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Crystallization and Dissolution in Aqueous
Solution: A Bond-Valence Approach

Frank C. Hawthorne and Michael Schindler

Abstract In many groups of minerals, structural diversity occurs by polymeriza

tion of a small number of clusters (or fundamental building blocks). Where these
minerals crystallize from aqueous or hydrothermal solutions, the fundamental
building blocks occur as aqu ous species in solution, and it seems reasonable to
conclude that crystallization of thes minerals occurs by condensation of these
clusters in solution. The variation in Lewis acidity of t se clusters is a function of
the pH of the aqueous solution in which they occur, in accord with the diffe t
structures crystallizing from similar aqueous solutions at different pH. Strongly
bonded polyh on chains (equivalent to periodic bond-chains) control the mor-
phology of crystals. Anions at the surface of a mineral (i.e., exposed to an ambient
aqueous solution) are called terminations, and the residual valence at a termination
controls its reactivity (i.e., is the driving force for reaction with the aqueous
solution). The residual valence of a polyhedron chain controls the growth or
dissolution rate at the crystal face associated with that chain and may be calculated
as the net residual valence of the terminations per repeat of the polyhedron chain.
Edges involving polyhedron chains with low normalized residual valence will grow
slowly, whereas edges involving polyhedron chains with high normalized residual
valenc will grow rapidly, and the relative morphology of crystals will be con-
troll d by the relative magnitudes of the sidual valence of polyhedron chains
parallel to specific faces. The observed morphology of selected uranyl-oxide
hydroxyl-hydrate and borate minerals is in asonable accord with this approach.
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Abbreviation

v.u  Valence units

1 Introduction

A basic axiom of bond-valence theory is the valence-sum rule {1]: The sum of the
bond valences at each atom is equal to the magnitude of the atomic valence. This
rule has been shown to hold (within a few percent) for a large number of crystal
structures. For most of the structures in which we are interested (minerals), the
maximum valences of the cations (4* to 6%) generally exceed the maximum
valences of the anions (2 ). The result is that we can identify strongly bonded
oxyanions, e.g., (SiOg)* , (PO4)® , (SO4)? , in these structures, and it is these
oxyanions that dominate th ir structural characteristics and geochemical behavior
[2, 3]. A primary interest in mineralogy is the behavior of minerals in geological
processes, in particular crystallization and dissolution, as the structural and chemi-
cal charact ristics of minerals can carry a lot of information on the conditions under
which they form. Hence a mechanistic understanding of the processes of crystalli-
zation and dissolution of minerals is of considerable interest. Many m’ rals
crystallize from aqu ous solution or magma, both of which have some regularity
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in their structure (i.e., a nonrandom arrangement of their constituent atoms).
Hawthome [4) propo d th reaction principle: During a chemical reaction,
atoms move relative to each other such that they continually minimize local
deviations from the valence-sum rule. This rule implies that the atomic
arrangements in the reactants affect the atomic arrangements in the products of
any chemical reaction. If this is the case in geological processes, we need to focus
not just only on the atomic arrangements in the  ulting min rals but also on the
atomic arrangements in the precursor phases, i.e., aqueous solutions and magmas,
and the atomic arrangements of any intermediate phases, e.g., the interfaces
between the reactant phase(s) and the product phase(s).

