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ABSTRACT: Metatorbernite (Cu(UO2)2(PO4)28H20) has
been identified in contaminated sediments as a phase
controlling the fate of U. Here, we applied atomic force
microscopy (AFM) to observe in situ the interaction between
metatorbernite cleavage surfaces and flowing aqueous
solutions .gresid_enc_:e time = 1 min) with different pHs. In
contact with deionized water the features of (001) surfaces
barely modify. However, changes are remarkable both under
acidic and basic conditions. In acidic solutions (pH = 2.5)
metatorbernite surface develops a rough altered layer and
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large pits nucleate on it. The altered layer shows a low ||
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adhesion and is removed by the AFM tip during the k

scanning. The large pits spread rapidly,

at few tens of nm/s, indicating a collapse of the structure. The combination of dissolution and the presence of defects in

the metatorbernite structure can explain both the collapse

process and the alteration of the surfaces under acidic

conditions. Other mechanisms such as ion exchange reactions remain speculative. In NaOH solutions (pH = 11.5)

metatorbernite dissolves by formation of etch pits bounded b

y steps parallel to (100), the direction of the most straight

periodic bond chains (PBCs) in metatorbernite structure. These steps retreat at ~0.15 nm/s. Under these conditions
dissolution is promoted by the formation of stable uranyl carbonate complexes in solution.

INTRODUCTION

Uranium minerals have been the subject of great attention
due to their importance as an energy resource since they are
the greatest known stock of nonrenewable energy on

Ea h.1 Under . ubsurfac.? 8nd educingl; condition
uranium Is mainly immobilized In the insofuble” form o

uraninite (UO2), which is by far the most important uranium
[p'ineral in terms of. abungance and ec?nomic value.2
owever, during mining and processing of uranium ores,

large amounts of radioactive wastes are produced and
frequently exposed to the oxidizing conditions of the
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ranyl ion (UO 2+ , providing a rich source of this elemen
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prounddw{ hel%efore, }he.deve&ogmeni of efficien
emediation strategies for contaminated sites is an urgen
task. One of the most common technical solutions is based
on the surface reactivity of inorganic materials. A notable

example is the efficiency experimentally shown by
apatite (Cas(PO4)3(OH,F)), which is able to induce an

atmasphere
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e form of

effective removal of uranium from solution® lowering i

ncen relgion nearly to rogosed drinkin%water star]dar S.
€ uptake process can OCcCur via surface complexation

and, more effectively, by precipitation of uranyl phosphates
minerals of the autunite and meta-autunite groups.™”

In the latter caseapatite dissolves, providing a low but
sufficient concentration of PO, 3- in solution. As a result, the
soﬁijgllﬁty o) cer‘[alrn uranyl miﬁera\s ?s exceeded, leading to
their rapid precipitation.

On the other hand, since phosphate ion is a ubiquitous
constituent of many natural waters, the formation of such
minerals naturally controls uranium concentrations in the
envir.or{ ent.2 For ir][stan e, Jerden et al.s showed that th
precipitation of meta-autuhite group minerals In a soli
developed over a uranium deposit can reduce the dissolved
uranium concentrations to values lower than the USEPA
maximum contaminant level. Of all meta-autunite minerals,
metatorbernite arises as one of the most environmentally
relevant phases. Metatorbernite has been found to be the
mineral controlling the macroscopic release of uranium in
contaminated sediments, for instance in locations such as
the Hanford site in Washington, where plutonium for nuclear
weapons was produced during World War 1l and the Cold
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minerals is of prime geochemical importance because they
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Figure 1. (a) Polyhedral representation of the uranyl phosphate grleet in metatorbernite according to Locock and Burns,21
viewed along [001]. It consists of corner-shared tetrahedra of PO4>  (dark gray) and square bipyramids of UOg (Iig?*t_ gray).
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order to get a better visualization of the uranyl ion (b) and the water molecules (c). The Cu atom is not to scale. Explanatory
note: the standard crystallographic notation system was used throughout the text to denote planes, forms, directions, and set of
equivalent directions: (hkl) and {hkl} symbols refer to a single plane or face and a crystallographic form, respectively, whereas

