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Extended Experimental 

Electrospray ionization mass spectrometry  

Electrospray ionization mass spectrometry (ESI-MS) has been used successfully as a method for 

“fingerprinting” nanoclusters in solution.
1
 In this study, ESI-MS was used to confirm that the 

U24Pp12 stock solution was monodisperse. ESI-MS was also used to characterize the persistence of 

U24Pp12 after being in contact with goethite and hematite by measuring the resulting supernatant at 

various points throughout the batch sorption experiments. Spectra were collected in negative ion 

mode using a Bruker microTOF-Q II high resolution quadrupole time-of-flight spectrometer. 

Samples were introduced by direct infusion rates between 350 – 450 µL min
-1 

and data were 

averaged over 120 seconds from 500 – 5000 m/z. 

 

ESI-MS results demonstrated that the U24Pp12 clusters remained intact in solutions containing 

goethite and hematite for the duration of the batch sorption experiments. The average molecular 

weight of multiple charge states determined by ESI-MS remained constant throughout the 

sorption experiments at pH 9 (see Fig. S23). 

 

X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) was used measure the photoelectron spectrum of 

uranium to determine the valence state of uranium. Spectra were collected using a PHI 

VersaProbe II X-ray photoelectron spectrometer with monochromatic Al K radiation using a pass 

energy of 29.35 eV and a 100-µm spot size. U24Pp12 crystals and reacted mineral samples were 

placed on double-stick tape for analysis. Surface neutralization was performed automatically and 

the measured U 4f, P 2p, Na 1s, and Li 1s binding energies were referenced by fixing the position 

of the C 1s peak to 285.0 eV. Shirley background and asymmetric peak shape profile parameters 

were used to model fitted U 4f5/2 peaks.
2,3

  Gaussian-Lorentzien peak shaper parameters were used 

to model fitted Fe 2p, P 2p, Na 1s, O 1s and Li 1s lines.
4,5

 

 

SEM-EDS analysis 

Scanning electron microscopy (SEM) images were taken with a JEOL JCM-6000 Plus Neoscope 

Benchtop SEM at accelerating voltages from 10-15 kV. Compositional differences across each 

sample were investigated through backscatter electron (BSE) imaging. Energy dispersive X-ray 

spectroscopy (EDS) provided multielemental, semi-quantitative analysis through point spectra 

with energy resolution between 130-150 eV. Spectra were collected at 10 kV in BSE mode using 

a silicon drift detector (SDD). Reacted samples were rinsed twice with Milli-Q (18.2 MΩ cm at 

25°C) water before dispersing a small quantity of material on the center of carbon tape adhered to 

an SEM stub. More than five spot analyses, on six goethite particles were conducted. 

 

Description of the kinetic analysis 

We assumed that pseudo-first-order kinetics described systems containing constant U24Pp12 

concentration and varying mineral concentrations to generate a log-log plot of 𝑘′𝑟𝑥𝑛 versus 

[mineral] (see Fig. S24). A linear regression of this plot yielded a straight line where b and krxn 

were derived from the slope and intercept, respectively, according to equation 1. 

 

log(𝑘′𝑟𝑥𝑛) = log(−𝑘𝑟𝑥𝑛) + 𝑏 ∗ log([𝑚𝑖𝑛𝑒𝑟𝑎𝑙])  (1) 
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Second, we considered a condition with varying U24Pp12 concentration and constant mineral 

concentration to determine 𝑘′
𝑟𝑥𝑛 for each system. A log-log plot of 𝑘′

𝑟𝑥𝑛 versus [U24Pp12] yields 

a straight line where a and krxn can be derived from the slope and intercept, respectively, 

according to equation 2 (see Fig. S25). Because krxn was negative, the logarithm of –krxn was not 

undefined. 

 

log(𝑘′𝑟𝑥𝑛) = log(−𝑘𝑟𝑥𝑛) + 𝑎 ∗ log(𝑈24𝑃𝑝12)  (2) 

 

Since the reaction order with respect to U24Pp12 was not one, the initial assumption of first order 

with respect to U24Pp12 was not valid. Therefore, another iteration of the kinetic analysis was 

performed using the determined values of a and b until the reaction orders converged. This 

additional iteration utilized the power rule when solving the rate law. Data for this iterative 

analysis is presented in Figs. S26 – S27. 

