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Evidence for non-electrostatic interactions between a 
pyrophosphate-functionalized uranyl peroxide nanocluster and 
iron (hydr)oxide minerals  
Luke R. Sadergaski,a Samuel N. Perry,a Luke R. Tholen,a and Amy E. Hixon *a 

The terminal oxygen atoms of the pyrophosphate groups in the uranyl peroxide nanocluster U24Pp12 ([UO2)24(O2)24(P2O7)12]48-

) are not fully satisfied by bond valence considerations and can become protonated. This functionality could allow for specific 
interactions with mineral surfaces, as opposed to the electrostatically-driven interactions observed between non-
functionalized uranyl peroxide nanoclusters and mineral surfaces. The sorption of U24Pp12 to goethite and hematite was 
studied using batch sorption experiments as a function of U24Pp12 concentration, mineral concentration, and pH. A suite of 
spectroscopic techniques, scanning electron microscopy, and electrophoretic mobility measurements were used to examine 
the minerals before and after reaction with U24Pp12, leading to a proposed conceptual model for U24Pp12 interactions with 
goethite. The governing rate laws were determined and compared to those previously determined for a non-functionalized 
uranyl peroxide nanocluster. The rate of uranyl peroxide nanocluster sorption depends on the charge density and 
functionalized component of the uranyl peroxide cage. Electrophoretic mobility and attenuated total reflectance Fourier 
transform infrared spectroscopy analyses show that an inner-sphere complex forms between the U24Pp12 cluster and the 
goethite surface through the terminal pyrophosphate groups, leading to a proposed conceptual model in which U24Pp12 
interacts with the triply-coordinated reactive sites on the (110) plane of goethite. These results demonstrate that the 
behavior of U24Pp12 at the iron (hydr)oxide-water interface is unique relative to interactions of the uranyl ion and non-
functionalized uranyl peroxide nanoclusters.

Environmental Significance 1 
Nuclear energy could be a key component of clean energy 2 
generation, but the safe disposal of used nuclear fuel is 3 
one barrier to expansion of the industry. Geologic 4 
repositories are the accepted solution for nuclear waste 5 
disposal; licensing them requires long-term predictions of 6 
uranium fate and transport.  The recent discovery of uranyl 7 
peroxide nanoclusters leads to the concern of a uranium 8 
source term that is not included in current predictive 9 
models. In this study, we used a functionalized nanocluster 10 
and report the first evidence of an irreversible, non-11 
electrostatic interaction at the mineral surface. These 12 
findings suggest that some uranyl peroxide nanoclusters 13 
are immobilized under environmentally-relevant 14 
conditions and highlights the importance of studying the 15 
behavior of nanomaterials at the mineral-water interface. 16 

Introduction 17 
High concentrations of CO2 and other greenhouse gases in 18 
the atmosphere are projected to increase global 19 
temperatures and affect the planet's ability to sustain the 20 
life of billions of people. As global energy demand 21 
continues to increase, the need to phase out fossil fuels 22 
and replace them with clean energy sources is becoming 23 
more critical. Nuclear energy could be an attractive form 24 
of clean energy, as no greenhouse gases are emitted 25 
during power production, but the lack of a permanent 26 
storage or disposal solution for used nuclear fuel remains 27 
at the forefront of public concern. 28 
 29 
Deep geologic repositories are generally accepted as the 30 
best approach for disposing of intermediate- and high-31 
level nuclear waste.1,2 Although many countries are in 32 
various stages of siting, licensing, and constructing a 33 
permanent disposal facility, there is no fully-operational 34 
facility for used nuclear fuel. Nuclear repositories will be 35 
specially designed to maintain their integrity for millions of 36 
years by using both natural and engineered barriers. These 37 
containment systems will eventually fail and release 38 
radionuclides into the environment. The actinide 39 
elements, such as uranium, are of particular concern due 40 
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to their radiotoxicity and long half-lives. Some repository 41 
designs include the addition of cementitious materials or 42 
MgO barriers, which ultimately moderate the pH of any 43 
leachate to the hyperalkaline region.2 U(VI) is generally 44 
expected to have a low solubility under these conditions. 45 
 46 
Within the last decade, a large family of uranyl peroxide 47 
nanoclusters has been synthesized and characterized.3 In 48 
general, the exterior and interior of these nanoclusters are 49 
truncated by the oxygen atoms of uranyl ions (i.e., -yl 50 
oxygens) and adjacent uranyl ions are connected through 51 
bridging peroxide groups or other ligands (e.g., hydroxyl, 52 
phosphate, pyrophosphate, nitrate, oxalate, and 53 
phosphite).4 Although these nanoclusters have not been 54 
directly observed in nature, it is possible that uranyl 55 
peroxide species could form under conditions where the 56 
radiation-driven radiolysis of water produces hydrogen 57 
peroxide.5 Thus, uranyl peroxide species and nanoclusters 58 
could form at uranium ore deposits, in the vicinity of used 59 
nuclear fuel, and at contaminated locations such as the 60 
Hanford Site, Fukushima-Daiichi, and the Savannah River 61 
Site.6–8 Because these nanoclusters have properties of 62 
both dissolved species and colloids, studying their 63 
behavior at the mineral-water interface is critically 64 
important and necessary in order to predict their behavior 65 
in natural systems. 66 
 67 
Goethite (α-FeOOH) and hematite (α-Fe2O3) are the most 68 
common iron (hydr)oxide minerals in the environment and 69 
are important sorbents for uranium.8–11 Although the 70 
adsorption behavior of the uranyl ion is fairly well 71 
established, clear differences between uranyl peroxide 72 
nanoclusters and the discrete uranyl ion suggest that the 73 
mechanisms governing their interactions with charged 74 
surfaces will be different and could give rise to significant 75 
environmental implications.12–14 Therefore, examining the 76 
mineral-water interface chemistry of uranyl nanoclusters 77 
is warranted in order to more comprehensively assess the 78 
effectiveness of radionuclide remediation strategies and 79 
predict the long-term validity of nuclear waste disposal in 80 
geologic repositories. 81 
 82 
Two studies have considered the sorption of a non-83 
functionalized uranium polyoxometalate nanocluster 84 
[(UO2)(O2)(OH)]6060- (U60) to the natural minerals goethite 85 
and hematite.12,13 These studies found that U60 sorbs via 86 
weak, outer-sphere, electrostatic interactions between 87 
the negatively-charged nanocluster and the positively-88 
charged mineral surface. The oxygen atoms of the uranyl 89 
ion are relatively inert and can only act as H-bonding 90 
acceptors or bind to highly coordinated alkali cations.15 91 
Comparatively, the uranyl peroxide nanocluster 92 
[(UO2)24(O2)24(P2O7)12]48- (U24Pp12) has a thinner electric 93 
double layer (EDL), which is consistent with a higher 94 
charge-to-surface area ratio than U60, and is 95 
pyrophosphate functionalized.16,17 When crystallized, the 96 
negatively-charged cage is balanced by Li+ and Na+ cations, 97 

