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Abstract 20 

We previously observed that phosphonate functionalized electrospun nanofibers can 21 

uptake U(VI), making them promising materials for sensing and water treatment applications. 22 

Here, we investigate the optimal fabrication of these materials and their mechanism of U(VI) 23 

binding under the influence of environmentally relevant ions (e.g., Ca2+ and CO3
2-). We found 24 

that U(VI) uptake was greatest on polyacrylonitrile (PAN)  functionalized with longer-chain 25 

phosphonate surfactants (e.g., hexa- and octadecyl phosphonate; HDPA and ODPA, 26 

respectively), which were better retained in the nanofiber after surface segregation. Subsequent 27 

uptake experiments to better understand specific solid-liquid interfacial interactions were carried 28 

out using 5 mg of HDPA-functionalized PAN mats with 10 µM U at pH 6.8 in four systems with 29 

different combinations of solutions containing 5 mM calcium (Ca2+) and 5 mM bicarbonate 30 

(HCO3
-). U uptake was similar in control solutions containing no Ca2+ and HCO3

- (resulting in 31 

19 ± 3% U uptake), and in those containing only 5 mM Ca2+ (resulting in 20 ± 3% U uptake). A 32 

decrease in U uptake (10 ± 4% U uptake) was observed in experiments with HCO3
-, indicating 33 

that UO2-CO3 complexes may increase uranium solubility. Results from shell-by-shell EXAFS 34 

fitting, aqueous extractions, and surface-enhanced Raman scattering (SERS) indicate that U is 35 

bound to phosphonate as a monodentate inner sphere surface complex to one of the hydroxyls in 36 

the phosphonate functional groups. New knowledge derived from this study on material 37 

fabrication and solid-liquid interfacial interactions will help to advance technologies for use in 38 

the in-situ detection and treatment of U in water.  39 

 40 
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1 Introduction 49 

 The transport of U(VI) caused by natural and anthropogenic processes can be concerning for 50 

surrounding communities and ecosystems1, 2 due to the toxicological effects of U in humans, 51 

such as cancer and kidney failure.2, 3 For water treatment applications, selective U uptake is 52 

possible by chelation with organic functional groups (e.g. phosphonate, quaternary ammonia, 53 

etc.) embedded in the surface of solid substrates.4, 5 In particular, previous studies show up to 54 

three-fold increase in U uptake on phosphonate functionalized resins when compared to 55 

unfunctionalized materials, but the specific mechanisms affecting the solid-liquid interfacial 56 

interactions are not well understood.6-8 Thus, fundamental understanding of U binding with 57 

phosphonate-functionalized materials is necessary for improving environmental remediation 58 

applications. 59 

As a sorbent technology, electrospun polymers are ideal for promoting interfacial 60 

interactions due to their high surface to volume ratio and high porosity. Recent applications of 61 

electrospun polymers include passive sampling devices, materials for solid phase extraction, 62 

reactive filtration media, and platforms to concentrate dissolved targets for sensing 63 

applications.9-15 PAN (polyacrylonitrile) is a common electrospun polymer with limited metal 64 

binding affinity via  nitrile groups.16-20 Uptake of U on PAN nanofibers can be enhanced by 65 

incorporating scavenging functional groups. In particular, phosphonates are an important 66 

chelating agent for U uptake due to strong binding over a wide pH range.21-24 For example, we 67 

have previously shown that electrospun PAN nanofibers can be functionalized to improve U 68 

adsorption by simply incorporating surfactants with a phosphonate head group [e.g., 69 

hexadecylphosphonate (HDPA)] directly into the sol-gel solution.9, 25 This approach exploits the 70 

recognized ability of certain surfactants to surface segregate during electrospinning, a process 71 
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that results in the migration of the charged head of the surfactant to the polymer-air interface so 72 

as to minimize the free energy of interaction between the surfactant and the polymer support.26 73 

This produces PAN nanofibers that are surface-enriched in HDPA binding sites that are suitable 74 

for U uptake under environmentally relevant conditions.  75 

With the development of such functionalized materials for potential use in U treatment 76 

and/or sensing, there remains a need to elucidate the nature of species formed when U binds to 77 

surface-immobilized phosphonate moieties, particularly under conditions relevant to the intended 78 

application of the material. Although investigations with phosphonate-functionalized materials in 79 

complex, environmentally relevant aquatic matrixes remain limited, there are extensive studies 80 

that have considered the interaction of U with phosphonate ligands in solution that may prove 81 

helpful in understanding U uptake in heterogeneous systems.4, 27, 28 For example, computational 82 

chemistry studies using thermodynamics and quantum mechanical calculations have shown that 83 

binding of uranyl with aqueous phosphonate functional groups can occur as monodentate (UO2-84 

PO-) or binuclear bidentate (-PO-UO2-PO-) surface complexes, even in the presence of 85 

competing ligands such as inorganic carbonate and phosphate anions.27, 29-31 For water treatment 86 

applications, carbonate is likely to be an important natural complexing agent that can react with 87 

U to form stable UO2-CO3 aqueous complexes.30, 32 Additionally, the presence of ternary U 88 

complexes involving a uranyl cation, carbonate anion, and alkaline earth metals like calcium 89 

(Ca) can influence the aqueous U(VI) speciation under circumneutral to alkaline pH conditions.7, 90 