 

Similar data for the goethite kinetic analysis is provided in Figs. S28-S31. 

 

Figures 

 

 

Fig. S1. Powder X-ray diffractogram of 30 mg of goethite (red trace) and PDF 01-073-6522 
(black trace). 
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Fig. S2. Powder X-ray diffractogram of 30 mg of hematite (red trace) and PDF 01-071-5088 (blue 
trace). 

 

 

Fig. S3. Raman spectra of goethite (top) and hematite (bottom) with major Raman bands 
indicated which were matched with published results.

6
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Fig. S4. Removal of uranium from solution as a function of time and goethite concentration in 
systems containing 0.5 g L

-1
 U24Pp12 at pH 9. Data points represent the average of duplicate 

samples. Error bars represent propagation of error based on the uncertainty of ICP-OES 
measurements and gravimetric sample preparation. 

 

 

Fig. S5. Removal of uranium from solution as a function of time and hematite concentration in 
systems containing 0.5 g L

-1
 U24Pp12 at pH 9. Data points represent the average of duplicate 

samples. Error bars represent propagation of error based on the uncertainty of ICP-OES 
measurements and gravimetric sample preparation. 
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Fig. S6. Removal of uranium from solution as a function of time and U24Pp12 concentration in 
systems containing 500 m

2
 L

-1
 goethite at pH 9. Data points represent the average of duplicate 

samples. Error bars represent propagation of error based on the uncertainty of ICP-OES 
measurements and gravimetric sample preparation. 

 

 

Fig. S7. Removal of uranium from solution as a function of time and U24Pp12 concentration in 
systems containing 500 m

2
 L

-1
 hematite at pH 9. Data points represent the average of duplicate 

samples. Error bars represent propagation of error based on the uncertainty of ICP-OES 
measurements and gravimetric sample preparation. 
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Fig. S8. Percent uranium, phosphorus, sodium, and lithium removed from solution as a function 
of time in systems containing 0.5 g L

-1
 U24Pp12 and 500 m

2
 L

-1
 goethite. Values in plots are an 

average of duplicate experiments. Error bars represent propagation of error based on the 
uncertainty of ICP-OES measurements. 

 

 

Fig. S9. SEM image of goethite needles. 
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Fig. S10. BSE image of goethite powder reacted with 1 g L
-1

 U24Pp12. 
 

 

Fig. S11. U 4f5/2 binding energy and peak fit parameters of U24Pp12 crystals. 
 

 

Fig. S12. U 4f5/2 binding energy and peak fit parameters of 2 g L
-1

 U24Pp12 reacted with 500 m
2
 L

-1
 

goethite. 
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Fig. S13. U 4f5/2 binding energy and peak fit parameters of 2 g L
-1

 U24Pp12 reacted with 500 m
2
 L

-1
 

hematite. 
 

 

Fig. S14. P 2p binding energy and peak fit parameters of crystals containing U24Pp12. 
 

 

Fig. S15. P 2p binding energy and peak fit parameters of the solid phase from a reactor containing 
2 mg mL

-1
 U24Pp12 and 500 m

2
 L

-1
 goethite. 
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Fig. S16. P 2p binding energy and peak fit parameters of the solid phase from a reactor containing 
2 mg mL

-1
 U24Pp12 and 500 m

2
 L

-1
 hematite. 

 

 

Fig. S17. Na 1s binding energy and peak fit parameters of crystals containing U24Pp12. 
 

 

Fig. S18. Na 1s binding energy and peak fit parameters of the solid phase from a reactor 
containing 2 mg mL

-1
 U24Pp12 and 500 m

2
 L

-1
 goethite. 
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Fig. S19. O 1s binding energy and peak fit parameters of crystals containing U24Pp12. 
 

 

Fig. S20. Li 1s binding energy and peak fit parameters of crystals containing U24Pp12. 

 

 

Fig. S21. Raman spectrum of the solid phase from a reaction containing 2 mg mL
-1

 U24Pp12 and 
500 m

2
 L

-1
 goethite. Raman signals at 809.5 cm

-1
 and 853.2 cm

-1
 are assigned to the symmetric 

stretching of U≡O bonds in the uranyl groups and vibrations of O-O bonds of the bridging peroxo 
groups, respectively. 
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Fig. S22. Raman spectra of powder resulting from solutions containing 2 g L
-1 

U24Pp12 at pH 9 
that were allowed to air-dry and (A) and crystals containing U24Pp12 nanoclusters (B). The main 
Raman signals at 820 cm

-1
 and 856 cm

-1
 are assigned to the symmetric stretching of U≡O bonds in 

the uranyl groups and vibrations of O-O bonds of the bridging peroxo groups, respectively. 
 

