Unraveling pH-Dependent Changes in Adsorption

Structure of Uranyl on Alumina (012)

Julia Neumann®*, Amanda J. Carr?, Jessica Lessing®, L. Soderholm?, Jeffrey G. Catalano®, Paul

Fenter?, Sang Soo Lee?

# Chemical Science and Engineering Division, Argonne National Laboratory, Lemont, IL 60439,
United States.

® Institute of Resource Ecology, Helmholtz-Zentrum Dresden-Rossendorf, Dresden, Germany.

¢ Department of Earth, Environmental, and Planetary Sciences, Washington University in St.

Louis, St. Louis, MO 63130, USA.

* Corresponding Author:

Dr. Julia Neumann, E-mail Address: jneumann(@anl.gov



mailto:jneumann@anl.gov

Abstract

Mitigating uranium transport in groundwater is imperative for ensuring access to clean water
across the globe. Here, in-situ resonant anomalous X-ray reflectivity is used to investigate
adsorption of uranyl on alumina (012) in acidic aqueous solutions, representing typical U
concentrations of contaminated water near mining sites. The analyses reveal that UV' adsorbs at
two distinct heights of 2.4-3.2 A and 5-5.3 A from the surface terminal oxygens. The former is
interpreted as the mixture of inner-sphere and outer-sphere complexes that adsorb closest to the
surface. The latter is interpreted as an outer-sphere complex that shares one equatorial H2O with
the terminal surface oxygen. With increasing pH, we observe increasing prevalence of these outer-
sphere complexes, indicating the enhanced role of the hydrogen bond that stabilizes adsorbed
uranyl species. The presented work provides a molecular-scale understanding of sorption of uranyl
on Al-based-oxide surfaces that has implications for environmental chemistry and materials

science.
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Uranium is a prominent environmental pollutant that possesses serious health risks for living
organisms due to its chemo- and radiotoxic properties.! U contamination of drinking water stems
partially from natural sources, i.e., interactions of groundwater with U-bearing mineral phases like
pitchblende, uraninite, and coffinite.>®> Moreover, U is released into the environment
anthropogenically from the use of fertilizers and processes related to the nuclear fuel cycle. U
mining for nuclear fuel production can cause major environmental pollution from mine tailings>~’
and remediation efforts are needed to prevent the migration of U into surrounding ecosystems.
Polluted waters are characterized by low to neutral pH values, 2-7, and high U concentrations,
[U] =0.26-290 puM.>8 These values significantly exceed the limits for [U] in drinking water
recommended by the World Health Organization, [U] = 30 pg/L = 0.13 uM.® Under oxidizing
conditions, as relevant for surface waters and shallow groundwater, U is predominantly present in
the +V1 oxidation state. At strongly acidic pH, the aqueous chemistry of UV! is dominated by the
uranyl ion (Figure 1a), UO,?*, that has two axial -yl oxygens (U-Oy = 1.8 A)!%! and five
equatorially coordinated water molecules (H20eq), Which form the primary hydration shell (U-
H2O0eq = 2.4 A). 2011

Alumina is a widely used material that has multiple polymorphs, with a-alumina (a-Al203) as
a crystalline form of the naturally occurring mineral corundum. a-Al2O3 serves as a model for the
large variety of Al-containing minerals and the isostructural a-Fe,O3, an important weathering
product of various types of Fe-containing rocks.*? Adsorption of uranyl onto aluminum oxides has
been studied in the past.'® Nearly all of the currently available information comes from traditional
batch sorption experiments using powder samples. These experiments showed an increase of
uranyl adsorption with increasing pH from acidic to near neutral pH, with a maximum in removal

efficiency around pH 7.21214-18 Spectroscopic investigations have given some insight into uranyl



binding on aluminum (hydr)oxide powders. For example, extended X-ray absorption fine structure
(EXAFS) spectroscopy reports inner-sphere (IS) adsorption of uranyl,'®?! consistent with
observations by vibrational spectroscopy!®??* and time-resolved laser-fluorescence
spectroscopy.'®?224 Unfortunately, many of these spectroscopic techniques have limited
sensitivity to sorption complexes located farther from the surface, such as outer-sphere (OS)
complexes.'*?> Almost all spectroscopic studies report a mixture of multiple adsorbate species,
making it challenging to gain a fundamental understanding of site-specific sorption mechanisms.

