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γ-Alumina as a Support for Catalysts: A Review of Fundamental Aspects
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The present review discusses the most important aspects to
take into consideration to improve the properties of γ-Al2O3

as a support for catalytic applications. We show that the syn-
thetic route to γ-Al2O3 is the starting point that determines
the micro- and macrostructure of the oxide and, conse-
quently, allows control of the support characteristics. The rel-
evance of the adequate structural characterization of the ox-
ide as well as of its surface sorption behavior through the

0. Introduction

Among the different transition aluminas known, γ-alu-
mina (γ-Al2O3) is perhaps the most important with direct
application as a catalyst and catalyst support in the autom-
otive and petroleum industries.[1,2] The usefulness of this
oxide can be traced to a favorable combination of its textu-
ral properties, such as surface area, pore volume, and pore-
size distribution and its acid/base characteristics, which are
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proton-affinity distributions, are considered. The usefulness
of the latter during supported catalyst preparation, for cata-
lytic active sites characterization, and for stability evaluation
after calcination are discussed for the Co/γ-Al2O3 system in
particular.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

mainly related to surface chemical composition, local mi-
crostructure, and phase composition. Nevertheless, the
chemical and hydrothermal stability of γ-Al2O3 are still a
critical point for catalytic applications.

For example, the use of γ-Al2O3 as a support for Co-
based catalysts in the Fischer–Tropsch (FT) process for the
production of clean fuels[3,4] is not lacking in practical
problems. The most common undesirable situations are: 1)
alumina dissolution during supported catalyst preparation
(usually in aqueous media), which affects the nature of the
resulting Co species, 2) γ-Al2O3 rehydration during catalyst
implementation because of the H2O produced in the FT
process, and 3) thermal degradation (sintering and phase
transformation) in the catalyst regeneration step (hot-
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spots). It is clear that these side-reactions, which affect cata-
lyst stability, activity, and selectivity, are principally related
to support stability.

In the present work, the main aspects to be taken into
account when trying to improve the properties of γ-Al2O3

as a support for catalysts are reviewed. First, the micro- and
macroscopic nature of the support are described because
without an adequate knowledge of them any applications
will always be less than optimal. Next, the significance of
the synthesis route is discussed, followed by the γ-Al2O3/
H2O interface and acid/base properties due to the effect of
H2O on support stability during both catalyst preparation
and implementation. The importance of studying the oxide
surface sorption behavior through the proton-affinity distri-
butions is also considered. Finally, some practical implica-
tions for the Co/γ-Al2O3 system are presented.

1. γ-Alumina Structure

1.1. Microstructure

The principal features of the γ-Al2O3 microstructure are
usually reported for the oxide obtained by the thermal de-
hydration (calcination) of aluminum hydroxides and oxyhy-
droxides. The transformation sequence during this process
has been studied for many years, and it also gives other
metastable phases of α-Al2O3 depending on the calcination
temperature [Equation (1)].[2,5–10]

Figure 1. Experimental cubic γ-Al2O3 spinel-type unit cell.[21]
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Boehmite/amorphous Al2O3 � γ-Al2O3 � δ-Al2O3 � θ-Al2O3 �
α-Al2O3 (1)

γ-Al2O3 is reported to appear at temperatures between
350 and 1000 °C when it is formed from crystalline[11] or
amorphous[12] precursors, and is stable at temperatures as
high as 1200 °C when the latter is used as the starting mate-
rial.

The structural characterization of γ-Al2O3 is commonly
performed by techniques such as IR spectroscopy,[6,13–16]

NMR spectroscopy,[10,14,15,17] X-ray diffraction
(XRD),[10,14,17,18] transmission electron microscopy
(TEM),[16,19] and BET adsorption.[16,17] Additional infor-
mation from the use of relatively new methods such as neu-
tron vibrational spectroscopy (NVS), prompt-gamma acti-
vation analysis (PGAA), and small-angle X-ray scattering
(SAXS), is also available.[10,16] Nevertheless, despite the
variety of experimental and computational[9,20,21] studies,
there is still a considerable debate about the structure of γ-
Al2O3 as well as many of the transitional Al2O3 phases.

The structure of γ-Al2O3 is traditionally considered as
a cubic defect spinel type, whose experimental unit cell is
illustrated in Figure 1�yigr1�. The defective nature derives
from the presence of only trivalent Al cations in the spinel-
like structure, i.e., the magnesium atoms in the ideal spinel
MgAl2O4 are replaced by aluminum atoms. The oxygen lat-
tice is built up by a cubic close-packed stacking of oxygen
layers, with Al atoms occupying the octahedral and tetrahe-
dral sites. To satisfy the γ-Al2O3 stoichiometry some of the



γ-Alumina as a Support for Catalysts MICROREVIEW
lattice positions remain empty (vacancies), although their
precise location is still controversial.

