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I. INTRODUCTION

The coordination behavior of Al** toward hydroxide ions explains the marked
dependence of auminum hydroxide solubility on pH. The ratio of the ionic radii favors
octahedral coordination, with AI** at the center of an octahedron formed by six close-
packed hydroxide ions (compare Figure ! in Chapter 2). The water molecule, OH™, and
O~"2-ions al have nearly the same physica dimensions and can replace each other in
some crystal structures. A crystal structure is broken or cleaved aong preferred crystal
planes where the structure is weakest, creating the surface of the mineral. Thus, the
initial surface structure can be related to the crystal structure and the way in which the
surface was formed. Furthermore, the surface chemical behavior of auminum oxides
and hydroxides can be explained in pat by surface structure expected for particular
crystals. Complications may arise, however, if the surface is altered by exposure to
water or changes in environmental conditions.

The general physical properties of various forms of auminum oxides and hydroxides
are reviewed in Chapter 3 and elsewhere.! In this chapter, we review the surface
chemical behavior of these oxides and hydroxides, with an emphasis on adsorption
studies and the electrochemical behavior of the aluminawater interface. When possible
we have contrasted the observed behavior of different crystad forms in terms of what
is known about their surface structure. The hydroxides and oxyhydroxides of auminum
are probably the more important phases in terrestrial systems”~2 However, most of the
data on surface chemical behavior are available from studies of the crystaline hydroxide,
gibbsite [a-Al{(OH);], or the synthetic oxide, y-Al,O;, dthough limited information is
available for other phases. We aso present a discussion of crysta formation for various
phases and the ways in which surface chemica behavior may influence the fina precipi-
tate formed.

This discussion is limited to the relatively pure and well-crystallized oxide and
hydroxide species and considers the mechanism of their formation during precipitation
from the standpoint of the “gibbsite fragment” hypothesis. The topic of hydroxide
polymerization is discussed more fully in Chapter 4 of this volume and has been reviewed
by May.” The phase discontinuity that occurs at the auminawater interface may play
an important role in the geochemica processes occurring in soils. The composition of
soil solutions and the flux of solutes through soils are often controlled by reactions at
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the minerad-water interface,” and the surfaces of auminum oxides and hydroxides are
particularly reactive in comparison to other minerads in the soil environment. Probably
one of the most important topics in this context is the geochemical control of dissolved
phosphate in soil solutions because of the commercia importance of phosphate as a
nutrient. The rate of delivery of phosphate and other nutrients to plant roots may be
controlled in some soils by processes that occur on the surfaces of auminum oxides
and hydroxides (see Chapter 8).

II. RELATIONSHIP OF CRYSTAL STRUCTURE TO SURFACE
CHEMISTRY

A. SURFACE FUNCTIONAL GROUPS

All strongly dried duminum oxides and hydroxides chemisorb at least a monolayer
of water when exposed to moisture at room temperature. Figure | shows the idealized
structure of a y-Al,O; surface when dried and when exposed to water.” When dry, the
top layer contains only oxide ions, regularly arranged over auminum ions in octahedra
sites in the lower layer (Figure la). This upper layer contains only haf of the oxide ions
present in the next lower layer, which represents the 100 plane of a cubic, close-packed
oxide lattice, where each oxide ion occupies an area of 0.08 nm? Aluminum ions are
located in dl interstices between oxide ions. The stoichiometry of the upper two layers
combined corresponds to Al,O;. When the surface is hydrated, water is chemisorbed to
convert the top layer of oxide ions to a filled, square lattice of hydroxyl ions (Figure
| b). Each hydroxyl ion is assumed to be directly over an aduminum ion in the next
lower layer. In the hydrated form, the two upper layers correspond stoichiometrically
to AlL,Os - H,O.

Hydroxyl ions coordinated in various ways with auminum cations constitute the
reactive functional groups of alumina surfaces. In general, more than one kind of surface
OH group can be digtinguished on the basis of stereochemical reasoning, and these
different groups have properties (e.g., their infrared [IR] absorption spectra) that set
them apart from OH groups inside the bulk minera structure.” The number and type of
each surface OH group depend on which crystal planes are exposed preferentialy and
how auminum ions are distributed at the surface. For example, cleavage of gibbsite
crystas occurs preferentialy along the 001 planes, since this involves only the bresking
of relatively wesk hydrogen bonds which hold the layers of the structure together. The
surface hydroxyl ions in this plane would appear as a close-packed, pseudo-hexagonal
array, with each OH coordinated to a pair of underlying auminum ions. This basa plane
makes up most of the surface of gibbsite. At the edge faces (100 and 110 planes),
auminum ions with potentially unsatisfied positive charge may be exposed. At such
sites, hydroxide ions can be present that are, in effect, coordinated by only one auminum
ion and these groups are more reactive, as will be discussed below in more detail.

B. GIBBSITE, «a-Al(OH),

The crystal structure of gibbsite, the most common of the Al(OH); minerds, has
been modeled in a number of ways. One smple model uses spheres of two different
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Figure 1 Idealized illustration of the dry and hydrated surface of y-Al,O5. (Modified from Peri,
J. B., J. Phys. Chem., 9, 220, 1965.)

sizes. The larger spheres, representing OH- ions, are arranged in a close-packed double-
layer structure with the smaller spheres, representing AI’Y ions, occupying interstices
between the two OH layers. Two types of interstices (i.e, cation sites) occur in this
structure. The smaller, tetrahedral sites are surrounded by four of the large spheres, three
in one layer and one in the other. The larger, octahedral sites are surrounded by six of
the larger spheres, three in each layer. Figure 2 is a sphere model of a segment of the
gibbsite structure with part of the upper hydroxide layer removed to show the arrangement
of AI** jons. An electroneutral structure is achieved when AI** ions occupy only two
thirds of the octahedral sites (i.e., dioctahedral arrangement). The Al** ions are coordi-
nated to six OH™ ions with each OH™ ion shared with two AI** ions. This results in
the orderly arrangement shown in Figure 2. Crystal growth occurs by extension in the
plane of the layer structure (a and b directions) and by vertica stacking of these layers
(c direction).

The surface hydroxyls of an ideal gibbsite basa plane may be coordinated to two
AI** ions while edge plane hydroxyls are coordinated to one AI** ion. Parfitt et al.®
estimated that the basal plane of gibbsite contains approximately 12 hydroxyl groups
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Figure 2 Sphere model of gibbsite structure. Large spheres represent OH~ ions, smaller
spheres represent APf ions in octahedral coordination sites. Part of upper OH

layer removed to show arrangement of AR+,

per square nanometer of surface while edge planes contains about 4 groups per
square nanometer.

The structure of gibbsite can also be viewed from the perspective of the AI** ions,
which are arranged in a pattern of coalesced hexagonal rings. A single ring of six A"
ions, joined above and below by six pairs of bridging OH™ ions, is the smallest recogniz-
able unit of the gibbsite structure. Figure 3a represents the ring with the upper hydroxide

3A O H,0

3B

Figure 3 Sphere model of polymeric ion Alg(OH),(H,0)$5. (A) Single ion with upper OH™ +
H:0 layer removed to show arrangement of Al** jons (small dark spheres). (B) Two
complete ions. White spheres represent H,O molecules, shaded spheres repre-

sent OH
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12+
Aljg (OH)36

Figure 4 Octahedral model of gibbsite structure consisting of three coalesced Als(OH};, rings
with two additional aluminum ions.

layer removed to show the locations of AI’* ions. A sphere model of two six-membered
rings is shown in Figure 3b. The shaded spheres in this model are OH- ions and the
clear ones are H,O molecules. The excess positive charge on each AI** ion retains a
pair of H,O molecules, shown in the model to be inclined a an angle of 60" to the face
of the ring structure. Two rings can be joined by replacing inclined pairs of H,O molecules
on adjacent rings with two bridging OH™ ions.

Alternatively, the AI(OH)s unit can be represented schematically as an octahedron,
with each apex being at the center of an OH ion. Two octahedra are joined along one
edge by sharing a pair of OH ions, i.e, AI(OH),Al*". Six octahedra, each sharing two
edges, yield an Al,(OH)$; ring. This model depicts the three-dimensional gibbsite crystal
dtructure as an array of octahedra sharing three edges, to form the pattern shown in
Figure 4. The shared edges represent pairs of bridging OH™ ions. The apparent “holes’ in
the structure in Figure 4 stress the dioctahedral arrangement of AI** ions in the structure.

Another way of representing gibbsite structures in two dimensions is shown in Figure
5. The double OH bridges in Figure 5a are represented in the other structures by straight
lines describing hexagons with A1** ions at each corner. The rings, in turn, are joined
by formation of additiond OH bridges, represented by dashed lines, joining the corner
A’ jons and giving polymeric ions with the formulas and physical dimensions noted
in the illustration. If the polymer growth process is based on coalescence of
Aly(OH)5 rings (compare Chapter 4), the geometry of the units is constrained by the
requirement that two complete ring units cannot combine with each other by sharing
hexagonal edges, but must join at corners (i.e., octahedra edges) by establishing addi-
tional (OH), bridges.

The structurad model proposed for gibbsite (Figures 2 to 5) suggests that Al ions
located at the corners of Al,(OH),, rings will have one unsatisfied positive charge. Two
water molecules could be retained in coordination positions a such sites. Attachment
of another ring at that site entails deprotonation of two of the four H,O molecules
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Figure 5 Two-dimensional representations of aluminum hydroxide structures and approximate
dimensions in Angstroms. (a) Alg{OH);2 ring shown in two different ways-with OH~
double bridges drawn in (not to scale) and with bridges represented by straight lines
connecting APR* ions. (b) Four-ring polymer, formed from three independent
Alg(OH)$3 units joined by three additional double OH™ bridges (dashed lines). (c)
13-ring polymer formed from seven independent six-membered rings joined by 12
double OH bridges (dashed lines).

involved and release of the other two into solution. At higher pH, the coordinated water
molecules might be replaced by a single OH-. This condition would tend to inhibit
lateral growth of the gibbsite structure.

The corner charge sites described above congtitute aluminol groups (AIOH) or surface
hydroxyl sites that will be described below. Another possible form of edge AI** ions
is represented diagrammaticaly in Figure 4. This structure comprises three Alg(OH),,
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Figure 6 Transmission electron micrographs of aluminum hydroxide precipitates: (A) gibbsite,
(B) bayerite, (C) bayerite and nordstrandite (rectangles).

rings, with two additional aluminum octahedra that are attached to the structure through
single (OH), bridges. If the edges of gibbsite crystals actualy include AI** ions that
are not part of a ring structure, then these two Al** ions could represent potential
adsorption sites with double positive charges.

Defects and elemental substitutions in the gibbsite crystal structure may lead to a
net charge imbalance. At the surface, where the crystal structure is abruptly truncated,
electroneutrality is achieved by adsorption of ions or molecules at empty or incompletely
filled coordination sites. Both positive and negative charge sites may exist on the crysta
faces. However, where defects or layer growth sites are absent, the charge density on
crysta faces will be substantialy less intense than those at crysta edges or corners.
Electron micrographs of synthetic gibbsite crystals bearing adsorbed particles of a
negatively charged gold sol illustrate this phenomenon rather strikingly.” The gold sol
particles are generally attached to crysta edges, corners, and imperfections. Another
example is shown in Figure 6a, an electron micrograph of gibbsite particles produced
by sow addition of OH to a dilute Al(ClO,); solution (<<10™* mol dm ™) maintained
at pH 5.4 and 25°C. The particles display different amounts of layer stacking and various
types of surface irregularities that could produce favorable sites for adsorption. McBride
et al.'’ have also observed the occurrence of crystal steps at regular intervals on gibbs-
ite plates.