This challenge can be overcome by investigating sorption on well-defined surfaces of single-
crystal minerals. These surfaces expose specific reactive sites with well-known site density,
offering the opportunity to determine molecular details about the controlling factors of adsorption
processes. For a-alumina, the (001) and the (012) facets are energetically stable surface
orientations.?®?’ Among these, the annealed and fully hydroxylated alumina (012) surface has a
stoichiometric termination with equal fractions of two different surface sites?® (Figure 1a): (1)
singly-coordinated, terminal oxygens (>AlO), and (2) triply-coordinated, bridging oxygens
(>Al30), located in kink sites on the surface. The solution pH controls the protonation state of
these reactive sites and therefore the net charge of the substrate. From acidic to alkaline conditions,
the terminal oxygens are known to be doubly protonated and positively charged (>AIOH2%*, pK,
~9.9-11).2%3! At pH values relevant to natural conditions only the bridging oxygens change their
protonation states, >Al;0H%%*, pK, = 5.9.2%3! As a consequence of these combined protonation
and deprotonation reactions, the point of zero charge of alumina (012) has been reported to be ~5-
6.2%32 In deionized water (DIW), the surface has been shown to develop strongly ordered interfacial

water layers that are hardly disturbed by ion sorption.?®



Only a few studies have considered sorption of uranyl on aluminum (hydr)oxide crystal
surfaces. For example, density functional theory (DFT) cluster calculations showed that uranyl
adsorbs on alumina (001) as a bidentate 1S complex ~2.5 A from the doubly-coordinated surface
oxygens.® Computational studies yielding site-specific insights are expensive for actinides due to
their complex electronic structures, and the validation of their results is limited by the few
experimental techniques capable of probing adsorption for specific crystal orientations at the
molecular level. The only prior experimental work for this UO2?*—alumina system?® was based on
ex-situ non-specular crystal truncation rod (CTR, a surface X-ray diffraction technique*)

measurements, which reported a monodentate IS complex on the (012) surface with a coverage of

0.17 U/nm?.
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in the top view photo. (d) Sketch of high-resolution X-ray reflectivity (XR, top) and resonant
anomalous X-ray reflectivity (RAXR, bottom) experiments. E and E; are the wave vectors of the
incident and reflected beams, respectively, with k = 2r/4 (1: X-ray wavelength), and ¢ is the

momentum transfer vector, defined as ¢ = k_f) —E) . More details are given in the Sl and

literature,34:36.37

In this study, we extend our understanding of the reactivity of uranyl with the alumina surface
by deploying a suite of synchrotron-based in-situ X-ray crystallographic techniques. In-situ high-
resolution X-ray reflectivity (XR) and resonant anomalous X-ray reflectivity (RAXR) were used
to probe the distribution of uranyl adsorbed on the alumina (012) surface reacted with aqueous
solutions with varying pH and [UV'] (Figure 1b+c). To explore intrinsic sorption mechanisms of
uranyl to the mineral surface, all experiments were conducted without background electrolyte and
under carbonate-free conditions, minimizing the impact of complexing ligands (e.g., carbonate or
chloride). This approach also allowed us to study the impact of uranyl adsorption on interfacial
water ordering. These molecular-scale details improve our fundamental understanding of the
chemical interactions of hexavalent actinides with aluminum (hydr)oxide mineral surfaces and
support the refinement of surface complexation models to predict the mobility of aqueous uranyl
species in the environment.

High-resolution XR was measured as a function of momentum transfer q (Figure 1d).
Changes in crystal surface termination, interfacial water structure, or adsorption of ions cause
significant changes in intensity and shape of the XR valleys (Figure 2a). Generally, all three U0,
samples show differences in reflectivity signal with respect to the DIW reference?® (dashed lines,

Figure 2a). Reflectivity is lower near ¢ = 1 A%, higher at q = 2-3 A, and comparable near q =
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4.5 A1, Within the uranyl samples, reflectivity for g ~ 1.2 A decreases with increasing pH while
that for q ~ 2.4 Aincreases (Figure 2b). Overall, these reflectivity changes are minor, indicating
that the interfacial structures were similar among the systems. From this, we expect that the
coverage of adsorbed UY' should also be small because adsorption of large amounts of a UY"

species should cause more pronounced changes in the XR pattern.
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Figure 2. (a) High-resolution X-ray reflectivity (XR) data (colored symbols) of the alumina (012)

