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Synthesis and characterization of porous
aluminum hydroxide materials with oleic acids
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Porous aluminum hydroxide materials were synthesized by means of a hydrothermal method
with oleic acid and sodium oleate as templates. The resulting aluminum hydroxide (Al(OH),)
powders with layer structures had the highest porosity and specific surface area when the reac-
tion occurred at 393 K for 12 h. Transmission electron microscopy (TEM) revealed that these
powders had multi-level pore and layer structures, which can be used for the adsorption of lith-
ium ions and in other industrial applications.
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CuHTe3 1 XapakTepuCTHKA MNOPHUCTUX AJIOMIHIA-TIAPOKCHUAHUX MarepiaiisB 3
osneiHoumu kucaoramu. fOnainy Croi

ITopucri MaTepiaiu riIpoKCH/TY AJTFOMIHI0 Oy JIH CHHTE30BAHI 3a IOTIOMOT0I0 T1/IPOTEPMAaIHEHOTO
MeTO/Y 3 0JIeTHOBOI KHCJIOTOIO Ta 0JIeaTOM HATpiio K mabsorn. OTpuMaHi MOPOIIKY T1IPOKCUITY
amominio (Al(OH);) 3 mapyBaToio CTPYKTYpOI MajId HAWBHUILY HMOPHUCTICTH 1 MHTOMY ILIOIILY
HOBEPXHI, KoJIu peakiris BimOyBasiacs mnpu 393 o mporsarom 12 rox. Ilpocsiuyoua esrekTpoHHa
mikpockomis (TEM) mokasasra, 1110 11l OPOIIKY MAIOTh 0araTopiBHEBI IIOPHU TA IIAPOB1 CTPYKTYPH,
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SAK1 MOYKHA BUKOPUCTOBYBATH IJIA aIcopOIlii 10HIB JIITiI0 Ta B 1HIIKX IIPOMUCIOBUX ITLJIAX.

1. Introduction

Lithium and its compounds have been widely
used in the energy, glass, ceramics, aerospace,
metallurgy, chemical, and medical industries
[1]. In recent years, lithium batteries have been
increasingly used in electronic products and al-
ternative-energy vehicles and for large-scale
energy storage, which has promoted the large-
scale development of lithium resources. Glob-
ally, due to the high cost of extracting lithium
from ore, lithium extracted from salt lake brine
has become a major component of the global
supply of lithium [2]. Modern technologies in-
clude extraction, membrane separation, calci-
nation, and ion exchange absorption. Among
these, the adsorption method is highly selective
and enables the extraction of lithium from low-
grade raw brine or mother liquor at a rate of up
to 90%. This method requires little energy and
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raw materials, saves energy and protects the
environment, which opens up great potential
for application [2, 3].

There are two primary types of lithium sor-
bents: manganese-based and aluminum-based
sorbents. Aluminum-based sorbents (aluminum
hydroxide and aluminate) are the most promis-
ing for industrial applications due to their high
adsorption selectivity for lithium ions, low cost,
ease of synthesis and high stability in brines
with high calcium and magnesium concentra-
tions [4]. Most aluminum-based sorbents have
layered structures. Aluminum hydroxide is an
example: gibbsite is composed of two layers of
hydroxides, aluminum ions occupy 2/3 of the
octahedral vacancies between the layers, which
are connected by hydrogen bonds, creating an
AB-BA-AB... structure [5]. The preparation
of high-performance aluminum-based lithi-
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Fig. 1. The products without (left) and with (right) the addition of surfactants

um sorbents requires the synthesis of porous
aluminum hydroxide materials with high po-
rosity and specific surface areas. In the present
paper, aluminum hydroxide was synthesized
by means of a hydrothermal method using alu-
minum chloride and sodium hydroxide as start-
ing materials and oleic acid and sodium oleate
as template reagents [6]. The method discussed
in this paper provides a good platform for the
development of aluminum salt-based sorbents
with multi-level pores [7].

2. Experimental

2.1 Reagents and equipment

The reagents include aluminum chloride
hexahydrate (AICl;-6H,0) (AR), sodium hy-
droxide (NaOH) (AR), ammonium hydroxide
(NH,OH) (AR), urea (AR), oleic acid (AR), etha-
nol, and cyclohexane. The equipment includes
a 100 mL Teflon hydrothermal autoclave, an
electric hot air-blowing oven, a low-speed cen-
trifuge, a magnetic stirrer, and an analytical
balance.