[uvw] and (uwv) symbols denote a single lattice direction and a set of symmetrically equivalent directions, respectively.

are common secondary phases in most weathered
uranium primarg deposits.2’13’14

It is evident that uranyl phosphates can subsequently alter
as they continue to interact with groundwaters (i.e., by
weath-ering). For this reason, in recent years several
macroscopic studies concerning the dissolution kinetics of
minerals of the autunite and meta-autunite groups have

been carried out.15_17 Such studies evaluated the effects
on the dissolution kinetics of different parameters such as
temperature, pH, organic and inorganic compounds, redox

conditions, and the bacterial activity. However, as far as we
know, the present study is the first to directly apply atomic
force microscopy to investigate processes occurring at the
nanoscale during the interaction of mineral surface—aqueous
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other nonphosphate uranyl minerals such as oxyhydroxides,
silicates, and sulphates, although most of these studies were
conducted under nonflow ex situ conditions. In this work, we
use an atomic force microscope (AFM) to study, for the first
time, crystals of the meta-autunite group. More

specifically, metatorbernite (Cu(UO2)2(PO4)2:8H20) (001)
surfaces were interacted with aqueous solutions under
circum-neutral conditions and rather acidic (pH = 2.5) and
alkaline conditions (pH = 11.5). We focus on the (001)
surface because it corresponds to the most important face in
most habits of natural metatorbernite. This mineral displays
structural and physicochemical properties similar to the rest
of the meta-autunite minerals, including a perfect (001) basal
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to gaining a better understanding of the reactivity of autunite
and meta-autunite minerals at nanoscale and under different
conditions. These are crucial assessments to expand the
current knowledge of the factors controlling U(VI) mobility
in the environment, especially concerning the fate of
secondary uranyl-phosphates derived from primary ore
mineralizing events.

1. MATERIALS AND METHODS

In situ AFM experiments were carried out to study the
changes in the microtopography and the dissolution
kinetics occurring on metatorbernite (001) surfaces when
they interacted with

aqueous solutions. For this purpose, natural metatorbernite
samples from the Musonoi Mine, Kolwezi, Katanga (Shaba)
Province, Democratic Republic of Congo were purchased
from the Mineralogical Research Company, San Jose, CA.
Meta-torbernite crystals were millimeter sized and exhibited
emerald-green color and tabular habit. The crystals were
studied by standard scanning electron microscopy (SEM)
(JEOL JSM 6400, 40 kV). SEM imaging of the crystals
provided information about textural and mineralogical
features. Energy-dispersive X-ray spectroscopy (EDX)
analyses carried out on selected areas of the crystals
showed that they are mainly composed of U, P, and Cu.
Both the composition and the habit of these crystals are
consistent with those of metatorbernite, which was also
confirmed by powder XRD of crushed material using a
Philips X’Pert-MPD equipped with a Cu Ka (1.5405 A) X-ray
source.