When γ-Al2O3 is derived from amorphous aluminas it
has always been reported to possess a cubic lattice.[12,22–25]

Both a cubic lattice[26–28] and tetragonal distortion[29,30] are
found for boehmite [AlO(OH)]- or gibbsite [Al(OH)3]-de-
rived γ-Al2O3. Other studies, however, have proposed the
existence of only a tetragonal structure.[10,16,31] Recently, te-
tragonal γ-Al2O3 obtained from highly crystalline boehmite
was reported to be present between 450–750 °C.[10] A re-
duction of the tetragonal distortion can be produced by in-
creasing the temperature, but at no stage is cubic γ-Al2O3

obtained. A new phase has been identified with more obvi-
ous cation ordering above 750 °C, designated as γ�-Al2O3,
which approaches the structure of δ-Al2O3 above 900 °C.

It should be pointed out that some discrepancies exist
with respect to the δ-phase, which is usually an intermediate
phase between γ- and θ-Al2O3 [Equation (1)]. Some studies
have reported that there is no distinct difference between δ-
and γ-Al2O3.[30,32] The main difference is considered to be
in the arrangement of the Al atoms: the vacancies are dis-
tributed between octahedral and tetrahedral sites in γ-
Al2O3, while they are only in octahedral sites in δ-Al2O3;
the oxygen lattice is the same for both phases. Other works,
however, report no occurrence of the δ-phase at all.[7,11]

Many studies of γ-Al2O3 by means of XRD, NMR spec-
troscopy, and TEM have demonstrated the preference for
vacancies in octahedral sites with the Al cation in tetrahe-
dral positions,[7,26,28] whereas other authors support the op-
posite conclusion, i.e., the vacancies tend to reside in tetra-
hedral positions.[15,29] On the other hand, it has also been
suggested that the cationic vacancies should be more realis-
tically imagined as being distributed randomly between tet-
rahedral and octahedral cavities.[30] Further, it has also been
reported that γ-Al2O3 contains significant portions of cat-
ions occupying “non-spinel” sites, i.e., sites that are vacant
in the ideal spinel structure.[27]

The role of hydrogen has also been stressed. Some works
claim that a considerable amount of hydrogen is present in
the bulk structure of γ-Al2O3,[7,13,33,34] although the pos-
sibility of the hydrogen spinel (HAl5O8) as a structural can-
didate instead of the OH species has been ruled out.[14,27,34]

Computational studies show that this spinel structure is
thermodynamically unstable.[9] A relatively well-ordered
bulk crystalline γ-Al2O3 that contains no interstitial hydro-
gen has been reported in recent studies[16] where the H-con-
taining species are localized at the surface and within
amorphous regions.

The removal of OH groups during high temperature
treatment creates coordinatively unsaturated surface (cus)
cations where tetrahedral (AlIV) and octahedral (AlVI) alu-
minum coordinations are the most widely accepted.[10,14,35]

However, variable amounts of pentahedrally coordinated
aluminum (AlV), concentrated principally at the surface,
have also been found.[13,15,36,37] It has been reported that the
AlV content is strictly related to the pore-size distribution,
crystallinity, and surface area such that a high AlV amount
implies low crystallinity and a high surface area.[13] Three-
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coordinate Al on the surface is unlikely, despite the fact that
its presence would be expected based on the bulk struc-
ture.[14] The partly uncoordinated metal cations and oxide
anions that lie at the surface of γ-Al2O3 can act as acids
and bases, respectively, according to the Lewis definition.[35]

The strongest acid sites are considered to be the AlIV cus
ions, which are mainly located in crystallographically defec-
tive configurations and are responsible for the high catalytic
activity of highly dehydrated aluminas. Nevertheless, the de-
fective configurations, which yield the reactive surface sites,
tend to be annihilated during high-temperature dehy-
dration. The tendency of the Al coordination number to be
lowered on H2O desorption produces a new kind of OH
group. The last OH groups to be removed are not related
to those which were present on the initial hydroxylated sur-
face and whose structure determines the properties of the
cus surface cations.

The most important surface features of γ-Al2O3 have
been determined by means of IR[6,35,38] and NMR spec-
troscopy,[38–40] although the precise nature of the surface
acid sites is still unknown. Up to now, the most accepted
and frequently used empirical model to describe γ-Al2O3

surfaces was that developed by Knözinger and Ratnas-
amy:[6]

Accordingly, five different types of OH groups are pres-
ent on the surface that exhibit a distinct “net electric
charge” (σ), depending on the number of Al neighbors and
on Al coordination. This model, however, has serious
limitations due to its crude description of ideal γ-alumina
surfaces that neglects surface hydroxylation/dehydroxyla-
tion process induced by temperature effects. Recently, using
density functional (DFT) calculations, realistic models of
the γ-Al2O3 surface have been proposed that account for
the above process.[41] These models show that the behavior
of various types of surface hydroxy groups depends strongly
on the local chemical environment, morphology (exposed
surfaces), and composition of the oxide, which are greatly
influenced by the alumina precursors (starting materials)
and synthetic methods used.

1.2. Macrostructure

Conventional γ-alumina is typically prepared by thermal
dehydration of coarse particles of well-defined boehmite at
a temperature above 400–450 °C.[2] The oxide obtained usu-
ally presents a surface area and pore volume below
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Table 1. Point of zero charge (pzc) of γ-Al2O3.

