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ABSTRACT: Keggin Al13[(AlO4Al12(OH)24(H2O)12]7+ is a
well-known eﬃcient coagulant widely used in water
puriﬁcation and treatment. The production of high-content
Al13 is still costly, and it is therefore essential to develop new
eco-eﬃcient and low energy demand synthesis methods for
practical application. Solid−water interfaces play a dominant
role in heterogeneous reactions, which can be utilized in
various processes through rationally designed interfaces. Here,
we designed an Al3+ and OH− interface by using NaOH-doped
ice as a solid and AlCl3 solution as liquid for Al13 production.
This system provides a natural and renewable solid−water
interface through ice melting, while simultaneously minimizing
external energy input and maintaining an eﬀective heterogeneous interface reaction for production of high-quality Al13
species. The dual-function of ice/water interface enables the
formation of Al13 with a high yield of up to 90% compared to
initial total Al. Moreover, global areas with cold winter climate
conditions may exploit this process reducing the need for external artiﬁcial energy. As AlCl3 can be obtained with low cost, this
method may have great potential for industrial mass production of Al13.
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INTRODUCTION
Keggin Al13[(AlO4Al12(OH)24(H2O)12)7+ was discovered during the spontaneous hydrolysis of aluminum salts in solution
and has characteristics of high positive charge and strong
binding aﬃnity to particles.1 Al13 plays a key role in the
chemistry of aluminous minerals2 and involves many sorption
reactions at the solid−water interface.3 Its special properties
have given rise to its widespread use as a coagulant during water
treatment,4−7 and has been proven to be the most active
species responsible for aluminum salt coagulation.4,8,9
Researchers have long attempted to artiﬁcially reproduce the
formation of aluminum hydrolysis to obtain higher yields. It has
been considered that Al13 is a polymer that has an AlO4− center
surrounded by 12 octahedral Al units.1,10−12 Many investigations suggest that the formation of Al13 requires Al(OH)4−
as a key precursor (formed through reaction of Al3+ with
OH−);10,13 however, the Al(OH)4− usually exists at high pH
whereas the 12 octahedral Al units rely on an acidic pH
environment. Bersch et al. found microinjection of NaOH
© 2017 American Chemical Society

solution into AlCl3 solution helpful in formation of Al13. The
process involved “acid−base-like” reactions between AlCl3 and
NaOH droplets, Al(OH)4− formation and subsequent Al(OH)4− reaction with the octahedral Al units in AlCl 3
solution.13 That represents a typical synthesis method of Al13,
which although beneﬁcial, the microinjection method may
become prohibitive due to time consumption if applied to
larger scale preparation of Al13. Furrer et al.14 developed an Al13
synthesis method by allowing Al(III) solutions to ﬂow over
granulated marble at designated ﬂow velocities. They obtained
a high content of Al13 solution, but there was some loss of
aluminum due to adsorption by the marble granulate or
through precipitation of amorphous Al(OH)3. This led ﬁnal
total concentrations of aluminum to be smaller than the initial
concentrations. Researchers thus considered rapid Al(OH)4−
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generation via a solid−water interface that could be equivalent
to acid−base interface formed by the NaOH droplets and AlCl3
solution.10
To our knowledge, there are at least four paths to synthesize
high-content Al13: (1) Microinjection method mentioned.13 (2)
The method by Furrer et al. mentioned.14 (3) Preparation of
Al13 with electrolysis device,6,15 where an electrode−solution
interface is used to an form acid−base interface. (4)
Preparation using membrane reactor,16 in which membrane
was used to add NaOH solution rapidly and uniformly. Both
methods 3 and 4 have enabled signiﬁcant time savings
compared to method 1, and obtain higher yields of Al13
content. Nevertheless, these methods have drawbacks such as
high electric energy consumption and prohibitive cost for
special materials (electrode, membrane) and the electrolysis
method also has a problem of residual as anode mud.
Developing preparation methods with lower cost, lower energy,
lower chemical reagents17 and even shorter reaction time still
remains a largely unanswered challenge.
Previous investigations16−18 have repeatedly shown that the
acid−base interface is of chief value in the synthesis of Al13.
Borrowing from naturally occurring environmental processes,
i.e., “ice-melting”, we considered a new way to tackle an old
problem for a more energy-eﬃcient and renewable solid−liquid
interface. During the ice-melting process, the solid−water
interface exists freely in a state of ﬂux, e.g., refresh and
dissolving from beginning to end. The ice−water interface
involves at least two special characteristics. In the ﬁrst place, the
ice−water interface could act as a heterogeneous solid−liquid
in its simplest form, because ice and water are of the same
chemical nature but diﬀer only in physical form. At the same
time, the melting of ice is autonomous. Meaning, there is no
need for external energy input to maintain the interface
reaction. Moreover, after the ice has melted over there is no
other residue except water, implying that a heterogeneous
interface like this seems to introduce no extra byproducts. We
can derive a novel water−solid interface by freezing one main
reactant solution into ice eﬀectively changing an aqueous
homogeneous reaction into a heterogeneous one.
To do so, we need to consider how to combine the icemelting eﬀect into the synthesis process of Al13. The starting
materials of Al13 are usually NaOH solution and AlCl3 solution
at a molar ratio of 2−2.5.16,18,19 It is common sense that a
direct mixing of these two solutions will lead to the formation
of Al(OH)3 hydroxides. We replaced the water of the ice balls
with NaOH solution for subsequent addition to AlCl3 solution.

