged and normalized 207 

spectra using Artemis.36 UO2(benzamidoximate)2(MeOH)2 (U=Oax, U-Oeq, U-N, and U=Oax 208 

multiple scattering paths),37 chernikovite ((H3O)(UO2)(PO4)•3(H2O)) (U-P path)38 and soddyite 209 

(U-Si path)39 were used as reference structural models. Fits to the EXAFS data were made in R 210 

space (R from 1.2 to 4.0 Å) and obtained by taking the Fourier transform (FT) of χ(k) (k from 3 211 

to 10.2) with a k weighting of 2. Although reasonably good signal-to-noise ratio oscillations at 212 

more distant k up to 13 were obtained, the FT of χ(k) was taken at k from 3 to 10.2, because 213 

there was a glitch at k ~10.5. 214 

 215 

3. RESULTS AND DISCUSSION 216 

 217 

3.1. Capacities of functionalized MMSNs for U sequestration. Uranium exists primarily as 218 

uranyl (UO2
2+) in pH 3.5 AGW and as uranyl carbonate species (e.g., UO2(CO3)3

4- and 219 

UO2(CO3)2
2-) in HSW simulant and pH 9.6 AGW (SI Figure S6). These species display limited 220 

adsorption to common sediment minerals and synthetic sorbents in the corresponding aqueous 221 

media, primarily due to electrostatic repulsion of ionic species, steric hindrance from the 222 

enlarged molecular radius, and difficulty in displacement of the strongly bound CO3
2- species.40 223 

Functionalization of MMSNs with selected organic ligands enhances U species binding to the 224 
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ligands and our strategy was to use this phenomenon to engineer high affinity binding sites for U 225 

adsorption. In order to evaluate the performance of the functionalized MMSNs for U removal, 226 

the mass of U adsorbed onto the sorbent (qe, mg/g) was calculated based on batch experimental 227 

data (equation 1):  228 

          (1) 229 

where C0 (mg/L) is the initial U concentration in the control samples, Ce (mg/L) is U 230 

concentration in the solution at equilibrium, V is the volume of the solution (L) and M is the 231 

mass of the sorbent (g).  232 

The adsorption isotherms of U onto the functionalized MMSNs in the HSW simulant are 233 

shown graphically in Figure 2A. These isotherm data were fitted using the Langmuir isotherm 234 

model (equation 2). 235 

                                (2) 236 

where qe is the mass of U adsorbed onto the sorbent at equilibrium (mg/g), qmax is the saturation 237 

sorption capacity (mg/g), Ce is the U(VI) concentration in solution at equilibrium (mg/L), and KL 238 

is the Langmuir constant that is directly related to the binding site affinity (L/mg).  239 

Representative Langmuir fits of equilibrium data for U adsorption onto dihydroimidazole-240 

functionalized MMSNs, MMSNs-PP, and MMSNs-PPI are shown in Figure 2B.  The qmax 241 

(mg/g) and the associated coefficient of correlation (R2) that provides a measure of the model fit 242 

to the experimental data were obtained by plotting Ce/qe versus Ce. The qmax values of these 243 

functionalized MMSNs for U sequestration from the HSW simulant are summarized in Table 1, 244 

and for the purpose of comparison, previously reported qmax values of U removal from pH 3.5 245 

and 9.6 AGW are also presented.26 The qmax values of all functionalized MMSNs for U 246 
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sequestration from the HSW simulant were 34-54 mg/g, with MMSNs-PM having the highest 247 

adsorption capacity. In comparison, the qmax values of the functionalized MMSNs for U removal 248 

from the pH 3.5 and 9.6 AGW were as high as 38 and 133 mg/g, respectively, The fits obtained 249 

from the Langmuir model had a significant correlation coefficient (R2 > 0.93), indicating that the 250 

model generally described the sorption data well (Table 1). However, sorption plateaus 251 

indicative of limited capacity were not completely achieved for all sorbent isotherms, and the 252 

calculated saturation capacities may likely provide lower estimates than those that may actually 253 

exist. In addition, although the adsorption capacity of U on non-functionalized MMSNs in the 254 