Preparation procedure Experimental method pzc

Thermal treatment and aging of the hydrolysis product of Al ethoxide Microelectrophoresis[69] 6.7–9.2
Commercial (Degussa Corp.) Direct potentiometric titration[73] 8.6

back titration[73] 7.5
Commercial (American Cyanamid) Mass titration[79] 8.3
Commercial (American Cyanamid) Direct potentiometric titration[77]

γ-Al2O3 7.0
modified with F– 3.4
at different temperatures[80] 6.3–8.0

Commercial (unspecified) Potentiometric titration 8.0
and electrophoresis[81]

Commercial (Alfa Aesar) Discontinuous titration[74] 6.7
Commercial (Condea) Direct potentiometric titration[49]

γ-Al2O3 (5–10% δ-phase) 8.25
γ-Al2O3 (56% δ-phase) not cip
γ-Al2O3 + 5% silica 5.7
γ-Al2O3 + 5% zirconium 6.9
γ-Al2O3 + 5% lanthanum 7.5

250 m2 g–1 and 0.50 cm3 g–1, respectively. Also, its stability
is greatly affected by steam, which accelerates the transfor-
mation of γ-Al2O3 into α-Al2O3, with a consequent marked
drop of surface area as a result of sintering.

Besides thermal decomposition, several methods for γ-
Al2O3 synthesis that use traditional techniques of prepara-
tive chemistry, such as precipitation and hydrolysis, have
been developed to improve the oxide’s textural properties
and hydrothermal stability.[17,19,33,42–47] Moreover, the ad-
dition of thermal stabilizing modifiers (Zr4+, Ca2+, Th4+,
and La3+) is quite popular. The latter inhibit the transfor-
mation of transition aluminas into the α-phase, opposite to
the effect obtained with In3+, Ga3+, and Mg2+. However,
the acid-base behavior of the modified oxide can be very
different with respect to the γ-Al2O3 itself (Table 1).[48,49]

The Al2O3-SiO2 system has also been widely studied.[50–53]

Since the transition of metastable phases into α-Al2O3

occurs predominantly at the contact between primary par-
ticles, the key for suppressing the rate of sintering (without
additives) is to prepare active aluminas in a morphological
state in which the area of contact between primary particles
is minimized, such as those with a fibrillar crystalline struc-
ture.[33] It is well known that microcrystalline solids show
slower decomposition kinetics (e.g. dissolution).[54] Further-
more, it is preferable to avoid high-temperature treatments
during calcination/decomposition of hydroxide and/or ox-
ide mixtures because the solid-state reactions could be af-
fected.

The past few years have witnessed marked progress in the
synthesis of γ-aluminas. Due to the recent advancements in
mesostructured silicas and other oxides,[55,56] efforts have
been devoted to the synthesis of mesostructured aluminas
with a well-ordered arrangement of pores that is essentially
preserved after calcination. Many attempts have been made
to synthesize ordered mesoporous alumina by supramolec-
ular templating methods, where nonionic, anionic or cat-
ionic surfactants, or nonsurfactant molecules have been
used as structural directing agents for the synthesis.[17,57–61]

However, most of the aluminas obtained in this way present

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2005, 3393–34033396

mainly amorphous framework walls that limit their hydro-
thermal stability, which greatly compromises their useful-
ness in catalytic applications.

A novel three-step assembly pathway for the formation
of a mesostructured alumina with framework pore-walls
made of crystalline, lathlike γ-Al2O3 nanoparticles has been
reported recently.[62–64] The textural properties, like surface
area and pore volume (300–350 m2 g–1 and 0.45–
0.75 cm3 g–1, respectively), are improved with respect to the
conventional γ-alumina. Moreover, the morphological
characteristics obtained, i.e., crystallinity and fibrillar-like
structure, greatly improve the oxide’s thermal and hydro-
lytic stability. These new mesostructures can be readily im-
pregnated with transition metal precursors from aqueous
solutions without loss of porosity, surface area, or pore vol-
ume, thus making them promising for applications in catal-
ysis.

Sol-gel is the preferred method for the synthesis of alumi-
nosilicates since it provides a low-temperature synthesis
with excellent control over mixing.[50] In particular, slow si-
multaneous hydrolysis of the two alkoxides (precursors) is
preferred to pre-hydrolysis since a higher yield of heterolin-
kages can be obtained. It has been shown that the nature
of the precursor and the manner in which precursor hydrol-
ysis is performed determine the properties of the resulting
Al2O3-SiO2 mixed oxide.[52,53] A decrease of the surface
area (larger than the single oxides) with an increase of silica
amount is obtained when aluminosilicates are prepared by
slow simultaneous hydrolysis of Al and Si precursors.[53] A
different tendency is reported for alumina-silica xerogels
obtained by pre-hydrolysis.[52]

The wide experimental evidence indicates that the prepa-
ration history has an important effect on the type of γ-
Al2O3 structure that is produced (phase composition, bulk
and surface chemical composition, and local microstructure
of the oxide) as well as on oxide stability and textural prop-
erties. The reaction sequence and kinetics depend on the
properties of the precursor and this applies not only to its
different forms, for example gelatinous or highly crystalline
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types, but also to the conditions under which the precursor
is prepared.