C. 'y-A|203

Although gibbsite is probably the most important aluminum-bearing oxide mineral
in soils and sediments, more is known about the surface chemistry of y-Al,O; than
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0.1 —

Figure 6 continued

gibbsite because of the significance of vy-Al,O; as a catalyst in industry. Electron and
X-ray diffraction studies indicate that y-Al,O; may preferentialy expose the 100 plane
of the defect spinel lattice. The surface of y-Al,O; is hydroxylated when water chemisorbs
and combines with oxide ions which have broken bonds aong the cleavage plane (Figure
1). The hydrated surface retains 12.5 molecules of water per square nanometer of surface
after evacuation at 25°C for 100 h.!' Although most of the water is chemisorbed and
held in hydroxyl groups, IR studies suggest that some of the water strongly adsorbed
a 25°C remains as molecular water. Kummert and Stumm!? reported a value of 8.5
exchangeable protons per square nanometer on +vy-Al,O; using the isotopic exchange
technique of Yates and Healy.!* This value is about one third of that expected on the
basis of results from Peri and Hannan.!' Other authors have attempted hydroxyl group
determinations from acid-base titrations in water. These methods yield significantly
lower values (eg., | .3 protons per square nanometer by Kummert and Stumm'?) because
of incomplete ionization of hydroxyl groups.

In the idedlized model of the hydrated alumina surface presented in Figure |, two types
of surface hydroxyl group can be distinguished: those coordinated with one aluminum ion
and those coordinated by two aluminum ions. The singly coordinated groups are more
basc and more likely to participate in ligand exchange reactions. Since the hydroxyl
groups on the edge planes of gibbsite may dso be singly coordinated, one may expect
some correlations of the surface chemistry of y-Al,O; with that of the edge faces of
gibbsite. It would be useful to know if this hypothesis is true, since a significant number
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Al R sk A
Figure 6 continued

of surface chemistry studies have been conducted with y-Al,O;. These studies then
would aso be useful in modeling the chemistry on the edge faces of gibbsite. Since the
faces are more reactive than the basal planes of gibbsite, it is probably more important
to understand the chemical behavior of the edge faces than that of the basal planes.

In comparing the behavior of one y-Al,O; sample with another, one should ostensibly
normalize the reactivity in terms of surface area. For example, one may compare the
maximum adsorption of a specific solute or its energy of adsorption per unit surface
area. However, this approach is probably inappropriate when comparing the reactivity
of one type of aluminum oxide with another. The unique nature of the crystal faces
means that the reactivity of the surface cannot be normalized on the basis of the total
surface area. The reactivity of each face should be considered separately.

D. OTHER AI(OH); POLYMORPHS

Two other minerds, bayerite and nordstrandite, have the composition Al(OH); and
differ in structure from gibbsite only in the way that the double layers of coordinated
OH™ and AI** are stacked to form the three-dimensional crystal units. Bayerite and
nordstrandite were first discerned in synthetic material, but were later found to occur
naturaly.” They are relaively rare, however, in natural material (see Chapter 3).
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Figure 7 Gibbsite and bayerite layer stacking patterns.

During the synthesis of gibbsite from dilute AICIO, solutions near pH 5.0, it appears
that some critical size of individual sheet structures is attained before a significant
amount of growth through stacking of layers takes place.'® The crystals seen in eectron
micrographs are fairly uniform in size and the number of layers is generaly not large;
thus, the crystals appear predominantly as hexagona plates. However, a pH values
above that of minimum gibbsite solubility, growth in the c¢ direction appears to occur
more readily through stacking of the gibbsite sheets. As will be discussed later, this pH
dependence may be caused by the development of electrica charge on the surface.
Bayerite, precipitated near pH 9.0 (Figure 6b) displays a layered crysta habit. Units
seen in electron micrographs are generdly oriented with their ¢ axis in the plane of the
photograph and usualy have a conicad or barrel-shaped appearance. Another polymorph
found at higher pH is nordstrandite, which generally appears as elongated rectangular
shapes in eectron micrographs (Figure 6c).

Schoen and Roberson!* explained the change in crystal habit as related to the way
the layers of OH™ ions are stacked. In gibbsite (Figure 7) the OH- ions of the upper
layer are directly above those in the lower layer, giving an “open packing” arrangement.
Bonding between layers was thought to be related to distortion of hydroxyl ions in the
vicinity of AI’* ions, compared to ions in other parts of the lattice. In the bayerite
structure the OH™ ions of adjacent layers interdigitate (Figure 7). Presumably, at higher
pH the effect of coordinated Al** in the structure is weaker and the ionic species of
auminum in solution that enters the growing structure becomes predominantly anionic
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Al(OH);. In nordstrandite the structure can be considered a combination of aternate
gibbsite and bayerite layering patterns.

E. a-Al,0; (CORUNDUM)

Corundum occurs naturally as an igneous and metamorphic mineral and is synthesized
artificialy by various high-temperature techniques. The crystal structure of corundum
is described by Wefers and others™!® as a hexagonal close-packing of oxygen ions with
AI** jons occupying two thirds of the octahedral interstices. In effect this structure could
be visualized as composed of aternating layers of O ions and AP, Thus, interlayer
bonding between aluminum and oxygen is well established in the ¢ direction as well
asinthe ¢ and b directions. It is to be expected that the surface properties of different
crystal faces of corundum will be similar. However, the mode of preparation of synthetic
materiadl may affect the distribution of crysta defects. The surface hydroxyl density of
a-Al,O3 (corundum) has been estimated as six groups per sguare nanometer by Smit
and Holten,'” from crysta lattice considerations.

F. v-AIOOH (BOEHMITE)

Boehmite is a common mineral with the composition AIOOH. It is present in some
bauxites, especialy those of the Mediterranean region.” The processes by which boehmite
is produced in bauxite deposits in preference to gibbsite are not well understood. Sphere
models of the crystal structure of boehmite are given by Wefers and Bell,'® who describe
the structure as composed of double layers of oxygen and hydroxide in cubic packing.
As in gibbsite, the double layers are joined by hydrogen bonds, and crystas exhibit
preferential cleavage in the direction perpendicular to the general direction of the hydro-
gen bonding. Aluminum oxyhydroxide structures have some similarities with those of
iron oxyhydroxides and, therefore, a significant amount of Fe** can replace AI*" in the
boehmite crystal lattice. DeBoer et d.'® determined the hydroxyl group density on
v-AlOOH (boehmite) from IR studies as 16.5 groups per sguare nanometer.

G. a-AIOOH (DIASPORE)

Diaspore is a naturally occurring mineral that is a magjor congtituent in some bauxite
ores and in certain aluminum-rich clays and metamorphic rocks.* Thermodynamic data
given by Robie et a.!” indicate that the standard Gibbs free energy of formation of
diaspore is 3.6 kJ more negative than that of boehmite. Studies of the crystal structure
of diaspore quoted by Wefers and Misra® indicate that the auminum ions are in a
somewhat distorted octahedral coordination with the 0" and OH™ ions in the crystal.

Ill. SURFACE ACIDITY AND THE ELECTRICAL DOUBLE LAYER

A. ACIDITY OF THE DEHYDRATED ALUMINA SURFACE

The surface acidity (ability to release protons from surface sites) of auminum
oxides is of long-standing interest, for both practical and theoretical reasons. The acidic
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properties of y-AlLO; have been of particular interest, because it is widely believed that
the catalytic properties of this materia are related to the density and type of acidic
sites'” A variety of methods has been used to investigate the relative acidity of hydroxyls
on aumina surfaces, including direct titration with acid-base indicators,*>* IR spectros-
copy>"' >+ and nuclear magnetic resonance (NMR) spectroscopy.”** However, these
techniques generally have examined the acidity of functional groups on the alumina
surface after dehydration a elevated temperatures in a vacuum. As shown by Peri,®*
most surface hydroxyls are removed by evacuation at temperatures greater than 400°C,
but ditinct types of hydroxyls are left on the surface instead of hydroxyls a random
sites. The relationship between the acidity of groups remaining on the dehydrated surface
and that of the hydrated surface remain obscure. “Strain” sites are created by the process
of dehydration at high temperature and some of these sites exhibit considerable acidity.
A portion of the sites are produced by the creation of strained AI-O-Al linkages, but
other types of site must aso develop during dehydration.”

B. ACIDITY OF THE HYDRATED ALUMINA SURFACE

The hydroxylation of oxide surfaces is complete at 25°C for relative humidities well
below 1%.%* In the idealized model presented in Figure 1, two types of surface hydroxyl
group were distinguished: those coordinated with one aluminum cation and those coordi-
nated by two aluminum cations. The doubly coordinated hydroxyl groups are expected
to be more acidic because of the strong polarization induced by the auminum ions on
the oxygen atom.” The singly coordinated hydroxyl groups should be less acidic in
nature. The hydrated alumina surface exhibits amphoteric behavior in water, i.e, it is
capable of adsorbing or releasing protons. This behavior has been attributed generally
to amphoteric surface hydroxyl groups instead of independent basic and acidic surface
groups.” For a hypothetical system consisting only of pure water and an immersed
alumina surface, the ionization reactions of the surface hydroxyl (aluminol) groups can
be described in the following way:

AIOH + H* = AIOHY (1)

AIOH = AlIO™ + H+ @)

where AIOH represents an auminol group. These reactions lead to the development of
electrica charge and potential on the surface. To preserve eectrical neutrality, an equal
amount of counterion charge must accumulate at the alumina-water interface. In the
presence of electrolyte ions, the counterion charge may consist of a diffuse atmosphere
of counterions or a compact layer of bound counterions or a combination of both. The
complete interface, including the surface and the accumulated counterions, is often called
the electrical double layer Background theory on the electrica double layer can be
found in standard reference books. 323438

C. POINTS OF ZERO CHARGE

The balance of surface charge on an aluminum oxide minera in agueous solution is”

OH + Ui + T + TGq = O (3)
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where oy is the net proton charge, defined by oy = F(I'y — 'on), where I is a surface
excess concentration; o, is the inner-sphere complex charge resulting from the formation
of inner-sphere complexes between adsorbing ions (other than H* and OH-) and surface
aluminol groups, o, is the outer-sphere complex charge resulting from the formation
of outer-sphere complexes between adsorbing ions and surface aluminol groups or ions
in inner-sphere complexes; o, is the dissociated charge, equal to minus the surface charge
neutralized by electrolyte ions in solution that have not formed adsorbed complexes with
surface @duminol groups.

Points of zero charge are pH values associated with specific requirements on surface
charge.” The point of zero charge, p.z.c., is the solution pH value where total net particle
charge is zero: oy + o, +0a, = 04—=0.7 The p.zc. can be measured directly using
electrokinetic measurements or colloidal stability experiments.*® When the p.zc. is
measured using electrokinetics it is often caled the isoelectric point, i.ep.. The point
of zero net proton charge, p.z.n.p.c., is the solution pH vaue where net proton charge,
oy iszero.” The p.z.n.p.c. can be measured using potentiometric titration if only proton-
selective aluminol groups are titrated. The point of zero salt effect, p.z.s.e., is the solution
pH value where the net proton charge is independent of solution ionic strength: do,/01
=0.” The p.zse can aso be measured by potentiometric titration using either batch
or continuous titrations. The point of zero net charge, p.z.n.c.,, is the solution pH vaue
where the difference between cation exchange capacity, CEC, and anion exchange
capacity, AEC, is zero. This condition is identical to o, + o4 = 0.

van Riemsdijk et al.*' recently proposed that the p.z.c. a which no specific adsorption
is indicated should be referred to as the pristine point of zero charge, or p.p.z.c., to
distinguish this p.z.c. from other p.z.c. values (at which specific adsorption occurs).
This appears to be an excellent nomenclature suggestion; the p.z.c. in the presence of
specific adsorption represents the pH at which the surface proton balance equals zero,
which may not be the pH at which there is zero surface charge. The condition of zero
surface charge can only be indicated unambiguoudy by zero electrophoretic mobility.

1. Electrokinetic Potentials and Coagulation Rate

Electrokinetic techniques for inferring the electrical potential difference across the
auminawater interface rely on the relative movement between surface and solution.
Some water is strongly bound by the alumina surface and moves along with the particles
when placed in an electric field. At some distance from the surface, a shear plane
develops where the water movement is independent of the particles. The shear plane is
assumed generally to occur within the electrical double layer. The relative motion of
the alumina with respect to the bulk solution results in a separation of charge, and a
potential difference is created across the shear plane; this potentia difference is referred
to as the zeta potential. 242

Electrophoresis measures the movement of a charged particle in response to an
applied dectric fidd, known as eectrophoretic mobility. Electroosmosis measures the
movement of an electrolyte solution near an interface in response to an applied electric
field, known as electroosmotic velocity. The streaming potential is induced by the
movement of an electrolyte solution near an interface in response to an applied pressure
gradient. The sedimentation potential is induced by the gravity settling of a charged
particle.” Table 1 provides a compilation of p.z.c. values obtained directly from electroki-
netic measurements and coagulation rate studies.
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Table 1 Direct Measurement of i.e.p.

