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Abstract

Two conflicting models describe the mechanism of aluminum (Al) hydrolysis and polymerization in aqueous solution, namely, the
“Core-links” model and the “Cage-like” Keggin-Al13 model. For the sake of simplicity, the expressions of Al13 in the “Core-links” model
and the “Cage-like” model are termed as C-Al13 and K-Al13, respectively. The two models have co-existed for almost 50 years, but describe
differences in the transformation of polymeric Al speciation in aqueous solution, such as, hydrolysis, polymerization, flocculation, precip-
itation and crystallization. Many of the polynuclear Al species presented in the literature cannot be adequately described with either the
“Core-links” model or the “Cage-like” Keggin-Al13 model. This paper introduces new considerations for the mechanism of Al hydrolysis
and polymerization in aqueous solution, a “Continuous” model representing a unification of the “Core-links” model and “Cage-like” model,
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based on the systematic summary and analysis of numerous published experimental results. The general viewpoints are:

(1) The “Core-links” model can only describe the transient state process for speciation changes of Al in hydrolysis and polymerization. Under
a moderate titration rate of Al solution using alkaline solution, the transformation of polynuclear Al species in forced hydrolyzed Al
solutions has gone through the continuous speciation change process: from small polymer (linear shape)→ middle polymer (plane shape)
→ large polymer (stereoscopic conformation). This is a continuous transient course and can be described by the “Core-links” model.

(2) The “Cage-like” Keggin-Al13 model may only depict the metastable (sub-steady state) speciation of polynuclear Al, which is formed
through the structural re-organization (self-assembly) during the aging of transient species. Aging is the prerequisite condition for the
formation of K-Al13. After aging the transient species of polymeric Al produced in titration, the concentration of polymeric Al determined
by Ferron timed-spectrometry is equal to that of Al13 concentration measured by27Al-NMR, namely Alb(photometry)≈ K-Al 13 (OH−/Al
= 1.0–2.8). So that the existence of K-Al13 is universally approved. However, the “Cage-like” K-Al13 structural model cannot explain
the whole transformation process of polynuclear Al in aqueous solution, since many polymeric Al species produced in titration processes
(transient state) cannot be detected by27Al-NMR. In addition, the slow base-neutralization and the moderate reaction atmosphere favors
the polymeric Al, facilitating the formation of K-Al13 by self-assembly.

(3) The two models can be unified. They actually reflect the different stages of the Al speciation in hydrolysis and polymerization: Al3+

→ “Core-links” species (transient state)→ K-Al 13 (metastable state)→ Al(OH)3(s, steady state)→ Al(OH)4
−. There is an inevitable

intrinsic connection between the interesting polymeric Al13 species C-Al13 and K-Al13. This connection can be summarized as C-Al13
9+

→ K-Al 13
7+, which is an irreversible self-assembly course.

(4) The reason for the many seemingly inconsistent and even paradoxical literature reports is due to assessment at the different stages of
the Al species chain in addition to differences in experimental conditions. Therefore, a combined “Continuous” model is presented to
describe the linkage of “Core-links” model and “Cage-like” model. It is based on our newly introduced concept of experimental condition
comprehensive parameter—“the flux of alkali neutralizationΦ”.

© 2004 Elsevier B.V. All rights reserved.

Keywords:Core-links model; Cage-like (Keggin-Al13 structure) model; Continuous model; Transformation of polynuclear aluminum species; Aluminum
speciation chain

1. Introduction

Aluminum (Al) is the third most abundant element in the
lithosphere, second only to oxygen and silicon, making up
approximately 8.1% by weight in soil. Because of its ex-
tensive availability and special chemical properties, Al is
present in soil solutions and natural waters in the form of
monomeric, polymeric, sol/gel and sediment, depending on
the composition of the mineral phase, the base saturation of
soil, the pH, adsorption, as well as complexation with differ-
ent inorganic and organic ligands[1–4]. In partially neutral-
ized Al3+ solutions, the hydrolysis–polymerization species
of Al in dynamic equilibria also depend on the concentra-
tions of Al3+ and base, the pH, the stirring strength, the
temperature, the rate of base injection, and aging time, etc.
The increasing concentration of Al in natural waters and soil
solutions, resulting from the serious problem of acid deposi-
tion and acidic-mine drainage into the environment, has been
reported to be poisonous to fish, marine bacteria, and plants
[5–8]. The chemical behavior of Al in complex ecosystems
or living organisms, its toxicity and reactivity or bioavail-
ability, depends mainly on its chemical forms. Polynuclear
hydroxo-Al complexes are much more phytotoxic than the
hexahydrated ion or mononuclear hydroxo-Al complexes
[9]: (1) polynuclear hydroxo-Al complexes play important
environmental ecological roles in the hydrosphere. With the
complex reactions of aquatic Al3+ taking place on the in-
terfaces of minerals/water or in waters, they can influence
the biogeochemical cycling of other elements on the planet
through such physicochemical reactions as hydrolysis, poly-
merization, flocculation, precipitation, adsorption, complex-

ation and electroneutralization; (2) they can decrease heavy
metal mobility[3], and can also concentrate the toxic heavy
metals (such as Cd, Cu and Zn, etc.) on the rhizosphere by
adsorption, electroneutralization, enmeshing, and inhibit the
elongation of the roots of several plants; (3) for humans,
polymeric and monomeric Al species are well known for
their toxicity to uremia patients[10,11], and the agent that
contains Al (such as Ulcerlmin) has been used in curing
the helcosis of stomach and duodenum. Particular concerns
with regard to the increased concentration of polymeric Al
have been raised in recent years, which come from coagu-
lant (such as polynuclear Al chloride, polynuclear Al sul-
fate, polynuclear Al sulfate silicate, etc.) in the treatment of
wastewater, especially potable water, and from boiling wa-
ter using Al utensils[12]. There are important pathogenic
synergistic factors causing bone loss, Alzheimer’s disease
(AD), Parkinson’s disease (PD), Amyotrophic lateral scle-
rosis (ALS), and so on[13]. On the other hand, polymeric
hydroxyl Al species in the nanosize have many industrial ap-
plications[14–21], such as coagulants in potable and waste
water treatments, catalyst supports, clay stabilizing agent in
oilfield, oil/water separating agents, cement quick conden-
sation agents, binding agents of fire-resistant material, and
the cloth anti-fold agents, etc. All of these increase the op-
portunities for Al entering the human body. Therefore, it is
very important to study the transformation mechanisms of
the hydrolysis–polymerization of Al3+ species in aqueous
solution systems.