2. γ-Al2O3/H2O Interface

The existence of Lewis acid sites (cus cations) and basic
sites (oxide anions) at the γ-Al2O3 surface allows its rehy-
droxylation (or rehydration) by interaction with H2O, so
that cus cations and anions can, in part, be converted into
surface hydroxy groups.[6,13,21,35,37] This interaction has
been represented as a two-step process for γ-Al2O3 under
atmospheric conditions[21,37] that involves nondissociative
adsorption of H2O on Lewis sites (cus Al), which essentially
consists in a transfer of electron density to a Lewis acid site

followed by dissociative chemisorption of H2O and modifi-
cation of surface Al coordination with the hydroxy group
bonded to the Al atom, i.e., the two-coordinate oxygen
atom adjacent to the Al site is protonated.

The rehydration of γ-alumina corresponds to the loss of
tetrahedrally coordinated Al surface species and an increase
of hydroxylated octahedral Al that can also involve some
AlV.[13] The reactivity towards water depends on the layers
exposed at each surface.

When the oxide particles are dispersed in water, the sur-
face oxo and hydroxo groups at the solid/solution interface
can associate with protons to form positively charged sur-
face complexes.[33,54,65] The term “surface complex” does
not imply a particular bonding structure but is used simply
to indicate that chemical and/or noncoulombic physical in-
teractions between the ionized surface sites and the associ-
ating ion lead to a kind of surface complex. The proton
binding by oxo or hydroxy groups produces –OH and –OH2

species at the surface that will react according to their own
proton affinity constant [Equations (2) and (3)]:[33]

[(Mν)n-O]Σν–2 + H+ h [(Mν)n-OH]Σν–1, Ki
Σν–2 (2)

[(Mν)n-OH]Σν–1 + H+ h [(Mν)n-OH2]Σν, Ki
Σν–1 (3)

where Ki
Σν–2 and Ki

Σν–1 represent the intrinsic affinity con-
stants that depend, for various types of surface groups, on
the local configuration of the surface, especially the number
(n) of surrounding metal (M) cations and their effective
bond valence (ν). It follows that the oxide/solution interface
may be very complex and consist of different surface species
that can reside at the same time on the oxide surface.
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As a result of γ-Al2O3 surface/H2O interactions, the dis-
solution of the alumina oxide may be induced by adsorp-
tion of H+ ions.[54,65] Earlier, the extent of dissolution was
assumed to be controlled by thermodynamics. Presently,
there is general agreement that this process is often con-
trolled by slow chemical reactions occurring at the oxide/
H2O interface.[66–68] A dissolution reaction, more akin to
etching, takes place preferentially along crystal defects in-
duced by dislocations that may considerably accelerate kin-
etic processes while exerting only slight effects on the
thermodynamic properties. The OH groups of the alumina
surface determine not only its chemical and electrochemical
properties but also the activity in the etching process. Thus,
release of Al ions can be affected by any process that modi-
fies the hydroxy group coverage of the oxide, such as tem-
perature of calcination and cooling conditions, adsorption
on surfaces, irreversible exchange of OH groups, etc.

Studies dedicated to clarifying the dissolution mecha-
nism of anodic polycrystalline alumina membranes[67] have
shown that the ratio of Al ion release into the solution de-
pends on the alumina preparation, electrolyte conditions,
such as ionic strength, and surface rehydroxylation. The au-
thors considered that the different types of Al ions present
on the surface are more active during the first treatment,
since a decrease of the concentration of Al ions in solution
is obtained upon repeated treatment with acid or base. They
suggested that continuation of the etching is preceded by
the rehydroxylation or hydrolysis of Al–O–Al bonds [Equa-
tion (4)]:

Al–O–Al + H2O � 2AlO(OH) (4)

It is worth mentioning that the adsorption of small
amounts of alumina on the surface of amorphous silica re-
duces the rate of silica dissolution in water even when much
less than a monolayer of aluminum ions is present.[51] It has
been postulated that negative aluminosilicate ion sites on
the surface prevent hydroxy ions, which are required to cat-
alyze the dissolution of silica, from approaching the inter-
face.

3. Acid/Base Properties of γ-Al2O3

3.1. General Considerations

Most solid oxides develop pH-dependent surface charges
when immersed in aqueous solution, according to the gene-
ral equilibria given in Equations (5) and (6)]:[33,65,68,70]

�S–OH2
+ h �Sbasic–OH + H+ (5)

�Sacid–OH + OH– h �S–O– + H2O (6)

where �Sbasic–OH and �Sacid–OH represent hydrated sites
at the oxide surface with basic and acidic character and
may have different local configurations. Depending on the
concentration of either one or another type of sites, the ox-
ides may show a dominant tendency to adsorb cations
(SiO2, SiO2-Al2O3, zeolites), anions (MgO, La2O3, ZnO), or
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both cations in basic solution and anions in acidic solution
(Al2O3, TiO2, Cr2O3).

Acid and basic sites behave exactly as acid and basic sub-
stances in solution. Therefore, they respond reversibly to a
change in solution pH with the concomitant variation of
the total surface charge, with the H+ and OH– ions usually
being regarded as potential determining ions (absence of
specific adsorption).

If ΓOH– is the surface concentration of negatively
charged groups and ΓH+ is the surface concentration of pos-
itively charged groups, the net surface charge of the oxide
(σox) is defined according to Equation (7),[71,72] where Γ is
measured in molcm–2 and σox in Ccm–2.