surfaces reacted in three uranyl solutions at pH 2.0, 3.8, and 5.1. For clarity, the data are scaled
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vertically by the multiplication factors of 10°, 10, and 102, respectively. Previously measured XR
data for alumina (012) in DIW are also shown for comparison (black dashed lines).?® (b) Variations
in absolute reflectivity as function of pH for three selected values of q. Grey dashed lines are guides
for the eye. Error bars displayed for reflectivity are generally smaller than the symbols and
represent the 1-c uncertainty of the intensity based on counting statistics. (c) Selected UY' RAXR
spectra (symbols) measured at the UV Ly edge (see Figure S4 for full datasets of all samples),
normalized by |Fro(q,E)|— |Fnr(q)|?)/(2|Fnr(q)]), where E is the X-ray energy, and Fior and Far
are the total and non-resonant structure factors, respectively, at a specific momentum transfer q.
Solid lines indicate the calculated intensity based on the best-fit models of RAXR spectra. Spectra

are labeled with the corresponding q values and vertical offsets (if applied), respectively.

The best-fit structural models that reproduce the XR data (black solid lines, Figure 2a) show
small but quantitative differences in interfacial structure among the three uranyl solutions. All
samples show atom displacements with respect to the DIW structure that are < 0.1 A except for
the bridging oxygen, >Al30, which shows larger atom displacements towards the solution of up to
~0.25 A (Figure S3). Structural changes are more distinct in the interfacial solution profiles
(Figure 3a, see Table S2 in Supporting Information — SI for summary of fitting parameters).
Previous work in DIW (dashed lines in Figure 3a)? reported two distinct electron-density layers
at adsorption heights (z) of ~1.3 A and 2.2 A from the ideal position of the bridging O (>Als0),
which were identified as terminal oxygen layer (>AlO, purple atoms in Figure 3a) and water
molecules adsorbed at >Al;0.% In addition, two broader peaks were found at 3.9 and 5.9 A and
interpreted as water adsorbed at >AlO and layered water, representing structured water that shows

a decreasing ordering with increasing distance from the surface.
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Figure 3. (a) Total electron density profile of alumina (012) in different uranyl solutions (from
XR data analysis: solid black lines) as function of height from the surface and contribution of UV
(from RAXR analysis, colored areas). For better visibility, the UY! electron densities are multiplied
by a factor of 2. The profiles are offset vertically by 1.5 with increasing pH (2.0 — 3.8 — 5.1) for
clarity. For reference, the total electron density profile of alumina (012) in DIW is included (dashed
lines).?2 Model parameters, including adsorption heights of the individual species, and their
uncertainties are reported in Tables 1 and S2. Adsorption heights of the U species are also
displayed in Figure 4. (b) Changes in adsorption height of Complex A with increasing pH. (c)
Ratio in the coverage of Complexes A to B as function of pH (see Table 1). (d) Autoradiography
image (left) of the alumina (012) crystal surface reacted in 1 mM uranyl nitrate solution at pH 3.8.

The cross section (right) shows the alpha count profile along the black line indicated in the image.



Compared to the electron density profile in DIW, those in uranyl solutions show significant
differences in the derived interfacial hydration structure. For example, the peak representing water
adsorbed at >Als0 (z ~2.4 A) shows an increase in occupancy with increasing pH from 2 to 5.1
(see Table S2 in Sl). The occupancy of the peak at z of ~4.2 A is also significantly larger compared
to that in DIW. Additionally, two solution peaks located farthest from the surface, at z of ~4.2 A
and ~6.5 A, are shifted by 0.3 A and 0.7 A, respectively, away from the surface compared to those
in similar locations in the DIW structure. These observations can be a result of adsorption of uranyl
species and/or associated changes of the interfacial water structure.

The distributions of uranyl adsorbed on the alumina surface were quantified using element-
specific RAXR. Weak but discernible RAXR modulations at the UY' Ly; edge were obtained for
all three samples (Figure 2c, see Figure S4 for complete datasets), giving direct experimental
evidence of adsorption of uranyl on alumina (012). The amplitudes of RAXR modulations at the
lowest ¢ are comparable between the three samples, indicating similar total UY' coverages.®” The
spectral shapes at other q values, e.g., q = 0.92 A, differ from one another (Figure 2c), indicating
differences of the adsorption heights of the adsorbed uranyl complexes (e.g., different adsorbed
ion speciation).