both inside the cage and in the interstitial space between 98 
cages, with the chemical formula Li48-99 
xNax[(UO2)24(O2)24(P2O7)12]·nH2O, (x≈24 and n≈120).18 In 100 
solution, the cage persists as an aqueous species and 101 
retains an effective negative charge.16,19 Both U60 and 102 
U24Pp12 have notably high solubility ((1.77 ± 0.11) x 105 103 
ppm U and (2.94 ±0.17) x 105 ppm U, respectively) in the 104 
high-pH regime.16 105 
 106 
The terminal oxygen atoms of the pyrophosphate groups 107 
in U24Pp12 are not fully satisfied by bond valence 108 
considerations and can become protonated.20,21 This 109 
functionality could allow for the formation of specific, 110 
inner-sphere sorption complexes. When comparing 111 
U24Pp12 to U60, we are mainly interested in understanding 112 
how the terminal oxygen atoms of the uranyl peroxide 113 
cage, either –yl oxygen atoms of the uranyl ion or the 114 
oxygen atoms of the pyrophosphate unit (highlighted in 115 
Figure 1), may or may not dictate sorption interactions 116 
with functional groups on mineral surfaces. 117 

This study examines the sorption kinetics of U24Pp12 to 118 
goethite and hematite as a function of time, U24Pp12 119 
concentration (0.5 – 2 g L-1), mineral concentration (100 – 120 
500 m2 L-1), and pH (8 – 9). It also characterizes the reacted 121 
mineral phase using a variety of analytical techniques. The 122 
purpose of this work is two-fold: (1) to determine the 123 
governing rate law describing sorption of U24Pp12 to 124 
goethite and hematite, and (2) to describe how 125 
pyrophosphate functionality affects uranyl peroxide 126 
nanocluster sorption reactions. Comparing the sorption of 127 
U24Pp12 and U60 to goethite and hematite will aid in the 128 
elucidation of molecular-scale mechanisms governing 129 
uranyl peroxide nanocluster interactions at the mineral-130 
water interface. 131 

Methods 132 
Caution: Depleted uranium was used in these experiments. 133 
It is radioactive and should only be handled by trained 134 

Figure 1. Polyhedral representations of U60 (left) and U24Pp12 (right). The 
[(UO2)(O2)2(OH)2] and [(UO2)(O2)2] subunits of U60 and U24Pp12, respectively, are 
represented by yellow hexagonal bipyramid polyhedrons. Pyrophosphate linkages are 
represented as phosphate polyhedra shown in magenta. Alkali counter-cations have 
been removed for clarity. The U60 nanocluster is approximately 2.5 nm in diameter 
whereas the U24Pp12 cluster is approximately 1.8 nm in diameter.
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workers in approved facilities! All chemicals were 135 
commercially obtained (ACS grade) and used as received 136 
unless otherwise stated. Additional methodologies 137 
describing electrospray ionization mass spectrometry (ESI-138 
MS), X-ray photoelectron spectroscopy (XPS) and scanning 139 
electron microscopy (SEM) analyses are provided in the 140 
Supporting Information. 141 
 142 
U24Pp12 preparation and characterization 143 
Crystals containing U24Pp12 nanoclusters were synthesized 144 
according to published procedures.18 Crystals were 145 
collected with a Buchner funnel, rinsed with Milli-Q water 146 
(18.2 MΩ cm at 25°C), and dissolved in Milli-Q water to 147 
make a 60 g L-1 stock solution of U24Pp12. Single crystal X-148 
ray diffraction (SC-XRD) was used to identify several 149 
U24Pp12 crystals within the triclinic crystal system (space 150 
group 𝑃𝑃1�) and unit cell parameters were in good 151 
agreement with published data. SC-XRD data were 152 
collected at 100 K using a Bruker APEXII Quazar single-153 
crystal diffractometer with graphite-monochromated Mo 154 
Kα X-ray radiation. The U24Pp12 stock solution was 155 
characterized using electrospray ionization mass 156 
spectrometry (ESI-MS).22 157 
 158 
Goethite and hematite synthesis and characterization 159 
Goethite and hematite were synthesized according to the 160 
methods of Schwertmann and Cornell23 and characterized 161 
by powder X-ray diffraction (10-70° 2-theta, Cu-Kα 162 
radiation), Raman spectroscopy, and BET. Powder 163 
patterns and Raman spectra are provided in Figures S1-S3. 164 
The specific surface areas of goethite and hematite used 165 
in this study were 30.2 m2 g-1 and 31.5 m2 g-1, respectively. 166 
 167 
Phase analysis light scattering 168 
Phase analysis light scattering was used to determine the 169 
isoelectric point by measuring the zeta potential of 170 
goethite and hematite powder samples (0.25 g L-1), using 171 
a Brookhaven NanoBrook Omni instrument, as a function 172 
of pH. Triplicate zeta potential measurements were 173 
modeled using Smoluchowsky calculations to determine 174 
an isoelectric point (IEP) of 9.13 ± 0.07 and 8.86 ± 0.06 for 175 
goethite and hematite, respectively, at the 95% 176 
confidence interval, which is in good agreement with 177 
published results.24,25 The IEP of each mineral phase was 178 
also measured after reactions with U24Pp12. Suspensions 179 
containing 1 g L-1 U24Pp12 and 500 m2 L-1 goethite or 180 
hematite were equilibrated for 24 hours. Each mineral 181 
phase was collected by centrifugation, the resulting 182 
sample was re-suspended in solution (0.25 g L-1), and the 183 
pH was adjusted prior to IEP measurements. 184 
 185 
ICP-OES analysis 186 
Inductively coupled plasma optical emission spectroscopy 187 
(ICP-OES) was used to measure the elemental 188 
concentrations in reactor solutions. Elemental 189 