Experiments were conducted in situ in a fluid cell of an
AFM (Digital Instruments, Nanoscope llla, Multimode) at
room temperature. All the AFM images shown in this work
were taken in constant force mode while displaying both
cantilever height and deflection signals. The scan time for
each image was approximately 1 min with a scan rate of 5.2
Hz. Silicon nitride tips (Veeco NP-S10) with a nominal force
constant k = 0.06— 0.58 N/m were used. Freshly cleaved
metatorbernite surfaces were used as a substrate.
However, the preparation of metatorbernite for AFM
experiments presents difficulties that other materials with
perfect cleavage, such as calcite and gypsum, do not
impose. Metatorbernite crystals were extremely brittle and
easily shattered after contact with the cleaving blade. As a
consequence, obtaining good-quality cleaved surfaces was
a tricky task. Several attempts were commonly required to
obtain a suitable cleaved surface fragment, which involved a
considerable loss of material. Once a large enough fragment
(1-2 mm) was obtained, it was carefully placed in the fluid
cell (50 yL volume). This gave a ratio solid/liquid of ~0.14
mL/g, since the estimated mass of the metatorbernite
fragments was
~7.0 mg. Before each dissolution experiment, deionized water
(18.2 MQ.cm, Milli-Q) was passed over the crystal to clean
the cleaved (001) metatorbernite surface and adjust the
AFM parameters. Aqueous solutions were prepared
immediately prior to the start of each experiment. Target pHs
of 2.5 and
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11.5 were obtained by adding hydrochloric acid and sodium
hydroxide to the deionized water. Afterward, the fluid cell
was filled with an aqueous solution. To avoid solution/
sample equilibrium a flow of solution was maintained by
injecting fresh solution at intervals of about 1 min between
each AFM scan. Measurements on recorded sequences of
recorded AFM images allowed us to quantify the
nanotopographic changes occurring during the dissolution
process.

Additionally, in the experiments conducted at pH 2.5 the
effluent solutions were collected and analyzed for U, Cu, and
P using inductively coupled plasma-optical emission
spectrom-etry (ICP-OES) (SPECTRO ARCOS).

2. STRUCTURE, HABIT, AND SURFACE FEATURES
OF METATORBERNITE CRYSTALS

Since mineral-aqueous solution interaction takes place
mainly at the interface, a comprehensive study of interaction
processes requires the knowledge of the crystal structure
and surface features of the crystals used in the experiments.

Metatorbernite crystallizes in the tetragonal spatial group
Paln, witha = 6.976 A and c = 17.349 A2 It s @ member of
he dutunite-group minerals, whose crystal structure ' may be
briefly described as consisting of parallel sheets of
UQ2PO4]22™ (autunite-t t) (Fi 12) with
ygr%ted“]2 int(earllj:ﬂ%]l"e y%%n?anﬁi%g; ( Igﬁ;%-cggr(mateg

. 22,23 ;
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chains (PBCs) running within the sheet: (100) and (110)
(Figure 1b; for an explanation of the crystallographic
symbols used in text see the explanatory note in the figure
caption). Both consist of direct chains of U-O-P-0O-U links
with identical U-O bond length (~ 2.30 A) and bond strength
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longer repeating period (9.86 A) than that of the PBCs along
(100) (6.97 A). The strong bonding networks within the
sheets clearly points toward the pinacoid {001} as the
dominating form in metatorbernite, which is in agreement
with the habit observed in our samples (Figure 2) and in

most natural samples.25 This flaf, form is frequently

ombined with rougher {h0[} ones. Gu=" cations are locate
|Cn thenln?e\r’i’ayer bg{\}vee the uranyl phosphate sheets an

are octahedrally coordinated by four equatorial H2O groups
and two axial O of the uranyl (Oyy) ions from each adjacent
sheet (Figure 1c). It forms a distorted (4 + 2) octahedron
owing to the Jahn-Teller effect which yields a large Cu-Oyr
distance and weak bond strength (~ 0.098 v.u.). The
interlayer also contains an H20O group that is held in the
structure by H bonds only. The weak nature of both the H
and the Cu-Oyr bonds easily explains the perfect (001)
mica-like basal cleavage and its remarkable ion exchange
capacity. This property can be enhanced by the presence of
defects in the crystal structure and cracks throughout the
crystal which enable a rapid and more effective contact
between the hydrated interlayer and the interacting aqueous
solutions.