Multiple models were tested (for details of model development and alternative models see
section 4.2 in Sl) for robust determination of the coverages, adsorption heights, and distribution
widths of adsorbed uranyl complexes (Table 1; see section 4 in Sl). The best-fit models (filled
areas in Figure 3a) reveal a bimodal adsorbed speciation, with uranyl adsorbed at z ~ 3.8-4.6 A
and 6.3-6.7 A from >Al30, referred to as Complexes A and B, respectively. With increasing pH,

Complex A shifts to larger adsorption heights, e.g., from 3.8 A at pH 2 to 4.6 A at pH 5.1 (Figure
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3b), implying a pH-dependent change in sorption geometry. Complex B in contrast does not shift
when pH is changed, indicating a consistent sorption structure.

The data at pH 5.1 and [UY'] = 0.01 mM can be further refined by including a third species
located far from the surface (~10 A, see section 4.2 in Sl). Because of this large sorption height,
we conclude that this species is not a simple adsorbate ion that binds directly on specific surface
sites. Instead, its presence may indicate the onset of surface precipitation and/or adsorption of
polynuclear species on the surface,®® consistent with higher mole fractions of UY' dimers and
trimers in solution expected under the pH condition and also consistent with observations reported
for uranyl adsorption on alumina powders.*°

Here, we focus on the structure and coverage of the bimodal uranyl distribution that adsorbs
close to the surface, i.e., Complexes A and B. The sums of their UY' coverages are comparable for
all samples (0.11-0.16 U/nm? = 0.18-0.27 pmol/m?), which is surprising given the 100 times
lower UV! concentration at pH 5.1 that was chosen to ensure stability of the solution, i.e., to avoid
precipitation of UV! solid phases throughout the experiment. As shown in the autoradiography
image (Figure 3d), the uranyl distribution on the crystal surface is homogeneous, meaning the
presented X-ray results are representative for the entire sample. These RAXR-determined
coverages on the single crystal surface (0.18-0.27 umol/m?) are higher than those reported

2 for 10 g/L y-alumina powder!’ at 26 upM UY' and

previously, such as ~0.02 umol/m
0 + 0.05 umol/m? for 10 pM UV! on gibbsite powder at pH 3.5-4, corresponding to a very small
amount of 0-10% sorption.'® For such low surface coverages, adsorption quantity scales with

dissolved ion concentration, which explains the higher coverages measured in the present single

crystal study compared to the reported batch sorption data.
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The contributions of the two adsorbed complexes to the interfacial speciation change
systematically with pH. Complex A dominates at pH 2, Complexes A and B are present in roughly
equal amounts at pH 3.8 (Figure 3c), and Complex B is dominant at pH 5.1. The observed total
UV! coverages are in agreement with the value previously reported for adsorption from [UV'] = 1
mM solution at pH 5.1 based on ex-situ off-specular CTR measurements (0.17 + 0.06 U/nm?).2°
However, there is a clear difference in estimating the coverages of individual surface complexes
at the interface. In the previous study, the UY' coverage was estimated only for Complex A
(referred to as an IS surface complex in the work). In contrast, the presence of Complex B was not
considered because of the limited sensitivity of this non-element-specific technique to the
interfacial species that are distributed farther from the surface. If we limit the comparison only to
Complex A, we find that the measured coverages from our study are ~50% lower than that from
the previous study. These different adsorbed ion coverages can be related to our use of different
solution compositions. Our experiment at pH 5.1 was conducted with a solution containing 100
times lower [UV'] compared to the previous experiment. This lower ion concentration was used to

ensure the stability of the solution (e.g., no precipitation) for an extended reaction time (20 h).

Table 1. Best-fit model parameters for adsorbed uranyl
complexes from RAXR analysis.

Sample 1 2 3
[UV'] (mM) 1 1 0.01
pH 2 3.8 5.1
Bror (UINm?) 0.11(1) 0.16(2) 0.13(2)
Brot (umol/m?) 0.18(2) 0.27(3) 0.22(3)
Complex A

za (R) 3.78(10) 4.01(8) 4.56(14)
AA(>AIO-U) (A)  2.39(10) 2.68(9) 3.18(14)
occa (U/nm?) 0.057(8) 0.078(8) 0.033(8)
ua (A) 0.2* 0.2* 0.2*
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Complex B

28 (A) 6.65(21) 6.29(16) 6.66(8)
As(>AlO-U) (A)  5.26(21) 4.96(16) 5.28(8)
occs (U/Inm?) 0.045(4) 0.078(8) 0.098(8)
ug (A) 0.5* 0.52(21) 0.63(12)
Goodness of Fit
y 1.42 1.08 0.92
R-factor (%) 2.2 1.9 1.3

Owot: Total UV' coverage, z: height (A) from the >Al;0 layer, A(>AlO-U) represents the
vertical distance of UV' from the relaxed >AlO position, occ: coverage, and u: rms width of the

Gaussian peaks. 16 uncertainties are reported in parentheses. *fixed value.