People have extensively explored the hydrolysis–poly-
merization mechanism and species conversions of Al3+
for a century. Many analytical methods have been used



S. Bi et al. / Coordination Chemistry Reviews 248 (2004) 441–455 443

in characterizing and quantifying polynuclear hydroxyl
Al. But, up to now, there is still no agreement on the
hydrolysis–polymerization reaction mechanism and the
species conversion process[2,15,22]. The “Core-links”
model and the “Cage-like” (Keggin-Al13) model for
hydrolysis–polymerization of Al3+ have coexisted for nearly
50 years despite some conflicts. The reasons for the incon-
sistent conclusions include the complexity of the hydrolysis
systems, the deficiency of dynamic information and the dif-
ferent interpretations of the experimental data. The failure
to describe the hydrolytic reactions and species conversions
of Al3+ successfully in relatively simplified aqueous so-
lutions has not only inhibited the development of present
environmental Al chemistry, the extensive research on or-
ganic Al chemistry, and Al coordination chemistry in water
solutions, but also confined the application of Al chemistry
in different fields involved in aquatic life, sediment, soil
systems, and water treatment industry. Therefore, estab-
lishing the mechanism of Al3+ hydrolysis–polymerization
and its species distribution and conversion is very useful
to understand the toxicity of aluminum, its bioavailability
in the natural environment, the self-purification potential
of natural water, and the industrial applications efficient of
polynuclear Al. It is also an important theoretical basis to
develop high efficiency flocculants[23].

The objective of the present paper are to: (1) give a
fundamental summary of the hydrolysis–polymerization
reactions of Al3+ in aqueous solutions; (2) discuss the
formation mechanism of monomeric, polymeric, and
sol/gel Al species, their distribution and transformation
laws; (3) analyze the application conditions, the adapt-
ability, and the inner connection of the two models of Al
hydrolysis–polymerization; (4) put forward a “Continuous”
model for the mechanism of the hydrolysis–polymerization
of Al3+ to unify the “Core-links” model and the “Cage-like”
Keggin Al13 model, and give some constructive suggestions.

2. The formation of hydroxyl and polynuclear Al: an
historical perspective

Over the past 100 years, scientists have been carry-
ing out extensive experimental research and model cal-
culations on the speciation and the mechanism of the
hydrolysis–polymerization of Al3+ [24–41]. A great deal
of progress has been made. But the reports concerning
the hydrolysis–polymerization species of Al3+ are dis-

Fig. 1. The polymerization of Al3+ via coalescence of the hexamer units according to the “gibbsite-fragment” model[2,51].

organized. Furthermore, there is no unification between
the two widely accepted models, the “Core-links” model
and the “Cage-like” Keggin-Al13 model. Research into the
hydrolysis–polymerization of Al3+ in aqueous solution, is
still very active and contentious, following the guidelines
of these two models.

2.1. The “Core-links” model

In 1952, Brosset[42] interpreted his experimental data
successfully for the first time using potentiometric titrations
and chemical modeling, and put forward an early form of the
“Core-links” model. In 1954, Brosset et al.[43] suggested
a series of “Core-links” polymeric Al species whose form
is Al(Al2(OH)5)n

3+n. Almost at the same time, Sillen[44]
put forward a theoretical “Core-links” model. Afterwards,
Hsu and coworkers[45,46]and Stol et al.[47] introduced
and improved a “gibbsite-fragment” model or “hexameric
ring scheme”. The Brosset’s “Core-links” model and the
“gibbsite-fragment” model, developed together, formed the
present “Core-links” model. It gives a distribution of contin-
uously changed species from Al hydrolysis–polymerization
production, thinking that the hydroxyl Al changes from
monomer to polymer following the hexameric ring model.
Its sol state can reach Al54(OH)144

18+ and then forms the gel
precipitation [Al(OH)3]n which maintains the sheet structure
of gibbsite or bayerite (Fig. 1). In other words, the structure
of OH–Al polymer in solution is the same as that of Al(OH)3
[48,49], whose basic units are either Al6(OH)12(H2O)12

6+
(single hexamer ring)[50] or Al10(OH)22(H2O)16

8+ (dou-
ble hexamer rings)[51] (seeFig. 2). This model cannot
only interpret the various polymeric Al species, but also ex-
plains how the monomeric Al and polymeric Al are con-
verted into Al(OH)3(am). This “Core-links” model, despite
scarcely considering its structure and lacking direct doubt-
less evidence to prove its existence, still remains the domi-
nant position especially in the field of geochemistry because
it follows the crystallographic law of gibbsite. Many schol-
ars remain strong supporters of the model[52], so that it has
been coexisting with the “Cage-like” Keggin-Al13 model for
more than 50 years.

2.2. The “Cage-like” (Keggin-Al13 structure) model

The Keggin-Al13 polynuclear species was first proposed
by Johansson[53–55]. It is formed through sulfate precip-
itated from partially neutralized Al3+ solutions that were
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Fig. 2. The basic structure of the hexamer units model Al6(OH)12(H2O)12
6+ [50].

heated 30 min at 80◦C and aged for a few days. Rausch and
Bale[56] have further verified the existence of Keggin-Al13
in partially neutralized Al3+ solutions of ñ = 1.5–2.25
(ñ is the OH/Al mol ratio ) that were heated 1 h at 70◦C
by the aid of small angle X-ray scattering. The structural
analysis shows that this tridecamer can be visualized as
having a central tetrahedral AlO4 core, surrounded by 12
Al octahedral AlO6 units in the form of a cage (Fig. 3). So,
it can be described as AlO4Al12(OH)24(H2O)12

7+, which
is usually called “Cage-like” Keggin Al13 structure. This
model holds that in Al solution there are only monomer,
dimer, Keggin-Al13 polymer, and larger polymerized Al
species. These species can be transformed from one to
another directly[57–59]. Since the polynuclear species
of Al3+ in the “Cage-like” model can be identified in-
strumentally, this model has gained more approval and
become the main viewpoint in the chemistry of flocculant
[59–62]. However, it can only monitor four highly sym-
metric Al species by27Al-NMR studies, whose chemical
shifts follow as: hexaaqua Al3+ and monomer, Al(H2O)63+,
Al(OH)(H2O)52+ and Al(OH)2(H2O)4+, at 0 ppm; dimer,
Al2(OH)2(H2O)84+ and few trimer Al3(OH)4(H2O)10

5+,
at 3–5 ppm; the tridecamer, AlO4Al12(OH)24(H2O)12

7+
or Keggin-Al13, at 62.5 ppm; and the Al(OH)4

− anion as-
signed at 80 ppm, in which only the tetradentate Al3+ ion,
in symmetric environment, can bring about the resonant
peak. A signal is not observed for the hexadentate Al3+ ion
in non-symmetric environment. For the polymeric Al solu-
tion with high basicity (̃n > 2.0), it is hard to distinguish
Al2 and Al3 and the integration quantifies these four Al
species.

2.3. The argument between two models

There have been many drastic arguments in the past 50
years between the “Core-links” model and the “Cage-like”
Keggin-Al13 model about the formation of polynu-

Fig. 3. The basic structure of the Al13 in Keggin-Al13 model [50].

clear Al [63–66]. The argument mainly focuses on two
aspects:

(1) What are the primary species of hydrolytic products in
the partially hydrolyzed Al solutions→ Keggin-Al13
model is based on experimental results of27Al-NMR
and X-ray scattering, but it can explain neither the poly-
merization process of Al3+ salts solution nor the for-
mation process of numerous metastable polymeric Al
species and sediment Alc, including the formation of
Keggin-Al13 itself. On the other hand, although the
“Core-links” model is consistent with the experimental
results of potentiometric titration, it cannot explain the
formation process and the structure of Al13O4(OH)24

7+.
(2) How are the two models interrelated? How can these

two models be turned into sheet structure Al(OH)3 of the
“gibbsite-fragment” model (hexamer species) through
variant channel?

