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Abstract

In this study, the effects of low temperature on aluminum(III) (Al) hydrolysis were examined both theoretically and experimentally
by constructing a solubility diagram for amorphous aluminum hydroxide (AI(OH);(am)) and a distribution diagram of hydrolyzed Al
species. First, thermodynamic data of Al species at 4°C were calculated from that at 25°C. A well confirmed polymeric Al species,
AlO4Al>(OH),,7* (Aly3), was involved in building the diagrams and, correspondingly, the non-linear simultaneous equations with 13
degrees were resolved. Secondly, polarized Zeeman atomic absorption spectrophotometry (AAS), >’Al nuclear magnetic resonance
(NMR) spectroscopy, and ferron-based spectrophotometry were applied for constructing the practical diagrams. The results show that
a decrease of temperature from 25 to 4°C caused the AI(OH);(am) boundary on the solubility diagram to shift toward the alkaline side
by about 1.0 pH unit and the minimum solubility of AI(OH);(am) to reduce by 1.0 log unit. The distribution diagram indicates that
the monomeric Al, Al;3, and solid-phase AI(OH); were alternately the predominant species with the increase of pH value during Al
hydrolysis. At 25°C, Al,; was the dominant species in a pH range of 4.0 to 4.5, whereas at 4°C, Al,; was the leading species in a pH
range spaced from 4.5 to 6.3. The predominant species changed from the monomeric Al to the solid-phase AI(OH); over the range of

1.8 pH units at 4°C in comparison with the range of 0.5 pH unit at 25°C.
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Introduction

Aluminum(III) (Al) hydrolysis is a chemical process in
which Al(H,0)s3* reacts with, usually, water. It is com-
mon to omit the aquo ligands of the hydrolyzed species, for
instance, Al(H,0)s** becomes AI**. This practice is used
in the remaining discussion. Unlike hydration, wherein
molecules of water are added to a chemical compound
without forming any other products, Al hydrolysis is
applied to the reactions where the trivalent aluminum ions
are converted to new ionic species and are precipitated. It
is of great concern in the field of environmental, chem-
ical, ocean, and earth engineering. For instance, in the
field of coagulation via Al salts, two important mecha-
nisms, adsorption-destabilization coagulation and sweep
coagulation, are induced by the Al hydrolysis products
formed in situ after dosing (Bottero et al., 1980; Sarpola
et al., 2007; Van Benschoten and Edzwald, 1990). The
hydrolysis of AI(H,O)s>* in water generates numerous
species depending on ambient variables such as solution
pH, temperature, and other co-existing anions, particularly
S042~ and CO3%~ (Letterman and Asolekar, 1990; Sarpola
et al., 2007; Ye et al., 2007). These hydrolyzed species
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can be generalized as monomers (AI(OH),*™", n = 1 ~

4), polymers (Al,(OH),>™), and solid-phase aggregates
and/or precipitates (including aluminum hydroxide). In the
last decades, advances in measuring technology have made
it possible for researchers to capture some of these species.
For instance, a kind of polymer, AlO4Al(OH),4 " (Aly3),
has received much attention because its high positive
charge is believed to be crucial for coagulation (Hu et al.,
2006; Shi and Tang, 2006; Tang, 2000). Al;; has been
successfully detected by A1 NMR and/or small angel
X-ray diffraction (Bottero er al., 1980; Hu et al., 2006).
Environmental community attaches great importance
on the Al hydrolysis. Unfortunately, and surprisingly, the
effects of low temperature on the Al hydrolysis have
not been given much focus in the literature and a clear
understanding of it is lacking. Theoretically, a low tem-
perature exerts great influence on an endothermic Al
hydrolysis. However, people have a poor understanding

about the population of the products gt a cold environ-
ment. Van Benschoten and Edzwald (1P90) observed that
the AI(OH)3; boundary on a logCa;-pH diagram shifted
downwards and toward the alkaline side as temperature
decreased. Nevertheless, as they pointed out, the SO, %=
in the coagulant Al,(SO4)3-18H,0O (alpm) they used can
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precipitate with AI** to form Al(OH)3;_,,(SOy)., which
is believed to be the solid phase controlling solubility in
the acidic pH range (Van Benschoten and Edzwald, 1990).
The latest research also shows that the bivalent SO42~ is
able to form polymers such as (AlO4Al;1>(OH)»5(SO4)4)>~
with Al during Al hydrolysis (Sarpola et al., 2007). SO4>~
is believed to promote the precipitation of hydroxide as
well (Letterman and Asolekar, 1990). Therefore, studies
using aluminum chloride are necessary to emphasize the
effect of low temperature on Al hydrolysis. However, an
examination of the features of chemical speciation using
aluminum chloride at low temperatures is lacking in the
literature and need to be conducted.