Adsorption Structure. We explore the possible adsorption structures for uranyl based on the
heights determined by RAXR. The adsorption heights are expressed as the vertical separations
between UV' and a reference surface plane (e.g., that of the bridging oxygen, >Als0, in Figure 3a).
These heights do not directly correspond to the bond distances between the adsorbate and
adsorbent functional groups (e.g., U-O bond length). A determination of the adsorption geometry
in 3D therefore requires a comparison with robust molecular models, which, to our best of
knowledge, are absent for these specific conditions and crystal orientation. Instead, we utilized a
simple methodology where we compare the experimentally determined heights with the values
calculated from atomistic models that assume close-packing of the adsorbate ions with the
topography of the solid surface.*° We adopted the 5-fold equatorial coordination structure of
hydrated uranyl based on the report for its adsorption on aluminum (hydr)oxide mineral powders
using EXAFS.2*2! Various molecular configurations were tested as a function of degree of
hydration (0-5 H20eq) to achieve an unambiguous determination of the adsorption structures that
satisfy the RAXR results. For simplicity, we report the height differences between the UV! and the

relaxed >AlO, 4(AIO-U), (Table 1) in the following sections.
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We first evaluate the possible sorption geometry of uranyl that was observed closest to the
surface in 4a(AlO-U) of ~2.4 A at pH 2, hereafter referred to as Complex Al. The adsorption of
a dehydrated or partially hydrated uranyl ion with up to three H2Ogq leads to 4(AlO-U) of 1.4—
1.7 A, significantly smaller than the experimental value of Aa (Figure 4a). Instead, the
experimental height can be best explained by a monodentate, mononuclear IS complex of uranyl
with four H20eq, with a calculated height of ~2.3 A (Table S4 in SI). In this adsorption geometry,
the O=U=0 axis is oriented parallel and the plane of H2Ocq is oriented perpendicular to the alumina
(012) surface (Figure 4a), consistent with the previous result.?® It is also likely that additional
hydrogen bonds between the H2Oeq molecules and neighboring surface oxygens can further

stabilize this adsorption geometry.
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Figure 4. Sketches of the inferred molecular structures of adsorption complexes A1, A2, and B on
the alumina (012) surface. (a) Al: monodentate, mononuclear 1S, dominant at pH 2. Binding
occurs through U on a >AlO site. (b) A2: OS complex, formed at pH 5.1. Binding occurs through
sharing H20eq With >Al30. (c) B: OS complex at >AlO, which is observed at all pH values but is

dominant at pH 5.1. Note that XR is insensitive to protonation states of surface oxygens and
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adsorbed species. Additional stabilizing hydrogen bonds can be inferred from the simulated atom—
atom distances (Figures S12-14 in Sl). Vertical distances between terminal oxygen, adsorbed

water, and UV' (Table 1) are displayed for visual comparison.

In comparison, the adsorption height (44) of Complex A at pH 5.1, referred to as Complex
A2, is~3.2 A, which is ~0.8 A larger than that at pH 2. This adsorption height cannot be explained
by any IS configuration because the value is too long for a direct U-O bond. Instead, it is in the
range of the closest-approach height for fully hydrated uranyl ions, 3.1-3.5 A (Table S4 in SI),
suggesting that this species can be interpreted as an OS complex (Figure 4b).

The change in sorption geometry from Al to A2 with increasing pH from 2 to 5.1 can be
connected to the lower metal concentration or changes in the protonation state of both the
adsorbent and the adsorbate. Deprotonation of >Alz0 around pH 5, which is consistent with the
pKa value of this reactive site, can enable a donating hydrogen bond from H2Oeq molecules to the
>Al;0 site, which would be consistent with the process proposed by computational work.* This
previous work also predicted H* transfer from H2Ogq to the deprotonated surface site, indicating a
surface-induced change in the protonation state of the adsorbate.

