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Abstract

Mesoporous alumina and γ-Al2O3–NaAlO2 composites with different morphology were produced by soft chemistry methods

using polyethylenimine (PEI), pluronic P123 (P123), and polymer–colloid complex (PCC) derived from them as templates

in solution. Sodium aluminate was applied as an additive for production of the mesoporous γ-Al2O3–NaAlO2 composite. The

obtained samples were characterized by scanning and transmission electron microscopy, atomic force microscopy, Fourier

transform IR spectrometry, X-ray diffraction analysis, and low-temperature N2 adsorption–desorption analysis. The effect of

sodium aluminate introduction on the morphological features of the obtained samples was investigated. Mesostructured

aluminum oxide obtained using individual templates such as P123 and PEI possesses cylindrical pores, whereas applying

PCC resulted in the formation slit-shaped pores. The produced mesoporous aluminum oxide and γ-Al2O3–NaAlO2

composite had a narrow pore size distribution and large surface area. This approach was demonstrated to allow for the

control of pore sizes and shapes.
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Highlights
● Mesoporous alumina and γ-Al2O3–NaAlO2 composites with different morphology were produced by soft chemistry

approach in solution.
● Polyethylenimine (PEI), pluronic P123 (P123), and polymer–colloid complex (PCC) derived from them were used as

templates.
● Obtained porous materials were characterized by SEM, AFM, FTIR, XRD, and gas sorption techniques.
● Formation mechanisms for mesoporous structures were elucidated and compared for synthesis of pure alumina and of γ-

Al2O3–NaAlO2 composites.

Keywords Aluminum oxide ● Sol–gel method ● Polymer–colloid complex ● Supramolecular self-assembly ● Ordered

nanoporous structure

1 Introduction

Mesoporous aluminum oxide is of interest as an adsorbent,

a catalyst and an active phase carrier substrate owing to its

attractive acid–base and textural properties [1–8]. Most-

promising methods in obtaining mesoporous aluminum

oxide structures are based on chemical transformations in

solutions [9, 10]. A promising and still relevant direction is

developing approaches to control the formation of meso-

porous structures of materials exploiting liquid phase

synthesis. An important role in producing mesoporous

aluminum oxide structures is played by the template applied

for mesophase formation [11–16]. Previously, we have

demonstrated the prospects of using polyethyleneimine for

preparation of the mesoporous catalysts based on

alumina–sodium aluminate composite materials with pore

diameter of 7–11 nm and highly developed surface for

esterification of vegetable oils [5]. Moreover, methods

based on application of the mesostructured polymer–colloid

complexes (PCCs) using different templates to affect both

the size of the pores and also their shapes have been

described by us recently [6, 7]. Thus, the main aim of the

present work was to investigate the influence of sodium

aluminate (NaAlO2) used as an additive on the formation of

the internal mesoporous structure of aluminum oxide

(γ-Al2O3) obtained with the application of Pluronic P123,

polyethylenimine (PEI) and PCC based on them. The

selected surfactants were used as the templates for the for-

mation of mesophases, on which the precursors of alumi-

num oxide were adsorbed.

2 Experimental

2.1 Material

Aluminum isopropoxide Al(OC3H7)3, nitric acid (HNO3,

68.4 wt%), polyethylenimine (H(–NHCH2CH2)nNH2,

Mw= 25,000), Pluronic P123 ((С3Н6О.С2Н4О)x, Mn=

5800), sodium aluminate (NaAlO2) were purchased from

Sigma-Aldrich and used without further purification.

2.2 Synthesis of mesoporous γ-aluminum oxide

Synthesis of the nanostructured polymer-colloidal com-

plexes using different templates in aqueous medium

under constant mixing was carried out using slightly

modified approaches recently reported by our group

[6, 7]. The synthesis scheme of γ-Al2O3 is presented in

Fig. 1a.

Fig. 1 Scheme of synthesis for

nanostructured aluminum oxide

a and for templated of

γ-Al2O3–NaAlO2 samples
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In brief, 100 ml of distilled water was initially heated to

80 °C. Then, 16 g of aluminum isopropoxide was added in

small portions to the reaction medium. The mixture was

homogenized for 2 h. The peptization process was used to

form the sol. For this, 1.5 ml of concentrated nitric acid was

added to the flask. Then, a polyelectrolyte or/and surfactant

was added to the boehmite sol in the required amount. The

obtained aluminum hydroxide sol was dried at 70 °C.