concentrations were acquired using a PerkinElmer Optima 190 
8000 DV ICP-OES instrument with 165 – 800 nm coverage 191 
and a resolution of approximately 0.01 nm for multi-192 
elemental analysis. External calibration was used to 193 
determine the unknown elemental concentrations of U 194 
(0.2 to 20 ppm), P (0.1 to 5 ppm), Na (0.1 to 5 ppm), Li 195 
(0.025 to 1 ppm), and Fe (0.05 to 5 ppm). Aliquots from 196 
each reactor were dissolved in 10 mL of 5% nitric acid. An 197 
internal standard (1 ppm Y) was added to each standard, 198 
blank, and sample to monitor for instrument drift. 199 
Dilutions were measured gravimetrically, using an OHAUS 200 
model AX124/E balance with an accuracy of ±0.0001 g. 201 
 202 
Raman and FT-IR spectroscopy 203 
Attenuated total reflectance Fourier transform infrared 204 
(ATR-FTIR) spectra were recorded using a Bruker Tensor 27 205 
FTIR spectrometer equipped with an IR source (U-shaped 206 
silicon carbide piece), a detector (W168-5/B) for middle-IR 207 
measurements, and a platinum ATR single reflection 208 
sampling accessory (A225/QI). For each sample, 128 scans 209 
in the 4000-400 cm-1 (MIR) spectral range were recorded 210 
with a resolution of 4 cm-1. Approximately 1 mg of sample 211 
was pressed with a micrometer-controlled compression 212 
clamp to assure good contact between the sample and 213 
diamond crystal. Background correction was applied using 214 
Bruker software. Deconvolution of ATR-FTIR data was 215 
accomplished using OriginPro Data analysis and Graphing 216 
Software. During our analysis, frequencies lower than 960 217 
cm-1 were not considered due to overlap with the IR-active 218 
bands of goethite and hematite resulting from 219 
complicated stretching–bending coupling modes. 220 
 221 
Raman spectra were collected using a video-assisted 222 
Renishaw invia Raman system equipped with a 785 nm 223 
laser source and a 5x microscope objective. Spectra were 224 
collected using 1% laser power and several, 10-second 225 
scans over the range 100-3200 cm-1 with 2 cm-1 resolution. 226 
 227 
Batch sorption and desorption experiments 228 
Batch sorption experiments were performed in duplicate 229 
by spiking the appropriate amount of the U24Pp12 stock 230 
solution into suspensions containing 100 m2 L-1 – 500 m2 L-231 
1 mineral (see Tables S1 and S2 for exact experimental 232 
conditions). The U24Pp12 concentrations (0.5 – 2 mg mL-1 233 
U24Pp12; 230 – 920 ppm U) used here are consistent with 234 
or lower than other studies probing the properties of 235 
uranyl peroxide nanoclusters and are necessary to meet 236 
instrument detection limits. The concentration of U in 237 
ppm, determined by ICP-OES, was converted to grams of 238 
U24Pp12 per liter by assuming 0.468 g of U per g of U24Pp12 239 
based on its chemical formula in the crystalline state.18 240 
Reactors were sampled at various time points within a 241 
week time frame. At each time point, a 300 µL aliquot was 242 
centrifuged for 8 min at 9,200 rpm and then diluted for 243 
ICP-OES analysis. In general, the pH of the reactors was 244 
constant at pH 9.0 without adjustment. If adjustment was 245 
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needed, dilute hydrochloric (HCl) was added. A glass pH 246 
probe, manufactured by Thermo Fisher Scientific (ORION 247 
9103SC) was used to measure pH. The probe was placed in 248 
0.001 M HCl for approximately ten minutes before each 249 
measurement in order to remove any soluble salts that 250 
might affect the stability of the nanoclusters. Controls 251 
containing only U24Pp12 in Milli-Q water were also analyzed 252 
in the same fashion to monitor U24Pp12 stability. 253 
 254 
Desorption experiments were performed in duplicate with 255 
1 mg mL-1 U24Pp12 and either 500 m2 L-1 goethite or 256 
hematite. Reactors were allowed to equilibrate for two 257 
days and the solid was collected by centrifugation, rinsed 258 
with Milli-Q water, and re-suspended for one week in Milli-259 
Q water that was either not pH-adjusted or adjusted to pH 260 
9 or 10 using lithium hydroxide (LiOH). Aliquots of the 261 
resulting supernatant were obtained in the same manner 262 
as those from sorption experiments and run on ICP-OES 263 
and ESI-MS. 264 
 265 
Kinetic analysis 266 
A full description of the kinetic analysis can be found 267 
elsewhere12 and additional details are provided in the 268 
Supporting Information. Equation 1 represents the 269 
governing rate law describing the interaction of U24Pp12 270 
nanoclusters with goethite and hematite. 271 
 272 
d�U24Pp12�

dt
= -krxn[U24Pp12]a[mineral]b  (1) 273 

 274 
In order to determine the reaction order with respect to 275 
U24Pp12 concentration, a, the reaction order with respect 276 
to mineral concentration, b, and the reaction rate 277 
constant, krxn, batch sorption experiments were set up as 278 
described above with three different mineral and three 279 
different U24Pp12 concentrations. 280 