Furthermore, solubility of aluminum hydroxide refers to
its ability to dissolve in water. For the trivalent aluminum
ion, the solubility of its solid-phase precipitate Al(OH);3
is affected by its numerous intermediate hydrolyzed prod-
ucts (Bottero et al., 1980). Conventionally, the effect of
the products on solubility is illustrated by a solubility
diagram of logCy; versus pH. Because all of the lines
on the diagram represent the concentrations that may
exist at various pH values when in equilibrium with solid
AI(OH)3, it can be conceivable that any concentration
of a particular species above the line in the diagram
will be supersaturated with respect to AI(OH); for that
species (Johnson and Amirtharajah, 1982). The lines on
the diagram show the maximum amount of species that
can be added to the solution without precipitation. More-
over, the distribution diagram of hydrolyzed Al species
illustrates the predominant domains of different species
as functions of the concentration of aluminum and the
solution pH. It provides a graphic representation of the
individual species present at various pH values. One can
see from the distribution diagram the pH range for a
species that is being predominant, as well as the proportion
of the species over the total Ca; (Cay, ). Both the solubility
and the distribution diagrams can be applied to predict
and improve coagulation performance and minimize the
amounts of residual Al (Amirtharajah and Mills, 1982;
Amirtharajah and O’Melia, 1990; Kvech and Edwards,
2002). Through the development and application of the
diagrams, this study theoretically and experimentally ex-
amined the effects of low temperature on Al hydrolysis.

1 Materials and methods

1.1 Al hydrolysis

The Al hydrolysis was conducted by titrating a 0.1
mol/L AlCl3-6H,0 solution using 1.0 mol/L NaOH at a
rate of 0.2 ml/min. The concentration of Al is selected
as such by taking account of the popular and practical
coagulant dosage in the water treatment plant, around 0.09
mol/L. The mixed solution was rapidly stirred continu-
ously. All the solutions were prepared with a CO,-free
deionized distilled water (DDI). During the titration, N;
was bubbled through the solution. The pH variation of
the solution in the course of titration was measured by a
pH meter (Model 420 A, Orion Research Inc., USA). The

titration process was repeated at 4 and 25°C. The ratio of
added Coy- to Caj, was termed as the hydrolysis ratio,
marked as Coy-/Ca;. Particular attention was paid to the
Cou-/Ca1 (0.5, 1.0, 1.5, 2.0, 2.2, 2.5, 2.7, and 3.0). In
the case of Coy-/Ca1 > 2.5, the solution became seriously
cloudy at the end of the titration, especially for the cold
temperature, 4°C. The fresh aggregate in the PACl,;
sample was found to have a fractal dimension of 1.43 and
contained —69 Al;3 (Bottero et al., 1990). A very sticky gel
was obtained when the solution (Coy-/Caj ratio is 2.5) was
filtrated using a 0.45-um pore size membrane filter. The
aggregate and precipitate in the solutions (Coy-/Ca; ratio
> 2.5) slowly settled after stirring was stopped. However,
deposits were not found in other solutions with hydrolysis
ratios smaller than 2.5, even though the solutions were also
a little cloudy when Coy-/Caj was up to 2.2.

1.2 Distribution of Al species in the process of Al
hydrolysis

YAl NMR (Model JNM EX-400, JEOL, Japan) was
utilized to specify the hydrolyzed Al species. Al;; has
a cage-like Keggin structure, that is, the center of Aljs
is a tetrahedral —AlO4— which is surrounded by 12 other
octahedrally coordinated Al ions (Bottero er al., 1990;
Parker and Bertsch, 1992). The tetrahedrally coordinated
Al (-AlO4-) in Al;3 can be reflected at the 62.5 + 0.5 ppm
resonance on a NMR spectrum with the assigned chemical
shift of 0 ppm for AI** (Bottero et al., 1990; Parker and
Bertsch, 1992). Furthermore, monomeric species including
AP* can also be detected at 0 ppm. A predetermined
quantity of AI(OD),~ was used as the standard. AI(OD)4~
can be detected in the downfield peak at 80 ppm. Hence, in
one spectrum, the integrated intensity of the peaks at 0 and
62.5 ppm was compared with that at 80 ppm to quantify,
respectively, the monomeric Al and Al as the atomic
Al. The difference between the Cay, and Cronomeric Al + Al
was designated as Al,, which represents the undetectable
Al species by 2’A1 NMR, including large polymer species
and/or solid-phase aluminum hydroxide. Because the so-
Iution became seriously turbid when Coy-/Ca ratio >
2.5, the expensive standard Al(OD),~ was not used in
its analysis using the liquid A1 NMR. For the measure
of a sample of hydrolyzed Al species formed at 4°C,
the reagents were pre-chilled, and the temperature of the
sample in the NMR probe was controlled at 4°C.