HSW simulant was not determined, its adsorption Kd value was ~7800 mL/g, but smaller than 255 

the Kd values for the functionalized MMSNs (SI Figure S7). These results indicated that in the 256 

very HSW simulant, U can be adsorbed on the non-functionalized MMSNs, but the organic 257 

functionalization further improved its adsorption capacity.   258 

The adsorption capacities for some relevant materials (e.g., organo-functionalized 259 

mesoporous silica, and amidoxime polyethylene fibers) for U extraction from seawater have 260 

been reported in recent literature. The U adsorption capacities of polyacryloamidoxime (46 261 

mg/g) and phosphonate (45 mg/g) functionalized MMSNs from the HSW simulant are fairly 262 

comparable to functionalized mesoporous silica reported in recent literature (i.e., 30-57 mg/g for 263 

amidoxime-modified mesoporous silica,18 11-54 mg/g for phosphonic mesoporous silica,17 and 264 

21-66 mg/g for a host of other organo-functionalized mesoporous silica16). For a direct 265 

comparison, the current work demonstrated that poly(propylenimine) (52 mg/g) and 266 

poly(amidoamine) dendrimer (54 mg/g) functionalized MMSNs had slightly higher adsorption 267 

capacities than those of polyacryloamidoxime and phosphonate functionalized MMSNs. 268 

Radiation-induced graft polymerization of acrylonitrile onto high surface area polyethylene 269 
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fibers can significantly improve the degree of grafting by up to 350%.41 With conditioning in 270 

0.44 M KOH at 80 °C, the new amidoxime-polymer adsorbents are very effective in U extraction 271 

from seawater simulant with 6 ppm U with reported capacities of 170-200 mg/g, although the U 272 

capacity of the same adsorbent decreased to 3-5 mg/g when tested with natural seawater.41 273 

Therefore, U concentration effect, the uranyl to bicarbonate ratio, and the presence of calcium 274 

and other competing ions in the tested aqueous media may dramatically impact uranium 275 

adsorption capacity. As a result, the capacity data obtained from different experimental setup 276 

may not directly be comparable. However, the high surface area mesoporous silica appears to be 277 

a generally more effective matrix than mesoporous carbon14 and typical polyethylene polymer 278 

matrix for U sequestration from HSW.10  279 

For environmental remediation applications, for example, as an additive remedy in 280 

permeable reactive barrier, the reuse of the adsorbents may not be critical. However, it is 281 

important to evaluate the regeneration and reuse of these adsorbents for U removal, especially 282 

for the potential applications in U mining from seawater. The ~90% of the adsorbed U on these 283 

adsorbents could be desorbed by using 0.5 M nitric acid (our unpublished data). Although these 284 

adsorbents were not evaluated for several adsorption-desorption cycles, by referring to a 285 

previous study,42 the adsorption capacity of a similar amidoxime-functionalized magnetic 286 

mesoporous silica for U removal from pH 5.0 aqueous solution was demonstrated to decrease by 287 

only ~6% after five adsorption-desorption cycles. Thus, it is expected that these adsorbents 288 

reported in this study can remain fairly effective for U removal after several adsorption-289 

desorption cycles. 290 

3.2. Uranium speciation. The U L3-edge XANES spectra of the functionalized MMSNs after 291 

exposure to U in the HSW simulant are shown in Figure 3, in comparison with the standard 292 
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spectra of uraninite (U(IV)O2), uranyl phosphate (Ca(UO2)2(PO4)2•10-12H2O), uranyl carbonate 293 

(UO2(CO3)), uranyl nitrate (UO2(NO3)2•6H2O), and schoepite  ((UO2)8O2(OH)12•12H2O), while the 294 

spectra of the functionalized MMSNs with U adsorption from pH 3.5 and 9.6 AGW are shown in 295 

SI Figure S8. Graphic comparison and linear combination fitting all indicated that the adsorbed 296 

U species on these functionalized MMSNs from the three aqueous media was U(VI), rather 297 

reduced U(IV). This should not be surprising, because of the chemistry of organic ligands 298 

(amines or phosphonate) used. However, the U L3-edge XANES data cannot conclusively 299 

identify whether the adsorbed U(VI) species was uranyl or the most dominant uranyl carbonate 300 