3. RESULTS AND DISCUSSION

Freshly cleaved metatorbernite (001) faces observed by
AFM frequently show atomically rough surfaces with
multilayer straiﬁ/lht steps running along different directions
(Figure 3a-c). Most of steps observed are parallel to (100)
although rougher steps running parallel to (110) and other
undefined crystallo-graphic directions are also found.
Orientation of straight (100)

Figure 2. (a) SEM images of an aggregate of tabular
metatorbernite crystals as used in the experiments. The
habit of most crystals is a combination of the {001} pinacoid
with {hOI} tetragonal bipyramids (most probably {101}) or
{100} tetragonal prisms. Basal cleavage is clear in most of
the crystals. (b) Detail of (001) face of metatorbernite crystal.
It surface exhibits a profuse number of cracks roughly
running along (100) directions.

and rougher (110) steps are mainly controlled by the

distribution of PBCs within the U02P04]22_ sheet
described in the previous section. Both the different height
and orientation of the multilayer steps can result in very

complex microtopography. Indeed, it is frequent to find the
presence of isolated flat-topped islands protruding from the
main cleaved surface (Figure 3a-b). In addition, the surface
is frequently segmented, forming a micromosaic-like
structure (Figures 3c— d). Each individual block forming the
mosaic is separated from surrounding blocks by cracks of
variable width and depth running across the surface.
Moreover, blocks can be slightly tilted relative to each other.
Cracks across {001} surfaces are also evident in some SEM
images (see Figure 2b). The mosaic-like structure is typical
of very defective crystals and is the result of the
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metatorbernite crystals. AFM images also reveal atomically

flat terraces and half-monolayer steps running along (100),
(110), and other less relevant crystallographic directions.

3.1. Dissolution under Deionized Water. Metatorbernite
(001) surfaces in contact with deionized water do not
undergo changes in surface morphology to an extent that
can be observable by AFM. Neither dissolution processes
(by nucleation of etch pits on the flat terraces and/or step
retreat)
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Figure 3. AFM images (deflection images) of cleaved (001) surfaces of metatorbernite in water. Surfaces are frequently rough
with both multilayer (thick lines) and monolayer (thin lines) steps running along (100) (solid lines), (110) (dashed lines) and
other less relevant crystallographic directions. The surfaces frequently show isolated flat-topped islands bounded by multilayer
steps (a—b). Crystals often develop micromosaic-like structure (c—d), with tabular blocks separated each other by cracks of
variable width and depth running across the surface (with arrows). AFM images showing large areas of flat terraces (d) are

scarce.

Figure 4. Sequence of images of metatorbernite at pH = 2.5 showing roughening of certain areas of the surfaces (black
arrows). After several minutes of interaction the rough surface becomes flat again. Time elapsed between successive images

is around 6 min.

nor alteration of the substrate were observed even after
large periods of interaction (>30 min). This behavior is
consistent with the extremely Ilow solubility of

metatorbernite. 162729

3.2. Dissolution under pH 2.5 Solution. The exposure of
the metatorbernite surface to acidic and basic solutions
leads to a significant and rapid modification of its surface
micro-topography.

Figure 4 shows a representative AFM sequence of
dissolution of a metatorbernite (001) surface interacting with
an acidic solution (pH = 2.5). Under such conditions, the
surface layer appears significantly altered when compared to
the starting surface. The evidence for the occurrence of an
altered surface arises from several observations. First, it is
recognizable by the

rapid change in the surface roughness, i.e., the initially flat
surface clearly roughened significantly (Figure 4a—b). More-
over, this process seems to reverse since after several
minutes of interaction the rough surface becomes flat again
(Figure 4c). Such behavior can be explained if we assume
the removal of an altered layer by the application of frictional
forces with the AFM tips during the scanning. The surface
not only becomes rough, but also soft as a consequence of
the alteration process. The removal of this soft layer reveals
a pristine interface underneath which becomes rough again
once it gets into contact with the acidic solution. This
alternation of rough-flat surfaces is coherent with a sheet-
like structure controlling the dissolution process. Figure 5
shows a created scan field, i.e., the
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Figure 5. (a) AFM image showing two superimposed scan fields (4 um) on metatorbernite (001) at pH of 2.5. The scans were created a few
minutes before the image was taken. Note the altered surface surrounding the flatter scan fields. (b) Dotted lines indicate the precise limits of

the scan fields.