33, 34 The presence of soluble calcium ions in the mM range, which is typical of hard water, can 91 

also promote adsorption of phosphonate onto a model solid surface.35, 36  92 

In this study, we expand upon our prior work with phosphonate-functionalized PAN 93 

nanofibers25 to (i) optimize their synthesis with surface-segregating phosphonate surfactants to 94 
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promote U uptake and (ii) elucidate via spectroscopic methods the exact nature of the U species 95 

bound by surface-phosphonate moieties under conditions more representative of water treatment 96 

and sensing applications. Phosphonate surfactants are available with a range of alkyl chain 97 

lengths (from 10 to 18 carbon units), which we anticipate will affect both the extent of surface 98 

segregation and the retention of the surfactant in PAN. Accordingly, we first established the 99 

influence of alkyl chain length on U uptake in batch systems complemented by surface 100 

spectroscopic characterization (i.e., X-ray photoelectron spectroscopy). Then, through a series of 101 

batch uptake experiments in solutions containing calcium (Ca2+) and carbonate (CO3
2-) ions 102 

followed by selective chemical extraction of different bound U species, we probed changes in U 103 

binding mechanisms on phosphonate-functionalized PAN nanofibers using a suite of 104 

spectroscopic techniques (X-ray Photoelectron Spectroscopy, X-ray Absorption Spectroscopy, 105 

Raman Spectroscopy).  106 

This study builds upon our prior work where such functionalized nanofiber materials 107 

have been used to concentrate dissolved U species prior to their quantification in water and 108 

biological fluids using Surface Enhanced Raman Scattering (SERS).4 We contend there is need 109 

to develop additional U-specific substrates that might improve the sensitivity and selectivity of 110 

such sensing approaches, while also providing insights into dissolved U speciation. Therefore, in 111 

addition to improved insights into the mechanism of surface-segregation for the production of 112 

functionalized polymer nanofibers, novelty from this study is derived through the identification 113 

of specific processes that influence U binding to phosphonate-functionalized polymer 114 

membranes under environmentally relevant conditions. Although previous studies have utilized  115 

spectroscopic techniques to explore U uptake on minerals, there remains limited understanding 116 

on U uptake in complex environmental water matrixes by functionalized polymers.25, 37, 38 Thus, 117 
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identification of the U uptake mechanisms herein will provide a framework to help advance the 118 

application of functionalized polymer nanofibers in various settings for U capture and 119 

concentration.39, 40 120 

 121 

2 Materials and methods 122 

2.1 Materials  123 

Polyacrylonitrile (PAN, mol wt. 150,000), dimethyl sulfoxide (DMSO), uranyl nitrate 124 

(UO2(NO3)2 ∙ 6H2O), calcium chloride (CaCl2∙2H2O, ACS grade >99.5%), sodium bicarbonate 125 

(NaHCO3, ACS grade >99.7%), gold(III) chloride (HAuCl4·3H2O), 6-mercaptohexanoic acid (6-126 

MHA) were purchased from Sigma Aldrich. For studies with different chain length phosphonate 127 

surfactants, octadecyl phosphonic acid (ODPA, 97%), hexadecyl phosphonic acid (HDPA, 97%), 128 

tetradecyl phosphonic acid (TDPA, 98%), n-dodecyl phosphonic acid (DDPA, 97%) and decyl 129 

phosphonic acid (DPA, 97%) were also purchased from Sigma Aldrich and used as received. 130 

Sodium hydroxide (NaOH), hydrochloric acid (HCl), nitric acid (HNO3), and ethanol were 131 

purchased from Fisher Scientific. Ultrapure water (18.2 MΩ cm-1) was used to prepare all the 132 

reagents. All glassware were cleaned with aqua regia (3:1 HCl/HNO3) and rinsed with ultrapure 133 

water before drying in the oven. Caution: UO2(NO3)2∙6H2O contains radioactive 238U, which is 134 

an alpha emitter, and like all radioactive materials, must be handled with care. These 135 

experiments were conducted by trained personnel in a licensed research facility with special 136 

safety precautions taken towards the handling, monitoring, and disposal of radioactive materials. 137 

 138 
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2.2 Electrospun Nanofiber Synthesis  139 

Fabrication of the electrospun mat was performed on a custom designed electrospinner  140 

as detailed in our previous work.11, 25, 41 As an example, the sol-gel for HDPA-functionalized 141 

materials was created by dissolving the parent PAN polymer (0.36 g) and HDPA surfactant 142 

(0.031 g) into 5 mL of dimethyl sulfoxide (DMSO) solvent. This corresponds to HDPA at 0.5 143 

wt.% relative to the overall sol gel mass (and an HDPA mole fraction of 1.44 × 10-3), which was 144 

the optimal loading for HDPA-functionalized materials that we previously reported.25 For sol 145 

gels with other phosphonate surfactants of varying alkyl chain length, sol gels were prepared at 146 

the same mole fraction as the optimal HDPA formula (1.44 × 10-3) so that all resulting 147 

nanofibers contained an equivalent amount of phosphonate moieties.  148 

After their assembly, sol gel mixtures were placed on a rotating Thermomixer 149 

(Eppendorf) for 12 hours at 700 rpm and 60oC.This sol-gel is fed through a syringe pump at 0.5 150 

ml/hr and at 16-20% relative humidity to an electrospinner needle at 15 kV applied potential.  151 

This results in the formation of the electrospun nanofibers that are deposited on a ground 152 

collector surface rotating at 550 rpm. The mats were characterized using Electron Microscopy 153 