(i.e., UO2(CO3)3
4- and UO2(CO3)2

2-) in the HSW simulant or pH 9.6 AGW (SI Figure S8). One 301 

exception was phosphonate functionalized MMSNs retrieved from the pH 3.5 AGW adsorption 302 

experiment. Its U L3-edge XANES spectrum, even in the very first scan, indicated that the 303 

dominant U species was U(IV) (SI Figure S8). This result was not understood yet, it might be 304 

related to the presence of functional phosphonate, which might make the U species more prone 305 

to radiation reduction or facilitate the formation of monomer U(IV) species.43 However, this 306 

warrants a future investigation.  307 

The same six functionalized MMSN samples retrieved from the HSW simulant were further 308 

analyzed by FTIR and EPR to determine whether a carbonate species was present. These 309 

samples had nominal U concentrations up to 9,000 ppm, as calculated from U adsorption 310 

experiments. The FTIR spectra of these samples and polyacryloamidoxime functionalized 311 

MMSNs without U adsorption are shown in Figure 4A. A small band at ~900 cm-1 for the 312 

samples dihydroimidazole, polyacryloamidoxime, phosphonate and phosphonate-amino 313 

functionalized MMSNs is suggestive of the presence of detectable uranyl. However, the 314 

https://en.wikipedia.org/wiki/Uranium
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Nitrogen
https://en.wikipedia.org/wiki/Oxygen
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symmetric vibrational band at ~1360 cm-1 and the asymmetric vibrational band at ~1500 cm-1 for 315 

CO3
2- are absent in these spectra,44 indicating no detectable carbonate in these samples.    316 

The EPR spectra of all six samples after gamma-ray irradiation are characterized by broad 317 

resonance signals centered at the geff value of ~2.20 (Figure 4B), which arise from 318 

superparamagnetism of magnetite nanoparticles.45, 46 A weak resonance signal at g = ~2.00 is 319 

also observed in all samples investigated in this study (Figure 4B). The EPR spectra of 320 

polyacryloamidoxime (AD) functionalized MMSNs without U exposure before and after gamma 321 

irradiation were also included in the inset of Figure 4B for comparison. The g = ~2.00 signal was 322 

absent for the non-irradiated sample, but present for the gamma-irradiated sample. The spectra 323 

simulation demonstrated that this g = ~2.00 signal was arisen from the irradiated induced E’ 324 

center in silica.47 Thus, this signal at g = ~2.00 for all functionalized MMSNs exposed to U is 325 

attributable to radiation-induced E’ center in silica, and it can be ruled out as any known 326 

carbonate-related radicals (i.e., CO2
-, CO3

3- and CO3
- formed from the diamagnetic precursor 327 

CO3
2-) on the basis of spectral simulations.48, 49 The EPR technique is well known for its superior 328 

sensitivity over other spectroscopic methods such as FTIR for the detection and characterization 329 

of dilute paramagnetic species in the bulk or on the surfaces.50 Therefore, these EPR data provide 330 

another line of compelling evidence for the absence of carbonate in our samples under the 331 

described experimental conditions.  332 

Dominant U species in carbonate-containing aqueous systems like HSW simulant and pH 9.6 333 

AGW are uranyl carbonate species (i.e., UO2(CO3)3
4- and UO2(CO3)2

2-) (SI Figure S6). 334 

However, the speciation of the adsorbed U species from carbonate aqueous media remains 335 

unresolved. U(VI)-carbonate species were identified as edge-sharing bidentate complexes onto 336 

calcite-water interface at pH 7.4-8.3 and under atmospheric conditions,51 bone apatite materials 337 
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in artificial groundwater in the presence of dissolved carbonate (4.8 mM total),52 hematite 338 

surfaces throughout the pH range of 4.7-8.2 under conditions relevant to aquifers,44 and 339 

Fe(O,OH)6 octahedral sites of chlorite present in pH 6.5-10 aqueous media containing 2.5×10-4 340 

M Na2CO3.53 However, sorbed uranyl carbonate species were not identified on MCM-41 in pH 341 