Figure 6. AFM images of metatorbernite at pH = 2.5 showing the formation of a large pit (see black arrow) (a) which rapidly spreads,
increasing both its lateral and vertical size (b). The pit bottom (depth: a few micrometers) shows a rough surface oriented parallel to (001).
The pit nucleation takes place along a crack allowing the aqueous solution an easy access to the crystal bulk. Time elapsed between

successive images is around 2 min.

retreat of the interface in the scan field area, due to the
removal of the soft surface layer by the scanning tips. A
similar behavior has been previously observed using a
hydrothermal atomic force microscope (HAFM) during the
acidic (pH = 2) dissolution of plagioclase at temperatures up
o~ 30 :
[Ry&F with an altered Byarrestling Nom Sksobias 10 Sigie
solution. It is worth noting that the roughening at the
surfaces is not uniform: whereas some areas remain
relatively unaltered others undergo significant alteration.
This behavior may have a variety of possible interpretations
including local changes in composition or unequal
distribution of structural defects. Finally, after several
minutes of interaction, in some areas of the interacted
surface we observed (see Figure 6) the nucleation of a very
large pit bounded by rough walls emerging from the lower
left side of the image. The pit bottom (depth: a few
micrometers) showed a rough surface that was oriented
parallel to (001). The pit rapidly spreads increasing both its
lateral and vertical size. Measurements of the lateral
spreading rate of the pit indicate a speed in the order of a
few pm/min and points toward the collapse of the
metatorbernite structure in such area. Although structural
heterogeneities can be responsible for the collapse process,
it cannot be excluded that a chemical reaction process is
taking place underneath the metatorbernite surface. Such
process would be enhanced by the presence of cracks
throughout the crystal, which allowed the aqueous solution
to

gain rapid access to the crystal bulk. Indeed, Figure 6
shows how the pit nucleation takes place along a crack.

A possible mechanism explaining these processes
involves a partial substitution of Cu by H30, due to a
ion exchange reaction according to the following:

Culoy o) i g +HQ ™
o (Cuyjp H QAUO2)2(PO4)y nH,0 + 1/2Cu2*
(1)

These ion exchange-assisted reactions are known to
occur in layered minerals of the meta-autunite group as an

intermediate step toward their mineral transformation.14£g
metatorbernite it can take place between the [UO2PO4]2

negatively charged, layers, where the Cu + js located, and
resgtﬁts ltom Bond %/reaklng ané weakening along tRe
interlayer. Moreover, the reaction entails a decrease in molar
volume due to the large differences between the molar

volumes of metatorbernite and chernikovite.31 Since
replacement reactions do not usually cause a change in

crystal morphology and volume, the formation of porosity
: 32-34 :
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exchange reza_ctions of Cu2+ for H3O+ leave, in principle, the
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collapse of the upper sheets. Another alternative mechanism
for the creation of porosity would involve a coupled


http://pubs.acs.org/action/showImage?doi=10.1021/es302781k&iName=master.img-005.jpg&w=303&h=150
http://pubs.acs.org/action/showImage?doi=10.1021/es302781k&iName=master.img-006.jpg&w=299&h=148

Figure 7. AFM sequence of the metatorbernite (001) surface in contact with water (a), and after injecting a basic aqueous solution (pH = 11.5)
(b- d). Shallow etch pits appears immediately after injecting the basic solution. A comparison of the images demonstrates the dissolution
process by rapid coalescence of pits (white arrows in b) and retreat of (100) steps (black arrows). Time elapsed between successive images is

two-step process: stoichiometric dissolution of the mineral
surfaces and subsequent precipitation of a secondary phase
from a supersaturated fluid in contact with the mineral
surface. When a metastable crystalline solid is in contact
with an aqueous solution, the solvent can actively take part
in a phase transformation process by allowing the
simultaneous dissolu-tion of the metastable phase and the
crystallization of the stable phase. This solvent-mediated
transformation mechanism involves a transformation where
the phase transition occurs by breaking and formation of
hemical bonds. Recent. stu ies35 have ﬁhow? tha% %Jterelﬁ
and porous) surfaces in silicate minerals Interacted wi
acidic solutions can be explained by such a mechanism. The
result of both processes (ion exchange and dissolution
—precipitation) in our system would be the formation of a
thermodynamically more stable solid than the pure-end
member metatorbernite, probably with an inter-