Finally, the obtained powder was calcinated at 600 °C for

4 h to form an active alumina.

2.3 Synthesis of mesoporous γ-Al2O3–NaAlO2

composite

The mesoporous γ-Al2O3–NaAlO2 composite was synthe-

sized in aqueous medium under constant mixing according to

the following scheme (Fig. 1b). For this, 16 g of Al(C3H7O)3
was added in small portions to 100ml of distilled water

initially heated to 80 °C. The mixture was homogenized for

2 h. The obtained white precipitate of aluminum hydroxide

was peptized by 1.5 ml of concentrated nitric acid. Then,

either Pluronic Р123, or Pluronic Р123 together with PEI to

be used as the templates were added to the boehmite sol in the

required amount for the formation of the PCCs in the fol-

lowing ratio: Al2O3: P123= 2:1 and Al2O3: PEI: P123=

2:1:1. Introduction of the selected templates was used to form

a porous structure uniformly distributed throughout the

volume. After prolonged stirring, an active phase, sodium

aluminate, was added to the flask. The NaAlO2 content was

60% of the total catalyst weight. The obtained gel was first

ultrasonicated for better homogenization of the mixture and

then dried at a temperature of 70 °C. The obtained powder

was calcined at 600 °C for 4 h to form a mesoporous γ-

Al2O3–NaAlO2 composite by removing the organic template.

Mass concentrations of the reagents for preparing each of the

mesostructured samples are summarized in Table 1.

2.4 Characterization

“DRON-2” X-ray diffractometer with a copper anode was

used for X-ray powder diffraction measurements. The

infrared (IR)-spectra of the synthesized materials were

obtained using Fourier transform IR-spectrometer Avatar

360 FTIR ESP. The adsorption/desorption isotherm studies

were carried out with Nova Quantachrome 1200 instrument.

The values of specific surface areas were calculated using

Brunauer–Emmett–Teller (BET) model [17] and pore size

distribution was obtained applying Barrett–Joyner–Halenda

(BJH) approach [18]. Scanning electron microscopy (SEM)

studies were carried out with Hitachi TM-1000-µ-DeX and

VEGA3 TESCAN instrument (Brno, Czech Republic).

Atomic force microscopy investigations were carried out

with Bruker FastScan with ScanAsyst instrument, using

FastScan B cantilevers in air in the ScanAsyst mode. TEM

investigation was carried out with JEOL JEM-1011 trans-

mission electron microscope with digital camera ORIUS

SC1000W. Acceleration voltage 80 kV.

3 Results and discussion

3.1 X-ray diffraction analysis

The results of the X-ray diffraction analysis for the annealed

and non-annealed γ-Al2O3 samples prepared in aqueous

medium by using PEI (3а), P123 (3b), PCC (3c) as tem-

plates are presented in Fig. 2a–c.

According to the X-ray diffraction study, the non-

annealed γ-Al2O3/template samples mainly consisted of

partially crystallized boehmite. In particular, γ-Al2O3/PEI

has well-defined peaks at 2θ= 21°, 37°, 46°, 58°, 68° (Fig.

3а); γ-Al2O3/P123 has well-defined peaks at 2θ= 14.5°,

28.5°, 38.8°, 49.2°, 64.8° (Fig. 3b); γ-Al2O3/PСС has well-

defined peaks at 2θ= 13.5°, 18.0°, 23.1°, 28.0°, 38.2°,

49.0°, 64.8° (Fig. 3c). After γ-Al2O3/template samples

annealing at 600 °С, the peaks that appear on the diagrams

indicate the presence of the γ-Al2О3 crystalline phase in the

samples. The annealed γ-Al2O3/PEI, γ-Al2O3/P123, γ-

Al2O3/PCC have the peaks at 2θ= 15°, 22°, 29°, 40°, 51°,

66°, 72° (Fig. 3а); 2θ= 38.0°, 45.5°, 66.2° (Fig. 3b); and

2θ= 21.0°, 38.0°, 46.0°, 66.5° (Fig. 3c), respectively. This

meant that the annealing of the initial γ-Al2O3/template

samples resulted in template removal and formation of a

highly-ordered mesoporous γ-Al2О3 structure.