 

Fig. S23. ESI-MS spectra of 1 g L
-1 

U24Pp12 in Milli-Q water (A), 1 g L
-1 

U24Pp12 with 500 m
2
 L

-1
 

goethite (B) and 1 g L
-1 

U24Pp12 with 500 m
2
 L

-1
 hematite (C) after 4 days. 
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Fig. S24. Dependence of log(k’rxn) on log(hematite) at 0.5 g L
-1

 U24Pp12. Data points represent the 
average of duplicate samples. Error bars represent propagation of error based on ICP-OES 
measurements and gravimetric sample preparation. The red shaded area represents the 95% 
confidence interval for the linear regression. Raw data is provided in Table S3. 

 

 

Fig. S25. Dependence of log(k’rxn) on log(U24Pp12) at 500 m
2
 L

-1
 hematite. Data points represent 

the average of duplicate samples. Error bars represent propagation of error based on ICP-OES 
measurements and gravimetric sample preparation. The shaded red area represents the 95% 
confidence interval for the linear regression. Raw data is provided in Table S4. 
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Fig. S26. Dependence of log(k’rxn) on log(hematite) at 0.5 g L
-1

 U U24Pp12. Data points represent 
the average of duplicate samples. Error bars represent propagation of error based on ICP-OES 
measurements and gravimetric sample preparation. The shaded red area represents the 95% 
confidence interval for the linear regression. Reaction term b = 1.05 ± 0.04 and krxn = (1.9 ± 0.5) x 
10

-3
 (g·L

-1
)

0.886±0.001
 (m

2
·L

-1
)

-1.05±0.04
(day

-1
). 

 

 

Fig. S27. Dependence of log(k’rxn) on log(U24Pp12) at 500 m
2
 L

-1
 hematite. Data points represent 

the average of duplicate samples. Error bars represent propagation of error based on ICP-OES 
measurements and gravimetric sample preparation. The red shaded area represents the 95% 
confidence interval for the linear regression. Reaction term a = 0.12 ± 0.01 and krxn = (1.76 ± 
0.01) x 10

-3
 (g·L

-1
)

0.88±0.01
 (m

2
·L

-1
)

-1.05±0.04
 (day

-1
). 
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Fig. S28. Dependence of log(k’rxn) on log(goethite) at 0.5 g L
-1

 U24Pp12. Data points represent the 
average of duplicate samples. Error bars represent propagation of error based on ICP-OES 
measurements and gravimetric sample preparation. The red shaded area represents the 95% 
confidence interval for the linear regression. Raw data is provided in Table S5. 

 

 

Fig. S29. Dependence of log(k’rxn) on log(U24Pp12) in systems containing 500 m
2
 L

-1
 goethite. 

Data points represent the average of duplicate samples. Error bars represent propagation of error 
based on ICP-OES measurements and gravimetric sample preparation. The red shaded area 
represents the 95% confidence interval for the linear regression. Raw data is provided in Table S6. 
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Fig. S30. Dependence of log(k’rxn) on log(goethite) at 0.5 g L
-1

 U U24Pp12. Data points represent 
the average of duplicate samples. Error bars represent propagation of error based on ICP-OES 
measurements and gravimetric sample preparation. The red shaded area represents the 95% 
confidence interval for the linear regression. Reaction term b = 0.61 ± 0.03 and krxn = (6 ± 0.1) x 
10

-2
 (g·L

-1
)

0.49±0.02
 (m

2
·L

-1
)

-0.61±0.04
(day

-1
). 