1.1 Aqueous Solutions

1.1.1 Borates

Hawthome [5-7) show d that structural diversity in oxysalt minerals (specifically
phosphates) occurs by polymerization of a small number of clusters (fundamental
building blocks) to form chains, sheets, and frameworks and suggested that
structural units in many low-temperature minerals form by condensation of funda-
mental building blocks that occur as aqueous complexes in hydrothermal or
aqueous solutions. With regard to borates, Ingri and coworkers ( viewed in [8])
showed that the following borate species occur in highly concentrated aqueous
borate solutions with decreasing pH: [B(OH);]°, [BsOs(OH),] , [B3O53(OH),4] ,
[B303(0OH)s)* , [B4Os(OH)4J> and [B(OH),] and noted that “polyanions of the
kind found in crystals exist in solution..... and are readily available for the
building of crystals.” Furthermore, ''B-NMR spectroscopy [9-11] and Raman
spectroscopy [12, 13] have confirmed the occurrence of all these aqueous species
except [B303(OH)s]2. With regard to borate minerals, Christ et al. [14] used the
data summarized in [8] to illustrate the variation in aqueous borate species and
their variation in abundance in solution as a function of pH (Fi . 1). [B(OH),] is
the stable species at low pH and [B(OH),] is the stable species at high pH, while
around a pH of 8, the more complicated species [BsOg(OH)4] , [B103(OH)4] ,
[B303(0H)s)? , and [B4Os(OH),}> occur in solution and show their maximum
concentrations at slightly different values of pH. From Fig. 1, Schindler and
Hawthorne [2, 15] calculat d the percentage of B in aqueous solution and
showed that it is a smooth function of pH (Fig. 2). This suggests that the stability
(i.e., existence) of each cluster and the relative amounts of each cluster as a
function of pH are controll by bond-valence matching between the clusters
and their host aqueous solution.
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showed by EXAFS, FTIR, and UV-vis spectroscopy and DFT calculations that in
aqueous solution, (U%0,)** always has five periph ral anions, the monomer, dimer
and trimer are present, and re is  ge-sharing between uranyl polyhedra.
Although we do not know the exact distribution of all (UO,),(OH).,, . species
as a function of pH, the information given in [17] is sufficient to allow us to
consider crystallization and dissolution mechanisms for uranyl-oxide hydroxyl-
hydrate minerals.

1.2 The Effect of pH on Aqueous Complexes and Crystal
Structure

1.2.1 Borates

The relativ amount of !B in solution is a function of the pH of that solution, and
it seems reasonable to propose that a?ueous borate compl xes adjust to varying pH
by varying the relative amounts of !B and “IB. In the crystal structures of the
sedimentary borate minerals, these clusters in aqueous solution are the fundamental
building blocks of all the borate minerals [18]. This implies that the structural units
in borate minerals form by condensation of these complexes in hydrothermal or
aqueous solutions, and their relation with pH gives us a direct relation between the
pH of the nascent solution and the chemical compositions and structures of the
crystallizing minerals.

1.2.2 Uranyl Oxide-Hydroxy-Hydrates

The situation for the uranyl oxide-hydroxy-hydrates is somewhat different from
that of the borate minerals. The coordination number of U%* does not change as a
function of pH; it is [7] across the whole range. What will change as a function of
pH is the polymerization and the ligancy in the clusters. If minerals form by
condensation of these complexes in aqueous solution, the pH at which they crystal-
lize should relate to the stability of the clusters that constitute the fundamental
building blocks of the structure. There is general consensus on the occurrence
of the aqueous species (UOy)** and (UO,)3(OH)s*, which occur in strongly
and weakly acidic to neutral aqueous solutions, respectively [19]. Schoepite,
(U0,)30(0H);2(H;0),2, is a uranyl-oxide hydroxy-hydrate mineral which contains
sheets of polymerized trimers and dimers of (edge-sharing) (US*O,s) polyhedra
{p = (OH), (H,0)]. Schindler and Putnis [20] synth ized well-crystaline schoepite
under weakly acidic conditions (pH = 5.5-6.5) which overlap with the general
occurrence of the (UO,)s(OH)s* species in solution, sugg sting that the crystalliza-
tion of schoepite is controlled by the polymerization of aqueous species present in
solution (see below).
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2 Crystal Faces

Hartman and Perdok [21-23] proposed that where an atom or cluster of atoms
attaches to a growing surface of a crystal, the probability of subsequent detachment
is inversely proportional to the number of strong bonds between the atom or cluster
and the crystal surface. The focus is on uninterrupted chains of strong bonds between
building units, called periodic bond-chains. Periodic bond-chains define the major
growth direction(s) of a crystal. Th  are three types of faces: F (or flat) faces with
two or more types of periodic bond-chains parallel to the face; S (or stepped) faces
with one type of periodic bond-chain parallel to the face, and K (or kinked) faces
with no periodic bond-chains parallel to the face. The morphology of a crystal is
controlled primarily by the occurrence of F faces and secondarily by the occurrence
of S faces. Complicated oxide and oxysalt structures generally represented as
arrangements of polyhedra, wh re each polyhedron consists of a central cation and
its coordinating anions. This type of representation leads to major simplification in
representing and understanding the topological aspects of the arrangements of
chemical bonds, and the linkage of such polyhedra is used as a basis for hierarchical
classification of crystal structures (e.g., [18, 24-26]). We will follow this polyhedron
approach in considering surfaces of crystals and will consider periodic bond-chains
as polyhedron chains.