The characterization instruments include
an automated analyzer for the surface area and
pore size (Autosorb-1Q2-MP, Quantachrome In-
struments) for analyzing the specific surface
area and adsorption capacity of the products;
an X'Pert Pro X-ray diffractometer (PANalyti-
cal, Netherlands) for characterizing the struc-
tures of the products; and a transmission elec-
tron microscope (H-7700, Hitachi) used to re-
veal the morphology at an accelerating voltage
of 100 kV.
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2.2 Synthesis of aluminum hydroxide

A certain amount of sodium hydroxide was
dissolved in 20 mL DI water, or 20 mL am-
monium hydroxide of a certain concentration.
The solution was then slowly dropped into 50
mL oleic acid-ethanol (1:1 (v/v)). The solution
was stirred for 10 min at a gradually increas-
ing speed. Subsequently, 2.415 g aluminum
chloride hexahydrate was dissolved in 30 mL
DI water, and then, the solution was dropped
into the previously prepared mixture, quickly
at first and then slowly. The resulting solution
was stirred for 30 min before being placed in the
autoclave reactor. To maintain the basic condi-
tions of the solution during hydrothermal syn-
thesis, a small amount of urea could be added
to the autoclave. To test the role of surfactants,
an autoclave containing no oleic acid was used
as a control. After sealing, the autoclave was
placed in the oven and heated at a given tem-
perature for a predetermined period of time.

After heating, the PTFE vessel was removed
from the autoclave. The supernatant oleic acid
was discarded. The aluminum hydroxide pow-
der at the bottom was collected, washed with
ethanol-cyclohexane (1:1 (v/v)) in a centrifuge
tube, centrifuged, and dried to obtain the final
product.

2.3 Characterization of the product

X-ray diffraction (XRD) and compositional
analysis were performed to confirm that the
product was aluminum hydroxide. Then, the
product was dispersed in ethanol; the resulting
dispersed product was subsequently precipitat-
ed on a copper grid for morphological observa-
tions using TEM. Representative images were
used. Finally, the surface analyzer was used to
measure the specific surface area.

Functional materials, 31, 4, 2024
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3. Results and discussion

3.1 Results of the synthesis of aluminum
hydroxide

When no surfactants were added, the prod-
uct was a white gel. In contrast, when surfac-
tants were added, all of the products were white
powders after washing and drying (Figure 1).
The XRD spectra of the products are shown in
Figure 2. The analysis shows that, except for
the impurity peak corresponding to approxi-
mately 1% sodium chloride (NaCl), the peaks
are essentially characteristic peaks of alumi-
num hydroxide [8].

3.2 The effect of the ratio of the start-
ing materials on the product

Before the onset of hydrothermal synthesis,
the following primary reaction occurs in the
solution:

AICI;+3NaOH =
= AI(OH),+3NaCl (adding NaOH)

Since in the oleic acid system, a portion of
the oleic acid must react with sodium hydroxide
to produce sodium oleate acting as a template
reagent in the hydrothermal synthesis, an ap-
propriate amount of excess sodium hydroxide
should be available [9,10]. In the reacting solu-
tion, the amount of aluminum chloride hexa-
hydrate in each reactor was 2.415 g (0.01 mol);
the theoretical yield was 0.78 g. The amount
of sodium hydroxide added was 1.2 g (0.03
mol), 2.4 g (0.06 mol), 4.0 g (0.1 mol), or 4.8 g
(0.12 mol). The corresponding yields were O (no
product), 27.18% (0.2122 g product), 77.12%
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Fig. 2. XRD spectra of the aluminum hydroxide
products

(0.6015 g product), and 64.74% (0.5050 g prod-
uct). These results show that with the addition
of 4.0 g (0.1 mol) sodium hydroxide, i.e., when
the molar ratio of aluminum chloride hexahy-
drate to sodium hydroxide was 1:10, the yield
was the highest.

3.3 The effect of surfactants on the
product

When no surfactants were added, the prod-
uct was gel-like. After drying, the product ap-
peared to be white rubber that was soft and
elastic. In contrast, when surfactants were
added, the product was a white powder that ag-
glomerated easily after drying; after grinding
the agglomerate, a white powder was obtained
again. TEM images show that the gel-like alu-
minum hydroxide has a network microstruc-
ture (Figure 3), while the powder-like alumi-
num hydroxide exhibits a layered microstruc-
ture (Figure 4).