(SEM, Figure S1) and Infrared spectroscopy (ATR-FTIR, Figure S2). Surface area and pore 154 

volume measurements for select fibers were collected using N2 Brunauer-Emmett-Teller (BET) 155 

sorption isotherm analysis (Quantachrome Nova 1200 Surface Area Analyzer), and all samples 156 

were degassed at 300°C for 3 hours prior to analysis. 157 

 158 

2.3 Uptake experiments  159 

Influence of phosphonate surfactant chain length on U uptake studies. U uptake 160 

experiments with DPA, DDPA, TDPA, HDPA, and ODPA followed procedures from our prior 161 
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work.25 All systems contained a 20 mL solution of 1 µM of uranyl nitrate [UO2(NO3)∙6H2O] at 162 

pH 2 (Milli-Q Ultrapure water adjusted with 5 N HNO3) and 5 mg of phosphonate-functionalized 163 

nanofibers (0.25 g/L sorbent loading). This pH 2 solution was chosen for these experiments 164 

because of its relevance to treatment of U-contaminated acid mine drainage, and our prior work 165 

showing maximum removal of U6+ using HDPA-functionalized materials in 1 µM total uranium 166 

systems.  Reactors were allowed to react for 16 h (i.e., the duration we previously as sufficient to 167 

achieve sorption equilibrium), at which point the nanofiber mats were removed from solution 168 

and analyzed via liquid scintillation counting (LSC). Because we have previously found that 169 

surfactants can leach from electrospun nanofibers once submerged in aqueous solution,11 uptake 170 

experiments were conducted both with as synthesized nanofibers and nanofibers that were 171 

extensively washed with water prior to reaction. The washing procedure followed that used 172 

previously by our group,11, 25 where 5 mg of a functionalized PAN mat was placed in a 50 mL 173 

conical vial with 10 mL of Milli-Q Ultrapure water. Vials were then mixed end over end for 24 174 

hours, and the water was exchanged three times over that interval. 175 

Mechanism of U uptake studies. Batch experiment were performed to investigate the 176 

mechanism of uranium uptake on the polymer mat. The characteristics of spring and surface 177 

waters near mine waste sites in New Mexico and Arizona measured in previous studies had pH 178 

ranging from 6.8 to 8.2, alkalinity values from 100 to 430 mg/l as CaCO3, Ca2+ concentration 179 

between 30 to 280 mg/l and U concentration between 50 to 700 μg/l.1, 32, 42 Based on these field 180 

conditions, created U stock solutions for use in batch uptake experiments. The solutions were 181 

prepared in 18.2MΩ ultrapure water with 10 μM uranyl nitrate [UO2(NO3)∙6H2O] at pH 7.0 182 

(buffered with 0.1 M HEPES). Initial uptake experiments were performed by adding 20 mL of 183 

the U stock solutions with 5 mg HDPA electrospun polymer mat in a centrifuge tube for 16 184 
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hours and are referred to throughout this work as HDPA+U reactor. Additional experiments 185 

were conducted with 10 μM U (uranyl nitrate), (i) 5 mM Ca (as CaCl2) referred as 186 

HDPA+U+Ca reactor (ii) 5 mM CO3 (as NaHCO3) (designated HDPA+U+CO3 reactor) and 187 

(iii) 5 mM each of Ca and CO3 (HDPA+U+Ca+CO3 reactor), together at pH 7.0 (Adjusted with 188 

HCl). Upon completion of reaction, the electrospun polymer mat were removed from the reactor, 189 

rinsed with deionized water, and prepared for solid analyses. 190 

2.4 Extraction experiments  191 

A set of experiments were conducted to evaluate U release from the polymer mats after 192 

the uptake experiments. A subsample of the reacted mats from the uptake experiment reactors 193 

were taken for extraction experiments, referred to as reacted HDPA+U, reacted HDPA+U+Ca, 194 

reacted HDPA+U+CO3 and reacted HDPA+U+Ca+CO3 mats. These mats were reacted with 15 195 

mL of either: (i) 1 M MgCl2 at room temperature at pH 7 for 1 hour to extract ion exchangeable 196 

species bound to the surface through ionic interactions or outer-sphere complexes,43, 44 or (ii) 50 197 

mM HCO3 (pH 8.3) to extract adsorbed U as inner sphere and outer sphere surface complexed 198 

U.32, 42, 45 These extractions were performed on a benchtop mixture rotating at 60 rpm for 12 199 

hours. 200 

 201 

2.5 Solid and Liquid Analyses 202 

The top 5 nm (near surface) of reacted and control (unreacted) polymer mats were 203 

analyzed using survey and high-resolution X-ray Photoelectron Spectroscopy scans for the 204 

spectroscopic features of U, C, O, P and N. This provides insights on the binding chemistry of 205 

organic groups with U. The changes in binding environment of U were observed using the U 4f 206 

high resolution scan. Spectra were collected from three different areas on each sample using a 207 
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Kratos Axis DLD Ultra XPS with a Mg Kα source. XPS high resolution spectra was collected for 208 

U 4f, C 1s, N 1s, O 1s, and P 2p using step size of 0.1 eV and pass energy of 20.  209 

X-ray Absorption Spectroscopy (XAS) analyses were conducted at the Stanford 210 

Synchrotron Radiation Lightsource (SSRL) at beam line 11-2 to identify changes in oxidation 211 

state (XANES) and molecular coordination (EXAFS) of U during these batch experiments. The 212 