Molecular modeling may be used to examine the morphology of crystals by
calculating surface energies or s p energies, provided good interaction potentials are
available for the constituent species. This is usually not the case for hydroxy-hydrated
oxysalt min ralg which contain unusual coordination geometries and both (OH) and
(H;0) groups, e.g., althupite, AITh{(UO.){(UO,)(PO4)(OH)O}2)(OH)3(H,0);s.
As many such minerals are important phases from an environmental perspective,
and such minerals constitute the bulk of the mineral kingdom, we need an approach
that is tractable for such complicated materials. Bond-valence theory is a key part of
such an approach.

3 Interaction of a Surface with an Aqueous Solution:
A Bond-Valence Perspective

The valence-sum rule (Eq. 2 in chapter “Bond Valence Theory™) requires that th
sum of the bond-vale incid nt at any cation or anion must be equal to its
val nce. It is useful to regard bond valences as directed, as this keeps track
automatically of the nature (cation or anion) of the ion occupying any site in a
structure. Here, we adhere to the convention that bond valences from a cation to an
anion are positive, and bond valences from an anion to a cation are negative.

For a surface, we may identify two situations: (1) the surface of the crystal is
adjacent to a vacuum and (2) the surface of the crystal is adjacent to a liquid (or gas).
Inth first situation, the surface ions must have coordinations different from those in
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the bulk crystal, and the surface structure responds to these differences by lengthen-
ing or short ning specific bonds (relaxation), and may be a reorganization of
the topology of the chemical bonds at the surface (cf. in Chapter “Structure and
Acidity in Aqueous Solutions and Oxide~Water Interfaces”). Inthes  nd situation,
the bond-valence requirements of the surface atoms are partly met by adjacent atoms
in the coexisting liquid (or gas), and surface relaxation will be much less than where
the surface is exposed to a vacuum. For a crystal surface in equilibrium with an
aqueous solution, the surface is partly or fully hydrated, depending on the pH of the
solution, and aqu us species in the solution bond to anions or cations on the surface.
The type of anion or cation on the surface and the conditions in the coexisting
solution will affect the degree of hydration and type of attachment. The atoms of the
liquid will tend to arrang themselves such that surface relaxation is minimized, and
one may well be able to consider local atom interactions as the average of what
occurs at the surface over a long r timescale. In turn, this suggests that we may
able to approximate bond valences of near-surface bonds as equal to the bond
valences of the analogous bonds in the bulk structure,

The conditions in the coexisting aqueous solution and the anions or cations at th
surface will affect the degree of hydration and th type of reactions that can occur at
the surfac . The degree of hydration will be a function of th bond-valence
requirements of the anions at the surface and the pH of the solution. The bond-
valence requirements of the surface anions can be predicted using the MUSIC
(“MUItSIte Complexation”) model of Hiemstra et al. [27] using the equation

p  A(Ys V) (1)

where pK, is the intrinsic acidity constant, A equals 19.8, V is the valence of the
surface O atom (—2), and }'s; is the bond-valence sum at the surface O atom and is
defined as

Zs,- = {sm +msu +n(1 — su)} 2

w  re si is the valence of the M-O bond, sy is the bond valence of the H-O bond to
the surface oxygen if the base is an (OH) group (assumed to be 0.80 v.u. [1]),
(1 — sp) is the valence of weak hydrogen bonds from aqueous species to surface
anions, and m and n are the numbers of stronger O-H and weaker O---H bonds,
respectively, Hiemstra et al. [27] used bond valences from unrelaxed bulk structures,
Conversely, for the calculation of intrinsic pK, values, Bickmore et al. [28, 29]
conside  unevenly distributed charge densities and relaxed metal-oxyg n bonds
on surfaces.