Table 1 Reagent concentrations

in solution for synthesis of the

γ-Al2O3/template and

γ-Al2O3–NaAlO2/template

samples

Sample name Reagent content, wt. %

Н2О Al(C3H7O)3 NaAlO2 HNO3 conc PEI P123

γ-Al2O3/PEI 82.82 13.25 – 0.62 3.31 –

γ-Al2O3/P123 82.82 13.25 – 0.62 – 3.31

γ-Al2O3/ PСС 82.82 13.25 – 0.62 1.66 1.66

γ-Al2O3–NaAlO2/PEI 82.03 13.13 1.97 1.23 1.64 –

γ-Al2O3–NaAlO2/P123 82.03 13.13 1.97 1.23 – 1.64

γ-Al2O3–NaAlO2/PСС 82.03 13.13 1.97 0.62 0.82 0.82
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XRD patterns for the annealed and non-annealed γ-Al2O3

–NaAlO2 samples, prepared in aqueous medium by using

PEI (2d), P123 (2e), PCC (2 f) as the templates are dis-

played in Fig. 2d–f. As the non-annealed γ-Al2O3/template

samples, the non-annealed γ-Al2O3–NaAlO2/template sam-

ples obtained by using different templates also consist of

partially crystallized boehmite. In particular, γ-

Al2O3–NaAlO2/PEI shows the peaks at 2θ values of 13.6°,

23.5°, 33.9°, 35.8°, 49.1° (Fig. 2d); γ-Al2O3–NaAlO2/

P123 shows the peaks at 2θ values of 2θ= 27.2°, 38.1°,

48.5° (Fig. 2e); γ-Al2O3– NaAlO2/ PСС 2θ= 12.6°, 27.6°,

38.4°, 48.4° (Fig. 2f).

The samples have well-defined peaks in the following

regions: for γ-Al2O3–NaAlO2/PEI 2θ= 13.6°, 23.5°, 33.9°,

35.8°, 49.1° (Fig. 2d), γ-Al2O3–NaAlO2/P123 2θ= 27.2°,

38.1°, 48.5° (Fig. 2e), γ-Al2O3–NaAlO2/PСС 2θ= 12.6°,

27.6°, 38.4°, 48.4° (Fig. 2f), as well as the peaks at 2θ=

18.2°, 20.2°, 29.1°, 31.8°, 35.3° (γ-Al2O3–NaAlO2/PEI

(Fig. 2d)), 2θ= 7.3°, 18.6°, 29.0°, 34.7° (γ-Al2O3–NaAlO2/

P123 (Fig. 2e)), 2θ= 6.5°, 18.4°, 19.5°, 20.3°, 23.5°, 31.7°

(γ-Al2O3–NaAlO2/PСС (Fig. 2f)), corresponding to the

crystalline phase of NaAlO2. There were also peaks corre-

sponding to the crystalline phase of Al(OH)3: 2θ= 18.7°,

38.9°, 40.5° (γ-Al2O3–NaAlO2/PEI (Fig. 2d)).The peaks

that appear on the diagrams after sample annealing at

600 °С indicate the presence of the γ-Al2О3 crystalline

phase in the samples. The γ-Al2O3–NaAlO2/PEI, γ-

Al2O3–NaAlO2/P123 and γ-Al2O3–NaAlO2/PСС samples

have reflections in the following regions: 2θ= 19.8°, 31.8°,

36.9°, 45.9° (Fig. 2d); 2θ= 31.6°, 37.5°, 45.5° (Fig. 2e), 2θ

= 19.7°, 31.7°, 37.3°, 45.4° (Fig. 2f), respectively. There

were also peaks corresponding to the crystalline phase of

NaAlO2:

2θ= 6.7°, 9.9° (γ-Al2O3–NaAlO2/P123 (Fig. 2e)), 2θ=

8.6° (γ-Al2O3–NaAlO2/PСС (Fig. 2f)). Thus, the obtained

results showed that during the calcination of the samples at

600 °C, the template is removed, forming a mesoporous

structure of γ-Al2O3–NaAlO2 composite. The introduction

of sodium aluminate into the synthesis of γ-Al2O3 has an

effect on the crystal structure of the samples. As it shown in

our previous work [5], during the thermal treatment of the

samples, there occurs a partial dissolution of the sodium

aluminate phase as well as the transition from the boehmite

phase to γ-Al2O3.