Ferron-based spectrophotometry was also used to ana-
lyze the distribution of Al species during Al hydrolysis.
The complex formed by ferron and Al species can be
well detected by a UV spectrophotometer at 363 nm. The
monomeric Al, Al,, quickly completes its reaction with
ferron within, often, 1 min. However, the reaction time is
extended to 30 min for the reaction between polymeric Al
(Alp) and ferron, depending on the volume of the reactants

The difference between Cay, and Cyy, + )i, 1S the unreactive
part Al, which refers to the large pdlymers and/or the
solid-phase aluminum hydroxide. The fomposition of the
ferron reagent and the procedure of the| spectrophtometric
analysis were introduced previously (Barker and Bertsch,
1992). The samples were diluted to If x 107 mol/Las
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Al. Then 0.3 ml of the diluted sample was transferred to
a cuvette located in the sample position of a UV-Visible
spectrophotometer (Model Spectronic 3000, Milton Roy,
USA). The assay time was recorded immediately after
adding 0.95 ml ferron reagent (1.58 mol/L) into the cuvette
so that ferront/Alr was about 50 in reference to the analy-
sis (Parker and Bertsch, 1992). Meanwhile, the absorbance
value was noted for every 20 s scan. The absorbance within
1 min was attributed to the monomeric Al, Al,, while the
absorbance with a time span of 1 to 30 min was ascribed
to the polymeric Al, Al (Parker and Bertsch, 1992). Note
that the blank solution for the ferron method was a mixture
of 0.3 ml DDI water and 0.95 ml ferron reagent.

1.3 Aluminum solubility

A pre-calculated amount of AICl; stock solution (0.1
mol/L) was added into 1 L DDI water. When the solu-
tion was continuously stirred, its pH was adjusted by a
predetermined volume of 0.1 mol/L NaOH and/or HNOj.
All the solutions were prepared using DDI water. During
the adjustment, N, was bubbled through the solution to
prevent the Al species from carbonation. The Al con-
centration in the final solution was 0.001 mol/L (pCa;
= 3). Samples were then collected, filtered by 0.20 um
membrane, and acidified to pH 1.0. The Al concentration
was determined with AAS (Polarized Zeeman Atomic
Absorption Spectrophotometer, Z-8200, Hitachi, Japan).
Standard Al solution for a standard curve was prepared
using aluminum metal (wire form, 99.99%). Tests of this
section were repeated three times at both 4 and 25°C. And
each time an Al-bearing solution was sampled three times
by AAS. Finally, the mean value of the data was taken as
Al concentration for a given setting.

2 Results and discussion

2.1 Solubility diagrams at different temperatures

2.1.1 Theoretical diagrams

Among many types of precipitate produced during the
Al hydrolysis, the freshly formed amorphous aluminum
hydroxide (Al(OH)s;(am)) is believed to be the predomi-
nant precipitate form in the water-treatment process and
is usually selected as the controlling solid phase in the
aluminum solubility diagram (Duan and Gregory, 2003;
Johnson and Amirtharajah, 1982). The more stable crys-
talline hydroxide forms, such as gibbsite, require weeks
to form and are of more concern in the study of river
sediments or in the field of earth science (Amirtharajah
and O’Melia, 1990). Steps for plotting the solubility dia-
gram corresponding AI(OH);(am) in this study has been
described previously (Benefield ef al., 1982) and is briefly
summarized in this section. The diagram was developed
from purely thermodynamic equilibria.