Complex A at pH 3.8 is observed at an intermediate adsorption height, which can be explained
as the mixture of Complexes Al and A2. To test this hypothesis, we analyzed the pH 3.8 RAXR
data using an alternative model consisting of the three species observed at pH 2 and 5 (i.e., Al,
A2, and B) (see section 4.2 in Sl). The result yielded a goodness of fit that was essentially equal
to the best-fit model (Table 1), indicating that the distribution can represent mixed populations of

uranyl species adsorbed as Al and A2.
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In comparison to Complexes Al and A2, Complex B is located farther from the surface
(48(AlO-U) =5.0-5.3 A) at all investigated pH values, which cannot be explained by the sorption
geometries derived from the closest approach calculations (section 5.2 in Sl). Instead, these values
are in the expected range for OS uranyl complexes that share one H2Oeq With >AIO. A similar

structure was predicted for alumina (001) by DFT cluster calculations (Figure 4c).*

Reaction Thermodynamics. Inferred from the determination of the IS adsorption of uranyl
on alumina (012), we discuss the thermodynamics that drive this reactivity. As shown in Figure
1a, the alumina (012) surface has two functional groups, >Alz0 and >AlO, which can interact with
aqueous species individually or collectively. According to bond valence analysis, IS sorption of
uranyl at >Alz0 is unfavored, while it can be stable at the >AlO site, depending on the protonation
state of the surface oxygen in solution.?®

The reported point of zero charges for alumina vary between 5-82°03241 and at pH values
investigated in our study, the surface should have a net positive charge. Our results show uranyl
adsorption under these conditions, indicating that the primary driving force for adsorption is not
electrostatic attraction to compensate the surface charge. We conclude that uranyl adsorption is
driven by specific interactions with the oxygen groups of the alumina surface rather than through
a charge compensation mechanism. Surface oxygens in aqueous solution behave as Lewis bases
where sorption of metal ions occurs as competitive complex formation against protons. The
sorption structure of Complex Al is similar to an IS complex formed on y-alumina powders (S-
0O-UO.") at pH 4-7," whose formation is described in surface complexation models as:

=S-OH + UO2** + H20 = =S-0-UO;" + H* 1)
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where =S-OH is the protonated reactive site, i.e., >AIOH,***, with a site density of 3.4 pmol/m?,
and =S-O-UO," is the IS complex, i.e., Complex Al. At pH 2, the IS coverage was 0.057 U/nm?,
corresponding to 0.09 umol/m? (Table 1).

Using Equation 1 and assuming that all terminal oxygens are protonated and that UV! is

present only in form of the aquo ion (valid at pH 2), the apparent adsorption constant for Complex

Al, K/PP, can be calculated:

KAPD _ a[=S-0-U0F]-a(H;0%) _ 0.09 wmol/m?-10~2mol/L — 10058+ 008 )
A1 al=S-0H]-a(U03™) 3.4 umol/m2-10~3mo/L

where a is the activity of surface functional groups and aqueous species. Because this expression
ignores the Coulombic interaction correction, the derived value is quantitatively different from the
intrinsic adsorption constant. Nonetheless, our result is two orders of magnitude lower than the
value (K = 10%%) reported from batch sorption experiments on y-alumina powder.*’

As shown in Figure 3c, a change in fractional coverage of the different adsorbed species is
observed with increasing pH, i.e., IS adsorption (i.e., Complex Al) is dominant at very acidic pH
(~2), while at near neutral pH (~5) OS species are favored (i.e., Complexes A2 and B). DFT cluster
calculations reported that for UO2%* adsorption on neutral >Al,OH sites of alumina (001), the
formation of the 1S complex is energetically favored.® In these calculations, IS sorption is still
prevalent for neutral or basic conditions, but the contribution of OS complexes adsorbed on
deprotonated sites increases.®® This is consistent with the trend observed in our experimental data
for the (012) surface. If the deprotonation of the surface oxygens is indeed a main controlling
factor over the change in adsorbed UO,?* speciation, the impact can be more pronounced for the
(012) surface than described computationally for the (001) surface, due to the lower pKa values of

the reactive sites of the (012) surface.?%3!
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Moreover, at pH 5.1, the role of oligomeric species needs to be addressed. At this pH, more
than 10% of the dissolved UV' in solution was present as dimers or trimers (Table S1 in SI). Such
oligomeric species may adsorb on the surface to form the observed double UY! peak structure. U—
U distances in dimers adsorbed on aluminum hydroxides are between 3.8 and 4.3 A,% which is
significantly larger than the vertical distances between the two adsorbed complexes observed by
RAXR (2.1-2.9 A). This indicates that if dimeric species contribute to the adsorbed speciation,
their U---U orientation would be strongly tilted (i.e., by 40-60°) with respect to the surface normal
direction.