In the past 50 years, people have been attempting to clar-
ify these relations. Hsu and coworkers, the supporter of
the “Core-links” model, found that two completely differ-
ent base Al sulfate (amorphous and crystallization) were
formed when Na2SO4 was put into freshly prepared and aged
polymeric Al solutions respectively[14,15,45,46,49,51,67].
From this, it is obviously that neither of these two models
is adequate to describe the polynuclear OH–Al complexes
in solution. Actually, the Keggin-Al13 model is mainly de-
duced from the identification of27Al-NMR [57] and small
angle X-ray diffraction[54,56]. Among various analytical
technologies confirming the presence of Al hydrolysis prod-
ucts,27Al-NMR spectroscopy is a fast, direct technique for
tracing the change in Al species with variations in pH[68],
and is widely applied to hydrolysis of Al, Al complexation,
quantitative test and species analysis. It offers some impor-
tant information for the types of polymeric Al and the species
distribution of monomeric Al and polymeric Al. It can also
provide an insight into the Al species interacting with or-
ganic and inorganic ligands and offers both quantitative and
structural information. However, it lacks selectivity and sen-
sitivity [69], partly due to its spectral line broadening of the
low symmetric species[70], and partly due to the disturbance
of background[69]. Actually, a lot of polymeric Al species
can’t be detected by27Al-NMR, so those species that can’t
be detected directly by experiments may also exist. Those
species that are detected by27Al-NMR are only the species
of certain stage of the hydrolysis–polymerization of Al3+.
Under some conditions, they are probably all composed of
Al (Al T), but under other conditions, they only take a small
part of AlT, even under 50%[57]. The invisible parts of
27Al-NMR spectrum sometimes make the peak base greatly
wider without confirming their forms. These species seem
to contain polymers of tetrahedra[64], that are higher than
Al13, or Al13 aggregation whose form is colloidal and/or
precipitate[34,67,70–76], but there are suggestions that they
contain oligomers of Al2–Al12 [57,59,73].
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3. The formation process of transient and metastable
polynuclear Al species: our thoughts

The transformation of polynuclear Al species in the course
of “hydrolysis–polymerization–flocculation–precipitation–
crystallization” of soluble Al occurring in aqueous systems
is a hot issue with plenty of historical documents. Espe-
cially, it is hard to unify the arguments for its intermediate
hydrolysis. The species of polynuclear Al described in the
literature are scattered and confusing, and cannot be de-
scribed completely by the existing “Core-links” model or
“Cage-like” Keggin-Al13 model. The contradictory source
that two structural models cannot be mutually explained lies
in the difference of their experimental conditions. This rela-
tion between transient polymeric Al and stable Keggin-Al13
is a universally neglected phenomenon. After having stud-
ied systematically the formation and species conversion of
polynuclear Al in aqueous solution from lots of literature,
we hereby establish a new combined “Continuous” model.
It can describe the entire formation process of transient
and metastable polynuclear Al species in aqueous solution.
Table 1 gives the brief description and the comparison
of these three models. In the following sections, we will
describe this “Continuous” model in detail.

3.1. The hydrolysis and polymerization process of Al3+
described by the “Core-links” model

3.1.1. The fraction and distribution of polynuclear
hydroxyl Al species

Referring to the potentiometric titration experimental
method and under the moderate rate of base injection

Table 1
The brief description and comparison of the three models

Model Brief description

“Core-links” (1) It gives a distribution of the continuously changed transient state model species of Al in hydrolysis–polymerization process. It can
interpret the various possibly existing and instantaneously existing polymeric Al species, and explain the experimental facts about how
the monomeric and polymeric Al are converted into Al(OH)3(am). But it lacks direct and unequivocal evidence to prove the existence
of these transient species
(2) The hydroxyl Al changes from monomer to polymer following the hexameric ring model. The structure of OH–Al polymer in
solution is the same as that of Al(OH)3, whose basic units either Al6(OH)12(H2O)12

6+ (single hexamer ring) or Al10(OH)22(H2O)16
8+

(double hexamer rings)
(3) Under the condition of moderate rate of base injection titrating Al3+ salts

“Cage-like” (1) In Al solution there are only monomer, dimer, Keggin-Al13 polymer, and model larger polymerized Al species. These species can
be transformed from one to another directly
(2) The metastable K-Al13 is formed by the structural reshuffle of transient species after aging. The changing process is the transient
polymeric Al from disorder to order, based on results of27Al-NMR
(3) Under the condition of aging, heating/adding extra SO4

2− and slow rate of injecting base

“Continuous” (1) Polynuclear Al species are actually a series of dynamic intermediates formed in the process of
“hydrolysis–polymerization–flocculation–sediment”
(2) The polymeric Alb is not the mixture of many polymeric Al forms in the aged polymeric Al solutions. Under the fixed mol ratio of
OH/Al, if prolonging the aging time properly, only one polymeric Al species may take the absolute percentages. This kind of form is
just K-Al13

(3) The metastable K-Al13 is formed by the structural reshuffle of transient species after aging. Aging is one prerequisite for K-Al13

Bformation; Elevating temperature and addition of extra SO4
2− promote this conversion process

(4) It is a combined model unifiying the “Core-links” model and “Cage-like” model. It can explain the entire hydrolysis-polymerisation
course using OH− titrating Al3+ solution with the concept of alkali flux neutralizationΦ

Fig. 4. The base titration curve (pH vs. OH/Al) and the fractiona-
tion of polynuclear Al under the moderate low rate of base addi-
tion (four districts/six characteristic points). Titration rate= 0.8 ml/min,
AlCl3 = 5 × 10−3 M, NaOH= 0.01 M, ionic strengthI = 2 × 10−2 M.