Solid i.e.p. Electrolyte Ref.
Electrophoresis

v-Al,04 8.9 KNOg 43
v-AlLOy 9.0-9.7 NacClO, 165
v-Al,Og 9.5 167
¥-Al,04 9.5-9.8 NaCl 205
¥-Alz04 8.1 NaCl 45
5-Al,04 9.1 NacClO, 124
3-Al,04 9.2 NacClO, 108
3-Al,03 8.6 KCI 46
M-Al03 8.4 KCl 46
a-AlLOg 9.1 KClI 49
AlLO; 9.1 KNO, 79
Gibbsite 10.0 NaNO, 54
Gibbsite 9.6 NaCl 149
Boehmite 10.4 NaClO, 50
Boehmite 9.1 KNO; 47
Boehmite 9.4 KCI 146
Pseudoboehmite 9.2 NaNQO; 148

OH)s 8.9 206
Al(OH); gel 8.2 NaCl 48
Al(OH)3 gel 8.4 NaCl 48
Amorphous AI{OH); 8.5 NaClO, 122
Amorphous AlI(OH), 8.6 NacClO, 124
Amorphous Al(OH); 9.5 NaCl 207

Streaming Potential

¥-AlO3 9.0-9.2 LiCl, KCI 44

a-AlLOg 9.2 208
Coagulation Rate

v-Al05 8.9 KNO, 43

a-AlLO; 9.0 KCl, KCIO, 49

a-AlLO; 9.1 KNO, 49

Additional compilations of early work are provided by Yopps and Fuerstenau*® and Parks.2%°

Wiese and Healy** have studied the effect of pH and electrolyte concentration on
the zeta potential of y-Al,O; colloidal particles suspended in KNO; solutions (Figure
8). The i.ep., the pH value a which the zeta potentia is zero, was reported as 8.9, very
close to the values found in potentiometric titrations of y-Al,O, samples. At a given
pH vaue (except the i.ep.), the zeta potential increases in absolute value as the electrolyte
concentration decreases (Figure 8). The absolute value of the zeta potentia increases
rgpidly with pH near the i.ep. but the sope of the curves decreases considerably at pH
values far from the i.ep. Similar behavior was found for vy-Al,O;in NaCl*+ and KCl
solutions, 1-Al,O;in KCl solutions,”” boehmite in KNO; solutions,” and amorphous
aluminum oxides in NaCl solutions.*®

The decrease in zeta potential with electrolyte concentration a a given pH isin
contrast to the dependence of the surface proton balance on electrolyte concentration
(Figure 9). Since the zeta potential decreases in absolute value with increasing electrolyte
concentration, one must conclude that either (1) a greater percentage of counterion
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Figure 8 pH and ionic strength dependence of the zeta potential of y-Al,Os. (From Wiese,
G. R. and Healy, T. W., J. Colloid Interface Sci., 51, 427, 1975. With permission.)

charge is present inside the hydrodynamic shear plane a higher electrolyte concentrations
or (2) the location of the hydrodynamic shear plane is farther away from the aumina
surface a higher electrolyte concentrations.

Yopps and Fuerstenau® studied the variation in zeta potential of «-AlO; as a
function of pH and type of eectrolyte medium. Ani.ep. of 9.1 was reported, in agreement
with their titration determination for the same sample. Relatively large mobilities were
observed in comparison to those measured under similar conditions for y-Al,Os;.Yopps
and Fuerstenau®® aso compared the mobilities of a-Al,O; particles suspended in 0.001
mol dm~* solutions of KC10,, KNO;, and KCI. The mobilities of the particles were the
same in al three eectrolyte solutions when pH > i.ep., i.e, when the particles were
negatively charged. When pH < i.ep. and the particles were positively charged, however,
the mobility of the particles depended upon the anion present in the system. Tschapek
et al.** compared the streaming potential of y-Al,O; particles in 0.001 mol dm™* solutions
of KCI and LiCl. The streaming potentials depended upon the cation present (except at
the i.ep.).

Bleam and McBride™ reported an i.ep. of 10.4 for boehmite. The data reported by
these authors were unique in that little dependence of particle mobility on electrolyte
concentration was observed in very dilute solutions of NaClO,.

Wiese and Healy*® studied the rate of coagulation of -y-Al,O; suspensions as a
function of pH, electrolyte concentration, and suspension density. The maximum rate
of coagulation was observed in the pH region near the i.ep. Rapid coagulation occurred
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Figure 9 pH and ionic strength dependence of the net proton balance of v-Al,Os;. (Modified
from James, R. 0. and Parks, G. A., in Surface and ColloidScience, Vol. 12, Matijevic,
E., Ed., Plenum Press, New York, 1982, 119; data from Huang, C.-P and Stumm,
W., J. Colloid Interface Sci., 43, 409, 1973.)

when the absolute value of the zeta potentiadl was less than 14 mV, regardiess of the
pH value, electrolyte concentration, or suspension density. Yopps and Fuerstenau®® found
that the maximum coagulation rate of o-Al,O; suspensions occurred in the pH region
of the i.ep. and was independent of ionic strength (Figure 10).

2. Acid-Base Potentiometric Titrations

Proton or hydroxide ion consumption by a solid phase is determined by comparing
the titration curve of a suspension in an electrolyte solution with that of the electrolyte
done. Details of the methodology are given by Huang.> The adsorption isotherm for
the proton is obtained with the mass balance equation:

Al = (Ca — CB) —(Cy - Con) (4

where T' = (I'y = ['on) is the net surface excess of hydrogen over hydroxide ions per
square centimeter of surface, A is the total surface area of the solid per unit volume
(ecm¥dm?), C, and Cy the concentrations of acid and base added to reach a given point
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Figure 10 pH and ionic strength dependence of the coagulation rate of y-Al,O3. (Modified
from Wiese, G. R. and Healy, T. W., J. Colloid Interface Sci., 51, 427, 1975.)

in the titration curve, and Cy and Coy ae the concentrations of hydrogen and hydroxide
ions, respectively. If the supporting electrolyte ions have no specific affinity for the
surface, or if the postive and negative ions of the supporting electrolyte have equal
specific affinity, then curves representing I" as a function of pH for each of severd
electrolyte concentrations should intersect at a common pH value, the p.z.c..> where:

FH - r()H =0 (5)

Figure 10 shows plots of I' as a function of pH and sodium chloride concentration for
titrations of y-Al,0;.>} The intersection point indicates a p.z.c. of 85. Note that the
protons released or consumed by the alumina increase with electrolyte concentration.
The surface is postively charged at pH vaues below 8.5 and negatively charged when
the pH is greater than 8.5. Table 2 provides a compilation of p.z.c. vaues obtained from
potentiometric  titrations.

Kavanagh et al.>* studied the proton balance in potentiometric titrations of gibbsite
as a function of pH and NaNO; concentration (0.01 to 1 mol dm~%). The data are
somewhat unique in comparison to y-Al,O; and other oxides, in that the quantity I is
less sensitive to electrolyte concentration. The authors reported a p.z.c. value of 9.8 for
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Solid p.z.s.e. Electrolyte Ref.
v-Al,05 a5 NaCl 53
v-Al;03 a.6 LiCl 44
'Y'A|203 9.1 KClI 44
v-Al,05 8.8 NaBr 67
’Y'A|203 5.4 KNO3 56
v-Al,O5 7.0 NaClO, 144
y-AlLO; 8.1 NaCl 45
3-A1,04 a5 KClI 46
N-AlLO; a5 KCl 46
a-Al,O3 9.1 KClI 49
a-AlL,O4 4.8 KNO, 57
Al,O5 a.9 KClI 210
Al,O4 9.1 KNO, 55
AlLO5 7.2 NaNO, 211
Gibbsite 7.8 NaCl 63
Gibbsite 9.5 NaCl 63
Gibbsite 9.8 NaNO, 54
Boehmite 8.5 KNO;, 47
Boehmite 7.2 KCI 146
Al{OH)3 8.2 NaCl 48
Al{OH); 8.4 NaCl 48
Al(OH); gel 9.7 212
Al(OH); gel 9.7 KClI 213
Amorphous Al(OH), 9.5 97
p.z.n.p.c.
v-Al,O4 8.3 NaClO4 90
v-Al,03 8.7 NaClO4 12
Pseudoboehmite 9.3 NaClO4 214

Additional compilations of early work are provided by Yopps and Fuerstenau*® and Parks.?%®

gibbsite. Titration data for Al,O; as a function of pH and electrolyte concentration were
published by Tewari and McLean.’> These authors found that p.z.c. decreased with
increasing temperature from a value of 9.1 at 30°C to 8.4 at 90°C. The change in p.z.c.
with temperature appeared to be explained solely by the change in the ionization constant
of water as a function of temperature. In contrast, Akratopulu et al.”® found that p.z.c.
of y-Al,Os increased with increasing temperature from a value of 45 a 10°C to 9.0
at 50°C.

Smit and Holten!” and Ahmed®’ have reported p.z.c. values for a-Al,O; of 4.5 and
4.8; the former investigators studied a large crysta while the latter author worked with
a powder. The lower p.z.c. of a-Al,O; can be expected on the basis of crystal structure.
The dehydrated oxide has hydroxyl groups which are more polarized than those in the
aluminum hydroxides, because of differences in the coordination number of the aluminum
ion. This difference will result in a relatively acidic surface for the oxide and a more
basic surface for AI(OH);.%

In contrast, Yopps and Fuerstenau*® observed a p.z.c. of 9.1 in studies of an alumina
identified as «-Al,O5 by X-ray diffraction. The authors adso cite severa other publications
that have found the value of p.z.c. to fal in this range. However, Smit and Holten'’
state that grinding «-Al,O5 results in a disturbed surface layer which, upon contact with
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water, hydrates to give a surface layer like that of gibbsite. This could result in artificialy
high values of p.z.c. for a-Al,O; powders. A study by Smith” found that «-Al,O; had
ap.zc. of 9.0 to 9.1 after 3 d of immersion in water, but after 3 months the p.z.c. had
risen to pH 10.1 to 10.2. These results suggest that the o-Al,O; surface may undergo
ateration in water to give an externa “shell” of gibbsite. Support for this hypothesis
was given by electron micrographs of atered a-Al,O; particles, which showed the
presence of hexagonal microcrystas of gibbsite on the particle surfaces.®® Slow ateration
of the surfaces of other aluminum oxides and hydroxides may aso occur, since gibbsite
is probably the thermodynamicaly stable phase at 25°C.'"%° The surfaces of gibbsite
preparations may aso vary in their degree of crystdlinity, which may influence their
solubility, surface area, concentration of structural defects, and rates of recrystallization.®!

The increase in positive charge (as indicated by the increase in p.z.c.) can be attributed
to locdized strong positive charge on the edges of gibbsite crystals, as compared to the
more diffuse distribution of surface charge expected for the dehydrated materia. The
distribution of charge sites per unit area of crystal faces of well-crystallized gibbste,
however, would be expected to be sparse. As noted previoudy, bayerite crystals grow
preferentialy in the ¢ direction and therefore a substantia fraction of the surface of an
individual bayerite crystal comprises the edges of individual layers, not the faces.

The relative acidity of oxide surfaces can be inferred from values of the p.z.c. and,
therefore, alumina is usually less acidic than silica or titania.' A quantitative evauation
of the acidity of auminol groups on a surface, however, requires a model for the surface
reactions and the introduction of several assumptions. Models that have been used to
describe the surface reactions will be discussed below. The quantity, I, the net proton
adsorption density defined in Equation 5, is usudly caled “surface charge” in the
literature. It is important to remember that the experimental quantity determined is the
net proton release or consumption of the surface, which is not an actual determination
of surface charge. If not properly taken into account,.’'? the dissolution of alumina
during titrations may significantly affect the titration curve and hence the net surface
proton balance, T'.

3. Measurement of Counterion Adsorption

lonic composition of counterion charge was studied directly on gibbsite,®%* §-A1,05,
and m-A1,0,.% These measurements of the pH dependence of counterion adsorption and
others made by Breeuwsma and Lyklema® on hematite led to the general conclusion
that many univalent ions (eg., Na, Cl7) were not specificaly adsorbed but were held
at the surface only by eectrostatic forces just to balance the surface charge. Figure 11
shows plots of counterion adsorption of potassium chloride as a function of pH on
two auminas.