Interfacial Water Structure. High-resolution XR vyields the total electron density of the
interface, which allows observation of interfacial water structure during ion adsorption. It is well-
known that hydrogen bonding leads to strong ordering of water at the alumina (012) surface.?® The
total electron density profiles for our uranyl samples (Figure 3a) show overall very similar features
to profile for DIW. The peak at ~2.4 A represents water adsorbed at >Al3O and shows a
significantly broader peak width, meaning the water has a less well-defined adsorption height with
uranyl (either due to intrinsic dynamics, or due to a mixture of adsorption heights near and away
from adsorbed uranyl species). Possibly, the peak represents two separate water molecules
adsorbed in opposite orientations because of site deprotonation of >Al30. This inferred structure
is consistent with a reduced signal in sum frequency vibrational spectroscopy data®® near the point
of zero charge of alumina (012), which was described as “lack of net water orientation” in the
study. Additional studies covering a broad pH range can give further insights into the interfacial
water structure controlled by surface site (de)protonation.

The response of the interfacial water network at the alumina (012)—water interface during the

ion adsorption has been studied also for oxyanions such as selenate and arsenate.*>** Gupta et al.
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reported that the adsorption mode of selenate on alumina (012) changes from both IS and OS
sorption at pH < 4 to mostly OS sorption at pH > 4,*3 which is similar to the trend that we observed
for cationic uranyl from pH 2 to 5.1. Moreover, arsenate showed a bimodal IS and OS speciation
with a similar change in dominant adsorption mode from IS to OS when pH is increased above 5.4
However, the coverages for AsO4* were significantly higher (3.7-4 umol As/m?) than those for
UO,?* (0.18-0.27 pmol U/m?), indicating greater sorption capacities for the anion at the explored
pH values (i.e., 5-9 vs. 2-5.1, respectively.)

Overall, comparison of these studies shows the pervasive role of shared hydration layers in
stabilizing adsorbed ion speciation at the alumina—water interfaces. This observation is made for
both anionic (e.g., Se0+* and AsO4>) and cationic (e.g., UO2%*) species. Hydrogen bonds can
provide stabilization for various surface complexes, including OS complexes. The observation of
specific sorption structures for OS complexes has an important implication: traditionally OS
complexes have been commonly assumed to have no structural connections with the adsorbent
surfaces and therefore described as weakly adsorbed species. The recognition of the role of
hydration is also consistent with the computational work by Gupta et al. revealing that the number
of intermolecular hydrogen bonds after adsorption controls the adsorption energy of SeO4% on
alumina (012).%3

Our study provides a fundamental molecular-level understanding of the adsorption structure
of uranyl on alumina. The experiments were conducted in acidic solutions that were representative
of waters in U-contaminated sites. By conducting the measurements using well-defined crystalline
surfaces in strictly controlled environments, i.e., CO-free solutions in the absence of strongly
complexing ligands, we obtained a mechanistic understanding of the intrinsic structure and

reactivity that has implications in a variety of fields.
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In geochemical and environmental applications, the presented understanding for uranyl
adsorption can provide insight into the use of Al-based oxide or (oxy)hydroxide minerals as
sorbents. The results demonstrate uranyl adsorption as co-existing IS and OS complexes even at
acidic pH, where the surface has net positive charge. The reaction behavior of alumina can also be
compared with those of other metal oxides such as iron oxides. For example, a-alumina is a
common model system for the isostructural Fe mineral hematite.***> This understanding can
improve the development of surface complexation models capable of reliably predicting transport
from U-contaminated sites via groundwater pathways.

Lastly, chemical interactions of uranyl with oxide surfaces can be an important precursor step
for surface-catalyzed redox reactions. That is, on one side, subsequential (photo)reduction of UV
to less mobile oxidation states of U adsorbed at the mineral surfaces can be used for enhanced
extraction of U from contaminated water.*® On the other side, these chemical interactions are
interesting as they enable the functionalization of metal oxide surfaces with catalytic redox-active
species using wet chemistry approaches that require less energy expense than common chemical

vapor deposition techniques.*’
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