(titration rate is in the range of 0.5–1.5 ml/min)[86], we
expounded that there are six characteristic points on the
base titration curve when using base to titrate Al solu-
tions: three critical points and three inflection points (see
Fig. 4). The changes of characteristic points reflect the
influence of experimental conditions in the course of the
hydrolysis–polymerization and the conversion of polynu-
clear hydroxy Al species. Six characteristic points are
obtained from potentiometric titration curve. Among them
the critical point is the crossing point of two neighboring
tangent lines passing through the inflection point, while
the inflection point is where the second derivative’s value
is zero on potentiometry curve equation. The three crit-
ical points are noted as A(ñA, pHA), B(ñB, pHB) and
C(ñC, pHC), respectively (ñ is defined as OH/Al mol ra-
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tio). The three critical points (or A, B, C) express different
meanings: At A (̃n = 0.2), mononuclear Al begins to con-
vert into small/middle polynuclear Al; At B (ñ = 2.5),
the small/middle polynuclear Al begins to form the large
polynuclear Al; At C (̃n = 3.0), the amorphous gel or
sediment begins to dissolve. The meanings of three inflec-
tion points are: at� (ñ = 1.0), small polymeric Al will
change into medium-sized polymeric Al; at� (ñ = 2.8),
large polymeric Al will change into gel or sediment; at�
(ñ = 3.3), Al(OH)3 (aq or am) will dissolve as Al(OH)4

−.
According to the OH/Al mol ratio, the OH/Al versus pH
curve in the absence of complexing ligands other than OH−
can be quantitatively divided into four districts by the three
critical points. Following is the detailed statement:

(1) District I (ñ < 0.2, pH= 4.1): the main Al species are
Al3+ and monomeric Al. The value ofñ greatly affects
the distribution of Al species in the solution of Al3+.
The acidity of the initial Al3+ solution maintains the free
ion or monomeric species Al3+, Al(OH)2+, Al(OH)2

+,
and Al(OH)30(aq). Fig. 4 indicates that̃n = 0.2 (the
first critical point) is the threshold value of OH/Al, and
the main Al species is mononuclear Al (or Ala) under
pH 4.1.

(2) District II (0.2 < ñ < 2.5, 4.1 < pH < 4.6):
the main Al species are small/middle polymeric
Al. Mononuclear Al forms OH–Al polymer to give
Al2–Al12 species [43,87,88], such as Al2(OH)42+,
Al3(OH)45+, Al4(OH)84+, Al5(OH)13

2+, Al6(OH)12
6+,

and Al10(OH)22
8+. They are characterized by low poly-

merization, medium charge, and ease of polymerization.
Fig. 4 shows a small pH range between 0.2 < ñ < 2.5
in the acid–base titration[47], as OH− is almost all
used for polymerization assuming the formation of
Alm(OH)ñm

(3m−ñm)+ species, where theñ is mol ratio
of OH/Al, m ≥ 2, m and (3m− ñm) are integers. In this
district, the experimental curve is almost a continuous
horizontal line, which indicates that the polymeriza-
tion rate of the small-size/middle-size polymeric Al is
fast [47]and continuous. The smallerñ is, the more
monomeric Al, and the less polymeric Al and sol/gel
sediment. With increasingñ, the volume of polymeric
Al dominates, developing a panel shape, and sol Alc.

(3) District III (2.5 < ñ < 3.0): the main Al species are
large polymeric Al and sol/gel Al(OH)3. Mononu-
clear Al decreases substantially in favour of larger
polymer [52], whose main species are Al13–Al54, in-
cluding Al13(OH)32

7+, Al13(OH)34
5+, Al14(OH)32

10+,
Al14(OH)34

8+, Al15(OH)30
15+, Al15(OH)36

9+, Al15
(OH)37

8+, Al18(OH)42
12+, Al16(OH)38

10+, Al24
(OH)48

24+, Al24(OH)60
12+, Al30(OH)58

32+, Al30O8
(OH)56

18+, Al42(OH)108
18+, Al54(OH)144

18+. The rate
of polymerization or depolymerization is very slow, so
that addition of OH− raises the pH. Hydrogen bonding
and Van der Waals forces, the dimension of polymeric
Al is no longer confined in planar fabric[59,89]. Up

to ñ = 2.8 (ñ = 2.8 is the second inflection point),
the entire solution is still acid or near neutral, OH–Al
polymer still has a little positive charge[63], without
precipitation. After the inflection point of̃n = 2.8, the
ñ range is so narrow that sol/gel or undefined sediment
is generated in large quantities[23], and wheñn > 2.8,
the formation rate of Alc is accelerated.

In some literature, the Al species afterñ > 2.5 are
considered as Al(OH)3 sediment, whileñ = 2.5 is a
characteristic point to form large polymeric Al in other
literature[90]. In the range of̃n = 2.5–2.8, the pH rises
sharply when adding OH−, and decreases sharply while
adding H+, and the pH drift in this range is consistent
with the slow formation or rearrangement of polynu-
clear structures[52], and also indicates the hydrolyzed
polymeric Al is stable in this district[47,52]. At the
isoelectric point, further combination with –OH or –O
gives sediment on the surface[23], and coagulation
forms visible amorphous gel sediment Al(OH)3. Shen
and Dempsey[91] have also detected some important
larger and more steady polymeric Al including Al13 by
the potential titration technique and Ferron assaying.

(4) District IV (ñ > 3.0, pH = 9.6): the district of the gel
Alc and then monomeric Al(OH)4

−. The positive charge
on the surface of hydroxyl polynuclear Al is very weak
and the gel Alc begins to dissolve and form Al(OH)4

−.
In conclusion, the small species of hydroxyl polynu-

clear Al are stable in acid solution, but the large species
of hydroxyl polynuclear Al only exist in neutral or weak
base. The titration curve reflects the transient polymeric
Al species. The results that come from Al-Ferron assay-
ing, model the derivations of critical points and inflec-
tion points about the titration curve given by many re-
searchers have verified the correctness of the partition of
Al forms. The fraction and distribution of hydroxyl Al
species are consistent with those reported[47,48,52,86].

3.1.2. The description for the features of various existing
polynuclear Al species

Jander and Winkel[92] were the first to suggest the ex-
istence of polynuclear Al species based on diffusion coeffi-
cients measured in solutions of basic Al salts. Twenty years
later, Brosset[42] found that the simple monomeric hydrol-
ysis scheme was inappropriate for interpreting his poten-
tiometric titrations of aqueous Al3+ solutions, and is bet-
ter considered in terms of a series of indefinite polynu-
clear complexes. Lu et al.[93] also considered that a se-
ries of Al hydrolysis products of monomers and polymers
were formed with variedñ or the pH in Al3+ solution.
These species are coincident with the “Core-links” model.
In short, we think, under the moderate rate of titration and
violent stirring conditions, the species’ change in the forced
hydrolysis polymerization of Al salts is a continuous tran-
sient process. Each kind of transient polymeric Al species
(Fig. 5) may exist under certain condition. Some correspond-
ing equilibrium reactions and thermodynamic equilibrium
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Fig. 5. The proposed structures for some possible existing polymeric Al species[2,22,47,49,52].

constants related to polynuclear Al are also given in litera-
ture [22,31,33,79,94,95].

3.1.3. The general summary for the regulation of hydroxyl
Al species during the base titration of Al3+

The “Core-links” model is an extensive concept, but few
hexamer-ring species have been considered. Combining ex-
perimental results with the discussions above, we summa-
rize the regulation of hydroxyl Al(III) species during the
base titration of Al3+ as follows:

(1) The hydrolysis–polymerization process of Al3+ is con-
tinuous from small polymer→ middle polymer→
big polymer, and from linear shape→ panel shape→
stereoscopic conformations: (a) the linear shape poly-
meric Al is a small chain structure in which some octa-
hedrons share one side through two hydroxyl bridges,
including Al2–Al5 species, which are the initial poly-
mers forms. They are unstable and are converted to
panel and stereoscopic conformations; (b) the forms
of the polymeric Al after Al5 transform directly into
a panel structure. All are medium-sized polymeric Al
species, including Al6–Al12 species. They employ hex-
americ rings as a skeleton and form a two-dimensional
layer structure through the connection of skeleton and
branching chains; (c) at higher pH, the surface positive
charge is reduced, the hydroxyl bridges in polymeric
Al are converted into oxygen bridges, preventing poly-
meric Al molecules. Each panel shape polymer can be
changed into stereoscopic conformations under proper
condition with aging. We classify these forms as the
big polymeric Al bodies, mainly including Al13–Al54
species; (d) stereoscopic conformations form through
the nestification of flaky polymer layer by layer, or

through the aggregation of “Al13 units”. The panel
forms are produced in the course of titration, while the
big polymeric Al with stereoscopic conformation can
only be produced in the aged partially hydrolyzed Al
solutions.