Results and Discussion 281 
U24Pp12 sorption as a function of time, U24Pp12, and mineral 282 
concentration 283 
Nanocluster and mineral concentrations were varied in 284 
batch sorption experiments in order to determine the rate 285 
law describing U24Pp12 sorption in systems containing 286 
goethite and hematite at pH 9. The percentage of uranium 287 
removed from solution increased with increasing mineral 288 
concentration in systems containing goethite and 289 
hematite (see Figures S4 and S5, respectively). As the 290 
goethite and hematite concentrations increased from 100 291 
m2 L-1 to 500 m2 L-1, more surface binding sites became 292 
available and a larger fraction of U24Pp12 was removed. 293 
Each system appeared to reach steady-state within the 294 
time frame of this study (i.e., within 24 hours). 295 
 296 

The fraction of uranium removed from solution decreased 297 
with increasing U24Pp12 concentration (see Figures S6-S7). 298 
As the U24Pp12 concentration increased (0.5 to 2 g L-1) at 299 
constant mineral concentration, the mineral binding sites 300 
became saturated and a smaller fraction (though greater 301 
mass) of U24Pp12 was removed from solution. This trend is 302 
expected to continue until the mineral capacity is reached. 303 
In each case, complete removal of the nanoclusters from 304 
solution was not attained. As a result, sorption in these 305 
systems appeared to be site-limited. 306 
 307 
However, a site density calculation shows that this is not 308 
the case. Assuming the conservative approximation that 309 
our goethite sample has 2.3 sites nm-2,26,27 there are 1.85 310 
mmol sites per L in reactors containing 500 m2 L-1 goethite. 311 
The system containing 2 mg mL-1 U24Pp12—which exhibited 312 
a larger loading than the 0.5 and 1 mg mL-1 U24Pp12 313 
systems at pH 9—contains 0.17 mmol·L-1 U24Pp12. Since the 314 
concentration of mineral binding sites is an order of 315 
magnitude higher than the total concentration of U24Pp12, 316 
all of the mineral binding sites were not fully occupied. In 317 
this system (i.e., 2 mg mL-1 U24Pp12, 500 m2 L-1 goethite), 318 
40% of the U24Pp12 was removed, which means that there 319 
are 0.068 mmol U24Pp12 (i.e., 4.0 x 1019 nanoclusters) 320 
associated with 5 x 1020 nm2 of goethite. Dividing the 321 
surface area by the number of U24Pp12 nanoclusters yields 322 
12.5 nm2 per nanocluster and suggests that each 323 
nanocluster is separated by a center-to-center distance of 324 
3.5 nm and occupies 29 binding sites. Less sorption was 325 
observed in the hematite system and similar calculations 326 
suggest a center-to-center distance of 4.1 nm. 327 
 328 
Based on the crystallographic radius of U24Pp12 (1.13 nm), 329 
we would expect that the center-to-center distance of 330 
nanoclusters associated with the goethite surface would 331 
be greater than 2.26 nm. If nanoclusters pack closer than 332 
2.26 nm, it would imply aggregation or ‘stacking’ of the 333 
clusters on the surface. It was previously determined 334 
theoretically and experimentally that Na/Li U24Pp12 335 
nanoclusters in the aqueous phase approach a center-to-336 
center distance of 3.2 – 3.6 nm near the solubility limit 337 
(2.94 ± 0.17 × 105 ppm U or 1.82 mol of U per kg of H2O) 338 
and are separated by ~1.3 nm from the terminal oxygen 339 
atoms truncating the nanocages.16 The center-to-center 340 
packing distances calculated in this study are nearly 341 
identical to those found in saturated solutions. The electric 342 
double layer surrounding discrete nanoclusters restricts 343 
closer packing in saturated solutions and these sorption 344 
studies suggest that the packing of U24Pp12 on the surface 345 
of goethite may be restricted in part by the electric double 346 
layers surrounding each nanocluster. This indicates that 347 
the initial sorption interactions of U24Pp12 may be driven 348 
by outer-sphere, electrostatic interactions. 349 
 350 
U24Pp12 is packed more densely than U60 (3.5 nm vs. 6.5 351 
nm) under the same experimental conditions.12 U60 is 352 
expected to pack as close as 5 to 5.7 nm at its solubility 353 
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limit,16 which was not observed until pH 8.12 This suggests 354 
that U24Pp12 is more reactive than U60, which may be 355 
attributed to the greater charge density,17 thinner electric 356 
double layer,16 and stronger surface complexes formed by 357 
interactions with the pyrophosphate groups of the uranyl 358 
peroxide cage. 359 
 360 
Inductively coupled plasma optical emission spectroscopy 361 
(ICP-OES) was also used to measure the concentrations of 362 
phosphorous, sodium, and lithium in the aqueous phase as 363 
a function of time. Na+ and Li+ cations are present from the 364 
dissolution of U24Pp12 crystals during preparation of the 365 
stock solution. P was removed in a similar fashion 366 
compared to U, which indicates that the U24Pp12 367 
nanoclusters are removed from solution intact. The 368 
concentration of Na+ decreased at a rate similar to that of 369 
uranium and was removed from solution to a greater 370 
extent than Li+ (see Figure S8), which is in agreement with 371 
previous findings that suggest Na+ is more strongly 372 
associated with the cage than Li+.16 However, in each case 373 
a smaller fraction of Na+ and Li+ were removed relative to 374 
U, indicating that the U24Pp12 nanocluster sorbs as an 375 
anion. These results also agree with the results of previous 376 
sorption studies in systems containing of U60 and 377 
goethite/hematite, which demonstrated that K+ leaves 378 
solution with the uranyl peroxide cage while Li+ does 379 
not.12,13 380 
 381 
Governing rate laws for U24Pp12 interactions with goethite 382 
and hematite 383 
Sorption curves presented in the Supporting Information 384 
were used to determine the reaction rate constant (krxn) 385 
and reaction orders with respect to U24Pp12 concentration 386 
(a) and mineral concentration (b). The reaction orders with 387 
respect to goethite and hematite, obtained from log-log 388 
plots of k'rxn versus mineral concentration (see Figures S30 389 
and S26, respectively), were determined to be 0.61 ± 0.03 390 
and 1.05 ± 0.04, respectively. This indicates that the 391 
kinetics with respect to hematite are approximately first 392 
order, but that a more intricate relationship exists for the 393 
goethite system. Similarly, linear regressions were used to 394 
obtain the reaction orders as a function of U24Pp12 395 
concentration from log-log plots of k'rxn versus the 396 
nanocluster concentration (see Figures S31 and S27). The 397 
reaction order terms, a, were 0.51 ± 0.02 and 0.12 ± 0.01 398 
for the goethite and hematite systems, respectively. This 399 
indicates that the U24Pp12 concentration has a weaker 400 
influence on the reaction rate in the hematite system than 401 
in the goethite system. The reaction order terms a and b 402 
in the goethite system are very similar whereas the 403 
reaction terms in the hematite system are different by 404 
nearly an order of magnitude. The reaction order term a is 405 
also much greater in the goethite system than the 406 
hematite system and therefore the sorption of U24Pp12 to 407 
goethite is much more dependent on the nanocluster 408 
concentration than hematite. 409 