9.8 aqueous media containing 0.4 mM NaHCO3
54 or amidoxime-functionalized polymer fibers in 342 

seawater.55 Gamma-ray irradiated EPR data in the current work clearly demonstrated that the U 343 

species adsorbed onto the functionalized MMSNs exposed to U in HSW simulant is a uranyl 344 

species without the carbonate group, which is further supported by U L3-edge EXAFS data 345 

described below. Although it is not completely understood why uranyl-like species, rather than 346 

uranyl carbonates, are bound to the functionalized MMSNs in the HSW simulant, one possible 347 

scenario is that the binding ligands on the MMSNs effectively compete with carbonate for the 348 

complexation of U(VI). In fact, density functional theory calculations demonstrate that 349 

glutarimidedioxime56 and even weaker phthalimidedioxime57 can effectively compete with 350 

carbonate to form fairly strong U(VI) complexes under similar aqueous conditions.   351 

3.3 Uranium binding chemistry. U L3-edge EXAFS spectra in k-space (A), Fourier 352 

transforms plots in magnitude (B) and in the real space component (C) of the functionalized 353 

MMSNs after exposure to U in the HSW simulant are shown in Figure 5, where experimental 354 

data are shown in solid circles, and EXAFS fits are shown in color lines. The fitted EXAFS 355 

parameters of all the functionalized MMSNs are summarized in Table 2. Similarly, U L3-edge 356 

EXAFS spectra of the functionalized MMSNs retrieved from the pH 3.5 and 9.6 AGW are 357 

shown in SI Figures S9 and S10, respectively, and the corresponding EXAFS fitting data are 358 

summarized in SI Tables S1 and S2, respectively. It is noted that the EXAFS data for 359 

phosphonate, phosphonate-amino, poly(propylenimine) dendrimer and poly(amidoamine) 360 
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dendrimer functionalized MMSNs from the pH 3.5 AGW experiments were not presented. 361 

Poly(amidoamine) dendrimer functionalized MMSNs had limited adsorption capacity in the pH 362 

3.5 AGW, and its EXAFS was not collected. The U L3-edge XANES of the phosphonate, 363 

phosphonate-amino and poly(propylenimine) dendrimer functionalized MMSNs displayed a 364 

significant edge shift toward lower energy by ~2 eV, starting from the respective first and second 365 

scan. Again, although the reason for this observation was unknown and warrants a future 366 

investigation, it was probably due to incident X-ray beam caused reduction. As a result, the 367 

EXAFS data fittings for these three samples were not successful. Otherwise, similar structure 368 

models were used for the EXAFS data fitting of all samples retrieved from the HSW simulant, 369 

pH 3.5 and 9.6 AGW. The following discussion focused on samples retrieved from the HSW 370 

simulant.    371 

For dihydroimidazole, polyacryloamidoxime, poly(propylenimine) dendrimer and 372 

poly(amidoamine) dendrimer functionalized MMSNs that contain N ligands, the U L3-edge 373 

EXAFS data were fitted with an axial oxygen path at a U-Oax distance of 1.80 ± 0.01 Å with a 374 

fixed coordination number of 2, an equatorial O path at the U–Oeq distance of 2.25 ± 0.04 Å with 375 

a coordination number of 3.4-4.3, and an equatorial N path at the U-N distance of 2.34 ± 0.04 Å 376 

with a coordination number of 1.6-0.7. The equatorial coordination environment of this U 377 

species consists of about five light scattering atoms, which was first obtained through the U-Oeq 378 

path fitting and then was set to five in the subsequent fittings. Five or six equatorially 379 

coordinated atoms are common for uranyl complexes.58 However, the identities of these light 380 

scattering atoms (e.g., N or O) cannot be directly determined by EXAFS, thus, the variations in 381 

interatomic distance and the Debye–Waller factors of the U-Oeq and U-N paths were set to 382 

identical values in the structure model. In addition, a U-Si path at an average distance of 3.13 ± 383 
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0.02 Å and a coordination number of 0.4-0.6 was necessarily included to fit the data to 384 

acceptable goodness of R-factor < 0.003 and reduced χ2 < 100. The U L3-edeg EXAFS data 385 

fittings were unsuccessful when tridentate cyclic imidioxime59 and chelating models55 were 386 

applied, which resulted in significant distortion of bond lengths from the crystalline models, 387 

large errors, higher R-factor and χ2 values.  388 

Similarly, the U L3-edge EXAFS data of the phosphonate functionalized MMSNs was fitted 389 

with a U-Oax path at an average distance of 1.81 Å with a fixed coordination number of 2, a U–390 