(2) The addition of OH− will alter the surface electromo-
tive force of polymeric Al micelle, thereby influencing
the stability of polymeric Al colloid. Because the poly-
meric Al body after Al54 is larger in size, and its pH
accesses to the isoelectric point of Al(OH)3 (the pH in
minimum solubility), each aggregate has low stability.
The polymerization process is generally interrupted by
the precipitation of Al hydroxides. Hydrogen bonding,
van der Waals forces, and self-assembly of polymeric
Al between the layers of the panel form of polymeric
Al, gives stereoscopic conformations.

(3) Under the forced hydrolysis conditions in which OH−
is injected continuously, the polymeric Al form is hy-
droxyl saturated and the coordination number of struc-
tural hydroxyl-groups is variable. Polymeric Al changes
from polymer to the amphiprotic and zero valency
[Al(OH)3]n (aq.), which has the same degree of poly-
merization, and is then changed into large polymer after
adsorbing OH− on the surface of [Al(OH)3]n (aq.). The
number of heart Al3+ ion depends on pH difference
and Al3+ concentration, while the specific form and
the change of form depend on experimental conditions,
such as, concentration, temperature, the rate of injecting
the base, the stirring strength and aging time, etc. But
under the specificñ, the polymer is unique. The more
stable “Core-links” species is [Alm(OH)ñm](3m−ñm)+
(1.0 < ñ < 2.8). This extended “Core-links” model
can better explain why the pH does not change when
ñ < 2.5, but increases quickly wheñn > 2.5, and why
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Fig. 6. The distribution of hydrolyzed species for polyaluminum as a
function of OH/Al mol ratio value (AlT = 0.5 M, 25◦C) [37].

there is still gel Alc at lowñ, and monomeric Ala at high
ñ (seeFig. 6). So, it is anastomotic to the experimental
results of the photometric analysis, potentiometric titra-
tion analysis and the traditional “Core-links” theory.

Table 2
The general formula for all possible polymeric Al species (N = number of species)

m Code Shape General formula N Possible species

1 Al1 Monomeric Al(OH)n(H2O)6−n
(3−n)+ (n = 0–3) 4 Al(H2O)63+–Al(OH)3(H2O)30

2 Al2 Linear Al2(OH)n(H2O)10−n
(6−n)+ (n = 2–6) 5 Al2(OH)2(H2O)84+–Al2(OH)6(H2O)40

3 Al3 Linear Al3(OH)n(H2O)14−n
(9−n)+ (n = 4–9) 6 Al3(OH)4(H2O)10

5+–Al3(OH)9(H2O)50

Al3 Single ring Al3(OH)n(H2O)12−n
(9−n)+ (n = 6–9) 4 Al3(OH)6(H2O)63+–Al3(OH)9(H2O)30

4 Al4 Linear Al4(OH)n(H2O)18−n
(12−n)+ (n = 6–12) 7 Al4(OH)6(H2O)12

6+–Al4(OH)12(H2O)60

Al4 Single ring Al4(OH)n(H2O)16−n
(12−n)+ (n = 8–12) 5 Al4(OH)6(H2O)12

6+–Al4(OH)12(H2O)60

5 Al5 Linear Al5(OH)n(H2O)22−n
(15−n)+ (n = 8–15) 8 Al5(OH)8(H2O)14

7+–Al5(OH)15(H2O)70

Al5 Single ring Al5(OH)n(H2O)20−n
(15−n)+ (n = 10–15) 6 Al5(OH)10(H2O)10

5+–Al5(OH)15(H2O)50

6 Al6 Single ring Al6(OH)n(H2O)24−n
(18−n)+ (n = 12–18) 7 Al6(OH)12(H2O)12

6+–Al6(OH)18(H2O)60

7 Al7 Single ring Al7(OH)n(H2O)28−n
(21−n)+ (n = 14–21) 8 Al7(OH)14(H2O)14

7+–Al7(OH)21(H2O)70

8 Al8 Single ring Al8(OH)n(H2O)32−n
(24−n)+ (n = 16–24) 9 Al8(OH)16(H2O)16

8+–Al8(OH)24(H2O)80

9 Al9 Single ring Al9(OH)n(H2O)36−n
(27−n)+ (n = 18–27) 10 Al9(OH)18(H2O)18

9+–Al9(OH)27(H2O)90

10 Al10 Double ring Al10(OH)n(H2O)38−n
(30−n)+ (n = 22–30) 9 Al10(OH)22(H2O)16

8+–Al10(OH)30(H2O)80

11 Al11 Double ring Al11(OH)n(H2O)42−n
(33−n)+ (n = 24–33) 10 Al11(OH)24(H2O)18

9+–Al11(OH)33(H2O)90

12 Al12 Double ring Al12(OH)n(H2O)46−n
(36−n)+ (n = 26–36) 11 Al12(OH)26(H2O)20

10+–Al12(OH)36(H2O)10
0

13 Al13 Triple ring Al13(OH)n(H2O)48−n
(39−n)+ (n = 30–39) 10 Al13(OH)30(H2O)18

9+–Al13(OH)39(H2O)70

Al13 Keggin Al13O4(OH)n(H2O)32−n
(31−n)+ (n = 24–31) 8 Al13O4(OH)24(H2O)87+–Al13O4(OH)31(H2O)0