The intrinsic acidity constant is a measure of  strength of an acid (HA) in an
acid-base equation, HA + H;0 « A + H30", and is closely related to the ability
of the conjunctive base (H,O is a Lewis base) to donate electrons to the acid (H*,
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Lewis acid). Schindler and Hawthome [30] defined the Lewis -strength of a
complex structural unit as the bond valence required by the (negatively charged)
structural unit divided by the number of (weak) bonds accepted by the structural
unit from th interstitial complex. Using this definition, we may calculate the Lewis
base strength (or Lewis acid strength) of arrang ments of atoms at a surface. A key
issue in the calculation of intrinsic acidity constants and Lewis basicities is use of
the correct average coordination number of O at the susface. Hiemnstra et al. [27]
used an avera e O-coordination of [3] for the surfaces of gibbsite and goethite and
an average O-coordination number of {4] for the surface of quartz. The resulting
intringic acidity constants were used to calculate the point of zero char e for
gibbsite, goethite, and quartz and the results agree with experimental values.
Schindl r t al. [31] used an average O-coordination of {4] for the surfaces of
uranyl-oxide and oxysalt structures, and the resulting Lewis basicities of the various
arrangements of surface atoms are strongly correlated with the measured pK,
values.

4 Surface Features on Crystal Faces

A strongly bonded polyhedron chain which occurs on a crystal face contains ligands
which bond either to cations of the chain or both to cations of the chain and to
species in th adjacent aqueous solution. Any anion on such a chain and the cations
to which it is bonded form a termination. Polyhedron chains are generally linear and
have a small number of cation— (anion) terminations per unit length. In general,
it is the incident bond-valence at the anion of the (bare) termination that controls the
reactivity of that termination. If the incident bond-valence at the anion already
satisfies the valence-sum rule, pK, = 0 in Eq. (1) and there is no driving force for
that anion to react with any component of the adjacent aqueous solution. Con-
versely, if the incident bond-valence at the anion is less than that required by the
valence-sum rule, the anion will react with some component of the adjacent
aqueous solution to accord with the valence-sum rule.

Crystalf  invariably have surface features that are due to addition or removal
of atoms during crystallization or dissolution. Addition of one or more layers of
structu can form surface features such as terraces and steps on a face. The
termination of one structural unit orthogonal to a face is called an edge (Fig. 3).
Termination of an edge forms a kink site, where a strongly bonded polyhedron chain
ends. An array of coplanar edges defines a step or a face non-coplanar with the
original face. Similarly, removal of atoms often gives rise to depressions or etch pits
whose boundaries are crystallographically controlled. The atomic environment at
an edge or step will strongly affect the local reactivity between the surface and an
adjacent aqueous solution, and this reactivity will vary also as a function of the pH
of the solution.
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polyhedron chain, ApKpe, is a function of the types and numbers of different anion-
terminations along the chain, and may be written as Y ApKpc, i.e., the sum of the
pK, values of acid-base reactions at the corresponding anion-terminations:

D ApKpc = [bx pK y +¢ x pK }/(b+c) (5)
Y ApKec =[bx As; +cx Asy (b+¢) (6)

The right-hand side of Eq. (6) is the O-atom residual valence for a polyhedron
chain and correlates with the average pK -value and free energy of the
acid-base reactions along a polyhedron chain, indicating the affinity of the constit-
uent O-atoms for hydrogen bonds or O-H bonds [31].