For the hydrolyzed AI**, the formation of the hy-
drolyzed species can be illustrated by

mAP* +nH,0 — Al,(OH)%" "+ 4+ nH* (D

The equilibrium constant K,,,, of the formation reaction

of AL,(OH)P™™* is

n
C‘Alm(OI_I)(HBm—n)Jr CH+

Kmn = 2
o (2)
Al

The logarithm of both sides of this equation results in

logC = logK,,, + npH + mlogC , 3+ 3)

Al,(OH)" "

When aluminum hydroxide is formed, the hydrolyzed
Al species is in equilibrium with the hydroxide. Hence,
plotting the solubility diagram requires that the expressed
Eq.(3) is concerned with the solubility product Ky,. As
shown in Eq.(4), the solubility of aluminum hydroxide
is determined by the Kj,, which is a constant at a given
temperature.

Al(OH);(am) — ALY +30H” (@)
Therefore,
logKso = logCp+ + 3logCoy- 5)

Because Coy-=Ky/Cyq+, where, Ky, is the ion-product
constant of water, Eq.(5) is changed to:

logC ,p+ = logKy, — 3logK,, + 3pH (6)

Substituting for logC,p+ in Eq.(3) from Eq.(6) gener-
ates:

logC logK,,+mlogK,—3mlogK,,+(n—3)pH

@)

Al OB =

The overall equilibrium constants of the formation re-
actions of monomeric and polymeric Al species are listed
in Table 1. The thermodynamic data of hydrolyzed Al
species at 25°C were found from the literature (Baes and
Mesmer, 1976; Benefield et al., 1982; Dempsey, 1987,
Faust and Aly, 1998; Lydersen et al., 1990; Nordstrom and
May, 1989). The Van’t Hoft equation (Eq.(8)) was used to
obtain equilibrium constants at 4°C based on the constants
at 25°C. The standard enthalpy AH? for the selected Al-
hydrolyzed species can be found in the literature (Baes and
Mesmer, 1976; Nordstrom and May, 1989).

K, > AHC
In—= = L 4T 8
e fT RT? ®)

Based on Egs.(7) and (8), the plotting lines for the
selected Al-hydrolyzed species were developed and pre-
sented in Table 1. The solubility diagrams of AI(OH);(am)
were then built (Fig.1). The interior portion of the di-
agrams designates the area in which precipitation of
Al(OH)s(am) may theoretically be expected. The boundary

of Al(OH);(am) at any pH is actually the sum of the con-
centrations of all species present at thatf pH. If one species
predominates at a particular pH, then it{ concentration will
coincide closely with the AI(OH)s;(an}) boundary. From
Fig.1, all the plotting lines for the sgecies shift toward
the alkaline side with the decrease off temperature from
25 to 4°C which in agreement with Van Benschoten “and
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Table 1 Thermodynamic data of Al-species and plotting equations for solubility diagrams

Species 25°C 4°C 25°C 4°C
FNE logKso -32.34 -33.18 logC 3+ = 9.66-3pH logC 3+ = 10.98-3pH
AI(OH)?* logKi1 -5.02 -5.38 10gC o+ = 4-64-2pH 10gC y opy+ = 6.60-2pH
Al(OH)** logK 12 -9.30 ~11.30 logCayomy; = 0.36-pH logCayomy; =—6.64
Al(OH)3(aq) 10gK13 -15.00 -18.62 logCAl(OH)3(aq) =-5.34 IOgCAl(OH)3(aq) = 0.68—pH
AI(OH)4~ logK 4 -23.57 ~26.31 1ogCayom); = pH-13.91 1ogCayom); = pH-14.33
Al (OH),* logKa» -7.70 -8.73 10gC, o+ = 11.62-4pH 10gC ), omytr = 15-23-4pH
Als(OH),5+ logK34 -13.9 -15.86 10gC o3+ = 15.08-5pH 10gC,y ., omg+ = 27:07-5pH
A104A112(OH)24(H20)127+ 10gK1324 -98.7 -114.18 IOgCA113 = 26.88—7pH IOgCA113 =41 .53—7pH

Edzwald (1990). The shift results in part from the change
in the ion-product constant of water (from 107400 at
25°C to 1071478 at 4°C) and in part from the change in the
equilibrium constants of the species (Table 1). The shift
in equation line is more serious for species with a high
polymerizing degree such as Aljs. Its line shifts almost two
pH units when the temperature decreased from 25 to 4°C.
As a result, the Al(OH);(am) boundary becomes rather
narrow at low temperature.