Oeq path at a distance of 2.26 Å with a coordination number of 5.1, a U-P path at a distance of 391 

3.56 Å and a coordination number of 0.9, and a U-Si path at a distance of 3.13 Å and a 392 

coordination number of 0.6. For phosphonate-amino functionalized MMSNs that contains both N 393 

and phosphonate ligands, the EXAFS data were fitted with the equatorial U-N path at the 394 

distance of 2.34 Å and a coordination number of 0.9, rather than the U-P path that failed in the 395 

data fitting.  396 

For all functionalized MMSNs, U=Oax multiple scattering makes an important contribution to 397 

the uranyl EXAFS and three U=Oax multiple scattering paths were included to significantly 398 

improve the data fitting.36 However, the addition of a U-C path consistently failed or deteriorated 399 

statistically in the U L3-edge EXAFS data fitting, which tends to support that the U species 400 

adsorbed to the functionalized MMSNs in the HSW simulant are uranyl or its hydroxides, rather 401 

than uranyl carbonates, consistent with their EPR spectra.  402 

Based on U L3-edge EXAFS fitting data (Figure 5 and Table 2), three major uranyl binding 403 

sites were identified on the functionalized MMSNs following exposure to U in HSW simulant 404 

(Figure 6). For amidoxime-functionalized MMSNs, there are two uranyl binding sites. The first 405 

U complex is bound by N ligands with a U-N interatomic distance of 2.34 Å and varying 406 
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coordination numbers of 0.7-1.6 on the equatorial plane (Figure 6A). The coordination numbers 407 

and interatomic distances are consistent with the average local atomic environment of uranyl 408 

containing 1-2 N atoms binding in a manner similar to the η2 motif (Figure 6A). The η2 motif has 409 

been observed through the single-crystal X-ray diffraction studies of UO2
2+ complexes with 410 

acetamidoxime and benzamidoxime anions, which was used as a model in our EXAFS data 411 

fitting.37 Recent density functional theory calculations also indicate that the η2 binding motif is 412 

the most stable form among the evaluated possibilities, including monodentate binding to either 413 

the O or the N atom of the oxime group, bidentate chelation involving the oxime O atom and the 414 

amide N atom, and η2 binding with the N−O bond in a series of [UO2(AO)x(OH2)y]2−x (x = 1−3) 415 

complexes.37  416 

The second U complex on amidoxime-functionalized MMSNs is silanol bound uranyl likely 417 

as a bidentate manner with U-Si interatomic distance of 3.13 Å60, 61 and coordination number of 418 

0.4-0.6 (Figure 6B), which may indicate that ~50% of the total sorbed U is bound to Si sites. 419 

Although the post-synthetic functionalization of organic ligands was intended to homogeneously 420 

cover the external and internal surfaces of mesoporous silica, the degree of functionalization was 421 

optimized for achieving a balance between the amount of functional groups grafted and the 422 

surface area of the nanoparticles to make an effective adsorbent. As a result, some mesopores 423 

remained unfunctionalized or partly functionalized. The surface areas were reduced from 1010 424 

m2/g with a pore volume of 0.33 cm3/g for unfurnctionalized MMSNs to ~550 m2/g with a pore 425 

volume of ~0.11 cm3/g for different functionalized MMSNs.26 Uranyl species has been 426 

demonstrated to diffuse into the pore structure of mesoporous silica at a U concentration of 427 