mediate composition of (Cuq/2,H30)(UO2)2(PO4)pH20 and
the formation of porosity and/or an altered layer as side
effects. Both mechanisms are plausible because both would

allow the system to reduce its free energy.?’e?’37 The
analyzed concen-tration of the effluents yielded a
concentration of 0.081 + 0.02 and 0.013 + 0.005 ug/mL for U
and Cu, respectively. These values are not far from the
stoichiometry of metatorbernite and are in good agreement
. . 16 4 .. . .
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were the mechanism controlling the transformation, an
excess of Cuaq in the aqueous solution would be expected.
Similarly, if the operating mechanism were stoichiometric
dissolution followed by precipitation of a Cu-poorer new
phase, an excess of Cu should also be detected in the fluid.
Our analytic results do not support any of these

mechanisms because they do not show an excess of Cu relative
to U. On the other hand, the physical features observed in the
AFM sequence of metatorbernite dissolution are hardly
explainable by a perfectly stoichiometric dissolution mecha-
nism. If this were not the case, then the analytical results would
picture the overall effect of the metatorbernite surface
dissolution which progresses heterogeneously over several
surface patches developing transient intermediate solid
compositions that eventually dissolve and expose a new pristine
surface underneath. Therefore, in spite the analytical results
showing a stoichiometric Cu:U ratio they cannot definitely rule
out any of these options because of the different scales of
surface observation (bulk vs local).

A possibility is that the occurrence of altered layers can be
explained as a result of nonstoichiometric dissolution which
leads to the development of chemically and structurally
altered near-surface zones (leached layers) between the

fluid—solid interface and the unaltered mineral. 38 At low pH,

in 32d+dition to the interlayer ion exchange reaction (2H3O+ “—

C ,an exchange of uranium by protons (acid hydrqlysis
thin) the al)J(tunellHeqtype %heélf coqupa SO ocn(,url.dLe%cﬁ)n},g Io}
uranium would, therefore, leave isolated phosphate
tetrahedral, determining the formation of an altered layer.
This process would be enhanced by the fact that the rate of
orption of H* to the surface under such pH condjtions
|Snc eéses (tl!#e pﬂpzc f%l# SO iulrjn metal-Jaut nite syntlﬂeﬂc
; 39
| i Ithough
BOHRISEn "898 1o 1% ® beof SNSRI LIRS
cryst,?és).ﬁ’ Again, both our analysis and those reported by

lliton "~ do no}dsur?gort this mechanism since suc eachiqﬁ
process wou cessarily yield an excess 0 aq Wi

respect to Cuag.
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An alternative mechanism can operate on the metatorbernite
(001) surface interacted with acidic solutions. If we assume a
point defect covered surface where protons attack more easily,
this process could induce the differential release of uranyl and
phosphate structural units from the upper layer, punctuating
the layer with several pits, creating this porous layer character,
different from the step retreat observed at high pH, and to be
shown later. Such a mechanism can cause a physically altered
layer, but it does not necessarily involve a nonstoichiometric
dissolution and formation of a chemically altered layer. In any
case, the combination of dissolution and surface structural
heterogeneities (defects) in the metatorbernite structure are the
likely explaination for both the collapse process and the
alteration of the surfaces observed under acidic conditions.
However, because of what has been previously discussed the
actual nature of this transformation remains a matter of
speculation.