Typically, the solubility of most solid solutes increases
with temperature. However, AI(OH);(am) is well known
for its typical amphoteric characteristic, resolving in ei-
ther strong acid or alkali solution. For these amphoteric
species, minimum solubility is the special term to de-
scribe their solubility. According to Fig.1, the minimum
solubility of AI(OH);(am) decreases in the cold solution,
a phenomenon that has been described elsewhere (Van
Benschoten and Edzwald, 1990). AI(OH);(am) becomes
less soluble at the low temperature only in a rather narrow
pH range (Fig.1).

2.1.2 Practical solubility diagram

The practical solubility diagram shown in Fig.2 was de-
veloped according to the method introduced in Section 1.3.
The practical diagram fits well with the theoretical one,
especially at 25°C. At 4°C, there is a slight discrepancy
between them in the pH range of 4.5-6.0, noted as a small
amount of Al precipitated before the pH value predicted by
the theoretical diagram. It is attributed to the aggregate of
Al polymeric species such as (Al;j3)g9 (Bottero et al., 1990)
that large enough to be captured by the 0.20 um membrane.

E

_2 —
g Ll (am)AI(OH)3(o
B
Al(OH
g 4L (OH)3aq)
g
s -5
8
'g -6 |-Al1304(0H)4"" \
% 7 [ AL(OH)," AI(OH),"
8 I~ AL(OH) AIOH),*
- AP / a
-10 | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 1011 12 13 14
pH

A regression line within the pH range of 6.3-7.0 on the
practical diagram at 4°C gave a slope around -7, implying
the presence of Al;;. The practical solubility diagram can
be used for the rapid evaluation of total concentrations of
all species present.

The observations from the theoretical and practical
diagrams indicate that the reduction of temperature from
25 to 4°C caused a decrease in the minimum solubil-
ity of AI(OH);(am) by 1.0 log unit and a shift of the
Al(OH);(am) boundary toward the alkaline side by around
1.0 pH unit. The AI(OH)3(am) boundary in the acid range
shifted significantly, which was primarily caused by the
shift in the equation line of Al;3. Similar observations have
been reported by Lydersen et al. (1990).

The solubility diagram may vary when other environ-
mental factors, such as SO4%~, are considered (Bi et al.,
2004; Letterman and Asolekar, 1990); however, it is not
the focus of this study.

2.2 Effect of low temperature on the distribution of Al
species

2.2.1 Theoretical interpretation

Currently, there are two models of formation of the
Al-hydrolyzed species: Core-links model and cage-like
Keggin-Al;; model (Bi et al., 2004). The first was
proposed based on pH variation during potentiometric
titration of Al-salt solutions. The model holds that the
Al-hydrolyzed species are produced continuously from
monomer to polymer by the bidimensional growth of
hexametric ring units, e.g., Alg(OH),%* (single ring) and

0 N
>
-1 | S
%
-2+ >
2 (am)AI(OH)3¢5) 5
= -3 + \\
£ AI(OH), S
g N
g 4r S
g Al304(0H)54™ X
7T 5™
8 S (OH);~
g -6 | 3
Q N
& ; X
g Al3(OH)> 5 \
-8 4+
Al(OH
»(OH), AlOH)s(0
-9 - AP b
-10 | | | | | | |
0 1 2 3 4 5 6 7 8 9 14 11 12 13 14

Fig. 1 Theoretical aluminum solubility diagram in equilibrium with amorphous AI(OH)3. The thermodynamic data are from Taple 1. (a) 25°C, (b)4°C.
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Fig. 2 Solubility data for dissolved aluminum in solutions of AICI3.
The curves are the theoretical solubility of aluminum in equilibrium with
Al(OH)3(am) (Fig.1).

Al;o(OH)»,%* (double rings). However, this model lacks
the convincing experimental evidence supporting the exis-
tence of either the single ring or the double rings (Duan and
Gregory, 2003). More researchers are think that monomers,
dimers, Al;3, and larger hydrolyzed Al species including
aggregates and aluminum hydroxide are the predominant
species. This model is well supported by the existence of
Alj3 as detected by A1 NMR and/or small angle X-ray
diffraction. The predominant positions of monomeric Al
and Al;; among the soluble Al species have been con-
firmed as well (Zhang et al., 2004). Other polymers have
been proposed, such as Alg(OH) 2%, Alg(OH)x**, and
Al;jo(OH)»%*. Yet, many of them are not directly verified
by experiments or are unlikely to be significant in practice
(Duan and Gregory, 2003). Hence, in this study, Al;3 was
selected to represent large polymers (Al,,(OH),>™", m > 6)
in constructing the distribution diagram of the hydrolyzed
species. The steps of the construction are briefly described
as follows.