14 Al14 Triple ring Al14(OH)n(H2O)52−n
(42−n)+ (n = 32–42) 11 Al14(OH)32(H2O)20

10+–Al14(OH)42(H2O)80

15 Al15 Triple ring Al15(OH)n(H2O)56−n
(45−n)+ (n = 34–45) 12 Al15(OH)34(H2O)22

11+–Al15(OH)45(H2O)90

16 Al16 4-ring Al16(OH)n(H2O)58−n
(48−n)+ (n = 38–48) 11 Al16(OH)38(H2O)20

10+–Al16(OH)48(H2O)10
0

17 Al17 4-ring Al17(OH)n(H2O)62−n
(51−n)+ (n = 40–51) 12 Al17(OH)40(H2O)22

11+–Al17(OH)51(H2O)11
0

18 Al18 4-ring Al18(OH)n(H2O)66−n
(54−n)+ (n = 42–54) 13 Al18(OH)42(H2O)24

12+–Al18(OH)54(H2O)12
0

19 Al19 5-ring Al19(OH)n(H2O)68−n
(57−n)+ (n = 46–57) 12 Al19(OH)46(H2O)22

11+–Al19(OH)57(H2O)11
0

20 Al20 5-ring Al20(OH)n(H2O)72−n
(60−n)+ (n = 48–60) 13 Al20(OH)48(H2O)24

12+–Al20(OH)60(H2O)12
0

24 Al24 7-ring Al24(OH)n(H2O)84−n
(72−n)+ (n = 60–72) 13 Al24(OH)60(H2O)24

12+–Al24(OH)72(H2O)12
0

30 Al30 9-ring Al30(OH)n(H2O)104−n
(90−n)+ (n = 76–90) 14 Al30(OH)76(H2O)28

14+–Al30(OH)90(H2O)14
0

42 Al42 13-ring Al42(OH)n(H2O)144−n
(126−n)+ (n = 108–126) 19 Al42(OH)108(H2O)36

18+–Al42(OH)126(H2O)18
0

52 Al54 19-ring Al54(OH)n(H2O)180−n
(162−n)+ (n = 144–162) 18 Al54(OH)144(H2O)36

18+–Al42(OH)162(H2O)18
0

Some important literature relating to the specific descriptions for the various monomeric and polynuclear Al species: Al1 [2,87,94,96,97]; Al2 [2,47,53,
54,57,70,73,87,98–100]; Al3 [30,34,36,58,71,87,89,93,96,98]; Al4 [41,49,89]; Al5 [73]; Al6 [37,40,42,43,46,49,88]; Al7 [37,52,68,77,83,102–104]; Al8

[2,40,43,49,57,77,105–107]; Al9 [43,88,108]; Al10 [49,51,109]; Al11 [22]; Al12 [96]; Al13 [2,16,19,43,46,49,52–59,73,77,80,89,90,94,98–100,104,108–113];
Al14 [52,87,113]; Al15 [2,87]; Al16 [110]; Al17–Al 54 [2,16,19,46,48,49,61,66,109,110,114–117].

(4) A general formula for all possible existing polynuclear
species Alm(OH)n(H2O)4m+2−2u

(3m−n)+ includes a de-
gree of unsaturation,u (for panel shape polyaluminum
u is the number of rings). The effective range ofn is
given in (m − 1) × 2 + 2u ≤ n ≤ 3m andTable 2.

3.2. The self-assembly of transient polymeric Al species
and the formation of metastable Keggin-Al13 in partially
neutralized Al(III) solutions

Researchers have shown that the metastable K-Al13 may
result from the structural reshuffle of the transient poly-
meric Al species in the course of aging instead of the
involvement of further hydrolysis. It must be aged firstly
for transient polymeric Al species to be changed into
metastable K-Al13. Elevated temperatures and extra sulfate
radical promotes this conversion indicating a connection be-
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Fig. 7. The model for Al13 and its aggregation.Df is the dispersion
coefficient[23].

tween the “Core-links” model Al forms and the “Cage-like”
K-Al 13 species, summarized as C-Al13 → K-Al 13, which
is an irreversible self-assembly. As transient polymeric Al
species age, the Alb(photometry)≈ K-Al 13 (27Al-NMR,
ñ = 0.8–2.8) shows the existence of K-Al13. Nevertheless,
the K-Al13 model cannot explain the whole process of for-
mation and transformation of polynuclear Al in solution, as
it does not account for species that cannot be detected by
27Al-NMR.

3.2.1. The polymeric Alb assigned as K-Al13
27Al-NMR and Al-Ferron timed spectrophotometry

show that Alb becomes K-Al13 on aging for 1–5 days
[13,21,71,118]. Aveston’s[100] ultracentrifuge result indi-
cates that polymeric Al solutions of highñ values contain
only one polymeric species, the highly symmetric ion
Al13O4(OH)24(H2O)12

7+. Some researchers[71,118,119]
have analyzed the Al-Ferron dynamic reaction and arrive
at the same conclusions as Brosset et al.[43], Turner and
coworkers [120,121] and Letterman and Asolekar[52].
Concentration of AlT = 1 × 10−3 M gives two more stable
polynuclear Al species when titrated with base. A smaller
one withñ less than or equal to 2.5 and a larger one with
ñ of 2.5 < ñ < 2.8. 27Al-NMR showed the former to be
K-Al 13, and the latter is the Al13 cluster or Al13 aggre-
gation (Fig. 7) Alp2 or Al24O72 (a ‘defective’ Al13 dimer
[60,70,74,81]resulting from condensation of two Keggin
ions, each of which loses a monomer[122] ). The mean
radius of K-Al13 is approximately 12 Å, measured by the
small-angle X-ray scattering[112].

3.2.2. Metastable K-Al13 formed on aging
Aging is one prerequisite for K-Al13 formation that is pro-

moted at elevated temperatures and with addition of extra
SO4

2−. The aging time for K-Al13 is 1–5 days[64,74] and
the changes in content are illustrated by27Al-NMR spec-
troscopy inFig. 8. At 80◦C, the maximum K-Al13 content
requires 4–8 h aging time. Rausch and Bale[56] studied so-
lutions, with ñ = 1–2.5 immediately after preparation and
also in the final equilibrium condition. Aggregates present
in freshly prepared solutions probably have a characteristic
platelet shape. When aged, these sheet polymers possess a
rotary radius similar to K-Al13, so that transient polymeric

Fig. 8. The evolution of the 104.2 MHz27Al-NMR spectrum of poly-
meric Al with time. The solution was prepared by rapid 10-fold dilution
of a 1.0 M AlCl3 solution previously base hydrolyzed toñ = 1.0 at am-
bient temperature. The low-field resonance of Al(OH)4

− was used as a
quantitative standard and the high-field resonance of the monomer did
not change in intensity, enabling truncation of these peaks[73].

Al species is converted into the metastable K-Al13. Bertsch
et al. [71] demonstrated that a continual linear increase in
Al13 concentration would occur up tõn = 2.5 when the
base injection rate was decreased from 1.2 to 0.6 cm3/min.
The percentage of Al13 in total Al (AlT) andñ have a lin-
ear relation: Al13 = (ñ/2.46) × 100 [13]. Table 3gives the
formation conditions of Keggin-Al13 summarized from pre-
vious literature.

3.2.3. The polymeric Alb(photometry)≈ K-Al13(27Al-NMR)
after aging of transient polymeric Al species

After aging, the amount of polymeric Alb surveyed
by photometry and the amount of K-Al13 surveyed by
27Al-NMR are essentially equal[13,21,71,118,121], al-
though some differences are observed in partially neutralized
solutions with differentñ values[58,72,101,123], indicating
that both models could coexist[66]. However, it is possible
that samples tested by different people are in different stages
of the formation chain “Al3+ → the “Core-links” species
(transient form)→ K-Al 13 (metastable)→ Al(OH)3 (s,
stable state)→ Al(OH)4

−”.