4.2 Point of Zero Charge and Net Proton Charge:
A Bond-Valence Perspective

The point of zero charge is the point where the total net surface charge is zero {33].
The total net surface charge involves (1) the permanent structural charge caused by
isomorphic substitution(s); (2) the net proton charge (i.e., the charge due to binding
of H or OH at the surface); (3) the charge of the inner-sphere-complex; (4) the
charge of the outer-sphere-complex. An inner-sphere complex occurs where a
cation or anion in solution bonds directly to terminations on the surface, whereas
an out r-sphere complex occurs 1f a cation or anion in the solution bonds via (H,0)
groups to terminations on the surface; both types of complex change the net proton
charge of the surface. We may simplify this issue from a bond-valence perspective
by factoring inner- and outer-sphere complexes into two components: (1) surface
ions and (2) aqueous complexes in solution, i.e., we treat inner- and outer-sphere
complexes as part of the aqueous solution, considering only the difference in
interaction betw n edges with different net proton charge and the agueous solu-
tion. The n t proton charge may be considered as the difference tween the
incident and exident bond-valences between the terminations at the surface and
the species in aqueous solution. A termination that accepts bonds is a Lewis base
and a termination that donates bonds is a Lewis acid [31]. At zero net proton charge,
the net strength of the Lewis bases and Lewis acids is zero. Where a surface has
zero net proton charge, the pH of the coexisting solution is called the point of zero
net proton charge, which we will designate as the point of zero charge. Weak Lewis
bases and Lewis acids occur on a surface at the point of zero charge, and (depending
on the intrinsic acidity constant of the acid-base reaction), strong Lewis bases and
Lewis acids occur at pH values that differ considerably from the point of zero charge.
Thus we may define th point of zero charge of a surface from a bond-valence

ective: At the point of zero charge of a surface, there is a minimum in the
number of strong Lewis acids and Lewis bases (i.e., highly charged terminations) on
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outlined above to understand aspects of the surface morpholo  of uranyl-oxysalt
minerals. We will review this work and also apply these ideas to hydroxy-hydrated
borate minerals.

5.1 Uranyl Minerals

The crystal structures of uranyl minerals are dominated by the structure of the
complex uranyl cation: (UO,)%. The central U® is coordinated by two O anions
that form an approximately linear O -US -O* group with U® ~O? bond-
val nces of ~1.6-2.0 v.u., and the coordination of this complex cation is completed
by four to six equatorial anions which receive bond valences of ~0.30-0.70 v.u. The
bond-valence requirements of the equatorial anions are most easily satisfied by
polymerization of the uranyl polyhedra in the plane of the equatorial anions, @ ( O,
OH), and hence the structures of these minerals are dominated by sheets of edge-
sharing uranyl polyhedra that are linked in the third dimension by weak alkali-
metal-oxygen bonds and hydrogen bonds.

5.1.1 Polyhedron Chains

The [(UO2)302(0OH),,] sheet is a characteristic structural unit in uranyl minerals
and occurs in the crystal structures of schoepite, [(UO,)g0:(OH)51(H;0);2
(36, 37], and fourmarierite, Pb,?*[(U0O,)s0s(OH)s)(H20)s [38]. The sheets are
linked by weak Pb-O and/or hydrogen bonds, and the former mineral is of interest
as the primary phase formed by alteration of nuclear-fu [ rods by aqueous solution.
A view of the [(UO,)g02(OH),,] sheet is shown in Fig. 5, together with the linear
polyhedron chains parall 1to [100], [010},[120],[210),and {1 10] in the
plane of the s t. The apical urany! O-atoms project outward from the (0 0 1)
surface and determine the reactivity of the (0 0 1) surface itself. These O-atoms
receive an average of 1.6~1.7 v.u. from the central U® cation and can accept only
bonds of less than 0.3-0.4 v.u. Hence the uranyl O-atoms can accept only hydrogen
bonds and weak bonds from alkali or alkaline-earth cations; they cannot be protonated
and are not involv  in acid-base reactions at the surface. The situation is very
different for surface features such as terraces or steps, as here the equatorial O-atoms
in the poly n sheet are exposed at the surface. Within the sheet, these equatorial
O-atoms bond to two or three U*-atoms (Fig. 5) and their incident individual bond-
valences vary between approximately 0.2 and 0.8 v.u. Where exposed at terraces or
ed these equatorial O-atoms deviate significantly from the valence-sum rule and
can protonate and deprotonate in acid-base reactions with the adjacent aqueous
solution. Thus edges and terraces are much more reactive than the basal surface, as
is the case in dissolution of phyllosilicates which is controiled by acid-base
reactions on the corresponding edges (e.g., [39]).