Figure 3. TEM images of the gel-like (left) and powder-like (right) aluminum hydroxide
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Fig. 5. The relationship between the specific sur-
face area and the reaction temperature

Fig. 6. TEM images of the aluminum hydroxide products obtained at different temperatures (from left to

right: 120°C, 150°C, and 180°C)

3.4 The effect of the hydrothermal reac-
tion temperature on the product

The literature has shown that the
hydrothermal synthesis of porous aluminum
hydroxide materials temperature occurs in the
range from 120°C to 210°C. Four temperatures
(120°C, 150°C, 180°C and 200°C) were selected
for this experiment, and the porosity and spe-
cific surface areas of the final products were
measured to determine the optimal reaction
temperature. The results indicate that when
the temperature was increased to 200°C, the
oleic acid tended to polymerize, and the prod-
uct was a yellow aggregate rather than a white
powder (Figure 4). Elemental analysis revealed
that the carbon content of the yellow aggre-
gate was 44.9%, which confirmed that the final
products were the organic products of the po-
lymerization of oleic acid. At the reaction tem-
perature of 120°C, 150°C or 180°C, we obtained
0.6015 g, 0.4354 g, or 0.2566 g of the product,
respectively, and the yield was 77.12%, 55.82%
or 32.90%, respectively (Figure 4). It can be
seen that the yield decreased linearly with the
temperature.

The Brunauer-Emmett-Teller (BET) analy-
sis of the specific surface area showed that the
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reaction temperature affects the specific surface
area and porosity to a certain extent. When the
reaction temperature was 120°C, the specific
surface area of the product was 114.910 m?2/g,
the mean pore size was 16.992 A, and the mean
pore volume was 0.419 cc/g; when the reaction
temperature was 150°C, the specific surface
area of the product was 116.231 m2/g, the mean
pore size was 17.103 A, and the mean pore vol-
ume was 0.452 cc/g; and when the reaction tem-
perature was 180°C, the specific surface area of
the product was 132.656 m2/g, the mean pore
size was 17.020 A, and the mean pore volume
was 0.479 cc/g (Figure 5). It can be seen that
with increasing the reaction temperature, the
specific surface area of the products increased,;
however, the increase was not pronounced.

The TEM images shown in Figure 6 reveal
the layered structures of the products. As the
reaction temperature increased, the texture of
the layers became more even and dense, and
the layers were easier to separate.

3.5 The effect of the hydrothermal reac-
tion time on the product

The reaction time ranged from 5 h to 23 h;
reaction times of 5 h, 12 h and 23 h were se-
lected for this study. The results showed that
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oleic acid tended to polymerize after the hydro-
thermal reaction occurred for 12 h or 23 h. The
products were yellow aggregates rather than
white powders (such as the one synthesized at
200°C). Elemental analysis showed that the
carbon content of the yellow aggregates was
45.6%, confirming that the final products were
organic polymerization products of oleic acid.
Therefore, the reaction time cannot be too long
for the synthesis of aluminum hydroxide using
oleic acid; the optimum time is 5 h.

4 Conclusions

The feasibility of a system for synthesizing
aluminum hydroxide nanomaterials using oleic
acid has been demonstrated. The optimal ini-
tial molar ratio of aluminum chloride hexahy-
drate to sodium hydroxide is 1:10. The role and
necessity of oleic acid as a surfactant and tem-
plate regent in the process of oleic acid-aided
synthesis has been demonstrated; the product
obtained was an aluminum hydroxide gel when
no oleic acid was added; this product was dra-
matically different from the product obtained
when oleic acid was added. By varying the
reaction conditions, it was found that a reac-
tion temperature above 200°C and a reaction
time of greater than 5 h polymerization of oleic
acid occurs, resulting in the formation of yellow
aggregates of organic products instead of pow-
dered aluminum hydroxide nanomaterials. It
was found that the yield decreased linearly with
the change in reaction temperature, and the
specific surface area and adsorption capacity in-
creased as the temperature increased, although
the increase was small. The optimal conditions
for industrial synthesis are 120°C for 5 h.
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