3.2.4. The self-assembly conversion of C-Al13
9+ →

K-Al13
7+

Polymeric Al whoseñ is 0.8–2.5 age to give K-Al13
[20,58,74,124]. In general, the small/middle polymeric Al
with relatively smallñ seize OH− from coordinated water
during aging and continue to polymerize or copolymerize,
and the large polymeric Al undergo fasculation during ag-
ing. The transient polymeric Al species first form the rela-
tively stable C-Al13, which is the most stable species among
panel polymeric Al species[125]. It then self-assembles into
three-dimensional K-Al13 during aging with correspond-
ing decrease in pH and a formation of new OH− bridges
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Table 3
The formation conditions of Keggin-Al13

Order Al3+
concentration
(M)

OH−
concentration
(M)

OH/Al
mol ratio

Neutralization
rate (ml/min)

Temperature
(◦C)

Aging time of
polyaluminum

Aging time
after adding
SO4

2−

Reference

1 10−4 to 10−2 – 0.8–2.4 0.0033–0.33 25 Aging again 1 day
after dropping base
4.5 h–20 days

WD [13]

2 0.2 0.64 2.45 0.05 AT Aging again 3 days
after dropping base
8.5 days

– [79]

3 0.01–0.2 0.45–2.0 2.3 0.28–0.44 25 1 day WD [20]
4 0.1 0.1 1–2.5 1 AT 3–3925 days WD [14]
5 0.1 0.1 2.0 1 AT, 45, 60, 75, 90 >5 days WD [15]
6 0.125 0.1 2.0 – 45 Aging 1 h under 45◦C WD [80]
7 0.1 – 2.0–2.5 1 87 1 day WD [64]
8 0.1 0.1 2.2 1 23 5 days 12 days [78]
9 0.2 0.44 2.2 2 AT 7 days – [81]

10 0.1 – 2.2 1.7 22 1 days WD [58]
11 0.25 0.25 2.4 4 80 2 days – [82]
12 0.25 0.25 2.4 12 75 – – [83]
13 2.0 0.5 2.2 Slow AT 1 day 17 h [84]
14 0.1 4.0 – Slow 95 – 7 days [19]
15 0.02 – 2.2 – AT 10 days – [63]
16 0.75 1.0 2.5 – 90 Aging 1 h under 100◦C WD [57]
17 1.0 – 1–2.5 – 70 Aging 1 h under 70◦C WD [56]
18 0.5 0.5 2.2 – 80 – 42 days [85]
19 0.2 0.5 1.0–2.5 0.04 80 1 day WD [37]
20 0.25 1 0.8–2.5 – 80 Aging 2 days under 80◦C WD [74]

(–) Not mentioned in documents; WD: without injecting SO4
2−; AT: stands for room temperature.

[126]. The largerñ, the longer the aging time to form
K-Al 13. The Alc content in solution after aging will also
increase:

Al13(OH)30(H2O)18
9+(C-Al13)

→ AlO4Al12(OH)24(H2O)12
7+(K-Al 13) + 8H2O + 2H+

Colorless prismatic structure Al30O8(OH)56(H2O)24·
(SO4)9·xH2O was afforded by adding NaOH into a stirred
solution of Al3+ at 80◦C over a period of 2 h and aged at
80◦C for 3 days[16]. The same Al30 species was synthe-
sized by Allouche et al.[19] after aging, consistent with the
initial synthesis of K-Al13

7+ by Johansson[53–55].

3.3. The self-assembly of sol/gel and sediment species and
the formation of crystalline Al(OH)3—the mechanism of
flocculation and precipitation of polynuclear Al species

When ñ < 2.8, aging gives K-Al13 prior to the forma-
tion of the amorphous or crystal Al hydroxide in partially
neutralized Al solutions. The conversion from K-Al13
to amorphous Alc, and then to crystal Al(OH)3 involves
self-assembly. The amorphous or crystalline Al hydroxide is
formed through a surface coordination process or a gradual
growth process from little [Al(OH)3]n (n = 2–12, aqueous)
to sediment [Al(OH)3]n (n → ∞, amorphous or crystalline).
Insoluble Al hydroxide sediment begins to deposit at pH 4
and ends at pH 7[2]. Alternatively, K-Al13 self-assembles

in the course of aging. Further aging causes the pro-
gressive formation of Alp2 [74], which is necessary for
K-Al 13 to give Alc, but K-Al13 is structurally different from
[Al(OH)3]n (or Alc). Although transformation of K-Al13 to
the more stable Alc is a general phenomenon, transforma-
tion into homogeneous octahedral structure of [Al(OH)3]n
is not understood[2,23,59], and is the focus of two
models:

(1) Adoption of a central AlO4 tetrahedron or AlO6 oc-
tahedron of K-Al13 depends on pressure[127], tem-
perature [128]and the presence of anions such as
SO4

2− [2,49,51,67]. Transformations involve both
self-assembly of the Keggin ions[129] and the func-
tional replacement[130]. As functional replacement is
a specific form of self-assembly, the two theories are
unified.

(2) The transformation from this unstable K-Al13 complex
to the more stable gel or crystal Al(OH)3-fragment struc-
ture is very slow at room temperature[15], and irre-
versible. Gibbsite is observed in the partially neutral-
ized Al solution for AlCl3 = 0.02 M and ñ = 2.5 af-
ter aging for at least 6 months at RT[14] or 20 days
at 60◦C [131], but after only 8 h in the neutralized
Al solution for AlCl3 = 0.15 M and ñ = 3.0. Ev-
idently, the generation rate of Alc depends on Al3+
concentration,ñ, aging temperature, and aging time,
etc.
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Fig. 9. The “Continuous” model describing the change of Al species
directly with a species chain under forced hydrolysis–polymerization of
Al3+ salts.

(3) The isoelectric point (pH 6.5–7.0) of Al hydroxide is
not easy to determine, There is electron microscopic
evidence for Al hydroxide particles of 50 nm size[132]
with a well-defined hexagonal crystal pattern resem-
bling gibbsite. Al hydroxide may crystallize as bayerite,
gibbsite or nordstrandite, which are distinguished by
the stacking of bilayers along thec-crystallographic
axis [47]. The interaction between the (0 0 1) sheets
is largely due to weak hydrogen bonding and van der
Waals forces. Scanning electronic microscopy crystal
structural views of gibbsite and bayerite by are shown
in literature[49,110,133,134].

3.4. The “Continuous” model

Differences in preparation conditions, instruments and
other procedures have lead to various conclusions re-
garding hydrolysis–polymerization reaction of Al3+. The
“Core-links” model applies to the hydrolysis polymeriza-
tion of Al3+ salt with moderate rate of titration, while
the “Cage-like” model applies to the transient polymeric
Al from disorder to order. In this section, we present our
novel combined “Continuous” model to unify these two
models with introducing the concept of the flux of alkali
neutralizationΦ.