Recently, several experimenta studies'’**%’ have reopened the subject of counterion
binding by oxide surfaces. Sprycha®” found that the net charge from adsorption of Na*
and Br™ ions on y-Al,O; was greater than the surface proton balance in the pH region
near the p.z.c.. At the p.z.c., adsorption of Na* was nearly equa to adsorption of Br—,
but both quantities were significantly greater than the surface proton balance. Adsorption
of Na* was significant at pH < p.z.c. (when the surface was positively charged) as was
adsorption of Br™ a pH > p.z.c.. Supporting evidence for this behavior can be found
in studies of y-Al,O; suspended in NaBr solutions,®® of a-Al,O; crystals suspended in
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Figure 11 pH dependence of counterion adsorption on 3-Al,O3 (closed symbols) and w-Al,O3
(open symbols). (From Thomas, F., Bottero, J. Y, and Cases, J. M., Colloids Surf.,
37, 281, 1989. With permission.)

NaBr solution,” and of colloidal samples of titanium dioxide suspended in uni-univalent
electrolyte  solutions.'”

Yates et al.” suggested that counterions form weak ion pairs with charged surface
hydroxyl groups, and this may explain the observations of specifically adsorbed counteri-
ons a the p.z.c. lon pair formation a alumina surfaces in NaBr solutions could be
described by eectrolyte binding reactions, i.e,

AlO™ + Na* = AlIO Na* (6)

AIOHF + Br = AIOH; Br~ ©)

Equation 7 refers to ion pair formation with a Bronsted acid site, AIOHJ, but it is aso
possible that the reaction proceeds by complex formation a a Lewis acid site (by ligand
exchange) as postulated by Smit and Holten,!” i.e,

AIOH; + Br = AI'Br~ + H,0 )

The formation of ion pairs with charged auminol groups may explain other experimental
observations: (1) the dependence of surface proton balance and electrokinetic potential
on electrolyte concentration’* and (2) the failure of the Nernst eguation to describe the
pH dependence of the surface potential,” as will be described in Section I11.D.
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Smit and Holten'” found an i.ep. near pH 3.5 for single crystals of a-Al,Q; in NaBr
solutions; a p.z.c. of 4.5 from counterion adsorption was reported for the same samples.
The low vaue for i.ep. in comparison to published values for powdered samples was
atributed to sample grinding. The fact that the i.ep. was lower than the p.z.c. from
counterion adsorption was evidence for specific adsorption of bromide ions. The authors
studied the binding of sodium and bromide ions on the crystal surface and found that
both ions were indeed specifically adsorbed.

Equality between the p.z.c, p.z.n.c., and the p.zse. is expected if the auminum
oxide is suspended in a | ;| background electrolyte that forms only outer-sphere surface
complexes. If the oxide is suspended in a 1: 1 background electrolyte along with a fixed
concentration of a specifically adsorbing ion, the p.z.c. and the p.z.se are still expected
to be equa but shift above/lbelow the p.z.c. without specific adsorption for specific
cation/anion adsorption. If the oxide is suspended in a specifically adsorbing background
eectrolyte, p.z.c. is not expected to equa p.z.s.e. and p.zse. is shifted below/above the
p.z.c. without specific adsorption for specific cation/anion adsorption.\7

D. MEASUREMENT OF SURFACE POTENTIAL

The measurement of changes in electrica surface potentia between an insulating
material, eg., aumina and an aqueous solution can be made by incorporating a thin
film of alumina in an electrolyte/alumina/silicon structure.”' A field effect transistor
(ISFET device) then can be fabricated to measure lateral current flow, and relative
changes in the surface potential of alumina can be measured.’>”?

Potential-determining ions (pdi), by definition, are ions that determine the interfacia
electrical potential difference by virtue of their equilibrium distribution between solid
and liquid phases.’ The half-cell potentials of reversible electrodes, such as Agl, are
established by transfer of charge in the form of pdi between the two bulk phases.*? In
the case of Adl, the pdi are Ag* and Il, and the potential difference between the two
phases is given by the Nernst equation,

E = E'+ RT/F[In{Ag*} — In{Ag* "] 9

where E' is a reference potentid and {Ag*}’ is the silver ion concentration at that
reference potential. Many of the early research studies of oxide-water interfaces assumed
that hydrogen and hydroxide ions were pdi. For example, for the solid Al,Os;, it could
be argued that AI’* and O~ are the pdi, eg., where {s, is the surface potential. Since
the activities of both AI’* and O~ may be small and highly pH dependent in most
solutions, the Nernst equation can be written more conveniently in terms of pH.

W, = 2.3 RT/3F[log{AI*} — log{AI*},, ] (10)

{AI**} is reated directly to {H*} through the solubility product constant for alumina
and, thus, Equation 10 maybe rewritten in terms of H*:

U, = 2.3 RT/F(p.z.c. — pH) (11)

In this way, H" and OH™ may be considered as pdi and, according to the Nernst equation,
U, will change 59.2 mV per pH unit a 25°C.
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Figure 12 pH dependence of the surface potential ¥, of y-Al,O5 in 0.1 mol dm 3NaNOQO,
solution. (From Bousse, L., de Rooij, N. F.,, and Bergveld, P., IEEE Trans., Elect.
Devices, 30, 1263, 1983. With permission.)

Bousse et al.~73 measured the pH dependence of the surface potentia of y-Al,O; in
0.1 mol dm—*NaNO; with an ISFET device (Figure 12). The dependence of s, on pH
was not consistent with the Nernst eguation, in that the slope was less than 59.2 mV
per pH unit and the relationship was not quite linear.”! The smallest dope (48 mV per
pH) was measured near the p.z.c. (pH 8.0). At pH values less than the p.z.c., the dope
increased to about 56 mV per pH unit; above the p.z.c., the sope increased to values
as high as 53 mV. The failure of the Nernst equation to describe the surface potential
relationship is an indication that counterions form complexes (or ion pairs) with charged
aluminol groups on the surface/71

V. ADSORPTION OF METAL IONS

Numerous studies of the adsorption of metal ions on auminum oxides and hydroxides
have been conducted. It has been demonstrated often that the mechanism of meta ion
association with hydrous oxide surfaces involves an ion exchange process in which the
adsorbed metal ions replace bound protons.’»7~"7 The adsorption of metal ions from
dilute solution onto alumina surfaces is highly dependent-on pH, as has been demonstrated
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by several investigators (Table 3). Figure 13 illustrates data of Benjamin and Leckie’®
for Cd** adsorption on y-Al,Os. These authors were among the first to demonstrate
that the pH region in which adsorption increases rapidly (the “adsorption edge’) depends
on metal concentration. This is true even at very low concentrations of metals, far below
those that would saturate the maximum adsorption capacity of y-Al,O;. A consequence
of this phenomenon is that adsorption isotherms for metal ions on auminas usualy are
well described by the Freundlich equation:

I'y = aC (12)

where I'y; is the adsorption density of the metal ion, Cy is the equilibrium concentration
of the metal ion, and a and b are empirical constants. The parameter b usualy has a
vaue in the range of 0.5 to 0.7 for metal ion adsorption on alumina A maximum in
adsorption density for metd ions is often not evaluated because of experimental difficult-
ies. Spectroscopic studies generally have led to the conclusion that there is a continuum
of adsorption phenomena from monolayer adsorption to cluster formation or multilayer
adsorption and, finaly, surface precipitation.'®-3079-81

At very low concentrations, the adsorption of metal ions can be considered as a
bimolecular adsorption/desorption reaction in which a meta ion is bound by an auminol
group, releasing a proton to solution, i.e,

AIOH + Pb> = AIOPb* + H* (13)

Hachiya et al.>* and Yasunaga and Ikeda® have shown by electric field pulse and
pressure-jump methods that the adsorption and desorption reactions are very fast, with
half-times considerably less than 1 s under typical experimental conditions. However,
additional slow uptake of metal ions is often observed over hours or days (eg., Cd**
adsorption on y-Al1,04,% Cr** and VO?* adsorption on 8-Al,04,57 and Cu?* adsorption
on amorphous aduminum hydroxide*"). The dow processes are very poorly understood.
If the y-Al,O; surface has been dtered to form a gibbsite-like layer, perhaps the dower
process could be caused by diffusion through or around reorganized surface material to
deeper layers.

As metdl ions are adsorbed, protons are released (Equation 13). Most of these protons
are readsorbed by the surface through ion-pair formation or the protonation of auminol
groups, but some remain in solution. The protons released during metal adsorption can
be determined by back titration to constant pH®*#° or by measuring the displacement
of potentiometric titration curves.’** The number of H* ions released per metal ion
adsorbed is usualy found to have a noninteger value between 1 and 2.°! For example,
Hohl and Stumm®° found an average vaue of 1.5 protons released per Pb*>* ion adsorbed
on y-Al,O;. Because the overall proton release usually shows values much greater than
one, many authors”’#%2 have assumed that a second adsorption reaction must be
considered in which two protons are released per meta ion adsorbed, eg.,

AIOH + Pb** + H,0 = AIOPbOH + 2H* (14)

2AI0H + Pb** = AlO\

= wio/FP * 2H’ (15)
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Table 3 Adsorption of Metal lons
Solid Cations Study type* Ref.
v-AlL,O, Ca, Mg, Sr, Ba a bef 53
v-AlLO, Pb a,f 90
v-ALO, Pb b ¢ 82
v-ALO, Cd, Cu, Zn, Pb a, bk 86
v-Al,O5 cu b, k 105
y-ALO, Pb, Cu aj 78
v-Al,O5 Co, Cd, Cs, Sr, Eu a, b,i 103
v-Al,Os Cd a, k 215
v-ALO, Cu, Zn h k 101
v-Al,O3 Cu, Cd a, k 116
v-Al,O4 Cu, Mn, Zn, Co, Pb a, bce 83, 84
v-Al,05 Cu, Mn, Zn, Co, Pb a, c e 85
v-Al:04 Ni, Ca, Cd, Cu, Pb, Zn aeg k 106
v-AlLO, Ni. Zn. Pb a, k 107
y-ALO, Pb a,d 98
v-AlLO, Co, Ni a, b e f 100
3-Al, 04 cu d 93
3-Al, 05 Ni a 216
3-Al 03 Cr,V a c 87
3-Al,0; cu d, k 94
3-Al,05 Cr a, d 99
5-Al,04 co a, k 108
a-AlLO4 Zn a 217
a-Al,O4 Cd a, b, fh 102
a-AlLO, cd a bfh 91
a-AlLO;, Cd a, b, 115
Gibbsite Ca d 145
Gibbsite Ca d 218
Gibbsite cu a, bcd 80
Gibbsite cu a, d 10
Gibbsite Cu, Zn, Mg a 219
Boehmite cu a, bcd 80
Boehmite Mn, Mg a de 50
Al{OH)4 Cu, Co, Zn, Ni, Pb, Cd a 220
Al(OH), Cd, Zn a 206, 221
Al(OH); gel Ca, Sr ah 222
Al{OH); gel Cu, Pb, Ni, Zn, Co, Cd, Mg, aj 223
Ca, Sr, Ba
Al(OH); gel Zn, Cd a 224
Al(OH); gel cu b, d 225
Al{(OH); gel cu, v b, d, k 96
Al(OH); gel cu b, d, k 81
Hydrous Al,O; Cu, Zn, Mg a 219
Amorphous Al{OH), cu a b,c d 80
Amorphous Al{OH); Mn d 97
Amorphous Al(OH), zZn a, k 104
Amorphous Al{OH); cu a dk 109
Amorphous AI{OH); cu a, d, k 111
Amorphous AI(OH); cu a, d, k 113
Amorphous ANOH), cu a, d k 112
Amorphous Al{OH), cu a d k 114
Amorphous Al(OH); % a, d k 110

* a, dependence on pH; b, dependence on metal concentration; c, kinetics; d, spectroscopy; e,
electrokinetics; f, proton release; g, dependence on temperature; h, dependence on suspension
density; i, dependence on ionic strength; j, dependence on competing metal concentration;

k, dependence on competing or complexing

ligand concentration.
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Figure 13 Adsorption of Cd?* on y-Al,O3; from 0.1 mol dm~3NaNQ; solution as a function
of pH and metal concentration. (From Benjamin, M. M. and Leckie, J. O., in Contami-
nants and Sediments, Vol. 2, Baker, R. A., Ed., Ann Arbor Science, Ann Arbor, MI,
1980, 305. With permission.)