3.3. Dissolution under pH 11.5 Solution. The
dissolution pattern of metatorbernite (001) surface in alkaline
conditions can be easily ascribed to a “classical” dissolution
model, i.e., generation and widening of shallow etch pits on the
flat terraces. Figure 7 shows an AFM sequence of a
metatorbernite (001) surface obtained after injecting a basic
aqueous solution (pH = 11.5). The surface rapidly begins to
dissolve, mainly by the rapid widening of shallow etch pits
generating on the flat terraces. During the initial stages of the
dissolution, the microtopography of the surfaces is charac-
terized by a high variability in the density of pits, which do not
appear uniformly distributed on the surface. Whereas in certain
areas (white arrows), the concentration of pits is extremely
high, other areas remain relatively unaltered. The profusion of
pits may be related to point defects, evidencing the high
defectiveness of the surface. Pits exhibit different widening
behavior depending on the areas where they form. The
sequence from Figure 7b to d shows that in areas with a high
density of pits, they are short-lived since they immediately
coalesce. In such areas dissolution occurs by a rapid dismantling
of the surface. As a result, small patches of the former surface,
bounded by rough steps, appear scattered on the dissolving
surfaces (Figure 7b). In contrast to this behavior, the widening
of pits in areas with low pit-density is mainly controlled by the
retreat of elementary (100) steps (see black arrows in Figure
7b—d). The shape and orientation of these etch pits are parallel
to the most straight PBCs and are consistent with the existence
of a 4-fold axis perpendicular to the metatorbernite (001) face.
The retreating speed for (100) steps is around 0.15 nm/s. Since
such steps are crystallographically equivalent, their retreating
velocity is isotropic. Due to the high density of etch pits, the
dissolution of the surface monolayers represents a rapid, but
non-homogeneous phenomenon. The whole process of
metatorbernite crystals dissolution seems to be controlled by
the contribution of the cleavage (001) surface, the rougher
{hO1} surfaces, and especially the crystal edges and corners. The
higher reactivity of metatorbernite {001} surfaces interacted
with alkaline solutions (in comparison with those interacted
with circum-neutral solutions) is most probably explained by
the formation of stable uranyl complexes with CO;*” in
solution. Under the alkaline conditions of our experiments (pH
= 11.5), the dissolved atmospheric carbon dioxide is mostly
dissociated into the carbonate ion ([CO5*"] > [HCO;™] =~
[NaCOj;7]). This ion rapidly reacts with the dissolved uranyl,
forming very stable uranyl carbonate complexes such as
UO0,(CO0;),*” and, mainly UO,(CO,);*, 40 enhancing

U(VI) solubility. Indeed, such complexes are probably the
most important solution comflexes responsible for U migration
in oxidizing environments.”*' The fast retreating velocity of
(100) steps measured at high pH is in good agreement with
macroscopic measurements of the dissolution of autunite
minerals and metatorbernite conducted over the pH interval of
6—7 to 10.**" Such experiments revealed that the rate of
autunite and metatorbernite dissolution increases as a function
of increasing pH by a factor of ~100X.

4. ENVIRONMENTAL IMPLICATIONS

The environmental mobility of uranium, following the oxidative
dissolution of primary mineralizations, is mostly controlled by
the relative thermodynamic stability and dissolution kinetics of
secondary uranyl-bearing phases, among which hydrated uranyl
phosphates assume an unquestionable relevance. Understand-
ing the dissolution mechanisms of these materials at different
scales is crucial for both interpreting field data and predicting
surface reactivity of secondary uranyl deposits in different
aqueous settings. The present study, for the first time, probes
surface dissolutive nanotopographic features, enabling a better
understanding of what mechanisms may influence the reactive
behavior of uranyl phosphates. From the outlined important
results we should stress, as an eyestriking factor controlling
reactivity and thus of environmental importance, the relation-
ship between impurity incorporation, even at small amounts,
and mechanisms of dissolution. It is our conviction that the
pioneer research here presented should pave the way for a
series of AFM studies with higher complexity, concerning
important aspects of uranyl phosphate phase dissolution
behavior (ie., the effect of different background electrolytes,
concurrent ions, thermal dissolution, etc.).
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