EXAFS provides coordination number, and bond distances (eg. U-U, U-N and U-C) in the local 213 

molecular environment and help identify the surface complexes when compared to reference 214 

values. These references (U adsorbed ferrihydrite, liebigite and carnotite) were analyzed during 215 

the same beamtime. At least six scans were collected for each sample, and 3 scans for the 216 

references.  217 

Surface Enhanced Raman Scattering (SERS) measurements were collected using a semi-218 

homebuilt Raman microscope (Olympus BX51, Intevac ExamineR 785) with a 10x objective 219 

coupled to a solid-state laser with an excitation wavelength of 785 nm, integration time of 40 220 

seconds, spot size of 10 µm, and power of ~15 mW. Gold nanostars were synthesized and 221 

functionalized using a modified protocol from previous papers (SI, text S1).4, 40 Prior to analysis, 222 

samples were placed on a glass slide, hydrated using 30 µL ultrapure water, and covered with a 223 

cover slip. Light pressure was applied to the cover slip to eliminate trapped air-bubbles. SERS 224 

spectra were randomly collected at 8-10 different spots across the mats. These signals were 225 

averaged then subtracted using an averaged SERS spectrum collected on HDPA PAN mats (with 226 

gold nanostars but without U). Integrated areas from 870-806 cm-1 were calculated to determine 227 

relative abundance of uranyl species on reacted HDPA+U and reacted HDPA+U+Ca mats. For 228 

reacted HDPA+U+CO3 and reacted HDPA+U+Ca+CO3 reacted, integrated areas from 852-229 

806 cm-1 were calculated as SERS signals of uranyl. 230 
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For phosphonate alkyl chain length studies, the concentration of U sorbed on 231 

functionalized nanofibers at equilibrium was determined via LSC according to the 232 

methodologies provided in Johns et al.25 For all other U uptake studies, a Perkin-Elmer Nexion 233 

300D inductively coupled plasma-mass spectrometer (ICP-MS) system was used to analyze the 234 

total U concentration in liquid samples from the reactor. Additionally, chemical equilibrium 235 

modelling for U aqueous speciation was carried out using Visual MINTEQ with inputs based on 236 

the experimental conditions used for this study. 237 

 238 

3 Results and Discussion 239 

3.1 Electrospun polymer characterization 240 

The electrospun polymers have a polymeric backbone with the surfactant present on the 241 

surface as ligands as confirmed by XPS survey scans (Table 1). The XPS survey scans for the 242 

synthesized HDPA (control) electrospun polymers exhibited 1.3% P on the surface and the 243 

presence of a peak at 134 eV region representing XPS P 2p confirms the presence of 244 

phosphonate on the near surface of the electrospun polymer. The ATR-FTIR spectra (SI, Figure 245 

S2) also shows the presence of P-O-H bonding on the HDPA-PAN control mat. The microscopy 246 

results (SI, Figure S1) indicate that the dimensions of the nanofibers were similar for all the 247 

control and reacted mats with the width of each nanofibers at 120 nm and these results confirm 248 

similar swelling of the fibers as reported previous studies.9, 25 249 

 250 

3.2 Effect of phosphonate alkyl chain length on U uptake 251 

Results of U uptake studies using PAN functionalized with HPA (6), OPA (8), DPA (10), 252 

DDPA (12), TDPA (14), HDPA (16) and ODPA (18) are shown in Figure 1. Data shown for 253 
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each material was collected with surfactant-functionalized PAN that was washed extensively 254 

prior to contact with U-containing solutions. This washing was intentional so as to dislodge any 255 

loosely retained surfactant. For these washed materials, U uptake increased with increasing chain 256 

length. For all surfactants with alkyl chains less than 14 carbons (i.e., HPA, OPA, DPA, DDPA, 257 

and TPA), U uptake was only slightly greater than that observed in control experiments 258 

conducted with unfunctionalized PAN (dashed line in Figure 1). Far greater U uptake was 259 

observed for HDPA (~40% of total U in the system) and ODPA (near complete uptake of all U 260 

in the system). Notably, from SEM there were no obvious differences in the morphology of these 261 

materials (see Figure S4) that could also be used to rationalize observed trends in U uptake.  262 

For comparison, we also explored U uptake on a select number of materials that were 263 

used in sorption experiments immediately after synthesis (i.e., without washing to remove any 264 

loosely retained surfactant). For these unwashed materials, U uptake was less in all cases, with 265 

DPA, DDPA, and TPA exhibiting U uptake no greater than that observed in controls with 266 

unfunctionalized PAN (dashed line in Figure 1; note: we presume uptake on unfunctionalized 267 

PAN is primarily due to interaction of the uranyl ion with electron-rich cyano groups within the 268 

polymer).17 For unwashed mats containing HDPA and ODPA, U uptake was greater than that 269 

observed in controls but equal to (for HDPA) or less than (for ODPA) the degree of sorption 270 

observed with the corresponding washed materials. 271 

We have previously found that integration of surfactants into electrospun polymers can 272 

promote pollutant uptake via two mechanisms: (i) when well retained inside the polymer (i.e., 273 

surfactants retained after washing), charged surfactant head groups present on the nanofiber 274 

surface act as complexation sites for dissolved species; and/or (ii) when poorly retained inside 275 

the polymer (i.e., surfactants are lost to solution during washing), the release of surfactant into 276 
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the solution leaves behind pores that can increase the specific surface area of the polymer (i.e., 277 

the surfactant acts as a porogen).11, 46 Typically, we have observed the greatest improvements in 278 

sorption capacity when the surfactant is well-retained inside the polymer, allowing the charged 279 

surfactant head on or near the polymer surface to selectively bind dissolved targets of opposite 280 

charge. Increases in uptake resulting from the surfactant acting as a porogen are typically less, 281 

but depend on the extent of surface area created by the resulting pore space and the inherent 282 

binding activity of the substrate in which the pores are generated. 283 

Based upon these prior experiences with surfactant-functionalized PAN, we attribute the 284 

trends in U uptake shown in Figure 1 to differences in the retention of phosphonate surfactants 285 

with different alkyl chain lengths within PAN nanofibers. We postulate that phosphonate 286 

surfactants with shorter chain lengths (all those with alkyl chain lengths less than 14-carbon 287 