The fractional and nonequivalent values observed for the stoichiometry result from the
fact that the equilibria of ion-pair and surface ionization reactions (Equations 1, 2, 6,
and 7) are perturbed by the adsorption of metal ions. Few authors have taken these
reactions into account when evaluating the stoichiometry of metal adsorption from dilute
solution.rseer Hohl and Stumm® concluded that the bidentate complexation of Pb*
(Equation 15) was insignificant in comparison to monodentate complexes formed on
the v-Al,O; surface.

On the other hand, spectroscopic studies have typically found that the alumina
surface acts as a bidentate ligand in binding Cu?* (Figure 14).198093% Rydin and
Motschin93 found from a combination of EPR (electron paramagnetic resonance) and
ENDOR (electron nuclear double resonance) spectra that Cu’* formed inner-sphere
surface complexes of predominantly pseudo-sgquare planar geometry. The conclusion
that a bidentate complex was formed was based on an interrelation between the surface
stahility constant and the values of EPR parameters” and a comparison of these parame-
ters to those of agueous Cu(ll) complexes.” Motschi and Rudin®® also suggested a
bidentate inner-sphere surface complex for VO®™ adsorption on 8-Al,05 from ENDOR
results. Using a combination of ENDOR and ESEEM (electron spin echo envelope
modulation) spectroscopic data, Mohl et a.** aso suggested the formation of inner-
sphere bidentate Cu®* complexes on 8-Al,O;. Ligands containing nitrogen groups formed
ternary complexes at the surface by coordination of Cu’* in the equatorial positions
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Figure 14 Suggested structure of the coordinative complex formed by Cu?' with two aluminol
groups of the y-Al,O; surface. (Modified from Rudin, M. and Motschi, H., J. Colloid
Interface Sci,, 98, 285, 1984.)

instead of the axial positions.*” Chemisorption was found to be the adsorption mechanism
for Cu?™ and VO** on amorphous aluminum hydroxide using ESR spectroscopy.*96
Manganese, on the other hand, was adsorbed as a hydrated outer-sphere complex on
aluminum hydroxide, as observed with ESR spectroscopy.97

Chisholm-Brause et al.”® studied Pb?* adsorption on y-Al,Q; using a combination
of XANES (X-ray absorption near edge structure) and EXAFS (extended X-ray absorp-
tion fine structure) spectroscopies and concluded that inner-sphere, predominantly mono-
dentate complexes were formed. Karthein et al.®” observed Cr(lll) adsorption on 3-Al,O;
using both ESR and ESEEM spectroscopies and found a conversion from inner-sphere
to outer-sphere surface complexes over time. These authors proposed a bidentate adsorp-
tion mechanism.

A few studies have examined the effect of metal ion adsorption on the electrokinetic
potential of aumina particles™>5*!% Huang and Stumm’? have shown that the adsorption
of Ca®" increases the zeta potential of y-Al,Os, increasing the i.ep. from 9.0 in NaCl
solution to near 10.5 in 0.0001 mol dm™*CaCl,. At some pH vaues (eg., pH 9.5), a
reversal of charge was demonstrated upon adsorption of Ca®". The y-AlLO; particles
were negatively charged at low concentrations of Ca’*, but became positively charged
as the concentration of Ca’** was increased. Bleam and McBride'” observed little effect
on eectrophoretic mobility of boehmite from adsorption of Mn?* and Mg>* and con-
cluded that adsorption of these ions occurred via surface cluster formation.

McBride®® conducted one of the few studies that compared the adsorption behavior
of different crysta forms of aluminum oxyhydroxides. He concluded that the strong
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adsorption sites for Cu®* were surface hydroxyl groups coordinated to a single aluminum

ion. The Cu®* sorption capacities followed the order: noncrystalline adumina > boehmite
> gibbsite, which is consistent with the relative number of singly coordinated hydroxyl

groups on each surface. In the simplest interpretation of the gibbsite surface, the basd

planes are unreactive and the adsorption sites of cations (and anions) occur only on the

edges of crystals. However, in subsequent work, McBride et a.*10 showed by electron
microscopy that many gibbsite plates have crystal steps at regular intervals. Strong

adsorption sites are expected to be found at edge sites that occur at these step dislocations

on the basal planes. These crystal steps could also act as the nucleation sites for

precipitation of Cu(OH),."

Metal adsorption is aso a function of the suspension density of the adsorbent.~101
For a given total metal concentration, the adsorption edge shifts to lower pH value with
increasing suspension density.'/'%2 Adsorption of Cs*,Sr**,Eu*, and Cd>* on AlL,O;
decreased with increasing ionic strength of a NaCl background electrolyte, while Co**
adsorption exhibited no ionic strength dependence.*103

Benjamin® and Benjamin and Leckie”® have found evidence for site heterogeneity
on y-Al,Oz by studying the effect of the presence of Cu, Pb, and Zn on Cd adsorption.
These authors postulated limited groups of sites having high selectivity for specific
metal ions. Zinc and Cd compete for the same group of binding sites, whereas Cu and
Pb bind preferentialy to other groups of sites.

Metal adsorption on aluminum oxides is affected by the presence of inorganic
ligands. Enhanced adsorption has been observed for Cd?* on y-Al,O; in the presence
of thiosulfate’# and for Cu®*, VO?*,% and Zn?>* on amorphous aluminum hydroxide
in the presence of sulfate.'™ The increased negative charge brought to the surface by
sulfate is considered to promote additional metal adsorption.”®!%* High levels of phos-
phate sorption on amorphous auminum hydroxide suppressed Cu’* adsorption, likdy
due to blocking of surface sites.®! The presence of chloride and sulfate decreased Cd**
adsorption on y-Al,05.7%%¢ These authors postulated that CdCl, and Cd(SO,), complexes
adsorb in a metal-like fashion while Cd(S,05), complexes adsorb in a ligand-like fashion.

In systems containing organic ligands metal adsorption is often enhanced at low pH
and depressed at high pH by the adsorption of the meta-ligand complexes. This effect
has been found for adsorption of Cu?* in the presence of nitrilotriacetic acid (NTA)
and aspartic acid,'% adsorption of Ni?*,Zn?*,'%¢197 and Co?* in the presence of ethylene
diamine tetraacetate (EDTA),!%® and adsorption of Pb** in the presence of tiron.!” Micera
and co-workers'®!'! have observed that Cu?* adsorption on amorphous a uminium
hydroxide shows the above effect for some organic ligands, while other organic ligands
depress Cu®* adsorption at al pH values.!'>"''* Fulvic acid also enhanced Cd>* adsorption
on a-Al,O; at low pH and reduced it a high pH,''s as did dissolved natura organic
matter for Cd** and Cu®* adsorption on y-ALO;.!"® However, Baccini et a.~101 found
that the presence of natural organic matter depressed Cu’" and Zn>* adsorption on
v-Al,O5.

V. ADSORPTION OF INORGANIC ANIONS
Anions can adsorb on the surface of aluminum oxides by ion-pair formation with

positively charged surface sites (Equation 7) or by ligand exchange with surface hydrox-
yls’63,ll7—l2l e.g.’
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AIOH + H,PO; = AIH,PO, + OH "~
Al _
2AI0H + H,PO; = ) HPO, + H:0 + OH
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(16)

(17)

Because these reactions are ligand-exchange reactions which replace hydroxyls on the
surface, the adsorption of anions usually increases with decreasing pH.%!10%118.122-126
Figure 15 shows the adsorption of arsenate on amorphous auminum hydroxide as a
function of pH and initia anion concentration. Adsorption of AsO3 is greatest at low
pH and decreases gradually over severd pH units to zero adsorption. Adsorption of
weakly bound ions is also significantly affected by the concentration of the background
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Figure 15 Adsorption of AsO3 on amorphous Al(OH); from 0.01 mol dm~3NaClO, solution
as a function of pH and anion concentration. (From Anderson, M. A., Ferguson,
J. F, and Gavis, J., J. Colloid Interface Sci., 53, 391, 1976. With permission.)
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electrolyte.'*’ The adsorption of anions that are more strongly bound (eg., AsOji~,
PO; ,Se037) is less dependent on the ionic strength.®*'?7 It is difficult to derive
meaningful parameters for anion adsorption isotherms because of the slow approach to
equilibrium and multiple processes occurring a the surface (see below). Nonetheless,
many authors have attempted to analyze anion sorption data for a specified reaction
time.'19:122.128-130 Tynicdly a portion of the experimental data can be approximated by
the Langmuir isotherm, and parameters such as the “energy of adsorption” and the
“maximum adsorption capacity” are derived from these data. However, the maximum
adsorption derived with one set of data frequently underestimates the actua adsorption
densities measured at high adsorbate concentrations, or even may exceed an independent
estimate of total adsorption sites” The studies of anion adsorption on aluminum oxides
and hydroxides are numerous (Table 4). Many aspects of anion adsorption behavior
have been examined, and it is difficult to make comparisons among these studies because
of differences in adsorbent, kinetics of adsorption, and experimental procedures.

Because of its importance as a nutrient, phosphate has been the subject of intense
study. Yasunaga and Ikeda® and Mikami et al.'?>'?® showed that adsorption-desorption
reactions of phosphate on y-Al,OQ; approach equilibrium rapidly. However, as was the
case in cation adsorption, additional slow processes perturb the adsorption equilibria
and reved additional phosphate uptake in long-term kinetic studies.!20:'29-131.132 |n general,
the slow processes are poorly understood. Chen et al.!*! and van Riemsdijk et al.'*
attributed the slow uptake of phosphate on «-Al,O; to the formation of a surface
precipitate of aluminum phosphate. An aluminum phosphate phase was found coating
gibbsite particles following phosphate adsorption.'** Phosphate desorption (and isotopic
exchange) from the gibbsite surface is slow and incomplete;!'®!120:129135 this effect has
been explained in terms of the high activation energy for dissociation of the binuclear-
bidentate surface complex of phosphate with two aluminol groups (Equation 17) or in
terms of surface precipitation of an aluminum phosphate phase at high phosphate
concentrations.'*

Nonequilibrium behavior is very evident in the studies of phosphate sorption by
noncrystalline aluminum hydroxide**!?? Phosphate sorption and reversibility is
influenced significantly by the age of the precipitate and the experimental procedures
used. Phosphate uptake continues to increase even after 1 month of reaction.'’* Large
differences in phosphate sorption were observed in comparing phosphate uptake on
freshly precipitated aluminum hydroxide to the phosphate content of an aluminum
precipitate formed in a phosphate solution.'*® The latter precipitate was reported to
contain equimolar amounts of phosphorus and aluminum when formed at pH 7. If AIPO,
is more stable than AI(OH); under these conditions, 3! then the slow phosphate sorption
observed in the former system could be caused by diffusion into the precipitate to convert
Al(OH); to AIPO,. Similar processes may occur a low pH value on the surfaces of
crystalline alumina

Arsenate”’ and boron'*-14 ddsorption reach equilibrium dowly. Silicate adsorption
is aso dow and may lead to polymerization on the auminum hydroxide surface’*’ or
precipitation of an aluminum silicate.!*> Adsorption of fluoride, on the other hand,
reaches equilibrium rapidly.!**144

Phosphate was found to interact specifically with the surface hydroxyls of gibbsite
as observed using laser Raman spectroscopy.'*’ Bleam et al.,'*¢ using NMR spectroscopy,
observed that phosphate adsorbed on pseudoboehmite formed inner-sphere surface
complexes.
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Table 4 Adsorption of Inorganic Anions