From Eq.(2), the concentration of Al species can be ex-
pressed by C,p+, pH, and formation equilibrium constant

(Eq.9)).

Kﬂll‘t X CZIS+

Carompr = ~—@i— ©
H+

The sum of the concentration of the selected species
generates

Cap+ + Cajonyr + Caomy + Caomy; ag) + Caiony; 10)

+C Alony + C AlOH)S T C = Car,

AlO4 Al (OH);
Before the formation of the solid-phase of Al(OH)s,
Cai, was the known quantity to calculate Eq.(10), which is
a complex equation with thirteen degrees because of Alys.
When Al(OH);(am) is formed, AI** in the solution is in
equilibrium with A1(OH);(am), and then its concentration
is calculated from the solubility product of Al(OH)s;.
The final concentration of each species in atomic Al is
compared with Cay, to obtain the fractions of the species.

The results are provided in Fig.3, and only AI** in
monomers and Al;s in polymers have considerable frac-
tions. AI’*, Alj3, and Al(OH)3(am) are the predominant
species alternately at both temperatures. A fall of tempera-
ture broadens the pH range for Al;3 being the predominant
species. As a consequence, the predominant species from
AP to AI(OH)3(am) spaces almost 1.8 pH units apart
at 4°C, while the change spaces around 0.5 pH unit at
25°C. Aly3, traditionally, is difficult to find its place on the
distribution diagram, probably owing to the complicated
and painstaking calculation of Eq.(10) with 13 degrees.
If Al;; was not taken into account in the calculation of
Eq.(10) and the construction of the diagram, monomers
such as AI(OH)** and AI(OH),* would be the leading
species in the acid range. However, Al;3 is the species that
is remarkably present during Al hydrolysis, as reported in
the literature (Zhang et al., 2004) and as shown in Fig.3 in
this study.

2.2.2 Practical investigation

Figure 4 shows that there are three significant signals
on the 2’A1-NMR spectra for all samples. As mentioned
in Section 1.2, the peaks observed at 0, 63, and 80 ppm
represent, respectively, the monomeric Al (Al,,), polymer-
ic Al (Alj3), and AlO4~. The quantity of Al, and Al
were ascertained based on the integral intensities of the
peak rather than the peak height. Controversial results may
arise if the peak height was used in the quantification. The
distribution of Al,,, Al;3, and Al, are shown in Fig.5. From
this figure, pH contributed directly to the population of
hydrolyzed Al species. The monomeric Al predominated
in high acid solutions and tied up about 97% of the total
Al at the pH near 3.0. However, it ceased to predominate
at pH 4.0 (25°C) or 4.5 (4°C). Alj; then became the
predominant species in place of the monomeric Al. As
shown in Fig.5, in the mildly acid solutions, Al;; was
the most important polymeric species. Nevertheless, the
pH range for Al;; being the predominant species was
widened in the cold environment, as theoretically predicted
by Fig.3. Duan and Gregory (2003) suggested that Al
species maintained a positive charge at high pH and low
temperature. Furthermore, in the neutral pH range, Al, is
the predominant species. Ozkan and Yekeler (2004) found
that the solid-phase Al(OH);(am) is the main species at pH
4.5-9.0 at 25°C. From Fig.5, the pH range for Al, being the
predominant species shifted toward the alkaline side at the
low temperature. As mentioned, Al, represents the large
polymer species and/or solid-phase aluminum hydroxide.
Lydersen et al. (1990) reported that aluminum hydroxide
became the dominant species at the rather alkaline side
at 2°C in comparison with 25°C. A similar distribution
of Al species at 25°C was developed by Bottero’s group

(Thomas et al., 1991).

In general, a good agreement exists bgtween the theoret-
ical distribution diagram and the pract|cal one. However,
the distribution of Al;; requires detail¢d clarification. At
25°C, the pH range for Alj; as the predominant species
agrees well with the reported result [Hu et al., 2006):
Nevertheless, at 4°C the maximum quahntity of Aljz atpH
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Fig.3 Theoretical fractions of hydrolyzed Al products in equilibrium with amorphous Al(OH)3(am) (Caj, = 0.1 mol/L). (a) 25°C; (b) 4°C.
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Fig.4 ?’Al NMR spectra of PACI, samples.