TDPA) are poorly retained in PAN. Upon immersion in aqueous solution, we suspect that their 288 

release from PAN is near complete and occurs relatively quickly, consistent with our observation 289 

of foaming (indicative of surfactants) within our reactors during U uptake experiments with 290 

materials used immediately after synthesis (i.e., unwashed materials). Accordingly, the slight 291 

increase in U uptake observed for DPA, DDPA, and TDPA after washing of these materials (see 292 

Figure 1) likely results from increases in pore volume and specific surface area of the PAN that 293 

are produced when the surfactant is lost into solution. Indeed, based upon N2 BET adsorption 294 

isotherm analysis, we observed notable increases in the measured pore volumes for HPA (6 295 

carbons) and OPA (8 carbons) after our washing procedure to remove loosely bound surfactant 296 

(Table S1), consistent with their roles as porogens.11 297 

In contrast for HDPA- and ODPA-functionalized materials, we hypothesize that their 298 

longer alkyl chains promote improved retention in the PAN, presumably through increased 299 
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physical entanglement and hydrophobic interactions between their longer alkyl chains and 300 

polymer. This helps to immobilize their phosphonate heads on or near the PAN surface, where 301 

they are available to promote U uptake to levels well above those observed for unfunctionalized 302 

PAN. This is consistent with the U uptake observed for both unwashed and washed types of 303 

these materials, and notably there was no statistically significant increase in pore volume or 304 

surface area for ODPA functionalized materials after washing (see Table S1).   305 

Without an observable increase in surface area or pore volume for ODPA-functionalized 306 

materials after washing, the increase in U uptake observed for washed ODPA-functionalized 307 

nanofibers is not entirely understood. We note that XPS analysis of as synthesized, unwashed 308 

materials revealed that surface P concentration was actually lowest for ODPA, with the greatest 309 

surface P concentrations measured for materials with shorter chain surfactants (see inset to 310 

Figure 1 and Figure S3). We are left to speculate that the increase in U uptake on ODPA-311 

functionalized materials after washing may be due to the release of poorly retained ODPA that is 312 

loosely bound primarily on the PAN surface rather than the bulk of the material, thereby limiting 313 

pore formation. Indeed, we noticed a small degree of foaming during the washing of HDPA- and 314 

ODPA-containing materials, indicative that a small portion of surfactant was released into 315 

solution during our washing procedure. If primarily bound to the polymer surface, loosely 316 

retained ODPA could have an inhibitory effect on uptake of U by unwashed materials by 317 

blocking more well-retained phosphonate sites that persist in the washed materials. Such 318 

interference of loosely retained, surface-bound ODPA on as synthesized materials could also 319 

explain the relatively low surface P concentration measured by XPS on unwashed ODPA-320 

functionalized PAN (with 18 carbon atoms for every one P atom in surface-associated ODPA 321 

molecule. For example, the atomic of abundance of P relative to carbon in ODPA (C18H39O3P) is 322 
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only ~5%, which would be expected to lower the P 2p intensity measured with XPS. Additional 323 

experimental work is necessary, however, to further explore the greater uptake of U on ODPA-324 

functionalized materials after washing. 325 

   326 

3.3 Experiments probing U uptake 327 

All subsequent experiments exploring U uptake were conducted using HDPA-328 

functionalized materials. Although ODPA-functionalized materials exhibited more U uptake 329 

capacity, it was also more difficult to reproducibly synthesize due to stability issues with the sol 330 

gel precursor. We also have previously investigated HDPA-functionalized materials, thus we had 331 

a greater understanding of its performance (e.g., pH-dependent U uptake) than ODPA-332 

functionalized materials.  333 

The results from the uptake experiments indicate that the interaction of U with carbonate 334 

and with a mixture of calcium and carbonate causes the inhibition of U uptake on the HDPA 335 

electrospun polymer. For example, lower U uptake was observed in the HDPA+U+CO3 and 336 

HDPA+U+Ca+CO3 reactors when compared to the reactors without CO3 (Figure 2). 337 

Comparable U uptake was observed in the HDPA+U reactor (1.98 ± 0.07 μg U/mg mat) and in 338 

the HDPA+U+Ca reactor (1.96 ± 0.37 μg U/mg mat). This similarity in U uptake can be 339 

attributed to highly preferential sorption of U on HDPA resulting in limited cationic competition 340 

from Ca.8, 47 The uptake in the HDPA+U+CO3 reactors was 1.14 ± 0.22 μgU/mg mat, 341 

corresponding to 39.4% decrease in U uptake compared to the HDPA+U reactor. The 342 

HDPA+U+Ca+CO3 reactors had the least U uptake (0.35 ± 0.24 μg U/mg mat) which 343 

corresponds to 82% decrease when compared to the HDPA+U reactor. This decrease is 344 

comparable to that observed in other studies showing 70% decrease in U sorption on mineral 345 
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surfaces when Ca and CO3 are present.48, 49 Thus, the presence of co-occurring ions influences 346 

the U uptake into the HDPA mats, which may be attributed to changes in U aqueous 347 

complexation.  348 

The formation of neutral or negatively charged uranyl-carbonate or ternary calcium-uranyl-349 

carbonate aqueous complexes decreases the binding of U in the mats. Chemical equilibrium 350 

modelling was used to further interpret the results from the uptake experiments and presented in 351 