Solid Anions Study type* Ref.
v-AlL,O5 PO, a, b 119
v-Al,03 PO, a, b e 124
v-AlL,O4 PO, aj 158
v-AlL,O5 S,0; a, b 215
v-AlL,O5 PO, a | 101
’Y-A|203 PO4 a’ C 125
v-AlL,O3 CrQ, a,ce 126
v-Al,04 F ahc 144
3-Al04 B(OH}), a 226
5-Al,O5 B(OH), a, b j 155
a-Al,O3 PO, a, b, j k 128
a-AlLOs PO, ¢, g, h 131
a-Al,04 PO,, CrO, a, I 123
«-Al 04 PO, C 133
a-AlL,O3 CrO, a, b, fh 102
a-Al O3 MoO, a, b 227
a-AlL,O5 AsQ, a, b c, ] 154
a-AlLO; AsQ,, AsO4 abhj 157
Al,O4 PO, a 228
Al,04 B(OH), a ¢ ijk 140
AlLO; F a, bc 143
ALO; F a, b 229
Gibbsite PO, a, b g 151, 230
Gibbsite PO., AsO, a, b,j 117
Gibbsite F, SO, Se03, MoO,, Si(OH), a, f 63
Gibbsite PO, b, 129
Gibbsite PO, c 120
Gibbsite PO4 b, C, k 132
Gibbsite PO,, Si(OH), d 145, 231
Gibbsite Si(OH), a ce 147
Gibbsite PO, a, b 8
Gibbsite PO,, Si(OH), d 218
Gibbsite PO, a, becg 134,135
Gibbsite F a, b 229
Gibbsite PO,, AsQ,, MoO,, Se0;, CrO, a, b, f 232
Gibbsite Si(OH), b,c g h 142, 150
Gibbsite B(OH), a, beg,li 149, 152
Bayerite PO, b h 153
Boehmite PO, a, d e f 146
Pseudoboehmite PO, a, bg 151, 230
Pseudoboehmite B(OH), e 148
Pseudoboehmite B(OH), a 226
Al{OH), Si(OH),4 a 233
Al{OH); Si(OH), a, b,cfi 141
Al{OH), PO, b, f 136
Al(OH)4 PO, c 137
Al(OH), Se0; a 206, 221
Al(OH);3 PO, a 221
Al(OH); gel NO,, SO,, COs d 234
AlI{OH); gel B(OH), d, e 213
AlI(OH); gel PO, d 235
Hydrous Al,O4 PO,, AsO,, MoQ,, SeQ;, CrO, a, b f 232
Hydrous Al,O3 PO, b, h 153
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Table 4 (continued)

Solid Anions Study type* Ref.
Amorphous Al(OH); B(OH), a, C 138
Amorphous Al(OH), B(OH)4, Si(OH), ac| 139
Amorphous Al(OH); AsO, a 236
Amorphous A{(OH); AsO, a bece 122
Amorphous Al(OH}), PO, b c 133
Amorphous Al{OH); PO, AsQ, a be 124
Amorphous Al{OH); B{OH), a 226
Amorphous Al(OH), S04 a, k 104
Amorphous Al(OH); F ab 229
Amorahous Al(OH)~ PO. abj 156

* g, dependence on pH; b, dependence on anion concentration; ¢, kinetics; d, spectroscopy;
e, electrokinetics; f, proton/hydroxyl release; g, dependence on temperature; h, dependence
on suspension density; i, dependence on ionic strength; j, dependence on competing anion
or ligand concentration; k, dependence on cation concentration.

The electrica charge on particles is decreased by strong anion adsorption. Several
studies have shown that the i.ep. of aumina suspensions is decreased by the adsorption
of the anions arsenate,!? phosphate,'**'%silicate,'*” chromate,”’ and borate.'#*4
Anderson and Malotky'** have derived interesting isotherms as a function of i.ep. for
arsenate adsorption on Al(OH); and for phosphate adsorption on y-Al,O5. By separating
out the influence of electrostatic forces, the authors attempted to derive the chemica
energy of adsorption and maximum adsorption density from a linearized isotherm
obtained at various i.ep. values. They aso demonstrated that electrophoretic mobilities
can be described by one curve when plotted as a function of the reduced pH (pH-i.e.p.)
in the presence of variable concentrations of arsenate and phosphate.

Anion sorption increases with increasing temperature when a precipitate is formed
for phosphate'*!!* and silicate.'**!*" Adsorption of phosphate on gibbsite and pseudo-
boehmite increases as a function of temperature because of an irreversible increase in
the number of adsorption sites’ Boron adsorption on gibbsite is exothermic, decreasing
with increasing temperature.*152

Anion adsorption is also a function of the suspension density of the adsor-
bent.'">!>* For a given total anion concentration, the adsorption envelope shifts to
greater fractiona surface coverage with increasing suspension density.102 Adsorption
of anions decreased with increasing ionic strength of the background electrolyte
for chromater2s and borate.r140,149 Silicate adsorption exhibited no ionic strength
dependence for short reaction times and increased with increasing ionic strength
after 50 d when polymerization on the surface occurred.~s1 The presence of cations
affects anion adsorption.'?%132.140

Anion adsorption on aluminum oxides is affected by the presence of competing
anions. Phosphate adsorption was decreased by arsenate adsorption on gibbsitersz and
by chromate adsorption on a-Al,O;.'?* The presence of sulfate decreased boron
adsorption on aluminum oxide'*" and arsenate adsorption on a-Al-O;.!3* Boron adsorp-
tion was decreased by slicate adsorption on amorphous auminum oxidesrizs auminum
oxide,'" and §-Al,0;.'% Because the effect of slicate adsorption on boron adsorption
was small, Goldberg and Glaubig'*® postulated that some adsorption sites exhibit
anion preference.
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The presence of organic ligands also affects anion adsorption on auminum oxides.
Phosphate adsorption decreased in the presence of oxadate on amorphous auminum
oxide'™ and on a-Al,O; in the presence of oxalate, succinate, tartrate, and EDTA.'*
Fulvic acid depressed arsenate adsorption on «-Al>0s,'7 as did humic acid for phosphate
adsorption on a-Al,Q+.'?® Natural organic matter decreased phosphate adsorption on
‘y—Ale3.””'158

VI. ADSORPTION OF ORGANIC LIGANDS

Organic acids exhibit adsorption behavior similar to that of inorganic anions on
aluminum oxides and hydroxides (Table 5). Kummert and Stumm'? reported on the
adsorption of phthalate, sdicylate, benzoate, and catechol on <y-Al,O; as a function of
pH. Adsorption of phthalate and sdicylate was highly pH dependent; strong adsorption
was observed a low pH. Benzoate was weskly adsorbed, indicating that the bidentate
functionality of phthalate and salicylate molecules was an important factor in forming
a strong bond at the surface. Catechol adsorption exhibited a different pattern, increasing
with increasing pH. Kummert and Stumm'? modeled the adsorption behavior as ligand-
exchange reactions involving a single aluminol group and the deprotonated or singly
protonated anion. In the case of catechol, it was presumed that the singly protonated
anion formed the predominant surface complex. McBride and Wesselink'™ recently
compared adsorption of catechol on gibbsite, boehmite, and amorphous aluminum
hydroxide and found that the dominant crysta faces of gibbsite and boehmite were
unreactive. Only singly coordinated aluminol groups on the edge faces of gibbsite
were reactive, similar to observations made on phosphate adsorption.ns IR spectroscopy
suggested that the surface complex formed was a || bidentate complex of deprotonated
catecholate with aluminum ions at the surface. These spectroscopic results suggest that
the model-dependent conclusions concerning surface structure made by Kummert and
Stumm'2 may need to be reexamined. Parfitt et al.® concluded that oxalate aso formed
a bidentate complex with singly coordinated aluminol sites on the edge faces of gibbsite.

The general pH dependence for adsorption of the organic acids is in good agreement
with observations of dissolved organic carbon adsorption on y-Al,05'1%13816% and adsorp-
tion of humic and fulvic acids on 8-Al,0;.'®' Both humic and fulvic acids show high
affinity for the 8-Al,O; surface; the stronger affinity for humic acid is ascribed to its
higher hydrophobicity.'9>'%* Fulvic and humic acids are adsorbed on gibbsite by ligand
exchange a neutral pH; in acid solution additional adsorption occurs on the unreactive
faces via hydrogen bonding.'®

Huang and others!®*197:!65 have conducted detailed studies of the adsorption of
strongly complexing ligands (EDTA, NTA) and their metal complexes on y-Al,O; (Figure
16). Both EDTA and NTA adsorption increase with decreasing pH, smilar to the
adsorption behavior of phthalate and salicylate. ' In homogeneous solution, EDTA forms
hexadentate bonds with meta ions, generaly using dl its functional groups and coordina-
tion positions of the metal ion. At the surface, this is not possible without dissolution
and detachment of the metal ion from the solid lattice. Surface complex formation
involving more than one carboxylic group seems possible; however, Huang and co-
authors'®'% have explained their observations in terms of hydrogen bonding between
aluminol groups and carboxylic groups of EDTA and NTA.
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Table 5 Adsorption of Organic Ligands

Solid Ligands Study type* Ref.
¥-Al,03 NTA a, b, k 105
v-ALO3 Catechol, salicylate, benzoate, phthalate a,b,c,f 1 2
v-AlLO; Dissolved organic C a e 160
v-Al,05 Dissolved organic C a, be h 158
iy o k
v-AlL,O5 Dissolved organic C a, bJ 116
v-Al,Oy EDTA, DTPA, TTHA, EGTA, HEDTA, CDTA a e 165
v-Al,Og EDTA a egk 106
v-AlLO4 Dodecylsulfate a, b, e i, k 167
v-AlLO; Dinitrophenol a,li 237
5-AlLO5 Humic acid, fulvic acid b 162
3-AlL 04 Humic acid, methyloleate a, bh 163
3-Al,05 Salicylate a e f 46
3-Al,05 Heptylbenzenesulfonate, e 169
octylbenzenesulfonate
5-Al,05 Humic acid, fulvic acid a 161
8-AlL0O4 EDTA a, b k 108
a-AlLO4 Alkylsulfonates be 166
a-Al,04 Dodecylsulfonate, lauric acid, oleic acid e 168
a-Alb,O, Octylbenzenesulfonate a, b 238
«-AlLO5 Octylbenzenesulfonate a, b 239
n-AlL,O4 Salicylate ae f 46
n-Al,Og Heptylbenzenesutfonate, e 169
octylbenzenesulfonate

AlL,O, Anionic dye Orange |l a, b 240
AlLO5 Ethoxylated sulfonates b 241
Al,O4 Anionic dyes Trypan blue and Orange G a, b 242
Al,O4 Octylbenzenesulfonate a, b 238
Al,O4 Acetate a, j 243
Al,Os Maleic anhydride a-olefin copolymer abe 244
Gibbsite Polyvinyl alcohol be 54
Gibbsite Oxalate, benzoate abd 8, 164
Gibbsite Humic acid, fulvic acid abd 245
Gibbsite Catechol, hydroquinone, phenol b, d j 159
Gibbsite Chlorophenols b, d 246
Bayerite Phenanthroline a b 247
Bayerite Bipyridine a b 248
Bayerite Quinoline a 249
Boehmite Catechol, hydroquinone, phenol bdj 159
Pseudoboehmite Citrate a, b 214
Pseudoboehmite Chlorophenols b, d 246
AI{OH);, gel Dodecylsulfonate, tetradecylsulfonate abc e 250
Al(OH); gel Decanoate, dodecanoate abc e 251
Hydrous Al,O3 Hydroxyquinoline abc 252
Amorphous Al{OH}, Aspartate, glutamate a b 109
Amorphous Al{OH); Phospho-serine, phospho-tyrosine ab 253
Amorphous Al(OH); Catechol, hydroquinone, phenol b, d, j 159
Amorphous Al(OH); Oxalate aj 156

* a, dependence on pH; b, dependence on anion concentration; c, kinetics; d, spectroscopy;
e, electrokinetics; f, proton/hydroxyl release; g, dependence on temperature; h, dependence
on suspension density; i, dependence on ionic strength; j, dependence on competing anion
or ligand concentration; k, dependence on cation concentration.
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Figure 16 Adsorption of polyacetic amino acids on y-AlbO; from 0.025 mol dm ®NaClO,
solution as a function of pH. (From Bowers, A. R. and Huang, C. P., J. Colloid
Interface Sci., 105, 197, 1985. With permission.)