 

 

Fig. S31. Dependence of log(k’rxn) on log(U24Pp12) at 500 m
2
 L

-1
 goethite. Data points represent 

the average of duplicate samples. Error bars represent propagation of error based on ICP-OES 
measurements and gravimetric sample preparation. The red shaded area represents the 95% 
confidence interval for the linear regression. Reaction term a = 0.51 ± 0.02 and krxn = (4.6 ± 0.01) 
x 10

-2
 (g·L

-1
)

0.49±0.02
 (m

2
·L

-1
)

-0.61±0.04
 (day

-1
). 
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TABLES 

 
Table S1. Conditions of batch sorption experiments used to determine reaction orders with 
respect to U24Pp12 concentration, a, and hematite concentration, b. 
U24Pp12 (g L

-1
) Hematite (m

2
 L

-1
) 

0.51 ± 0.01 105 ± 5 
0.51 ± 0.01 211 ± 10 
0.51 ± 0.01 522  ±25 
1.02 ± 0.02 526 ± 25 
2.03 ± 0.04 524 ± 25 

 

Table S2. Conditions of batch sorption experiments used to determine reaction orders with 
respect to U24Pp12 concentration, a, and goethite concentration, b. 
U24Pp12 (g L

-1
) Goethite (m

2
 L

-1
) 

0.52 ± 0.01 100 ± 5 
0.51 ± 0.01 203 ± 10 
0.53 ± 0.01 501  ±25 
1.15 ± 0.02 502 ± 25 
2.08 ± 0.03 500 ± 25 

 

Table S3. Raw data supporting the linear regression in Fig. S24. 

[Hematite] Time (days) [U ppm]t [U24Pp12 g L
-1

]t 

100 m
2
 L

-1
 0.0069 219 ± 4 0.468 ± 0.007 

 0.052 212 ± 3 0.453 ± 0.007 

 0.141 205 ± 4 0.437 ± 0.009 

200 m
2
 L

-1
 0.0062 213 ± 4 0.456 ± 0.007 

 0.051 196 ± 3 0.420 ± 0.006 

 0.140 181 ± 3 0.387 ± 0.006 

500 m
2
 L

-1
 0.0056 191 ± 3 0.408 ± 0.007 

 0.051 139 ± 2 0.298 ±0.004 

 0.140 113 ± 2 0.241 ± 0.004 
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Table S4. Raw data supporting the linear regression in Fig. S25. 

[U24Pp12] Time (days) [U ppm]t [U24Pp12 g L
-1

]t 

0.5 g L
-1

 0.0056 191 ± 3 0.408 ± 0.007 

 
0.051 139 ± 2 0.298 ± 0.004 

 
0.140 113 ± 2 0.241 ± 0.004 

1 g L
-1

 0.0049 430 ± 7 0.92 ± 0.01 

 
0.050 374 ± 5 0.80 ± 0.01 

 
0.140 344 ± 6 0.74 ± 0.01 

2 g L
-1

 0.0042 889 ± 15 1.90 ± 0.03 

 
0.049 841 ± 14 1.80 ± 0.03 

 
0.138 800 ± 13 1.71 ± 0.03 

 

Table S5. Raw data supporting the linear regressions in Fig. S28. 

[Goethite] Time (days) [U ppm]t [U24Pp12 g L
-1

]t 

100 m
2
 L

-1
 0.0083 189 ± 3 0.403 ± 0.006 

 0.056 164 ± 3 0.351 ± 0.006 

 0.125 154 ± 2 0.329 ± 0.005 

200 m
2
 L

-1
 0.0076 173 ± 3 0.369 ± 0.006 

 0.055 140 ± 2 0.300 ± 0.005 

 0.124 122 ± 2 0.261 ± 0.004 

500 m
2
 L

-1
 0.0069 179 ± 3 0.383 ± 0.006 

 0.054 133 ± 2 0.283 ± 0.005 

 0.124 98 ± 2 0.210 ± 0.003 

 

Table S6. Raw data supporting the linear regression in Fig. S29. 

[U24Pp12] Time (days) [U ppm]t [U24Pp12 g L
-1

]t 

0.5 g L
-1

 0.0069 179 ± 3 0.383 ± 0.006 

 
0.054 133 ± 2 0.283 ± 0.005 

 
0.124 98 ± 2 0.210 ± 0.003 

1 g L
-1

 0.0062 478 ± 8 1.02 ± 0.02 

 
0.054 407 ± 7 0.87 ± 0.02 

 
0.123 354 ± 6 0.76 ± 0.01 

2 g L
-1

 0.0056 856 ± 14 1.83 ± 0.03 

 
0.053 781 ± 15 1.67 ± 0.03 

 
0.122 697 ± 11 1.49 ± 0.02 
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