Figure S5. Simulations at pH 7 suggest that the cationic U aqueous species are prevalent in the 352 

HDPA+U reactors and in the HDPA+U+Ca reactors, with 70% (UO2)3(OH)5
+, 20% 353 

(UO2)5(OH)7
+ and 6% UO2OH+

. Anionic U aqueous species are prevalent in the HDPA+U+CO3 354 

reactors, with 75% UO2(CO3)3
-4 and 21% UO2(CO3)2

-2. For the HDPA+U+Ca+CO3 reactors, 355 

67% Ca2UO2(CO3)3 neutral U species and 31% CaUO2(CO3)3
-2 anionic U species were present. 356 

The presence of these ternary calcium-uranyl-carbonate aqueous complexes has also been 357 

reported in other studies.7, 34, 50 As our experiments are conducted at pH 7 > pKa=2.6 for HDPA, 358 

the surface is negatively charged, causing electrostatic repulsion with the negative and neutral 359 

aqueous complexes. This would prevent U binding with the HDPA surface and resulting in lower 360 

uptake for HDPA+U+CO3 and HDPA+U+Ca+CO3 reactors. Additional extraction experiments 361 

with targeted reactants were pursued to better understand the U release to solution from surface 362 

associated U species on the reacted mats. 363 

 364 

3.4 Extractions experiments 365 

Higher U release from the HDPA reacted mats was observed after extractions with HCO3 366 

compared to MgCl2, indicating that the U associated to these mats is more amenable to 367 

complexation rather than ion exchange. The results from the extraction experiments are 368 
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presented in Figure 3. The reacted HDPA+U mats had 70% higher U release (3.0 μg HCO3 369 

extractable U) with extractions using HCO3 when compared to MgCl2 extractions (0.9 μg MgCl2 370 

extractable U). A similar trend was observed for the reacted HDPA+U+Ca mats, given that 78% 371 

higher HCO3 extractable U (3.9 μg) was released when compared to MgCl2 extractable U (0.8 372 

μg). An order of magnitude higher HCO3 extractable U was obtained for the reacted 373 

HDPA+U+CO3 mats (1.7 μg U) and reacted HDPA+U+Ca+CO3 reacted mats (0.6 μg U) in 374 

contrast to that released from MgCl2 extractions (0.02 μg for reacted HDPA+U+CO3 reacted 375 

mats and 0.06 μg for reacted HDPA+U+Ca+CO3 mats). This result suggests that U is initially 376 

complexed to the surface of the HDPA reacted mats after the uptake experiments, but then is 377 

removed from the surface and released to solution after complexation with bicarbonate upon 378 

extraction at pH 8.3. 379 

Although the HDPA+U+CO3 and HDPA+U+Ca+CO3 reactors had lower U uptake, most 380 

extractable U was amenable to complexation after HCO3 addition. The low U released after 381 

extractions with MgCl2 indicates limited ion exchangeable U in these mats. Strong complexing 382 

agents such as HCO3
- would bind and solubilize most surface associated U complexes  1, 42, 51 383 

resulting in release of both the inner sphere and outer sphere surface U complexes into solution. 384 

Thus, a higher HCO3
- and low MgCl2 extractible U support the presence of inner-sphere U 385 

surface complex on all the reacted mats.  386 

 387 

3.5 Solid analyses 388 

Further analyses of the reacted mats were carried out using XAS, XPS and SERS to 389 

understand the binding structure of surface associated U. The EXAFS U L-III spectra (Figure 4) 390 

shows that all the reacted mats had a similar shape to each other, with no matches to the 391 
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reference compounds. To understand the structural motif of the surface associated uranyl, shell-392 

by-shell fitting (Figure 5) for reacted HDPA+U mat was conducted. The fitting of peaks 393 

observed in the Fourier Transformed EXAFS spectra (Figure 4b, Figure 5) around 1.78 Å 394 

corresponds to the two U=O dioxo bonds and five U-O bonds with atomic distances of 2.30 Å. 395 

The FT peaks at 2.3 Å is likely due to shell of neighboring atoms, which in our system is nitrate 396 

ligands, at atomic distance of 2.88 Å. The FT peaks observed from 2.9 to 3.1 Å can be attributed 397 

to a second neighbor shell of U-P coordination on HDPA, which suggests inner-sphere 398 

complexation through one of the hydroxide of the phosphonic acid functional group (≡P-O-U, 399 

atomic distance U-P 3.58 Å). Comparable atomic distances for surface associated U have been 400 

reported in literature.52-54 The similar EXAFS spectra for all other reacted mats (HDPA+U+Ca, 401 

HDPA+U+CO3, HDPA+U+Ca+CO3) indicates that the U binding on surface was consistent to 402 

the HDPA+U only shell-by-shell fitting. Thus, the U is present as a seven coordinated inner-403 

sphere complex (UO2O5) with the HDPA mat as seen from the EXAFS shell-by-shell fitting. 404 