F.C. Hawthome and M. Schindler

174

suoyeuiuLd) Juipuodsaliod 11 pue SANIJISEq SIMIT PUE SAPIIE SIMAT] S 20udp 3 pue ‘q ‘e sidudsiadns sy,

o820 §T ofY T 0 Mg + N ;Z"HO Ny NNy

=86°0— 134 of Y Oy, ~* Ny, T~HONy,y Ny -y,

oLV0— £e ol €O Tl ~* N8 HO My NyZ--Nyg

ol¥'0~ 200~ €8 se~ aflis 0Ny + oo HOMyy) = Mg *HO-Nyy [ t )
9Y'0— 10— £ol 9i- im0y © ol "HOYy,y = Oy ~"HONyy Ny oy
ql§'0—= 1T0— ol [4Y "0 Mg < oYy~ HO Mgy = Ny~"HONyq Ny d-Nyg
oSS0~ “0€°0— gel 4 ollig O Mgy «* efligHO Mgy = Myg“HONyg Dyg -y
SSH0— ‘LT0~ 0+ (4} I't L'8- 0 Nygy ~ HO MY ~ HONyg) ~* CHONyg L P
BP0~ ‘(€€0~ oLTO+ Ll 'S L9- 20y = HO M)y + FHO-NYy,y = THON, -0y,
80— 'SLEC— STTOH 881 69 S— 30N & HO-MY | = SHO- Mg ~* *HO Ny &Ny
(wa) fuoiseq simoy  (na) Aupousimoy | oyd | cyd | oyd " GODFUIMIIAI-UORIE 3 JO S35EQ PUT SPROY 3p0)

S[esoulw 133ys-jAuem uo sadpa sy Suneutuns) suoiue reuoienba JO SONINISEQ SIMA] PUT ‘SINIPIDE SkAaT] ‘SIUEISU0D AIpioeR JisUMU] T 3|qBL



Crystallization and Dissolution in Aqueous Solution: A Bond-Valence Approach 175

25
20
2
S 15
§
g 101
i
0.
2
g '5'____‘—2-/ ® I8y oH
E o | B My pmiy
-101 "u-oh, A Myg-amy
'15 v v T
+0.4 +0.2 0.0 0.2 0.4 06
Lewis cidity [vi) Lawis basicity {vu]

Fig. 6 Lewis basicity as a function of intsinsic acidity constant, pK,, of anion termination on the
cdges of uranyl sheets; from {31]

On the (00 1) face of schoepite, there are three different equatorial-anion
terminations: 'U~OH)-2U, MU~OH)-"U, and PU-0-". The characteristic
bond-valence for the equatorial !U-¢ bond in schoepite is 0.47 v.u., and as
discuss d above, we use a coordination number of [4] for O at the surface of the
mineral. The acid-base reactions and pK,, values are

(1. U (OH) - 2V & My — 0 - 21y + Bt pK, 7.7
2. YU (OH) -y« My -0~y +H* pK, 13.1
3. MU~ (OH,) - MU & MU - (OH) - MU +H pK. 1.2

The pK, value is calculated using the mean incident bond-valence at O in the
anion termination on the LHS of each reaction. Thus in [1), the O atom receives
0.47 x 3 + 0.20 (from a hydrogen bond) which equals 1.61 v.u. Using this value in
Eq. (1) gives pK, = —19.8(1.61 — 2) = 7.7. The values in [2] and [3] were
calculated in the same way. It should be noted that the calculated pK,-value of
7.7 for Eq. (1) is in good agreement with an experimentally determined pK,-value
of ~7, which was extrapolated on the basis of titrations of dehydrated schoepite in
NaCl solutions of different concentration [31]. The correlation between pK, and the

wis basicities and Lewis aciditi  of the terminations of Table 1 is shown in
Fig. 6. These values were calculated with characteristic bond-valences for ©/U-0,
71U-0, and ®IU-O given in [25). The values in Table 1 indicate the correlation
between the acid- and base-strengths of an anion termination and the magnitu  of
the residual valence on its anion terminations. Exact pK,-values for anion-
terminations on the basal surfaces of any uranyl mineral must be calculated using
the average U-O bond-valence in the corresponding structure (as shown above for
the basal surface of schoepite).
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5.22 Lewis Basicity and Acid Strength for Different
B-O Anion-Terminations