3.4.1. The “ Continuous” model—a depiction of the Al
species chain under forced hydrolysis, reflecting all stages
of polymerization for Al3+ salt solutions

Fig. 9 depicts the proposed “Continuous” model. Path
I represents the “Core-links” model involving transient
polymeric Al species. Through self-assembly, the more
stable species after aging are Al2, K-Al 13, Al13 and
[Al(OH)3]n(S). [Al(OH)3]n(S) can be characterized by
solid state27Al-NMR spectroscopy or the X-ray diffrac-
tion. Other forms, including Al(OH)4−, can be measured
by solution27Al-NMR spectroscopy. Akitt et al.[57] pro-
posed the existence of Al(H2O)63+, Al2(OH)2(H2O)84+,
Al8(OH)20(H2O)x4+, and Al13O4(OH)24(H2O)12

7+ in hy-
drolyzed Al solutions, as well as the K-Al13 cation and
small amounts of dimeric and monomeric hexaaqua Al

Fig. 10. The effect of base addition on the shape of the pH curve at 25◦C
[135]: (1) fast drop-wise addition (5 ml/min); (2) slow drop-wise addition
(1.8 ml/min); (3) fast injection (10 ml/min); (4) slow injection (1 ml/min).

[71,72,135]. Under forced hydrolysis–polymerization of
Al3+ salts, the changes of Al species can be described di-
rectly with a species chain shown inFig. 9, explaining the
mechanism of “hydrolysis–polymerization–flocculation–
sediment”, series of dynamic intermediates, and the exper-
imental observation of “Alb(photometry)≈ K-Al 13(27Al-
NMR)”. The “Continuous” model unifies the “Core-links”
model and the “Cage-like” Keggin-Al13 model.

3.4.2. The flux of alkali neutralizationΦ
The distribution of Al forms in partially neutralized Al

solutions depends on many parameters including the con-
centration of base and Al3+, ñ value, the neutralization
rate, the time of sample preparation and the aging time[2].
In order to unify these experimental conditions, we intro-
duce the “flux of alkali neutralizationΦ”, parameter that
refers to the total amount of base added in unit time to
achieve certain basicity. The relative flux of alkali neutral-
izationΦr is also introduced to denote the amount of OH−
per mole Al3+ in unit time to reach a certain basicity.Φ

andΦr influence the hydrolysis–polymerization process and

Fig. 11. Effect of the neutralization rate (the time of injecting base) on
the amount of Ala, Alb, Alc formed in partially neutralized Al3+ solutions
(AlT = 4.54× 10−4 M; OH/Al = 2.76) [65].
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Table 4
Distribution of the Al13 polymer in various partially neutralized Al solutions[72]

No. [Al 3+] (M) ñ Base injection
rate (ml/min)

Al13
a Comments Reference

1 1 × 10−1 ≥0.50 3.33 + [58]
2 1 × 10−1 >0.5, ≤2.2 3.33 + Continual linear increase in Al13 concentration [58]
3 1 × 10−1 >2.2 3.33 + Concentration of Al13 decreased withñ [58]
4 3.34× 10−2 0.25 1.2 − [71]
5 3.34× 10−2 0.25 86.0 − [72]
6 3.34× 10−2 0.40 1.2 + [72]
7 3.34× 10−2 0.50 1.2 + [71]
8 3.34× 10−2 2.5 0.6 + Continual linear increase in Al13 concentration [71,72]
9 3.34× 10−2 2.5 1.2 + Concentration of Al13 decreased compared toñ = 2.25 [71,72]

10 3.34× 10−3 1.0 1.2 − [72]
11 3.34× 10−3 1.5 1.2 + [72]
12 3.34× 10−4 2.5 1.2 − [72]
13 3.34× 10−4 2.5 100.0 + 62.5 ppm peak visible after 12 h run. Continual linear

increase in Al13 estimated to be∼3.0 × 10−4 M
[72]

a Indicates the presence or absence of a detectable 62.5 ppm resonance peak indicative of the Al13 polymer, respectively.

species distribution of Al3+ salts from Al3+ to Al(OH)3.
The course of polymerization and the content of three kinds
of Al species (Ala, Alb, Alc) relate to the values ofΦ or Φr
(seeFigs. 10 and 11).

the flux of alkali neutralization : Φ = mb

t
= VMb

the relative flux of alkali neutralization :

Φr = Φ

ma
= mb

ma
× 1

t
= ñ

t

wherema andmb are the mole number of Al3+ and OH−
in the solution, respectively;Mb is the concentration of base

Fig. 12. The effect of the relative flux of alkali neutralization (Φr) on the course of hydrolysis–polymerization–flocculation–sediment of Al(III) salts and
the proposed pathway for the corresponding Al species conversion.

(M); t is the sum of the preparation timetb for polymeric
Al; V is the rate of addition of base (l/min). The units forΦ

andΦr are mol/min and min−1, respectively.
Low concentrations of Al3+ and high neutralization rate

go against the formation of K-Al13. As summarized in
Table 4, when ñ = 0.25, K-Al13 cannot form irrespective
of the addition rate of base (number 4 and 5), and the main
Al species are Al3+ and mononuclear Al. When the con-
centration of Al is low, that the rate of adding base should
be increased to produce K-Al13. Correspondingly, when the
Al concentration is high, the rate must reduced to produce
K-Al 13.



S. Bi et al. / Coordination Chemistry Reviews 248 (2004) 441–455 453

3.4.3. The effects of the flux of alkali neutralizationΦ on
“hydrolysis–polymerization–flocculation–sediment” of
Al3+ salts

Polynuclear Al species are actually a series of dy-
namic intermediates formed in the process of “hydrolysis–
polymerization–flocculation–sediment”, and the formation
of K-Al 13 during aging[94] is sensitive to the neutral-
ization rate [51,65,72,131]. Slower neutralization rates
promote formation of K-Al13. The flux of alkali neutral-
ization Φ is a pacing factor in the formation, the chang-
ing, and the evolution course of polymeric Al species.
We have summarized the process with the law of the
“hydrolysis–polymerization–flocculation–sediment”, as
shown inFig. 12.

In path I, the neutralization rate is so rapid (highΦr) that
partial supersaturation often occurs and amorphous sediment
is formed[49,124,131]. As a result, none or extremely small
amounts of K-Al13 are formed[63,71,123,124]. In path II
involving a moderate neutralization rate (moderateΦr), the
hydrolysis–polymerization of Al follows the “Core-links”
model[22,87,136]. Rausch and Bale[56] used the small an-
gle X-ray scattering to study the hydrolysis–polymerization
of Al(NO3)3 and found that wheñn = 1–2.5, the newly
prepared polymeric Al adopts a sheet structure. In path III,
the slow neutralization rate (smallΦr) promotes K-Al13
[22,23,71,123], obeying the “Cage-like” model. When
polymeric Al solutions ofñ = 1.0–2.5 are aged or heated
to make Φ smaller, K-Al13 will be formed firstly be-
cause the rate of the K-Al13’s formation is faster than
the rate of precipitation for [Al(OH)3]n [31,137]. When
ñ > 2.8, most of the K-Al13 becomes aggregated and
self-assembles. Wheñn = 3.0, [Al(OH)3]n sediment forms
rather than K-Al13. Studies have shown that the amor-
phous precipitate of [Al(OH)3]n formed in the initial course
of aging evolves into crystalline forms[20,47,49,59,63,
138–140].
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