The XPS survey scans and U 4f high-resolution spectra detected the presence of U in the near 405 

surface of all the reacted mats (Table 1). The U 4f high resolution spectra for all reacted mats 406 

had similar shapes which indicates similar U(VI) binding in the near surface (Figure 6). Fitting 407 

of the U 4f 7/2 spectra indicates the presence of two components with binding energy at 381.6 eV 408 

and 379.6 eV. A U 4f satellite peak is observed at 384.4 eV. The U 4f5/2 spectra imitates the 409 

shape of the components of U 4f7/2 with exactly 10.9 eV lower binding energy and one-third of 410 

the intensity.55 Since these two components are present for all the reacted mats, the near surface 411 

associated uranyl species is likely the same. Analysis of high-resolution P 2p spectra indicate 412 

that there are no noticeable changes in shape for all the reacted mats. The lack of changes in the 413 
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EXAFS U L-III spectra and XPS U 4f high resolution spectra in all the reacted mats suggests that 414 

similar binding environment on the surface reacted HDPA mats in all reaction conditions.  415 

SERS measurements with Au-MHA nanostars are utilized to determine uranyl complexes 416 

present on HDPA-PAN mat upon coordinating with uranyl and different ions based on molecular 417 

vibrational frequencies in the spectra. Figure 7 shows SERS spectral deconvolution results for 418 

reacted HDPA+U, HDPA+U+Ca, HDPA+U+CO3 mats suggest the presence of monodentate 419 

uranyl phosphonate species.  No U signal was observed on reacted HDPA+U+Ca+CO3 mats 420 

due to the low U uptake on the mats was below the detection limit of SERS. The identity of the 421 

associated uranyl complexed are assigned based on known vibrational frequency perturbations 422 

from carboxylate (from MHA) and phosphonate (from HDPA). While both functional groups 423 

induce a red-shift in the uranyl nitrate frequency, which is typically centered at 870±1 cm-1, each 424 

functional group induces a specific red-shift that depends on the ligand denticity and systematic 425 

impacts on vibrational feature band width (estimated using full width at half maximum). 426 

Previously, it was shown that monodentate (κ1)coordination to carboxylate and phosphonate 427 

groups induce a red shift of 11 cm-1 and bidentate (κ2) carboxylate coordination a 20 cm-1 shift.56 428 

Thus, vibrational frequencies at 859±1, 847±1, 838±1, and 828±1 cm-1 are tentatively assigned 429 

as UO2(HDPA)(NO3)2
-, UO2(HDPA)(κ1-COO)(NO3)-, UO2(HDPA)(κ1-COO)2

-, and 430 

UO2(HDPA)(κ1-COO)(κ2-COO)- complexes, respectively. As a result of the low U uptake in 431 

presence of bicarbonate, SERS spectra showed only one feature centered at 829 cm-1 for 432 

HDPA+U+CO3+HDPA reacted mats, which can be tentatively assigned as UO2(HDPA)(κ1-433 

COO)(κ2-CO3). These assignments are supported by vibrational feature bandwidths assignments 434 

as these are impacted by the number and extent of electron donating ligands at the equatorial 435 

plane of uranyl cation.4, 38 Specifically, previous studies5, 57 showed the increased number of 436 
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ligands causes the vibrational band width to increase by 2 cm-1 per ligand. Interestingly on all 437 

mat samples, the UO2(HDPA) complex that was observed via monodentate coordination 438 

remained intact despite the presence of nitrate, carboxylate, and carbonate groups. This suggests 439 

that the uranyl phosphonate complex has the largest stability constant among uranyl complexes 440 

present in solution and on the polymer surface.  441 

 442 

3.6 Mechanistic insights 443 

The results from this study indicate that U(VI) binding occurs primarily on the deprotonated 444 

oxygen of the phosphonate (≡P-O-). As the cationic U aqueous species would easily bind to the 445 

negatively charged ≡P-O- surface site, a higher U uptake was observed for the HDPA+U and 446 

HDPA+U+Ca reactors. The lower U uptake in the HDPA+U+CO3 and HDPA+U+Ca+CO3 447 

reacted mats is due to the repulsion between anionic aqueous U species with the negatively 448 

charge phosphonate polymer surface. This limited U-uptake was confirmed by the minimal ion-449 

exchangeable surface complexes. The surface associated U is predominantly an inner-sphere 450 

surface complex, as observed from the HCO3
- extractions and EXAFS solid analyses. Finally, 451 

vibrational spectroscopy analysis suggests that U-phosphonate species are the most 452 

thermodynamically stable species present on the mats regardless of the initial U solution 453 

chemistry. The presence of this strongly complexed U-phosphonate for all the solution 454 

conditions indicate selective U uptake as reported in uranium-phosphonates literature.31, 36, 58 455 

Thus, the surficial interaction of aqueous U species strongly influences the total U uptake on the 456 

solid electrospun polymer.    457 

 458 
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3.7 Conclusions 459 

Uranium remains a persistent water quality problem for many drinking water consumers 460 

reliant on groundwater as a source in the arid southwestern United States. There remain 461 

opportunities for technological advances that can improve access to reliable methods for uranium 462 

detection and treatment. Outcomes of the current work help to improve our understanding of the 463 

fabrication and performance of a promising material class, functionalized electrospun polymers, 464 

that could be integrated into sensing and treatment applications.4, 25  465 

For functionalized polymer fabrication, we find that longer chain alkyl phosphonates 466 

perform best for U uptake. We attribute this behavior to their inherent nature to segregate at the 467 

air-polymer interface during electrospinning, and, most importantly, their better retention within 468 

the polymer nanofiber matrix during application. More work is needed to better understand the 469 

nature of the surfactant-polymer interaction responsible for the better retention of HDPA and 470 