 410 
Using the observed reaction order terms, the sorption of 411 
U24Pp12 at pH 9 and 100 – 500 m2 L-1 goethite and hematite 412 
can be described by equations 2 and 3, respectively, 413 
 414 
d[U24Pp12]

dt
= -krxn [U24Pp12]0.51±0.02[goethite]0.61±0.03  (2) 415 

d�U24Pp12�
dt

= -krxn [U24Pp12]0.12±0.01[hematite]1.05±0.04  (3) 416 

 417 
where krxn for equation 2 is (5.3 ± 1.0) x 10-2 (g L-418 
1)0.51±0.02(m2 L-1)-0.61±0.0.06(day-1) and krxn for equation 3 is 419 
(1.8 ± 0.2) x 10-3 (g L-1)0.88±0.01(m2 L-1)-1.05±0.04(day-1). For 420 
comparison, the rate law describing U60 sorption to 421 
goethite is provided in equation 4 422 
 423 
d[U60]

dt
= -krxn [U60]0.29±0.02[goethite]1.2±0.1  (4) 424 

 425 
where krxn = (6.7 ± 2.0) x 10-4 (g L-1)0.71±0.02 (m2 L-1)-1.2±0.1(day-426 
1).10 A comparison of these rate laws shows that the 427 
sorption of U24Pp12 to goethite is faster than the sorption 428 
of U24Pp12 to hematite and the sorption of U60 to goethite. 429 
Since these nanoclusters appear to sorb as anions, the 430 
slower rate of sorption in the hematite system relative to 431 
the goethite system may be explained by the lower 432 
isoelectric point of hematite than goethite in this study 433 
(i.e., the IEP values are 9.13 ± 0.07 and 8.86 ± 0.06 for 434 
goethite and hematite, respectively). U24Pp12 may not 435 
interact with hematite as strongly as with goethite 436 
because the hematite surface is less positively charged 437 
than the goethite surface at pH 9. The functionality 438 
provided by the pyrophosphate linkages in the uranyl 439 
peroxide cage and the increased charge density of the 440 
nanocluster cage (relative to U60) explains why the 441 
sorption of U24Pp12 is faster than the sorption of U60. 442 
 443 
Sorption at pH 8 444 
In order to gain additional, corroborating information 445 
pertaining to the mechanisms governing U24Pp12 446 
interactions with goethite and hematite, batch sorption 447 
experiments were also conducted at pH 8. The percentage 448 
of uranium removed from solutions containing 1.0 g L-1 449 
U24Pp12 and 500 m2 L-1 increased by 15% and 50% in 450 
systems containing goethite and hematite, respectively, 451 
when the pH dropped by one unit. The greater sorption 452 
increase in the system containing hematite compared to 453 
goethite is likely explained by the lower IEP of hematite. 454 
Since hematite has a lower IEP, changing the solution pH 455 
from 9 to 8 causes a greater increase in the amount of net 456 
positive surface potential compared to goethite. Since the 457 
hypothesized maximum sorption capacity (center-to-458 
center spacing) of the nanoclusters on the goethite surface 459 
was nearly reached at pH 9, we would not expect a large 460 
change in the fraction sorbed when the pH is lowered to 8. 461 
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Thus, the mineral's net surface charge directly effects the 462 
sorption of U24Pp12. These results are similar to previous 463 
findings, which demonstrated an increase in the removal 464 
of U60 from solution with a decrease in pH in goethite and 465 
hematite suspensions.12,13 At pH 8 the goethite and 466 
hematite surfaces will retain the greatest net positive 467 
charge, which attracts more of the negatively-charged 468 
U24Pp12 nanoclusters to the surface by electrostatic 469 
interactions and suggests that U24Pp12 behaves as an 470 
anionic species at the mineral-water interface. 471 
 472 
Desorption and zeta potential measurements 473 
Desorption experiments were conducted in order to 474 
examine the strength of U24Pp12 interactions with the 475 
mineral surfaces. Desorption experiments in systems 476 
containing 1 g L-1 U24Pp12 and 500 m2 L-1 goethite and 477 
hematite revealed that sorption is not reversible at pH 7, 478 
9 or 10. No desorption was observed when reacted 479 
minerals were suspended in Milli-Q water and only 2% and 480 
5% desorption was achieved at pH 9 and 10 in systems 481 
containing goethite and hematite, respectively, within 5 482 
days. These results were not expected given that U24Pp12 483 
desorption occurs rapidly from artificial mesoporous 484 
silica28 and approximately 20% of U60 is desorbed from 485 
goethite within three days at pH 10.12 This suggests that 486 
U24Pp12 nanoclusters may form specific interactions with 487 
functional groups associated with hematite and goethite 488 
surfaces. 489 
 490 
Electrophoretic mobility (EPM) measurements are useful 491 
for distinguishing inner- from outer-sphere complexes.25 492 
EPM measurements were performed for goethite and 493 
hematite samples that had been exposed to 1 g L-1 U24Pp12; 494 
the IEP shifts to 4.6 and 5.3 respectively (see Figure 2). A 495 
decrease in the EPM magnitude, and no change in the 496 
overall sign, would not necessarily distinguish between 497 
inner- or outer-sphere complexes. However, this shift to 498 
lower values is a strong, qualitative indicator for a specific 499 
interaction with surface sites because it implies that 500 
U24Pp12 sorption significantly altered the protonation 501 
behavior of the mineral surface.25 The greater shift in the 502 
goethite system is likely due to the greater amount of 503 
U24Pp12 sorption. Charge reversal suggests that the sorbed 504 
nanocluster complexes are anionic in nature and bonded 505 
to goethite and hematite via non-electrostatic 506 
mechanisms such as covalent inner-sphere and/or 507 
hydrogen bonding. We monitored the solution phase for 508 
uranium, which was below detection limits due to the low 509 
rate of desorption described above. Thus, the 510 
measurements presented in Figure 2 recorded the EPM of 511 
the mineral-cluster particle complexes. 512 
 513 
U24Pp12 associated with the mineral surface 514 
Scanning electron microscopy with energy dispersive X-ray 515 
spectroscopy (SEM-EDS) was used to identify the presence 516 
and probe the distribution of U on the mineral surfaces. 517 