3.2 Fourier transform IR-spectroscopy

All spectra of the materials (See Supplementary figures S1

and S2 for non-annealed and annealed at 600 °С γ-Al2О3 and

γ-Al2О3–NaAlO2 composite respectively, synthesized using

PEI (a), P123 (b), and PCC (c) as marked in both images)

have characteristic absorption bands of Al–O and Al–O–Al

fragments around 565 cm−1, 593 cm−1, 629 cm−1, 794 cm−1,

805 cm−1. The wavenumber region ~ 3444–3446 cm-1 as well

as the region ~ 1640–1382 cm−1 is associated with molecular

vibrations of Н2О, adsorbed on the surface. The system also

displays bands corresponding to the stretching vibrations of

hydroxyl ОН groups and vibrations of hydrogen bonds of the

О – Н…О type in the region of 3746–3044 cm−1. The spectra

of the non-annealed samples in the wavenumber regions of

2959–2913 cm−1 and 1259–1401 cm−1 contain spectral bands

of CH3, CH2, and СН [19] groups of alkyl chains, which

Fig. 2 X-ray diffractograms of the γ-Al2O3 a–c and γ-Al2O3–NaAlO2 d–f samples obtained with different templates: PEI a, d; P123 b, e; PCC c, f
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indicates that the composite includes the organic phase. After

annealing, the bonds characteristic of the organic component

in the materials were removed practically completely.

3.3 Low-temperature nitrogen
adsorption–desorption

The low-temperature nitrogen adsorption–desorption results

of the γ-Al2O3 and γ-Al2O3–NaAlO2 samples prepared

using PEI, P123, PСС as the templates, are presented in Fig.

3a–с and Fig. 3d–f, respectively. The textural characteristics

of the obtained samples are shown in Table 2.

The authors of [10, 16] have shown that using PEI as the

template results in the formation of ordered mesopores of

the same diameter. Indeed, the hysteresis loop profile of γ-

Al2O3/PEI (Fig. 3a) is typical of the cylindrical pores of the

type H1 [17]. The pore size distribution of γ-Al2O3/PEI

(Fig. 3a) is wider than in the previous samples (γ-Al2O3) but

is much narrower than that of the industrial analogs. Pores

are formed by organic phase burnout under annealing and

have the same size and shape as the supramolecular poly-

ethyleneimine features. The γ-Al2O3/P123 sample obtained

by using P123 as the template has a hysteresis loop in the

mesopore region (Fig. 3b). In the case of this sample, the

hysteresis loop shape coincides with the classical one (type

H1) and corresponds to the presence of cylindrical pores

[17]. The pore size distribution in the sample (γ-Al2O3/

P123) lies in the region of 3–9 nm (Table 2), which is

typical of ordered mesoporous materials. The hysteresis

loop of the γ-Al2O3/PCC sample obtained by using the

polymer–colloid complex (PCC) also lies in the mesopore

region (Fig. 3c). The hysteresis loop profile of γ-Al2O3/PCC

Fig. 3 Results of low-temperature nitrogen adsorption/desorption of the γ-Al2O3 a–c and γ-Al2O3–NaAlO2 d–f samples obtained with different

templates: PEI a, d; P123 b, e; PCC c, f
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coincides with the classical type (type H3) and corresponds

to the presence of slit-shaped pores, which agrees well with

the small-angle X-ray diffraction data [20]. However, the

pore size distribution of the sample (γ-Al2O3/PCC) is quite

characteristic of layered materials, with a narrow maximum

in the region of 3–13 nm (Table 2).