ODPA, and whether this observation is more broadly applicable to other types of surfactants 471 

integrated into other types of electrospun polymers.   472 

Related to phosphonate-functionalized nanofiber polymer performance, the presence of 473 

environmentally relevant concentrations of Ca and CO3 inhibits U uptake in phosphonate 474 

functionalized electrospun polymers. Using spectroscopic methods, we identified the mechanism 475 

of U uptake as inner-sphere complexation with U-phosphonate monodentate surface complexes, 476 

which were observed on all the reacted mats. Ultimately, given their modest uptake, we envision 477 

that these functionalized nanofiber membranes may be better suited for applications in sensing 478 

rather than treatment, where the stability of inner-sphere complexation as a binding mechanism 479 

will be desirable for highly specific binding in complex environmental or biological matrices.  480 

 481 
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Tables & Figures 494 

 495 

Table 1. XPS survey scans indicating the atomic composition in the near surface. 496 

 

 
C1s% N1s% O1s% P2p% U4f% Na1s% Ca2p% 

HDPA control 
80.6 

± 0.98 

8.4 

± 2.4 

9.7 

± 3.7 

1.3 

± 0.34 
n.d. n.d. n.d. 

HDPA+U 
79.5 

± 1.1 

12.7 

± 0.37 

6.5 

± 1.3 

0.4 

± 0.05 

0.2 

± 0.04 

0.7 

± 0.09 
n.d. 

HDPA+U+Ca 
78.8 

± 1.0 

12.6 

± 0.6 

7.5 

± 1.2 

0.4 

± 0.06 

0.2 

± 0.03 

0.2 

± 0.05 

0.2 

± 0.04 

HDPA+U+CO3 
79.9 

± 0.3 

14.4 

±0.81 

4.4 

± 0.5 

0.4 

± 0.01 

0.1 

± 0.01 

0.7 

± 0.07 
n.d. 

HDPA+U+Ca+CO3 
77.2 

± 0.2 

18.8 

± 0.24 

3.9 

± 0.06 

0.2 

± 0.04 

0.03 

± 0.02 

0.7 

± 0.07 
n.d. 
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 521 

 522 

Figure 1.  Effect of alkyl chain length on the fractional uranium (U) uptake by phosphonate-523 

functionalized PAN nanofibers. Data are shown for functionalized nanofibers reacted with 1 µM 524 

U at pH 2 in 0.25 g/L sorbent systems for 16 h. Results are shown for materials used immediate 525 

after synthesis (“unwashed”) and materials used after extensively rinsing with water to remove 526 

loosely retained surfactant (“washed”). The U removal observed in control systems with 527 

unfunctionalized PAN is shown as a dotted horizontal line. Bracketed numbers along the x-axis 528 

indicate the alkyl phosphonate chain length. Error bars, if not visible, are smaller than the 529 

symbols. The inset shows the response (based on the P 2p peak area) for P from XPS analysis of 530 

unwashed materials (spectra are shown in Figure S3).  531 

 532 

  533 
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 534 

 535 

Figure 2. Uptake of U (μg U / mg mat) on HDPA-PAN electrospun mats reacted with 10 μM 536 

[U], 50 mM [HEPES] and in the presence of either 5 mM [Ca] (orange), 5 mM [CO3] (gray) or 537 

both 5 mM [Ca] and [CO3] (yellow). The experiments were conducted using 5 mg mat in 20 ml 538 

solution reacted for 16 hours. Error bars represent the standard deviation of triplicate reactors. 539 
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 540 

 541 

Figure 3. Results from reactivity experiments indicating % U released from the reacted mats 542 

after the   addition of extractants (a) MgCl2 (b) HCO3. Reaction conditions involved taking the 543 

reacted mats from U uptake experiments and reacting with each of the extractants. 544 

 545 

 546 

 547 

  548 
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 549 

 550 

Figure 4. U LIII-edge EXAFS spectra from beamline 11-2 in (a) real-part (b) Fourier 551 

transformed for reacted HDPA mats compared to references autunite and carnotite minerals. 552 

Reaction conditions [U] = 10 μM, Mat = 5 mg, volume = 20 ml, pH = 6.8 buffered HEPES = 553 

10mM. 554 

555 
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 556 

 557 

 558 

Figure 5. EXAFS shell-by-shell fitting results for HDPA+U mat. Reaction conditions [U] = 10 559 

μM, Mat = 5 mg, volume = 20 ml, pH = 6.8 buffered HEPES = 10mM. 560 

 561 

 562 

  563 
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 564 

 565 

 566 

Figure 6. XPS High Resolution U 4f photo peak for reacted samples (red) and fittings of U 4f 567 

components (inset) for reacted HDPA mats (a) 10 μM U, (b) 10 μM U+ 5 mM Ca2+, (c) 10 μM U 568 

+ 5 mM CO3
2- and (d) 10 μM U+ 5 mM Ca2+ + 5 mM CO3

2-, from U uptake experiments. 569 

Reaction conditions [U] = 10 μM, Mat = 5 mg, volume = 20 ml, pH = 6.8 buffered HEPES = 570 

10mM. 571 

  572 



31 

 

 573 
 574 

 575 

Figure 7. SERS spectra and deconvolution results on HDPA PAN mats incubated with (a) 10 576 

μM U, (b) 10 μM U+ 5 mM Ca2+, (c) 10 μM U + 5 mM CO3
2- and (d) shows detected uranyl-577 

HDPA complexes matched with vibrational frequencies obtained from the band deconvolution. 578 

 579 

 580 

 581 

  582 
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