σox = F(ΓH+ – ΓOH–) (7)

The pH at which σox = 0, that is where ΓH+ = ΓOH–, is
called the point of zero charge (pzc). This does not corre-
spond to the situation of undissociated OH groups but
more realistically to the condition of positive surface groups
being at the same concentration as negative surface groups.
Generally, the surface charge of solid oxide is positive at
low pH and negative at high pH.

It should be pointed out that the terminology employed
in the literature for “zero point” is plenty, and terms like
isoelectric point of the solid (ieps),[69,70] point of zero salt
effect (pzse),[73] point of zero net charge (pznc),[74] point of
zero net proton charge (pznpc),[74–76] and pristine point of
zero charge (ppzc)[77,78] can be found.

Besides pzc, another important quantity that character-
izes oxide/solution interfaces is the isoelectric point (iep),
which corresponds to the pH at which the so-called zeta (ζ)
potential is zero.[70–72] This potential is related only to the
presence of the free charges in the diffuse layer in solution
and can be determined by means of electrokinetic experi-
ments like electrophoresis.

According to the pzc and iep concepts, the difference
between these characteristics is a substantial one. The pzc
measures the condition of neutrality of the oxide surface
while the iep is a measure of the condition of zero diffuse
charge on the solution side. In the absence of specific ad-
sorption the condition of neutrality corresponds to σox = 0
on the solution side, hence pzc = iep. If specific adsorption
is present, the net charge in the liquid phase of the interface
may be different from zero, i.e., ζ � 0 and pzc � iep. Con-
versely, at the iep, the fact that the total charge is zero does
not necessarily mean that ΓH+ = ΓOH– due to the possible
presence of extra charge associated with specifically ad-
sorbed non-potential-determining ions.

The pzc is commonly determined by potentiometric ti-
tration[52,53,73,76,77,79–81] as these results can be directly con-
verted into proton-adsorption isotherms. The relative sur-
face concentration of protons is frequently obtained by
mass balance between the proton (or hydroxide) ions added
to solution and the measured proton concentration in solu-
tion at equilibrium.[53,73,77–80] The titration procedure is
usually performed for different concentrations of the inert
electrolyte, i.e., at different solution ionic strengths. If the
potential-determining ions are H+ and OH– for acid and
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base titration, respectively (absence of specific adsorption),
the titration (charging) curves as well as adsorption iso-
therms should pass through a common intersection point
(cip), identified as pzc. It should be pointed out that
potentiometric titration is reliable only if the amount of
protons exchanged by the oxide sample is larger than that
involved in the autoprotolysis of water, which is pH depend-
ent.[82] Accordingly, the pH window whereby useful infor-
mation is obtained is from pH = 3 to 11 (outside this region
the buffering effect of H2O prevails).

3.2. Point of Zero Charge of γ-Al2O3

The surface sorption behavior of γ-Al2O3 has been
widely studied, although the pzc for this oxide is not re-
ported as a unique value or in a narrow range of pH values
but between 6 and 9.[49,65,69,73,74,76,77,80–83] This is related
mainly to the differences in material preparation that influ-
ence the micro- and macrostructure of the oxide, and to the
experimental method used for pzc determination. General
trends have been proposed, like the variation of the pzc with
degree of sample hydration, impurities, structure defects,
etc. Some of the available data are summarized in Table 1.

Recently, a discontinuous titration procedure that allows
simultaneous measurement of protons and background
electrolyte has shown that whereas proton adsorption/de-
sorption gives rise to a positive/negative surface charge, Al
dissolution does not.[74] This result supports previous stud-
ies which concluded that Al dissolution consumes H+ ions
without affecting the surface charge.[73,84,85] For example,
increasing the amounts of soluble Al or CO2 in solution
lowers the phenolphthalein end-point (8.3) to 7.9 and 7–
7.3, respectively.[85]

Two mechanisms of acid-base consumption have been
proposed,[74] namely significant proton consumption at low
values of pH as a result of either proton adsorption [Equa-
tion (8)] or Al dissolution [Equation (9)], and base con-
sumption that reflects proton dissociation at higher pH
(�6) [Equation (10)] and/or mineral dissolution [Equa-
tion (11)].

�AlOH + H+ h �AlOH2
+ (8)

0.5Al2O3(s) + 3 H+ h Al3+ + 1.5H2O (9)

�AlOH + OH– h �AlO– + H2O (10)

0.5Al2O3(s) + 1.5H2O + OH– h Al(OH)4
– (11)

These two mechanisms cannot be distinguished on the
basis of titration data alone, and independent measurement
of the background ion adsorption and Al dissolution are
required, as was stressed in other research papers.[76]

Traditional titration methods do not properly consider
the solubility of γ-Al2O3, which is pH dependent, since vari-
ous concentrations of Al in solution exert different effects
on the shape of the colloidal titration curve. For a correct
estimation of the adsorbed proton concentration only,
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Schulthess and Parks[73] have developed a back-titration
technique that allows the consideration of all sources that
consume hydrogen ions and properly adjusts the titration
curve for the changes in solubility as the pH changes. This
method more accurately reveals the adsorption behavior of
H+ on the surface of γ-Al2O3. In fact, the obtained pzc val-
ues differ by more than one pH unit as forwards (8.60) and
back (7.50) titration is performed.