>1×10-5 M.54 Mesoporous silica was also demonstrated to have a moderately high U adsorption 428 

capacity of 7-17 mg/g from seawater,18 in agreement with the Kd value of the non-functionalized 429 
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MMSNs (SI Figure S7). In the current study, U L3-edge EXAFS spectrum of the 430 

unfunctionalized MMSN exposed to U in the HSW simulant also demonstrated that uranyl 431 

species are bound with Si sites in a bidentate manner. Therefore, it is not surprising that an 432 

appreciable quantity of U is bound by residual exposed Si sites of the inhomogeneously 433 

functionalized MMSNs. Nevertheless, the functionalized MMSNs displayed significantly 434 

improved U extraction capacity from the HSW simulant due to the presence of the added binding 435 

ligands when compared to the unfunctionalized mesoporous silica. The absence of any U-U 436 

scattering path in the current study support the specific binding of uranyl under our experimental 437 

conditions (i.e., high salt chemistry, U loading up to 2.5 × 10-4 M, and 6 days), and there was no 438 

polymerization of U species, as opposed to precipitation of nano-U-bearing phases inside the 439 

mesoporous silica pores at a U pore concentration of >1×10-5 M.54    440 

For phosphonate functionalized MMSN exposed to U in the HSW simulant, the uranyl 441 

complex is bound with the phosphonate ligand as a monodentate with a U-P interatomic distance 442 

of 3.56 Å and a coordination number of 0.9 (Figure 6C). A monodentate uranyl species bound 443 

with P is also common among uranyl phosphates like chernikovite.38 In addition, there is also the 444 

second U complex on the phosphonate functionalized MMSNs. This uranyl complex is bound 445 

with Si sites as an edge-sharing bidentate complex with a U-Si interatomic distance of 3.13 Å60, 446 

61 and a coordination number of 0.6 (Figure 6B), as observed for the amidoxime functionalized 447 

MMSNs. A similar interpretation of this result can be applied as provided above.  448 

For the other N ligand (i.e., dihydroimidazole, poly(propylenimine) dendrimer and 449 

poly(amidoamine) dendrimer) functionalized MMSNs, the U L3-edge EXAFS data were fitted 450 

using the same model applied to the amidoxime-functionalized MMSN. Similar to the data and 451 

fits discussed above, two uranyl binding sites are present: N ligands as η2 bound-like motif and 452 
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tetrahedral Si sites as an edge-sharing bidentate surface complex. For phosphonate-amino 453 

functionalized MMSNs that contains both N and phosphonate ligands, it appears that the U L3-454 

edge EXAFS data was fitted well with the U-N path, similar to the other N ligand functionalized 455 

MMSNs. Data fitting failed with the U-P path, revealing limited participation in uranyl binding, 456 

which may indicate that N-based functionalities are stronger ligand than phosphonate for binding 457 

uranyl under HSW-related conditions.  458 

3.4 Environmental Applications. Uranium contaminant exhibits little adsorption onto 459 

sediment minerals in high ion-strength, very acidic or alkaline aqueous systems that often occur 460 

in U mining or contaminated sites. As a result, U contaminant is very difficult to sequester and 461 

exerts a major risk to the environment and ecosystems. A series of six organo (i.e., amidoxime-, 462 

imidazole, phosphonate-, and dendrimer-functional groups)-functionalized magnetic mesoporous 463 

silica nanoparticles (MMSNs) were synthesized, characterized and screened for U sequestration 464 

from three model aqueous media: high salt water simulant, acidic and alkaline artificial 465 

groundwater. The poly(amidoamine) dendrimer functionalized MMSNs was the best performing 466 

MMSNs that sequestered 54 mg U/ g adsorbent from the high salt water simulant, which is 467 

compared to 38 mg U/g from pH 3.5 AGW (i.e., phosphonate functionalized MMSNs) and 133 468 

mg U/g from pH 9.6 AGW (i.e., poly(propylenimine) dendrimer MMSNs). Together, these 469 

adsorption capacities exceed or are competitive with other organo-functionalized high surface 470 

area adsorbents. In the future, the use of radiation-induced graft polymerization of acrylonitrile41 471 

onto high surface area mesoporous silica may be a synthesis route to produce even higher 472 

capacity sorbent materials for U sequestration from various aqueous media. Such effective 473 

sorbents have applications to environmental remediation, such as deployed in permeable reactive 474 

barrier or soil mixing system.  475 
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Additionally, these sorbents with extremely high adsorption capacities hold promise for 476 

selective mining U as an energy source from marine systems. Non-renewable fossil fuel reserves 477 

are unsustainable and unable to meet our future energy demands. Moreover, the production, 478 

refining and utilization of fossil fuels cause serious environmental pollution, with carbon dioxide 479 