■

Figure 1. Synthesis scheme of Al13 based on ice-melting eﬀect. The
mold refers to a plastic retractable spherical shell, which is used as a
container for NaOH solution (1.06−1.31 mol/L, or 4.2−5.2 mol/L).

ball and normal water ice-ball comparison can be found in (Figure
S1.).
Characterization of Aluminum Speciation. Both the raw AlCl3
solution before the synthetic process and the synthetic product were
detected by ESI-TOF-MS20,21 (2695XE micro, Waters). After that, the
raw AlCl3 solution and the product were characterized by 27Al nuclear
magnetic resonance (NMR) spectroscopy obtained on a BRUKER
AVANCE(III) (500 MHz) spectrometer with 130 MHz resonating
frequency. The operation parameters were: repetition delay was 2 s,
frequency was 130 MHz, scan width was 39680 Hz, and number of
scans was 128.13,22 The total aluminum concentration was determined
by an ICP-AES (PerkinElmer, Optima 2000, U.K.). The percentage of
Al13 was calculated by the results of 27Al NMR spectroscopy and ICPAES. Determination of aluminum species (Ala, Alb and Alc) using the
Ferron method can be found in Figure S2 of the Supporting
Information.
Determination of the Temperature and pH of the Interface.
A microtemperature sensor was made using a platinum resistor, and
the platinum resistance had been kept attached to the surface of the ice
ball during the whole melt process. A microsyringe was used to take
100 μL solution samples near the surface of NaOH ice balls during the
meting process to determine the pH. At the same time, the changes of
temperature and pH of the bulk solution were determined,
respectively.
Jar Tests. To test the performance of the raw AlCl3 solution and
the synthetic product, jar tests were performed by a Phipps and Bird
six-paddle stirrer. The procedures include a 1 min rapid mix (200
rpm), 15 min slow mix (50 rpm), and a 30 min settling step. The
samples were collected just after rapid mixing and determined
immediately with a Zeta plus meter (Malvern, Zetasizer 2000,
U.K.).23 After settling, the supernatants were used to determine the
residual turbidity (HACH 2100N turbidimeter).