Averag B-¢ bond-val nces for [3)- and [4]-coordinated B are 1.00 and 0.75 v.u.,
respectively, and individual B-O bond-valences vary in the ranges 0.86~1.19 v.u. for
[3)-coordination and 0.69~0.95 v.u. for [4]-coordination [18]. valence-sum rule
allows all combinations of polymerization between B and B, and the conforma-
tion of an anion termination can be d noted by the symbol “’B—g-n*'B, where ¢ is
an anion that bonds to one B atom in [4)-coordination and n B atoms in [b]-coordi-
nation. In borate minerals, th anion terminations can occur on edges are as follows:
(313_‘0’ [413_% ‘”B—«p—[”B, "’B—q;-“’B, g _‘p_(4lB' and [4]B_¢_2[4JB'

On the [0 1 0] chain on the (0 0 1) face of fabianite, there are three different anion
terminations: “IB—p, ®'B-¢-*/B, and IB—-IB. On the edge of the [0 1 0] chain
on th (00 1) face of fabianite, there are three different anion terminations on the
(0 1 0) chain: P'B—g, “B—g, and P'B-¢-IB that are involved in acid-base
reactions. Oxygen-atoms on the *'B~g, “JB—¢ terminations are highly undersatu-
rated and are most likely protonated (*'B-OH, )B-OH,, /B-OH, [/B-OH,)
in natural waters with pH <12. There is also the possibility that acid-base reactions
on the surface of borate minerals involve a change in coordination number of
these types of terminations as is observed in aqueous solution: B (OH);? + H,0 «
B (OH), + H*,pK, = 9.15. However, changes in coordination number may occur
only at kink sites in polyhedron chains, whe there is a higher degree of freedom to
allow structural change associated with a transformation of a triangle into a tetrahe
dron or vice v rsa (i.e., breaking of bonds and rotation of the polyhedron).

6 Crystallization and Dissolution

For minerals crystallizing from low-temperature aqueous solutions, the primary
controls on their stability should be (a) the activity of the species in solution and
(b) protonation reactions between solid and solution at the edges of polyhedron
chains: deprotonation of edge anions promotes attachment of aqueous cation
species (i.e., crystallization), whereas protonation of edge anions weakens their
bonds to the bulk structure and promotes dissolution. With regard to crystallization,
the character and activity of the aqueous species is of interest as these provide
groups of atoms that may attach to the solid during crystallization.

6.1 Uranyl Minerals

We have seen that the uranyl cation, (U® O,)? , occurs as monomers, dimers, and
trimers in aqueous solution. We also discussed that well-crystallized schoepite with
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Fig. 15 The calculated residuat valence per unit length (v.u/A) of the polyhedron chains parallel
tothe{1 00},[0 1 0}, {1 20],[1 10],2nd [2 1 0] edges on the (0 O 1) face for both left and right
terminations; the numbers along the abscissa denote the different conformations of each chain, and
the cosresponding values of the residual valence per repeat are shown on the ordinate

differences in their normalized residual valence with the different types of termina-
tion (e.g., the [1 0 0] polyh  n chain), whereas others show little difference with
the different types of termination (e.g., the [2 1 0] polyhedron chain). Let us consider
the [1 0 0] polyhedron chain. Conformations with high normalized residual valence
(e.g., right terminations a3 and a4, Fig. 14) will protonate and deprotonate rapidly in
acid-base reactions with the adjacent aqueous solution and change quickly to other
conformations. Other conformations with low normalized residual valence (e.g., right
terminations al, a2 and a5, Fig. 14) will protonate and deprotonate far more slowly
and the growth rate of the polyhedron chain will be controlled by these conformations
with low normalized residual valenc . Thus from Fig. 15, we predict the following
dominance of edges for the (0 0 1) face of schoepi :[100] >[110]~(120]>
[010]>[210]

Figure 16a shows the morphology of a crystal of synthetic schoepite grown on
the (1 0 4) face of calcite {20, 31]. The edges [1 2 0],[1 0 0],[1 1 0},and [0 1 0)
are present (Fig. 16a, right) and [1 2 0] is absent, as predicted above. Figure 16b
shows a schoepite crystal from Katanga, Democratic Republic of Congo [47], with
a prominent (0 O 1) face slightly elongate along {0 1 0]. The edges defining the
(0 0 1) face have indices {1 0 0], {1 1 0}, {1 2 0], and [0 1 O] (Fig. 15b, right).