Several studies have demonstrated that polyvalent cat-
ions in electrolyte solution compete successfully with pro-
tons for adsorption on the active sites of the alumina sur-
face by means of a cation–proton exchange reac-
tion.[54,69,74,75,79,86,87] It has been shown that this process
constitutes an alternative method for the estimation of dis-
solution active sites, since it inhibits oxide dissolution
(blocking effect).[53]

For γ-Al2O3, specific cationic adsorption is proposed be-
cause the cip is localized in the alkaline pH region and the
H+ adsorption is different from zero.[49,73,79,86] The com-
mon intersection point (cip), however, cannot be considered
as the pzc, according to the previous definition. The com-
petitive adsorption has been interpreted as follows.[73] If
electrolyte cations/anions are specifically adsorbed over H+/
OH– ions, an increase in apparent proton desorption/ad-
sorption is produced. Each H+/OH– ion removed from the
surface by cation/anion exchange would neutralize a OH–/
H+ species in solution and this would not be readily distin-
guished from H+ ion removal by adsorption. At the cip, the
amounts of H+ and OH– displaced from the surface site are
equal and no apparent change in pH is detected with
changes in salt concentration (ionic strength). The fact that
the cip is not coincident with the pzc indicates that the sur-
face charge is not equivalent to the proton isotherms, and
at high ionic strengths only apparent proton isotherms are
obtained due to electrolyte cation/anion competition. The
asymmetry (cip shift) of the charging curves also depends
on the nature of the electrolyte ions and/or on the presence
of differently reacting crystal planes.

The effect of the amount of γ-Al2O3 in solution on its
surface behavior has also been investigated. It has been re-
ported that the pzc decreases with concentration from about
9.5 at 1.0 wt.-% to 8.6 at 10 wt.-%,[76] thus indicating that
the proton surface data obtained for dilute suspensions do
not directly reflect the surface charge characteristics of con-
centrated suspensions. In a previous work it was found that
the amount of oxide present in suspension does not influ-
ence the amount of protons consumed/released upon dissol-
ution of γ-Al2O3; however, the concentration of the solid in
solution was considerably lower (1–3 wt.-%).[77]

The acid-base properties of aluminosilicates have also
been studied[33,50–53,88,89] due to the usefulness of these ma-
terials in catalytic applications. It has been reported that
the surface charge and pzc of the mixed oxide increase with
Al content,[53] although Lewis acid sites of similar strength
are present on the surface independently of the Al/Si atomic
ratio. Brønsted acidity also exists, especially in the samples
with a higher percentage of silica, which arises from silanol
groups (terminal silanol and bridging OH groups). The pzc
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of γ-Al2O3-SiO2 also depends on the way γ-Al2O3 silani-
zation is performed as well as on the silanization agent. For
example, the use of ethyltriethoxysilane instead of dimethyl-
dimethoxysilane lowers the pzc value from 7.1 to 6.25.[49]

3.3. γ-Al2O3 Surface Heterogeneity

Heterogeneity effects in the adsorption of oxide/electro-
lyte solutions were first considered by Leckie et al. in
1978.[90] Since then, many models[65,78,81,87,91,92] as well as a
great variety of materials such as inorganic metal ox-
ides,[82,86,87,93] mixed oxides,[94] clays,[95–97] carbons,[98,99]

and humic substances[100,101] have been used to describe
proton-binding behavior at oxide/solution interfaces. Most
site-binding models are a combination of surface reactions
and an electrostatic approach, and these models can often
describe proton adsorption data quite satisfactorily, al-
though their physical chemistry picture is very different. As
a result, an objective picture of the intrinsic properties of
the oxide/solution interface is difficult to obtain due to the
dependence of the calculated parameters on the specific
model applied.

An important result derived from γ-Al2O3 surface
heterogeneity experimental studies[33,77,80] is the resolution
of three or four categories of surface sites, making use of
proton-binding isotherms from potentiometric titration and
proton-affinity distributions. These sites contribute to pro-
ton binding and surface-charge development between pH =
3 and 11 and will react specifically with solution protons,
depending on their log Ki and solution pH, as follows:

Nonactive surface sites over the mentioned pH range
have also been proposed:

Protonation of hydroxy groups is more difficult because
of the proton–proton repulsion in the –OH2 species. Only
surface hydroxy groups with negative uncompensated
charge (types Ia and Ib, according to Knözinger and Ratna-
samy[6]) can be protonated in the pH interval used.

A direct consequence of this is that at any pH the oxide
surface exhibits sites which carry positive charges (log Ki �
pH) and sites with negative charges (log Ki � pH), which
are disposed in regular arrays on different crystal planes at
the surface. Another consequence is that, even at the pH
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corresponding to pzc, some of the above sites can still be
charged.