SEM micrographs showed that the goethite crystals used 518 
in this study are acicular in shape (see Figure S9), which 519 
indicates that the 110 crystal face is predominant. There 520 
was sufficient removal of U24Pp12 in reactors containing 521 
goethite to measure U on the reacted goethite surface. In 522 
back-scatter-electron (BSE) mode, there was no evidence 523 
of precipitation of high-Z material on the surface of 524 
goethite (see Figure S10). To confirm elemental 525 
composition, EDS point spectra were obtained on multiple 526 
goethite particles to confirm a fairly even distribution of U 527 
(3.5 ± 1.5 wt. %). These results support the hypothesis of 528 
the sorption of discrete U24Pp12 nanoclusters to the 529 
surface, which is a homogeneous process by definition, 530 
and rules out the possibility of nanoclusters accumulating 531 
on the mineral surface as large aggregates or insoluble 532 
precipitates.  533 
 534 
U 4f, Fe 2p, P 2p, Na 1s, O 1s, and Li 1s electrons were 535 
probed using X-ray photoelectron spectroscopy (XPS) to 536 
determine the elemental composition of each component 537 
on solids from systems containing 2 mg·mL-1 U24Pp12 and 538 
500 m2·L-1 goethite or hematite. The Fe 2p envelope for 539 
goethite/hematite samples was fit without any 540 
contribution from Fe(II), confirming that the removal of 541 
nanoclusters from solution was not due to the reduction 542 
of the U(VI) to U(IV) by trace amounts of Fe(II).29 On the 543 
reacted goethite surface, the U 4f5/2 peak occurred at 544 
392.57 eV and U(VI) satellite peaks occurred at 395.93 eV 545 
and 402.55 eV (see Figure S12), which is in good 546 
agreement with published spectra.30 P 2p3/2 and 2p1/2 peak 547 
positions occurred at 133.11 eV and 134.02 eV, 548 
respectively (see Figure S15), and the Na 1s peak occurred 549 
at 1071.51 eV (see Figure S18), which confirms the ICP-OES 550 
results discussed earlier. De-convolution of the main Li (1s) 551 
peak on the reacted goethite surface was difficult due to 552 

Figure 2. Electrophoretic mobility (µ) measurements as a function of pH for 
suspensions containing only goethite or hematite (closed symbols) and suspensions 
prepared from minerals that were exposed to 1 g L-1 U24Pp12 (open symbols). Standard 
deviations are reported from triplicate measurements.
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the Fe 3p orbital overlap. XPS demonstrated that the 553 
uranium species deposited on the goethite surface is U(VI) 554 
with no contribution from U(IV) or U(V) and that 555 
phosphorous is also deposited on the goethite and 556 
hematite surfaces at a binding energy (~133 eV) that is 557 
indistinguishable from U24Pp12 crystals (see Figure S14) 558 
and common to standard pyrophosphate binding 559 
energies.31 For hematite, the U 4f5/2 peak occurred at 560 
392.81 eV and U(VI) satellites occurred at 396.46 eV and 561 
402.76 eV (see Figure S13). 562 
 563 
Attenuated total reflectance Fourier transform infrared 564 
spectroscopy (ATR-FTIR) was used to measure the 565 
phosphate-associated frequencies observed on air-dried 566 
goethite and hematite samples. Previous studies 567 
demonstrated that IR-active frequencies of adsorbed 568 
phosphate on damp and dried goethite samples are nearly 569 
indistinguishable.32 The chemical environment of the 570 
phosphate-associated vibrational frequencies on dried 571 
goethite and hematite surfaces are different relative to 572 
crystals containing U24Pp12 (see Figure 3). Distinct shifts in 573 
the peak intensity and position suggest that P is in a unique 574 
chemical environment and that sorption may be occurring 575 
via the phosphorous-oxygen bonds truncating the 576 
nanocluster. The general similarity between the IR 577 
absorption peaks in the P-O stretching region of U24Pp12 578 
sorbed to the mineral surfaces and the absorption peaks 579 
of U24Pp12 crystals suggests that U24Pp12 is present on the 580 
mineral surface. Only a fraction of terminating P-O bonds 581 
are participating in bonding interaction(s) with surface 582 
hydroxyl groups at a given time while the rest are 583 
positioned within the electric double layer. 584 
 585 
The IR-active P-O stretching bands of crystals containing 586 
U24Pp12 occurred at 1164, 1097, 1033, and 988 cm-1 and 587 
are tentatively assigned as PO3 (νas), P-O (ν), PO3 (νs), and 588 
P-O-P (νas) terminal stretching modes, respectively.18,33 In 589 
each case, the vibrational intensity of the terminating 590 
oxygen atoms (P-O, ν) of the pyrophosphate unit 591 
decreases relative to the PO3 (νas) mode at a higher 592 
wavenumber. This decrease in relative intensity suggests 593 
that at least some fraction of the terminating oxygen 594 
atoms of the pyrophosphate unit are participating in 595 
bonding with the mineral surface. The significant decrease 596 
in the PO3 (νs) and P-O-P (νas) stretching modes in the 597 
goethite system indicate a stronger interaction of U24Pp12 598 
with the surface, in comparison to hematite, which 599 
restricts these vibrational modes. In both cases, the P-O-P 600 
(νas) stretching mode is blue-shifted, which indicates that 601 
this bond may be shortened slightly. The differences in the 602 
IR spectra also suggest that the U24Pp12 surface complexes 603 
are sensitive to the mineral crystallographic habit onto 604 
which they sorb due to the different surface binding 605 
groups that are available. The additional peak at 1175 cm-606 
1 in the goethite system (Figure 3C) may be attributed to a 607 
P-O-H bending mode, which arises from interactions with 608 
surface hydroxyl groups.23 609 