emission recognized as a major source of greenhouse gasses. Nuclear energy generated through 480 

fission of U is viable technologically and economically for sustained based-load power 481 

production. If efficient and cost-competitive recovery technologies are developed for U mining 482 

from seawater, the vast reservoir of U resource in seawater can meet nuclear energy production 483 

at the present capacity for 72,000 years. Functionalized magnetic mesoporous silica nanoparticle 484 

adsorbent materials exhibited the adsorption capacity (~54 mg U/g adsorbent) of U removal from 485 

the HSW simulant. They may lead to feasible and economical technologies for U mining from 486 

seawater, which can potentially provide more sustainable U resources to nuclear power industry 487 

and mitigate environmental pollution caused by fossil fuel use. However, additional engineering 488 

measurements (e.g., long-term performance, the use of different real seawater, fouling) are 489 

needed to demonstrate that they were appropriate for this application.  490 
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Table 1. Saturated Adsorption Capacity of Functionalized MMSNs for Uranium Removal from 710 
HSW simulant, pH 3.5 and 9.6 AGW  711 

 712 
 

Samples 
 

HSW simulant pH 3.5 AGW* pH 9.6 AGW* 

qmax (mg/g) R2 qmax (mg/g) R2 qmax (mg/g) R2 

MMSNs-DIM 
 

34.1 ± 1.86 0.992 24.9 ± 3.0 0.957 109.9 ± 8.5 0.982 

MMSNs-AD 
 

45.6 ± 8.27 0.912 30.6 ± 4.9 0.951 125.0 ± 10.9 0.980 

MMSNs-PP 
 

45.3 ± 4.92 0.967 37.5 ± 0.8 0.998 55.0 ± 5.1 0.976 

MMSNs-PPA 
 

51.6 ± 7.71 0.918 20.6 ± 2.7 0.952 108.7 ± 3.6 0.997 

MMSNs-PPI 
 

52.1 ± 4.88 0.967 9.5 ± 1.0 0.965 133.3 ± 6.2 0.933 

MMSNs-PM 
 

53.8 ± 10.4 0.868   29.4 ± 0.4 0.999 

* Data from pH 3.5 and pH 9.6 AGW were previously reported, and are included here for the purpose 
of comparison. It is noted that organic functionalization on MMSNs would minimize the potential 
dissolution of MMSNs in the pH 9.6 AGW. 
 713 
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Table 2. The Fit Parameters of U L3-edge EAXFS Data of Functionalized MMSNs After 716 
Exposure to U in the HSW Simulant 717 
 718 

Samplesa Scattering 
paths 

Interatomic 
distance (Å)b 

Coordination 
numberc 

Debye–Waller 
factor, σ2 (Å2)b 

E0 R-factor 

MMSNs-DIM U-Oax 1.80 (1) 2 0.003 (1) 6.4 ± 2.4 0.0024 
 U-Oeq 2.25 (5) 3.8 0.008 (4)   

 U-Nd 2.34 (5) 1.2 0.008 (4)   
 U-Si 3.13 (2) 0.4 0.001 (7)   

MMSNs-AD U-Oax 1.80 (1) 2 0.002 (1) 6.6 ± 2.5 0.0029 
 U-Oeq 2.26 (5) 3.6 0.008 (4)   

 U-N 2.34 (5) 1.4 0.008 (4)   
 U-Si 3.14 (3) 0.4 0.002 (9)   

MMSNs-PP U-Oax 1.81 (1) 2 0.003 (1) 6.8 ± 4.0 0.0030 
 U-Oeq 2.26 (2) 5.1 0.008 (3)   

 U-P 3.56 (3) 0.9  0.02 (3)   
 U-Si 3.13 (4) 0.6 0.003 (5)   

MMSNs-PPA U-Oax 1.80 (1) 2 0.003 (1) 7.3 ± 2.1 0.0028 

 U-Oeq 2.26 (1) 4.1 0.008 (1)   
 U-N 2.34 (1) 0.9 0.008 (1)   

 U-Si 3.13 (2) 0.7 0.003 (5)   
MMSNs-PPI U-Oax 1.80 (1) 2 0.003 (1) 7.3 ± 2.3 0.0027 