A knowledge of the proton distribution and proton-bind-
ing properties for various surface sites (strength and
number), synonymous of surface heterogeneity, is needed to
predict the pH dependence of the surface charge. It has
been shown that the occurrence of the cip in charging
curves depends on the actual distribution of the surface
sites.[49,73,77,93,102] This applies not only to γ-Al2O3 modified
with anionic and/or cationic species but also when its phase
composition changes. As illustrated in Table 1, no definite
cip is obtained for γ-Al2O3 samples containing 56% of the
δ-phase[49] as a result of the increase of surface and bulk
heterogeneity. Success in obtaining a meaningful and accu-
rate proton adsorption distribution generally depends on
the method of its evaluation, the quality of the experimental
data, and the appropriate choice of adsorption model.[103]

Among the variety of methods for the quantitative estima-
tion of the surface heterogeneity of metal oxides,[103–106] a
new method based on the determination of proton-affinity
distribution by plotting titration data as derivatives of the
proton/hydroxy ion adsorption as a function of pH has
been proposed.[107] This approach is considered more realis-
tic from a physical point of view.

Additional necessary information is the temperature de-
pendence of the equilibrium constant and the influence of
the temperature on the proton-affinity distribution at the
oxide/electrolyte interface, both of which are also vital for
any attempt at understanding proton-induced surface dis-
solution. Studies of the effect of temperature on the proton-
affinity distribution at the γ-Al2O3/electrolyte interface have
shown that temperature variations can affect proton bind-
ing in a different way on various groups of surface sites,
depending on their enthalpy and entropy changes for spe-
cific proton adsorption.[80] The effect of temperature and
electrolyte is twofold: proton-affinity constants depend on
temperature like all free-energy functions, but the develop-
ment of the surface charge is also perturbed by electrostatic
repulsion in the double layer, which is dependent on the
electrolyte concentration.

It is worth mentioning that the use of proton-affinity dis-
tributions allows us to obtain reliable quantitative infor-
mation on the Brønsted acidity of mixed oxide systems such
as aluminosilicates.[33,52] Methods like IR[50] or titration
with Hammett color indicators[108] often meet with the diffi-
culty of separating the contributions of Brønsted and Lewis
acidity.

The adsorption properties of oxides as a function of
solution pH may be predicted, at least in principle, by the
knowledge of their pzc. However, the heterogeneity of acid/
base sites on their surface raises some questions about the
significance of a global pzc. For every heterogeneous sur-
face the concept of pzc must be more carefully considered,
although, in reality, pzc is an overall surface property rather
than a thermodynamically meaningful constant. The pro-
ton-binding properties for various surface sites allow us to
predict the γ-Al2O3 adsorption capacity as a function of pH
more accurately.
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4. γ-AL2O3 as a Support

4.1. General Aspects

Transition aluminas are frequently used as pre-shaped
supports for preparing multiphase catalysts that consist of
an active phase dispersed on a carrier or support.[33] The
properties of the active phase depend mainly on the manner
in which the active component of the catalyst (precursor) is
introduced onto the support and the nature and strength of
precursor–support interactions.

The major route for supported catalyst preparation
makes use of aqueous media by simple impregnation (wet
impregnation or incipient wetness) or by homogeneous de-
position-precipitation, ion exchange, and specific adsorp-
tion. The choice of one or the other route is usually made
by considering the nature and strength of the support–pre-
cursor interactions. Common subsequent steps are washing
and drying, accompanied by irreversible transformation of
the catalyst (its activation).

Different kinds of precursor–support interactions have
been considered. Surface interactions for small ions are gen-
erally accepted to be predominantly electrostatic, which is
supported by experimental results where the extent of ad-
sorption of positive/negative ions increases with a pH rise/
decrease. Nevertheless, some experimental evidence reflects
exceptions from the simple rule of electrostatic adsorption
with the existence of “specific” or “chemical” surface–ad-
sorbate interactions that may compete with coulombic re-
pulsion, as in the adsorption of cations such as Ni2+, Co2+,
and Pb2+ onto a positively charged alumina surface.[109,110]

These results support the existence of specific sites on the
hydroxylated surface that act in adsorption of the catalyst
precursor and are related to the intrinsic acid/base proper-
ties of the surface. Moreover, the adsorption by ligand sub-
stitution, i.e., surface hydroxyls “become members” of the
coordination sphere of the adsorbate, has been suggested
for halide complexes of Pt, Pd, Rh, Ir, Au, and Ru on alu-
mina[111] and for amine complexes of Co2+, Ni2+, and Cu2+

on titania.[112]

The surface density of adsorption sites is usually low,
which gives a high metal dispersion but insufficient loading.
Regulation of the adsorption capacity of amphoteric sup-
ports like γ-Al2O3 can be done by doping solid oxides with
electropositive (Na+, Li+) or electronegative (F–, Cl–) ions,
which results in an increase/decrease of the apparent pzc
values of supports. However, the introduction of basic or
acidic modifiers may also change important properties of
the catalysts (Table 1). Another possibility for increasing
metal concentration is variation of the temperature of the
impregnation solution.

In spite of the advantages of precursor impregnation
from an aqueous phase, such as easy scale up at relatively
low cost, the use of the metal is inefficient because of its
incomplete loading and reduction and uncontrolled sinter-
ing during high-temperature salt decomposition. This has
motivated researchers to study other ways to prepare sup-
ported catalysts, directed mainly at avoiding the use of H2O
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as the impregnation phase.[33] Organic media, vapour, and
solid phases have been investigated. The most straightfor-
ward way for preparing dispersed metal catalysts consists in
mounting metallic atoms or small clusters of metal atoms in
their zero-valent state onto an appropriate support, which
eliminates the need for any subsequent activation and the
catalyst can be obtained in a single preparation step. For
example, metallic Pt particles mounted on TiO2 by means
of a microemulsion method have been reported recently.[47]

Metal–support interactions are not observed and the Pt/
TiO2 catalysts show higher catalytic activity than the same
material prepared by the impregnation technique.