EXPERIMENTAL METHODS

Synthesis Method. The experimental scheme based on the icemelting eﬀect is illustrated in Figure 1. AlCl3 solution was prepared as
a source of Al for Al13 synthesis and NaOH solution was frozen into
ice balls. Even though we have used electric energy here, we could take
advantage of cold weather in winter or in a cold area for practical
production. The molar ratio of NaOH to AlCl3 was set at an
approximate range of 2.1−2.6 during diﬀerent batches according to
previous investigations.13,16,17,19 Each time, 10 mL of NaOH solution
was added into a plastic retractable spherical shell with a copper core
in the center. A thin wire was tied to the copper core. The shell with
solution was then put in a frozen environment (−20 °C) in a
refrigerator. After becoming frozen, the freshly formed NaOH ice balls
were removed from the spherical shell and dropped into a beaker
containing 90 mL AlCl3 solution of 0.056 or 0.222 mol/L with
magnetic stirring at 400 rpm (Figure 1). After the ice-melting process,
the product was left standing for 12 h. A photograph of the NaOH ice-

■

RESULTS AND DISCUSSION
The ESI-TOF-MS spectra of raw AlCl3 solution and the
product are contrasted in Figure S3. Positive ion ESI-MS was
used to detect the speciation of aluminum according to the
procedure mentioned by Zhao et al.20,21 The most intense
peaks of Figure S3b were at m/z 213, m/z 328 and m/z 337,
showing that Al13 was the typical dominant component in the
product.20,21 The spectra proved that most aluminum
oligomers had transformed into Al13, which is a suﬃciently
stable polymer once formed.24 A full list of m/z calculated
versus experimental values can be found in the Supporting
Information (Table S1).
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To quantify the content of Al13 in the product, 27Al-NMR
spectroscopy was used. Figure 2 shows the typical spectra of the

Figure 2. 27Al NMR spectra of AlCl3 and the synthetic product (0.05
mol/L). (a) AlCl3 solution as a raw material. (b) Synthetic product.
The concentration of reference material (80 ppm) was the same in
both Figure 3a,b. The percentage content of Al13 in this product was
calculated to be 90%.

raw material and the product, from which we can see the result
having coherence with the spectra of ESI-TOF-MS (Figure S3).
The product shows three signals in the spectra, the signal at 63
ppm resonance represented Al13. The signal at 0 ppm
corresponds to monomeric Al, 80 ppm refers to Na aluminate
solution as a reference material, and 63 ppm stands for Al13.13,22
The concentration of Al13 is calculated by using the 63 ppm
signal multiplied by 1313,22 with total aluminum concentration
determined by ICP-OES.
Considering that the AlCl3 solution temperature might aﬀect
the eﬃciency of the ice-melting eﬀect, and the molar ratio of
NaOH to AlCl3 has been proved to play an important role in
Al13 synthesis in previous studies. A series of products with
varying molar ratios of NaOH to AlCl3 were prepared, and the
ice-melting process was kept under water bath at 15, 20 and 25
°C. The optimum molar ratio for Al13 synthesis in the icemelting process was 2.5 where the percentage content of Al13
accounting for total Al reaches the highest at about 90%
(Figure 3). Though the AlCl3 solution temperature has little
eﬀect on the composition of product, under certain molar ratios
of NaOH to AlCl3 and the content of Al13 exhibited small
changes toward variation in AlCl3 solution temperature. This
reveals that the ice-melting process can be carried out under
mild temperature conditions. The reaction time under a series
of AlCl3 solution temperature at 15, 20 and 25 °C was on
average 85, 68 and 57 s, respectively. It signiﬁes that the ice
melting process was very fast at room temperature. Other
methods usually take hours to accomplish the reactions at
solid−water interface, indicating that the ice-melting eﬀect has
an enormous advantage in time-saving.
The ice−water interface divided the reaction area into two
types of regions: a combination of alkaline region and acidic
region, and at the same time a combination of relatively cold
region and relatively hot region. The two combinations could
account for the optimum conditions for synthesis, and this
could be described chieﬂy as dual-function of the ice/water
interface.

Figure 3. Content of Al13 under diﬀerent synthetic conditions. (a)
Total aluminum was 0.05 mol/L (b), total aluminum was 0.2 mol/L.
The temperature indicates the initial temperature of the bulk solution.