Raman spectroscopy was used to gain additional 610 
information about the uranium-species on the reacted 611 
hematite/goethite surface. Unlike in ATR-FTIR, the 612 
vibrational frequencies associated with hematite and 613 
goethite do not overlap with uranyl and peroxide 614 
stretching and vibrational modes in Raman. Raman 615 
spectra for U24Pp12 reacted with goethite after 2 days and 616 
U24Pp12 crystals dissolved in Milli-Q water are shown in 617 
Figures S21 and S22B, respectively. The spectral 618 
measurements confirmed the presence of uranyl species 619 
containing a peroxo group on the mineral surface. Raman 620 
signals at 809.5 and 853.2 cm-1 are assigned to the uranyl 621 
(U≡O) symmetric stretching mode and vibrations of the 622 
bridging peroxo groups (O-O), respectively, on the air-623 
dried goethite surface. Both peaks are red-shifted 624 
compared to crystals containing U24Pp12. The uranyl 625 
symmetric stretching mode is shifted to a greater extent 626 
than the peroxide vibrational mode. This shift suggests 627 
that the uranyl bonds are elongated which may be 628 
attributed to the formation of stronger H-bonding 629 
interactions within the electric double layer of goethite 630 
than in solution or within a crystal lattice. This red-shifted 631 
uranyl symmetric stretch was also previously reported.13 632 
 633 
Solutions containing 2 g L-1 U24Pp12 at pH 9 were allowed 634 
to air-dry and the resulting powder was compared to 635 
crystals containing U24Pp12 to confirm that these shifts are 636 
due to interactions with the mineral surface (see Figure 637 
S22). Given the low fraction of U24Pp12 removed at early 638 
time points and the lower amount removed in the 639 
presence of hematite, signals from the uranyl and peroxo 640 
groups in these systems were below the instrument 641 
detection limits. 642 
 643 
U24Pp12 removal mechanism 644 

Figure 3. ATR-FTIR spectra of (A) U24Pp12 crystals, (B) hematite (500 m2 L-1) reacted with 
U24Pp12 (1 mg mL-1) at pH 9, and (C) goethite (500 m2 L-1) reacted with U24Pp12 (1 mg mL-

1) at pH 9.
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The uranyl peroxide cage of U24Pp12 is truncated by uranyl 645 
oxygen atoms and the terminal oxygen atoms of the 646 
pyrophosphate unit (see Figure 1). ATR-FTIR, 647 
electrophoretic mobility measurements, and desorption 648 
experiments suggest that the nanocluster may be 649 
interacting with the mineral surfaces via specific, inner-650 
sphere interactions. On the one hand, the collinear –yl 651 
oxygens are strongly bonded to U(VI), with ~1.6 valence 652 
units (vu) supplied to mostly satisfy the 2 vu requirement 653 
of O2-.34 A typical O-H bond provides ~0.8 vu, implying the 654 
–yl oxygen atoms are unlikely to be protonated. Although 655 
these –yl oxygens can act as H-bond acceptors and are 656 
often bound to highly-coordinated alkali cations in the 657 
crystalline phase, they are otherwise essentially 658 
chemically inert.20 Consider the presence of the terminal 659 
oxygen atoms of the pyrophosphate units (Figure 1). The 660 
P-O bonds provide ~1.3 vu to each terminal O2-, thus, it is 661 
possible for them to be protonated.20,21 This bond valence 662 
deficiency can also be satisfied by accepting H-bond(s), 663 
and/or by bonding to alkali metal cations, implying that 664 
even if protonation were not to occur, the pyrophosphate 665 
groups could interact with the surface OH groups of 666 
goethite through stronger hydrogen bonding than is 667 
possible with –yl oxygens. The bond valence requirements 668 
of the other oxygen atoms in the pyrophosphate unit, 669 
either P-O-P or U-O-P, are largely met and they are unlikely 670 
to have any direct involvement in the sorption processes. 671 
 672 
Crystallographic considerations of the surface hydroxyl 673 
configuration of goethite and hematite indicate that 674 
crystal plane terminating surface hydroxyl groups may be 675 
coordinated to one, two, or three underlying Fe atoms 676 
resulting in singly- (≡FeOH-1/2), doubly- (≡Fe2OH), and 677 
triply- (≡Fe3OH+1/2) coordinated groups.35 These charges 678 
arise by assigning a +1/2 charge to each Fe-O bond, 679 
assuming six-fold coordination of the Fe atoms. Doubly-680 
coordinated groups are generally considered to be inert 681 
because they do not carry a charge and are unreactive 682 
towards protonation, deprotonation, and ion binding in 683 
the pH range 2 – 12.36 684 
 685 
Needle-shaped goethite crystals, such as those used in this 686 
study, are predominately comprised of the {110} crystal 687 
faces. The (110) face is dominated by triply-coordinated 688 
surface groups.37 Per unit cell, there are three rows of 689 
triply-coordinated Fe3O(H) surface groups, one row of 690 
singly-coordinated FeOH(H) surface groups, and one row 691 
of doubly-coordinated Fe2OH groups. The density of triply-692 
coordinated hydroxyl groups on this crystal face is 9.1 693 
groups nm-2,35 however, one third of these sites are not 694 
protonated (i.e., Fe3OII-1/2). Nevertheless, the remaining six 695 
groups per nm2 (i.e., =Fe3OIH+1/2) supply more than the 696 
number of reactive sites necessary to accommodate the 697 
amount of removed nanoclusters, given our conservative 698 
assumption of 2.3 sites nm-2. These considerations suggest 699 
that the site-density calculations performed with our 700 
goethite sample are reasonable given the predominance 701 