7.3 Borate Minerals

Figures 17a,b show the crystal morphology of nobleite, Ca[BgOg(OH),1(H;0); [48],
and tunellite, Sr[BsOg(OH),;}(H,0); [49], which contain sheets of polymerized
borat polyh dra (Fig. 17¢). The morphology of these crystals is defined by
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valence of the lefi- and right-terminations of the chains parallel to [1 0 0], {1 1 0]
and {0 1 0. Following the arguments given above (edges involving polyhedron
chains with low normalized residual valence will grow slowly, whereas edges
involving polyhedron chains with high normalized residual valence will grow
rapidly), we predict the following dominance of edges for the (1 0 0) faces of
nobleite and tunellite: [0 1 1] > [0 1 0] > [0 O 1]. Figure 17 shows sketches of
the morphology of the F-face for crystals of nobleite and tunellite, indicating that
their morphologies are in accord with our predictions.

8 Summary

Here, we have integrated many individual aspects of the growth and dissolution of
minerals into a coherent description of these processes based on bond-valence
theory and apply it to aspects of the morphology of uranyl-oxide hydroxyl hydrate
and borate minerals. Below, we summarize the main aspects of this work:

L. In borate and uranyl-oxide hydroxyl-hydrate minerals, structural diversity
occurs by polymerization of a small number of clusters (or fundamental
building blocks).

2. These minerals crystallize from aqueous or hydrothermal solutions, and the
FBBs occur as aqueous species in solution.

3. It seems reasonable that crystallization of these minerals occurs by condensa-
tion of the clusters in solution,

4. Periodic bond-chains are strongly related to the occurrence of faces on a crystal
(and, in turn, the major growth directions of a crystal) {21-23]. We refer to
periodic bond-chains as polyhedron chains.

5. Anions at the surface (i.e., exposed to an ambient aqueous solution) are called
terminations, and the incident residual valence at a termination controls its
reactivity (i.e., is the driving force for reaction with the aqueous solution).

6. The residual valenc of a polyhedron chain controls the growth or dissolution
rate at the crystal face associated with that chain and may be calculated as the
net residual valence of the terminations along the peat length of the polyhe-
dron chain,

7. Ivis well known that growth and dissolution of individual faces on a crystal are
controlled primarily by the occurrence of edges, terraces, and kink sites along
those ges and terraces. The terminations associated with these features have
much higher residual valence than the terminations on the surface expression
of the polyhedron chains, making them much more susceptible to (de-)
protonation reactions involving species in aqueous solution (i.e., crystalliza-
tion or dissolution).

8. The bond-valence of an anion termination on a terminating polyhedron chain
correlates with the intrinsic acidity constant, pK,, and with the free energy,
AG ., of the corresponding acid-base reaction.
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9. Int raction b tween the ligands and the adjacent aqueous solution produc
activated sites, and bonds between ions at activated sites and aqueous species
catalyze dissolution or crystal growth at an edge.

10. Crystal growth and dissolution proces s on an edge are catalyzed by the
activated sites and increase with their number and the strength of the bonds
between the correspondin  anion terminations and the aqueous species.

11. From a bond-valence perspective, at the point of zero charge of a surface, there
is a minimum in the number of strong Lewis acids and Lewis bases (i.e., highly
charged terminations) on the surface, which results in low bond-valence trans-
fer between surface acceptors and donators, and aqueous species. Thus the
lowest interaction between a face and the ambient aqueous solution occurs
where the pH of the solution is equal to the point of zero charge of that face,
and hence the crystal has very low growth and dissolution perpendicular to
that face.

12. We may calculate the pK, and Lewis basicity for different anion-terminations,
and from this calculate the a gregate residual valence along polyhedron chains.
Edges involving polyhedron chains with low normalized residual valence will
grow slowly, whe as edges involving polyhedron chains with high normalized
residual valenc will grow rapidly.

13. The relative morphology of prominent basal faces of crystals will be controlled
by the relative magnitudes of the residual valence of polyhedron chains parallel
to specific edges. Faces should elongate in the direction of chains with low
residual valence and should not be defined by edges parallel to chains with high
residual valence.
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