5.0 was smaller than that at 25°C and the predicted one
on Fig.3. Because aluminum hydroxide had not yet pre-
cipitated at pH 5.0 (Fig.2), the decreased content implies
the existence of Al aggregates or other large polymers
that are resistant to quantification by the liquid >’A1 NMR.
In addition, such a group should account for 10%—-20% of
Cal, at 4°C. On the other hand, the phenomenon is not
so noticeable at 25°C. Further, the serious fluctuation of
signals on NMR spectra at 4°C implies that there are more
noises for the liquid NMR to assay. It is then reasoned
out that Al species at low temperature tend to hydrolyze

into the intermediate species having a higher polymerizing
degree than Al;3 before the precipitation of AI(OH);(am),
while at high temperature, the transformation from Al;;
to AI(OH)s;(am) is much easier. In addition, the slight

response near 3—4 ppm on the NMR speftrrastiown im Fig-4
signifies the dimeric Al (Hu et al., 2009).

Figure 6 illustrates the distribution|of hydrolyzed Al
species analyzed by ferron spectrophotometry (Fig.7).
Generally, the distribution of Al specigs in Fig.6 exhibits
a similar behaviour as that in Fig.5. Monomeric Al (Al})
declined rapidly with the increase of pH and(reached
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a minimum near the neutral pH value. Meanwhile, the
polymeric Al increased at the expense of monomers and
reached the maximum range at pH 4.3 (25°C) or pH 4.8
(4°C). As the pH further increased to the basic region, an
inverse-V distribution of polymeric Al (Aly) was observed
because of the consumption of Al, by forming the large
polymers and/or solid-phase AI(OH); (Fig.6). Al, well
represents Aljz (Hu ef al., 2006) in that Al;3 is the predom-
inant polymeric species (Fig.5), and thus the distribution of
Al, shown in Fig.6 bears a close parallel to that of Al
presented in Fig.5. The pH range for polymeric species
(Aly) being the predominant on Fig.6 was wider at the low
temperature. In contrast, at 25°C, a rapid fall in Al, content
was observed in the narrow pH range 4.5-5.0.

3 Conclusions
Aiming at better understanding the effects of low

temperature on Al hydrolysis, a solubility diagram for
Al(OH);(am) and a distribution diagram of Al species

Con-/Ca
051222 25 2.7 3.0
UL 1 1 1
1.5
1.0 p * eHee e *

0 7
“"(—Alm T

/ Al,

0.8

e
=N

Proportion
[=]
>

0.2

were developed from theoretical thermodynamic equilib-
ria. Further, experiments and assays, polarized-Zeeman
AAS, %Al nuclear magnetic resonance (NMR) spec-
troscopy, and ferron-based spectrophotometry were con-
ducted to construct the practical diagrams and to assess
the validity of the theoretical diagrams. In general, the
theoretical diagram is in good agreement with the practical
one. From what has been discussed, some points are
stressed.

(1) When the temperature dropped from 25 to 4°C, the
minimum solubility of Al(OH);(am) decreased by around
1.0 log unit, and the AI(OH);(am) boundary shifted toward
the alkaline side by about 1.0 pH.

(2) The AlI(OH)3;(am) boundary became rather narrow as
a function of pH at the cold temperature.

(3) Monomeric species and the polymeric Alj; were the
predominant species in the acid solution. AI(OH)3(am) re-
placed them as the leading species in the solution whereby
the solution was at a neutral to mildly alkaline pH.

(4) The mildly acid solution was critical for the forma-

Con-/ Cal

Proportion

Fig. 5 Practical fractions of hydrolyzed Al products in equilibrium with amorphous AI(OH)3(am) assayed by 2Al NMR (C alp = 0.1 mol/L). (a) 25°C;

(b) 4°C.
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Fig. 6 Practical fractions of hydrolyzed Al species in equilibrium with amorphous Al(OH)3;(am) assayed by ferron method {Caj, = 0.1 mol/L)..(2)

25°C; (b) 4°C.
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Fig. 7 Speciation of PACI, assayed by ferron-based spectrophotometry. (a) 25°C; (b) 4°C.

tion of Alj;. However, the pH range for Al;; being the
dominant species was much wider at a cold environment.
The predominant species changing from monomeric Al to
Al(OH);3(am) required 1.8 pH units at 4°C in comparison
with the 0.5 pH unit at 25°C.
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