of the {110} faces in our sample. The overall density of 702 
these groups on a particular crystal face varies from oxide 703 
to oxide and is also influenced by crystal morphology. The 704 
surface of hematite is comprised of numerous crystal 705 
planes and it becomes more difficult to determine the 706 
ideal bonding configuration in that system. For this reason, 707 
only goethite was considered in the following discussion. 708 
 709 
Because triply-coordinated surface hydroxyl groups 710 
possess a +1/2 charge, they could mostly satisfy the bond 711 
valence deficiency of the terminating oxygen atoms of the 712 
pyrophosphate unit. In addition to these sites, singly-713 
coordinated groups may be protonated a pHs below the 714 
IEP and act as a positively charged site (i.e., FeOH2+1/2).37 715 
Rows of contiguous singly-coordinated surface groups are 716 
considered to be involved in the specific adsorption of 717 
phosphate and other ions.25,35 However, rows of singly-718 
coordinated groups are separated by ~11 Å in the (110) 719 
plane direction. This would not allow for surface linkages 720 
by multiple terminal pyrophosphate ligands of an 721 
individual U24Pp12 nanocluster. Adsorption along the 722 
singly-coordinated rows is also unfavorable because the 723 
singly-coordinated groups are separated by ~3 Å in the c 724 
direction; the terminal oxygen atoms at the ends of each 725 
pyrophosphate unit are 4.9 Å apart, a distance that cannot 726 
overlay the singly-coordinated sites. 727 
 728 
Crystallographic considerations were made by generating 729 
the ideal (110) crystal face of goethite using the BFDH 730 
morphology calculations in the Mercury software 731 
package,38 using a previously determined structure.39 732 
Orienting the U24Pp12 cage to the crystal plane (Figure 4), 733 
reveals a physically optimal orientation between the 734 
macroion and the triply-coordinated reactive sites 735 
exposed on the (110) plane of goethite. This arrangement 736 
does not require chemical alteration of either the crystal 737 
solid or the macroion. Additionally, this orientation implies 738 
that interactions between the terminal oxygen atoms of 739 
the pyrophosphate unit ringing the hexagonal windows of 740 
the cage and the triply-coordinated hydroxyl groups are 741 
physically possible. This relatively complex configuration 742 
may be more reasonable than one where the nanocluster 743 
is bound through a lone pyrophosphate unit (i.e., two 744 
terminal oxygen atoms) interacting with singly-745 
coordinated groups. 746 

Conclusion 747 
The purpose of this work was to compare the rate of 748 
U24Pp12 and U60 sorption to goethite and hematite and to 749 
describe how the inclusion of a proton-active functional 750 
group affects sorption behavior. Rate laws derived from 751 
batch sorption experiments indicate that the rate of uranyl 752 
peroxide nanocluster sorption may be dependent on the 753 
charge density and functionalized component of the 754 
uranyl peroxide cage. U24Pp12 is physically smaller and it 755 
also has a thinner electric double layer (which is consistent 756 
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with its greater charge density) than U60.16,20 Thus, there 757 
are less steric constraints which might inhibit the sorption 758 
of U24Pp12 from both a physical and chemical perspective. 759 
U24Pp12 also contains pyrophosphate linkages with 760 
unsatisfied terminal oxygen atoms, which provide an 761 
avenue for specific interactions with a mineral surface. 762 
 763 
An underlying hypothesis of our previous studies was that 764 
sorption interactions of non-functionalized uranyl 765 
peroxide nanoclusters would be similar due to the likeness 766 
of charge density between nanoclusters and the 767 
truncation of the uranyl peroxide cage by the unreactive -768 
yl oxygen. Thus, U60 could be used as a surrogate to 769 
represent the sorption behavior of ‘all’ non-functionalized 770 
uranyl peroxide nanoclusters with roughly spherical cages. 771 
The results presented here provide the first evidence of a 772 
specific, inner-sphere complex at the (110) surface of 773 
goethite and suggest that nanocluster functionality and 774 
charge density play a substantial role in the sorption 775 
mechanisms. Therefore, uranyl peroxide nanoclusters 776 
containing other bridging ligands, such as phosphate, 777 
nitrate, oxalate, and phosphite, should be considered 778 
independently to gain a more comprehensive 779 
understanding of the mechanisms governing mineral-780 
water interface chemistry and to provide a framework for 781 
building predictive models describing the mobility of 782 
uranyl peroxide nanoclusters in natural systems. 783 
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