Previous investigations10,13 suggest Al(OH)4− acting as a key
precursor in the formation of Al13, for that the center of keggin
Al13 is a AlO4− structure. The formation of Al13 could be
concluded in two main steps:
Al3 + + 4OH− → Al(OH)4 −
−

Al(OH)4 + Al a (octahedral Al units) → Al13

(1)
(2)

Al(OH)4−

The precursor
is generated in the former step
under alkaline pH condition. The beneﬁt of the ice−water
interface is that it oﬀers an alkaline region conveniently,
without need of external energy input or long reaction times for
Al13 aggregation. The ice−solution interface involves two
special regions: The alkaline interfacial region closest to the ice
ball to form the precursor Al(OH)4−, and the bulk solution
region containing “acidic” AlCl3 octahedral Al units to
accomplish step 2. The pH of the samples near the surface of
the ice balls is shown in Figure 4, providing direct evidence of
the alkaline region near the surface of the ice balls.
In addition, the ice−water interface provides a cold zone for
the reaction. In general, the low temperature near the interface
allows the hydrolysis process of Al3+ to occur at a relatively slow
speed, and makes polymerization of the hydrolysis products
more favorable. Step 1 mentioned is an exothermic reaction,
therefore it requires a relatively low temperature to produce
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Figure 5. Temperature of the surface of the NaOH solution ice ball
and the temperature of the bulk solution during melting. Total
reaction time = 50 s, the initial bulk solution temperature = 25 °C.
Figure 4. pH of solution near the NaOH ice balls and the pH of the
bulk solution during the melting process. The error bars represent
three independently conducted experiments at diﬀerent OH/Al ratio.

■

CONCLUSIONS
In summary, it has been veriﬁed that the ice-melting eﬀect was
successfully used in the synthesis of Al13. It provides a novel
form of the solid−water interface with characteristics of low
energy cost, short reaction time, high yield and no hazardous
residual chemical reagents. Reactions at the solid−water
interface are of great importance across many scientiﬁc
disciplines including biochemistry, electrochemistry25 and
catalytic chemistry.26 However, such reactions in artiﬁcial
systems almost always require highly specialized conditions to
provide a suitable reactive interface while simultaneously
keeping undesirable eﬀects low. Because the nature of the
ice-melting eﬀect is to create an interface by change of phase
without change of chemical composition, this investigation may
represent a typical case of the ice-melting eﬀect applied in an
acid−base interface reaction. It also oﬀers an applicable
framework to reactions associated with solid−water interfaces.
The main associated energy cost of the ice-melting process
comes from the freezing step. For future application, it would
be interesting to see if the process could be applied in cold
global regions or during the winter for a cost-eﬀective way to
freeze solutions and further reduce energy costs.

Al(OH)4−. Though step 2 is an endothermic step, it is favorable
for a relatively high temperature. Thus, the optimum conditions
for the synthesis is to divide the whole system into two regions:
A relatively cold region for step 1 and a relatively hot region for
step 2. The temperature of the interface during the melting
process is shown in Figure 5. It shows that the temperature at
the surface of the ice ball was kept below −15 °C during the
reaction. The melting of ice would uptake the heat of step 1
and maintain a low temperature at the ice−water interface,
meaning the interface kept a relatively low temperature for step
1 to form the precursor Al(OH)4−. Though the bulk solution
maintained a relatively high temperature region for step 2,
where the Al(OH)4− will enter to ﬁnish step 2.
For a comparison of coagulation behavior of synthetic
product, the raw AlCl3 solution and commercial PACl is shown
in Figure S4 and Figure S5. The pH of suspension was 7.3 with
a dosage of 10−5 mol. Obviously, the zero point of charge of
synthetic product is much lower than the raw AlCl3 solution,
and it is even lower than commercial PACl. The higher charge
neutralization ability is due to the high percentage of Al13.
Figure S4 shows the lower dosage for optimum coagulation and
removal of turbidity indicate the high eﬃciency of synthetic
inorganic polymer ﬂocculants. Figure S5 compares the
eﬃciency of synthetic product with raw AlCl3 solution and
commercial PACl solution under a series of initial pH
conditions, the results show that the synthetic product has a
higher performance in each case, whether acidic or alkaline.
The comparison of this method toward other methods is
shown in Table S2.
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