 U-Oeq 2.25 (4) 3.4 0.007 (3)   
 U-N 2.34 (4) 1.6 0.007 (3)   

 U-Si 3.13 (3) 0.6 0.004 (8)   
MMSNs-PM U-Oax 1.80 (1) 2 0.003 (1) 6.6 ± 2.1 0.0028 

 U-Oeq 2.25 (4) 4.3 0.008 (4)   
 U-N 2.34 (4) 0.7 0.008 (4)   

 U-Si 3.12 (2) 0.4 0.002 (3)   
a Amplitude was set at 1 for data fitting of all samples. 
 
b The uncertainty as calculated by Artemis are listed in parentheses, representing the errors in the last digit. 
 
c Coordination number of the axial uranyl oxygen atoms was set at 2. The errors for the other coordination 
numbers are ±30%. 
 
d Total coordination numbers of the equatorial uranyl oxygen and nitrogen atoms were set at 5, and 
variations in interatomic distance and Debye–Waller factor of the U-Oeq and U-N paths were set identical. 
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 721 
 722 

Figure 1. Schemes for the synthesis (A) and functionalization (B) of magnetic mesoporous 723 
silica nanoparticles (MMSNs). 724 
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 726 

 727 
 728 
Figure 2. Adsorption isotherms for U on the dihydroimidazole (DIM), polyacryloamidoxime 729 
(AD), phosphonate (PP), phosphonate-amino (PPA), poly(propylenimine) dendrimer (PPI), 730 
and poly(amidoamine) dendrimer (PM) functionalized MMSNs in the HSW simulant (A) and 731 
representative Langmuir fits for MMSNs-DIM, MMSNs-PP, and MMSNs-PPI (B). The inset 732 
in Figure 2A shows the MMSNs-AD data in an expanded scale. The lines in Figure 2B 733 
visibly depicted the Langmuir fits to the experimental data. 734 
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 736 
Figure 3. U L3-edge XANES spectra of functionalized MMSNs with U adsorption from the 737 
HSW simulant. Several model compounds were included for comparison. Lines denote the 738 
peak of the white line for U(IV) and U(VI) controls, affirming the U(VI) species is bound by 739 
MMSN materials. The spectrum of UO2 (uraninite) standard was collected soon after it was 740 
purchased from Alfar Aesar (Ward Hill, MA) and its surface oxidation was minimal.  741 
 742 
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 748 
 749 
Figure 4. FTIR (A) and powder EPR (B) spectra of the dihydroimidazole (DIM), 750 
polyacryloamidoxime (AD), phosphonate (PP), phosphonate-amino (PPA), 751 
poly(propylenimine) dendrimer (PPI), and poly(amidoamine) dendrimer (PM) functionalized 752 
MMSNs samples with exposed to U in the HSW simulant. The FTIR spectrum of MMSNs-753 
PP was amplified by 10 times in the ranges of 840-1000 cm-1 and 1320-1550 cm-1. While the 754 
signal for UO2

2+ was clearly observed, the signals for CO3
2- in the range of 1320-1550 cm-1 755 

were within the noise level. The EPR spectra were measured for the gamma-ray-irradiated 756 
samples at microwave frequencies of ~9.73 GHz and a microwave power of 6.35 mW, 757 
illustrating the broad signal centered at geff = ~2.20. The EPR spectra of 758 
polyacryloamidoxime (AD) functionalized MMSNs without U exposure before and after 759 
gamma irradiation were also included in the inset of Figure 4B, where a weak resonance 760 
signal at geff = ~2.00 (marked by an arrow) was present in the irradiated MMSNs-AD. 761 
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 764 
 765 

Figure 5. U L3-edge EXAFS spectra in k-space (A), Fourier transform plots in magnitude (B) 766 
and in the real space component (C) of the functionalized MMSNs with U adsorption from 767 
the HSW simulant. Experimental data are shown in solid circles, and EXAFS fits are shown 768 
in color lines.  769 
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 772 
 773 
Figure 6. Typical chemical binding sites of uranyl species onto functionalized MMSNs in the 774 
HSW simulant. A. Nitrogen ligands as η2-bound motif, B. Silanol bound, C. Phosphonate 775 
ligand as a monodentate.  776 
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