Surfactant adsorption on aluminum oxides has been investigated by various research-
ers. 96167 Adsorption isotherms correspond to three regions of increasing surfactant
concentration. In region 1 the surfactant ions adsorb in competition with the background
electrolyte ions. In region 2 the surfactant ions associate into aggregates caled hemicelles
resulting in a sharp increase in adsorption density. In region 3 the adsorption isotherm
starts to decrease because of a reversa in surface charge.!%®'%” Surfactant molecules
can be adsorbed on aluminum oxides via a combination of electrostatic interaction,
specific adsorption, and ion exchange.'®1¢?

VIl. PRECIPITATION OF ALUMINUM OXIDES AND HYDROXIDES

The hydrolysis of auminum in agueous systems has received much attention in the
past few decades as researchers have attempted to understand the complicated processes
of polymerization and precipitation of aduminum oxides and hydroxides. These processes
are discussed in detail in other chapters of this volume, especialy in Chapter 4. A brief
review aso is presented here to emphasize the interrelated nature of surface chemistry
and precipitation.

The hydrolysis and precipitation of aluminum from unseeded, acidic solutions has
been shown to produce three general types of species: (1) monomeric auminum hydrox-
ide complexes, (2) polynuclear or polymeric aduminum hydroxide complex ions, and
(3) crystalline or microcrystalline gibbsite.>*!7*-!73 The relative proportions of these
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species depend upon the conditions during hydrolysis (e.g., pH value, AI** concentration)

and age of the hydrolysis products.®!”'~!"* Under some conditions, much of the dissolved
aluminum may be present as polymeric ions with a considerable range of composition
and structure, and some of these species may persist for a long time.>'7"'™* A significant
degree of supersaturation is required to produce microcrystaline gibbsite from unseeded
solutions,'>!'7% but the crystal growth reaction may proceed at lower reaction affinities
in the presence of a surface that is favorable for nucleation. If the initiad surface is
gibbsite, a reversible solubility equilibrium controlled by a well-crystallized form of
gibbsite may be attained at 25°C in 422 h or less.'”

van Straten and others’*,’ have studied the precipitation of aluminum hydroxide
phases from basic aqueous solutions. A precipitation sequence was observed in which
the thermodynamicaly least stable phase was usudly the first to form, followed by
transformation to other phases in stages, i.e., amorphous auminum hydroxide, pseudo-
boehmite, bayerite, and gibbsite. The growth of bayerite was retarded by the presence
of pseudoboehmite. The authors concluded that pseudoboehmite formation was favored
a relaively high (but <till akaine) pOH values, and that this phenomenon was related
to the lower interfacial tension of pseudoboehmite in comparison to bayerite. A two-
dimensional nucleation mechanism was proposed as the rate-determining step for bayerite
formation. The growth rate of bayerite was proportional to the available surface area
and the sguare of the degree of supersaturation. The rate of transformation of bayerite
to gibbsite increased with increasing temperature or with decreasing pOH values. These
studies clearly demonstrated the role of surface chemical behavior in nucleation and
crystal growth processes.

It should be apparent that the specific surface area of a precipitate will be influenced
by the size of particles formed. Calculations of the surface energy of microcrystalline
gibbsite suggest that the difference in solubility between this materiad and well-crystal-
lized gibbsite can be accounted for by the difference in particle size and hence the
difference in surface energy per unit mass of material.'’® Parthasarathy and Buffle!”
found that a substantial fraction of the microcrystaline gibbsite formed in their experi-
ments was removed by an ultrafilter with pores 13 nm in diameter. The remaining
material was removed by a filter having pores of 2 nm in diameter. These dimensions
are within the general range of minimum particle size for microcrystalline gibbsite
calculated by Smith and Hem.” Using the gibbsite structural model (Figure 5) and
assuming al OH is present in bridging positions, a single sheet of A(OH)¢ octahedra
with this composition would be 50 to 100 A units in diameter. Stacking of the layers
might decresse the latera dimension by a factor of two or more, but the particle size
would till be within the general range indicated by the ultrafiltration experiments.

A. INFLUENCE OF ADSORPTION ON PRECIPITATION

As discussed in detail in Chapter 4, a number of different anions may perturb the
precipitation of auminum and lead to the formation of noncrystalline products or poorly
crystalline pseudoboehmite.*’ Hsu'* found that severa inorganic ligands inhibited the
crystallization of auminum hydroxide. Numerous investigations have aso shown this
effect when precipitation occurs in the presence of organic ligands.'®!"'3* These results
demonstrate that interactions between adsorbing anions and the coaescing polymers
may influence the type of precipitate formed.
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B. COPRECIPITATION AND ADSORPTION IN NATURAL SYSTEMS

In laboratory experiments it is possible to maintain conditions that will prevent
extensive dterations and recrystdlization of an Al(OH); solid, but natural systems are
not this smple. For that reason it may be necessary to allow for coprecipitation effects
in evaluating the surface properties of naturaly occurring AI(OH); solids.

In @l the specific interactions mentioned above it is necessary to consider relation-
ships to the auminum hydroxide polymerization process. If the polymerization has gone
essentidly to completion so that only a form of crystdline gibbsite and monomeric
aluminum ions are present, the extent of incorporation of other ions into the solid phase
will depend primarily on the extent to which the surface may be undergoing ateration.
In natural systems there will generally be changes in pH, temperature, and concentrations
of various solutes as water moves past the surface and dissolution and reprecipitation
reactions can be expected.

C. INFLUENCE OF ADSORPTION ON DISSOLUTION

Zutic and Stumm'® have conducted an interesting study of the influence of adsorption
on the rates of aluminum oxide and hydroxide dissolution. These authors proposed that
the rate of dissolution was controlled by a surface process in the presence of organic
ligands and at low pH. The detachment of surface complexes was thought to be the
rate-controlling step in the dissolution process. Fluoride ions increased the dissolution
rate dramatically at concentrations as low as 107® mol dm~>. Furrer and Stumm'%®
showed that the adsorption of various organic ligands promoted dissolution of 3-Al,O;.
Organic ligands capable of forming surface chelates were especialy effective. For the
dicarboxylic acids, oxaate, which forms a fiveemembered ring, was more effective in
increasing the dissolution rate than malonate, forming a six-membered ring, and succi-
nate, forming a seven-membered ring. Similarly, for the aromatic ligands, sdicylate,
forming a six-membered chelate ring, was more effective than phthalate, which forms
a seven-membered ring.'%¢

VIlIl. ADSORPTION MODELS FOR ALUMINUM OXIDES AND
HYDROXIDES

Quantitative models for the surface chemistry of oxides have evolved substantialy
during the last two decades. The surface complexation models, which describe the
formation of charge, potentia, and the adsorption of ions a the oxide-water interface,
are the most popular. The fundamental concept upon which all surface complexation
models are based is that adsorption takes place at defined coordination sites (the surface
hydroxyl groups, present in finite number) and that adsorption reactions can be described
quantitatively via mass action equations (e.g., Equations I, 2, 6 to 8, and 13 to 17).1*’
Various models can be distinguished on the basis of different assumptions made for
electrogtatic interaction terms, or more correctly, surface activity coefficients.'®® How-
ever, dl of these models reduce to a similar set of simultaneous equations that can be
solved numericaly, including: (I) mass action equations for dl surface reactions; (2) a
mass balance equation for surface hydroxyl groups; (3) equations for calculation of



308 THE ENVIRONMENTAL CHEMISTRY OF ALUMINUM

surface charge; (4) a set of equations that describes the charge and potential relationships
of the eectrical double layer.'®’

A. CONSTANT CAPACITANCE MODEL

The constant capacitance model was developed by the research groups of Schindler
and Stumm.**1#-1°2 The model is based on the following assumptions: (1) ion adsorption
is based on a ligand exchange mechanism; (2) al surface complexes are inner-sphere
complexes; (3) no surface complexes are formed with ions from the background electro-
lyte; (4) the relationship between surface charge and surface potential is linear:

_ CSa

TTF

(18)
where C is the capacitance density (F m™2), S is the surface area (m" g~ '), ais the
suspension density (g 17'), and o has units of mol, 17!, A diagram of the surface-solution
interface for the constant capacitance model is provided in Figure 17.

The equations for the inner-sphere surface complexation reactions include Equations
I and 2 for protonation-dissociation, and'??

AIOH + M™" 2 AIOM®™D + H* (19)
2AI0H + M™" 2 (AIO),M™? + 2H* (20)
AIOH + LY & AIL“""" + OH~ (21)
2AIOH + LY 2 ALL“"?" + 20H" (22)

where AIOH represents the surface functiond group, M is a metal ion, m* is the charge
on the metal ion, L is a ligand, and £~ is the charge on the ligand.

The intrinsic conditional equilibrium constants describing protonation-dissociation
and the above reactions are!™?

K. (int) = % exp[Fy/RT] (23)

K_(int) = % exp[ — FUW/RT] (24)
Ki(int) = %m expl(m — DFy/RT] (25)
Kii(ing) = [(Al[iﬁ)hﬁ;ﬂfffflz expl(m — 2)F/RT] (26)
K!(int) = %exp[—(e — 1)FY/RT] @7
Ki(int) = [ALLY®)[OHJ" exp[—(€ — 2)F/RT] (28)

[AIOHJ[L¢ ]
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Figure 17 Placement of ions, potential, charge, and capacitance for the constant capacitance
model. (Modified from Westall, J. C., Am. Chem. Soc. Symp. Ser., 323, 54, 1986.)

where R is the molar gas constant (J mol™'K™"), T is the absolute temperature (K),
and square brackets represent concentrations (mol I-*). Experimental values of the
intrinsic conditional equilibrium constants can be obtained by extrapolating the condi-
tional equilibrium constants to zero net surface charge, as described in detail by Stumm
et al.'”? Such extrapolations also yield values of the capacitance density, C.

The mass balance expression for the surface functional group, AIOH, is

[AIOH]; = [AIOH] + [AIOH]] + [AIOT] + [AIOM"™~"]
+ 2[(AIO)M™ 2] * [AILYT D7)+ 2[ALLY 7] (29)
and the charge balance expression is
o = [AIOHF] - [AIO"] + (m - D[AIOM™ D]+ (m = 2)[(AIQ),M™~2)]
(€ = DIAILY D] = (£ = 2[ALLY7 ] (30)
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Table 6 Applications of the Constant Capacitance Model to ion Adsorption

Solid lons Ref.
v-Al03 H, OH, Ca, Mg, Sr, Ba 53
v-Al,05 H, OH, Pb 90
v-Al,05 H, OH 254
v-Al,05 H, OH, catechol, salicylate, benzoate, phthalate 12
’Y-A'QO:; H, OH, SO4 193
v-Al,0% PO, 255
3-Al,04 B(OH), 226
5-Al,05 B(OH),, Si(OH),4 155
a-AlL,03 PO, 255
a-Al,O4 H, OH 256
Al,O4 B(OH), 257
Al O3 H, OH, Cd, Zn, SeO, 206
Gibbsite? PO4 255
Gibbsite? Se0; 257
Gibbsite” AsO, 258
Gibbsite B(OH), 149
Bayerite H, OH 259
Boehmite H, OH, PO, 146
Pseudobeohmite B(OH), 226
Pseudoboehmite H, OH, citrate 214
Hydrous Al,O3? PO, 255
Amorphous AI{OH}; B(OH), 226
Amorphous Al{OH),? AsO, 257,258

2 Experimental data source provided in the reference

The constant capacitance model has been used to describe proton, hydroxyl, metal,
and ligand adsorption data. Table 6 lists the various studies that have applied the constant
capacitance model to ion adsorption. Since the model uses the constant ionic medium
reference state it cannot describe adsorption as a function of ionic strength. Application
of the model is redtricted to specifically adsorbing ions forming strong inner-sphere
complexes and showing little ionic strength dependence in their adsorption behavior.

B. TRIPLE LAYER MODEL

The origina triple layer model was developed by Davis and co-workers® 212! as

an extension of the site binding model’” and subsequently modified to include inner-
sphere surface complexation reactions.!**'%> The mode is based on the following assump-
tions: (I) protons and hydroxyl ions form inner-sphere complexes;, (2) ion adsorption
reactions form either outer-sphere or inner-sphere complexes; (3) outer-sphere surface
complexes are formed with ions from the background electrolyte; (4) three planes of
charge represent the surface; (5) the relationships between surface charges and surface
potentials are

Uy — Y = 0¢/Cy 31
Yp — Yy = —04/C, (32)

aq = —(8RTcenD) ' ?sinh(Fis/2RT) (33)
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Figure 18 Placement of ions, potentials, charges, and capacitances for the triple layer model.
(Modified from Westall, J., Am. Chem. Soc. Adv. Chem. Ser., 189, 33, 1980.)

where €, is the permittivity of vacuum, D is the dielectric constant of water, c¢ is the
concentration of a 1: 1 background eectrolyte, and o has units of C m 2. A diagram of
the surface-solution interface for the triple layer model is provided in Figure 18.