4.2. Co/γ-Al2O3 Catalysts

It is well known that supported catalysts containing met-
allic cobalt or as an oxide or sulfide are very important in
heterogeneous catalysis. The actual interest is focused on
the Co deposition mechanism and its dependence on the
support surface features. It is not easy to explain why the
maximum rate of deposition is obtained in the first stages
of impregnation where a negligible amount of Al3+ ions
have been released, especially considering that γ-Al2O3 sur-
face dissolution is a slow process. A systematic kinetic study
of Co2+ deposition together with γ-Al2O3 surface dissol-
ution is thought to be the best way to clarify this mechan-
istic aspect.

Another important challenge is the elucidation of the lo-
cal structure of the deposited Co2+ species. The first direct
evidence for the formation of inner sphere Co2+ complexes
on a γ-Al2O3 surface was obtained in the 1990s by means
of extended X-ray absorption fine-structure (EXAFS). At
present, it is not clear why an Al-Co precipitate with a hy-
drotalcite structure predominates in the cases where the de-
position of Co2+ on γ-Al2O3 takes place through the
Co(H2O)6

2+ species.
Studies to elucidate the mechanism of Co2+ adsorption

on γ-Al2O3 have been developed since the early 1970s and
were reviewed recently.[114] Most of the work reported uses
CoII aqua complexes as precursors. In general, Co2+ ad-
sorption on γ-Al2O3 increases considerably with solution
pH in the range from 5 to 8, although the process becomes
increasingly masked by precipitation of Co(OH)2 at higher
pH values. Restoring the initial pH value by addition of
acid or base has been proposed since the decrease of im-
pregnation solution pH during Co2+ adsorption on γ-Al2O3

decreases the extent of the deposition process markedly. In
this way, Co2+ precipitation inside the pores is avoided and
Co/γ-Al2O3 catalysts with very highly active surfaces can be
obtained. The extent of adsorption can also be increased
by increasing the temperature during impregnation, thus in-
fluencing the resulting structure of the adsorbate. For ex-
ample, Co(OH)2 predominates under ambient conditions
while CoAl2O4 becomes important at higher temperatures.
Co2+ adsorption has also been studied on γ-Al2O3 modified
with F– ions − the adsorption increases with higher F– con-
tent.
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Studies of adsorption of Co2+ and Ni2+ amino complexes
on γ-Al2O3 have demonstrated that alumina should not be
considered inert during impregnation, even under mild con-
ditions such as at ambient temperature, with a pH close to
the pzc of the support, and with reasonable contact
times.[83,115] Alumina dissolution is promoted not only by
protons or hydroxy ions but also by the presence of Co and
Ni ions in solution. The authors suggest that the following
phenomena take place at the same time at the γ-Al2O3/solu-
tion interface during impregnation:
– adsorption of ions which, in certain cases, may even accel-
erate the rate of support dissolution;
– dissolution of alumina, which depends on the characteris-
tics of the alumina surface;
– precipitation of cations released from the support with
metal ions in solution;
– alumina rehydration.

The use of proton-affinity distributions for characteriza-
tion of the active sites of γ-Al2O3/Co and γ-Al2O3/Co-Mo
catalysts has been reported.[113] Potentiometric titration in
combination with proton-affinity distributions has been
proposed as a powerful method for the characterization of
a supported catalyst surface.

The picture that emerges from the recent literature em-
phasizes the importance of the intrinsic heterogeneity of ad-
sorption sites on the support for catalyst preparation. The
proton-binding properties of various surface sites, i.e. the
pH-dependent surface development, are also needed when
the precursor salt is present in solution. Another important
issue is the stability of the Co2+ complexes on γ-Al2O3 and
the evolution of the system during subsequent preparation
steps such as drying and calcination for the evaluation of
the properties of the supported catalyst (activity and selec-
tivity).

5. Conclusions

There is no doubt that the preparation history of γ-Al2O3

strongly determines its properties. Consequently, the phase
composition, bulk and surface chemical composition, local
microstructure, as well as stability and textural properties
of the oxide can be controlled by varying the synthetic route
for the application of γ-Al2O3 as a catalyst support. The
frequent use of aqueous media for supported catalyst prep-
aration implies that rigorous γ-Al2O3 characterization is im-
portant not only from a structural point of view. The oxide
acid/base properties and adsorption capacity as a function
of solution pH (and temperature) should be taken into con-
sideration for both γ-Al2O3/electrolyte and γ-Al2O3/Co2+

salt solution systems as only the pzc value is not enough.
Information from surface heterogeneity can help to under-
stand and to regulate the adsorption mechanism as well as
the occurrence of secondary reactions such as γ-Al2O3 dis-
solution. Further, the nature of the active sites of the sup-
ported catalyst and its stability should be evaluated prior
to testing catalyst activity and selectivity.
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