The equations for the inner-sphere surface complexation reactions in the triple layer
model are Equations 1 and 2 and Equations 19 through 22 as written for the constant

capacitance model. The eguations for the outer-sphere surface complexation reactions
52,92,121

are
AIOH + M™ 2 AlO™ - M™ + H* (34)
AIOH + M™ + H,0 2 AI0” - MOH™™" + 2H* (35)
AIOH + H+ + L 2 AIOH} — L (36)
AIOH + 2H* + Lf~ 2 AIOH; — LH“" D~ (37)
AIOH +C* 2 AIO” = C* + H+ (38)
AIOH + H* + A~ 2 AIOHF — A~ (39)

where C* is the cation and A~ is the anion of the background electrolyte.
The intrinsic conditional equilibrium constants for the triple layer model are Equa
tions 23 through 28 as written for the constant capacitance model for inner-sphere surface
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complexation with i equal to {s,. For outer-sphere surface complexation the intrinsic
conditional equilibrium constants are’>9212!

[AIO™ — M™]{H"]

1 ors —
K= = S oHM™ ]

exp{F(mig — sy)/RT] (40)

[AIO™ — MOH"™ D][HN"*}?

Kj(int) = [AIOH|[M™ ] exp[F((m — g — 4ip)/RT] “4n
. [AIOHj - L“]
Ki(int) = WCXP[F@O — €lp)/RT] (42)
.. [AIOH} — LH* V]
Ki(int)= [AIOH][H (L’ ] exp{F(yyy — (£ ~ )Yp)/RT] (43)
. ALO™ — CY[H*
Kevting= (o exptf — R (4)
AIOHF — A~
Ka- (int) :W] exp[F({o — Yp)/RT] (45)

As for the constant capacitance model, experimental values for the intrinsic condi-
tional equilibrium constants can be obtained by extrapolation. A detailed explanation
of the various types of extrapolation procedures used for the triple layer model is provided
by Goldberg.'*® These extrapolations also yield values of the capacitance dendty, C,.
An experimenta value of the capacitance density, C,, can be obtained only from the
Sprycha eectrokinetic extrapolation.*'’

The mass balance equation for the surface functional group, AIOH, is

[AIOH]t = [AIOH]| + [ALOHJ] + [AIO7] + [AIOM™ D]
+ 2[(AlIO),M™ 21 + [AILY~ D] + 2[ALL¢27]
+ [AIO” — M™] + [AIO~ — MOH™ "] + [AIOH; — Lf7]
+ [AIOH, — LH“"""]+ [A10- — C*] +[AIOHf —A7]  (46)
and the charge balance equations are
og+taopgtog=0 47

oy = S_Fa {[AIOHS] + [AIOH; — L] + [AIOHS — LH“ "]

+ (M —DIAIOM™ V] + (m — 2)[(AIO),M™ 2]

+ [AIOHS ~ A7) — [AIOT] — [AIO™ — M™]

— [AIO” — MOH™ V] — (¢ — D[AIL¢™ D]

— (£ = 2[ALL27] - [AIO” — C*] ) (48)
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Table 7 Applications of the Triple Layer Model to lon Adsorption

Solid lons Ref.
v-AlLOs H, OH, Pb, Cd, Cu, Zn 92
v-AlLO, H, OH 254
¥-Al04 H, OH 67
v-Al,Oy PO4 125
v-AlLO, Cr0, 126
v-Al,O4 H, OH, Na, CI 45, 197
a-Al;04 Na, Br 17
a-AlLO; CrO, 260
a-Al,O3 H, OH, Na, NO3 256
Boehmite H, OH, K, NO; 47

F

og = Sa {m[AIO™ — M™]+ (m — D[AIO” — MOH™ Y]

+ [AIO” — C*] = €[AIOH; — L{7]
— (£ — D[AIOHS — LH Y] - [AIOHS — A"} (49)

The triple layer model has been used to describe proton, hydroxyl, metal, and ligand
adsorption data. Table 7 lists various applications of the triple layer model to ion
adsorption. The model uses the infinite dilution reference state and thus can describe
adsorption as a function of ionic strength.

C. ONE-pK MODEL

The one-pK model was developed by van Riemsdijk and co-workers. #1920 |n the
one-pK concept the surface functional group is defined as a singly coordinated oxygen
atom that carries either one or two protons leading to surface sites AIOH and AIOH,,
respectively. The constant capacitance model and the triple layer model could be written
based on the one-pK concept for singly coordinated oxygen atoms. The Stern mode of
the surface-solution interface has been chosen as the basis for the one-pK model.”” The
model is based on the following assumptions: (I) protons and hydroxyl ions form inner-
sphere surface complexes, (2) cations and anions form outer-sphere surface complexes;
() the relationships between surface charges and surface potentials are Equation 33 and>*

gy = Cllip — iy) (50)

where the units of o are C m~2. A diagram of the surface-solution interface for the one-
pK model is provided in Figure 19.

The surface complexation reactions!®%-201

AIOH'>" + H* =2 AIOHY?" (51)
AIOH'~ + M™ 2 AJOH'?™ — M™ (52)
AIOH'>~ + M™ + H,0 2 AIOH"2~ = MOH™ D + H+ (53)

AIOHY?* + Lf~ 2 AIOH?Y — L& (54)
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Figure 19 Placement of ions, potentials, charges, and capacitance for the one-pK model.
(Modified from Westall, J. C., Am. Chem. Soc. Symp. Ser., 323, 54, 1986.)

AIOH?~ + C* 2 AIOH?™ — C+ (55)

AIOHY?* + A~ 2 AIOHY?* — A~ (56)

The intrinsic equilibrium constants are'%%-2"!

[AIOHY?*]
H = (AR [H] exp[Fyy/RT] (57)
[AIOHI/Zf— _ Mm+]

K= 12—
[AIOHY=~][M™*]

exp[mFU,/RT] (58)

0 [A]OHI/"L - MOH(""“][H*]
Ky = [A]OHllzf][MnH] eXp[(m _I)Fllld/RT] (59)

[AIOHY?* — L]
L :W exp[~€F¢d/RT] (60)
lAlOHIQA _ C+]

Ko+ =
<7 T[AIOH"||C7]

explFU/RT] (61)
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_[AIOHY?" — A-]

A [AIOHV> (A" | expl—F{i/RT] (62)

The mass balance of singly coordinated oxygen atoms N, is

Ns = [AIOH27] + [AIOHY?*] (63)
The surface charge balance equation is

oy = 1/2 [AIOHY?" — AIOH"*"] (64)

The one-pK model has been used to describe potentiometric titration data for gibbsite
and y-Al,Oj; in inert background electrolyte solution.?”” In the most simplified application
of the one-pK model, no surface complexation reactions are considered for the back-
ground electrolyte and the capacitance density of the Stern layer is the only adjustable
parameter. The association constant Ky is obtained from the p.z.c.

log Ky = pHy = p.zc. (65)

where pH, is the proton concentration at the p.z.c.*' Titration data on gibbsite were
modeled successfully in this fashion.'“” The model fit can be improved by inclusion of
surface complexation constants for the background electrolyte. Hiemstra et al.>* were
able to describe potentiometric titration data well on gibbsite with both approaches. The
model fit obtained by neglecting the surface complexation constants for the background
electrolyte was good, but resulted in a low capacitance value. A larger capacitance value
was obtained using surface complexation constants for the background electrolyte and
the assumption that only the edge surface area of gibbsite is reactive. The one-pK
model has not yet been applied to describe meta or ligand adsorption on auminum
oxide minerals.

Two-pK models, such as the constant capacitance and the triple layer model, and
the one-pK model are special cases of a more generadized model caled the MultiSite
Complexation, MUSIC, model developed by Hiemstra et al.?>2%* This model considers
equilibrium constants for the various types of surface groups on the various crysta
planes of oxide minerals and was used to describe the charging behavior of gibbsite.?”?
The MUSIC model has not yet been applied to describe ion adsorption. Because of its
increased complexity such an application may result in an unreasonably large number
of adjustable parameters.

D. USE OF SURFACE COMPLEXATION MODELS IN THE
DESCRIPTION OF MINERAL DISSOLUTION

The dissolution kinetics of most auminum oxides are controlled by chemical surface
processes.'®® The reaction steps are (1) attachment of the reactants at surface sites, (2)
rate-limiting detachment of the surface aluminum species, (3) transport of the auminum
complex into the bulk solution, (4) regeneration of the active site by protonation. Under
acid conditions the dissolution is promoted by protons binding to the surface oxide
ions.'*® The proton-promoted auminum oxide dissolution rate is***

Ry = ky[AIOHS " = ku(Cip)" (66)

where ky; is the rate constant, C}; is the surface proton concentration in mol m~2, and
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Figure 20 Dependence of the rate of the proton-promoted dissolution of 8-Al,O5. (From Stumm,
W. and Wollast, R., Rev. Geophys., 28, 53, 1990; data from Furrer, G. and Stumm,
W., Geochim. Cosmochim. Acta, 50, 1847, 1986.)

nis the number of protonation steps in the dissolution mechanism. The concentration
of protonated surface hydroxyl groups, [AIOHS] is obtained using the constant capaci-
tance model. In the presence of complex-forming ligands the aluminum oxide dissolution
is promoted by ligands that form surface complexes by ligand exchange.'®® The ligand-
promoted aluminum oxide dissolution rate is>%*

Ry = Kk [AIL] = k. C, (67)

where k,_ is the rate constant and C} is the concentration of adsorbed ligand in mol m™2
The concentration of surface sites occupied by ligand, [AIL], is obtained using the
constant capacitance modd. If the proton-promoted and the ligand-promoted dissolution
are independent and paralel the tota auminum oxide dissolution rate is additive*186

R = Ry + R (68)

Figure 20 indicates the dependence of the rate of the proton-promoted dissolution of
8-Al,0; on the surface concentration of protons. The slope is close to 3, indicating that
n is equa to 3 for 8-Al,O,. Furrer and Stumm'®*® suggest that the reaction order n may
correspond to the oxidation number of the aduminum ion in the oxide mineral. The
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Figure 21  Dependence of the rate of the ligand-promoted dissolution of &-Al,0O5 on the surface
concentration of ligands. (From Stumm, W., Wehrli, B., and Wieland, E., Croatica
Chem. Acta, 60, 429, 1987; data from Furrer, G. and Stumm, W., Geochim. Cos-
mochim. Acta, 50, 1947, 1986.)

dependence of the rate of the ligand-promoted dissolution of 8-Al,O; on the surface
concentration of organic ligands is indicated in Figure 21.

IX. CONCLUDING REMARKS

Knowledge of the surface chemica behavior of aluminum oxides and hydroxides
is dill advancing. More is known in terms of systematic laboratory studies about the
synthetic materid, v-Al,Os3, than any other phase. The results of experimental studies
of the gibbsite surface are consistent with what is expected in terms of the exposure of
different crystal faces as predicted from the crystal structure. Little is known regarding
the effects of surface dteration on the observed surface chemica behavior. More system-
atic and comprehensive studies of gibbsite are needed.

Recent advances, such as the measurement of surface potentia as a function of pH
and studies of the specific adsorption of counterions such as Na* and Br~, are affecting
dramétically the evolution of models for the aluminawater interface. However, models
for the adsorption of solutes from dilute solutions have not yet been combined in a
consistent way with spectroscopic studies of the surface. Much more research aso is
needed on the kinetics of adsorption reactions, the determination of maximum adsorption
densities, the stoichiometry of surface reactions, and the ionic strength dependence of
adsorption reactions. Although model development and the experimental studies con-
ducted to date represent a considersble increase in knowledge, quantitative application
of this knowledge to the natura environment till appears problematic. Furthermore, a
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greater understanding of the role of adsorption in the precipitation process and the rates
a which the surfaces of metastable minerals are atered by reorganization is required
to improve geochemical models.
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