Previously, it was shown that the introduction of sodium

aluminate into γ-Al2O3 system led to the formation of

cylindrical pores Type H1 [5]. However, the surface area of

the samples, consisting of sodium aluminate

(γ-Al2O3–NaAlO2/PEI), decreased with increasing of the

pore size. These changes confirm the changing of the

internal structure of the samples. Of particular interest are

the γ-Al2O3–NaAlO2 samples obtained using Pluronic P123

and PCC as the templates. In the case of introducing an

individual template, P123 and PCC, into the

γ-Al2O3–NaAlO2 system, not only the pore size but also

their shape changed. In particular, the hysteresis profile of

the γ-Al2O3–NaAlO2/P123 coincides with the classical type

(Type H3) and corresponds to the presence of slit-shaped

pores [17]. Compared with γ-Al2O3/P123 sample obtained

without application of sodium aluminate as the additive, the

BET surface area of the γ-Al2O3–NaAlO2/P123 sample

decreases insignificantly to 257 m2/g, whereas the pore

diameter doubled increases to 16.2 nm, which is typical of

ordered mesoporous materials (Table 2). The γ-

Al2O3–NaAlO2/PCC sample obtained using PCC also has a

hysteresis loop in the mesopore region (Fig. 3e). In this

case, the hysteresis loop shape of this sample coincides with

the classical one (Type H1) and corresponds to the presence

of cylindrical pores. Compared to the γ-Al2O3/PCC sample,

the BET surface area of γ-Al2O3–NaAlO2/PCC significantly

decreases from 297 m2/g to 198 m2/g, whereas the pore

diameter slightly decreases from 105 nm to 8.9 nm, which is

typical of ordered mesoporous materials (Fig. 3f).

3.4 Microscopic studies, SEM, AFM, and TEM

The results of SEM of the non-annealed and annealed γ-

Al2O3 samples obtained with application of such templates

as PEI, P123, PCC, are presented in Fig. 4a–c. The for-

mation of porous materials during the synthesis process can

be observed via SEM images.

As a result of the calcination of the γ-Al2O3/template

samples at 600 °C, the burnout of organic templates and

formation of a more highly developed structure with

increased surface area values and a narrower pore size

distribution compared to γ-Al2O3 has occurred (Table 2).

These results are in a good agreement with the XRD results

of the Al2O3–NaAlO2/template samples showing the pre-

sence of the boehmite phase before samples calcination and

γ-alumina phase after calcination of the samples at 600 °C.

The results of SEM and EDX analysis of the non-

annealed and annealed γ-Al2O3–NaAlO2 samples obtained

with application of such templates as PEI, P123, PCC, are

presented in Figs 5 and 6. The SEM images showed that the

γ-Al2O3–NaAlO2/PEI and γ-Al2O3–NaAlO2/P123 samples

have a well-formed structure, whereas the Al2O3–NaAlO2/

PCC sample has a partially amorphous structure.

The SEM–EDX (energy-dispersive X-ray) analysis

showed that the surface composition of γ-Al2O3–NaAlO2/

template obtained using different templates has different

sodium content in the surface layer that has a direct effect

on the catalytic properties of these materials. The EDS

analysis showed the sodium content in the γ-Al2O3–NaAlO2/

PEI, Al2O3–NaAlO2/P123, and Al2O3–NaAlO2/PCC sam-

ples was found to be ~0.25%, 3.80%, and 0.47%, respec-

tively (Fig. 5a–c). These obtained results are in a good

agreement with the XRD results of the Al2O3–NaAlO2/

template samples showing the presence of γ-alumina and

sodium aluminate phases in the samples both before and

Table 2 Textural characteristics of synthesized samples

Sample name Modifying agent Pore type SBET, m
2/g Smesop, m

2/g Dp, nm Vp, cm
3/g

γ-Al2O3 – Ink-bottle-shaped 177 202 4.7 0.211

γ-Al2O3/PEI PEI Cylindrical 317 405 7.5 0.594

γ-Al2O3/P123 P123 Cylindrical 295 363 6.9 1.013

γ-Al2O3/PСС PCC Slit-shaped 297 85 10.5 0.781

γ-Al2O3–NaAlO2 – Ink-bottle-shaped 68 134 4.1 0.140

γ-Al2O3–NaAlO2/PEI PEI Cylindrical 119 144 11.6 0.330

γ-Al2O3–NaAlO2/P123 P123 Slit-shaped 257 262 16.2 0.840

γ-Al2O3–NaAlO2/PСС PCC Cylindrical 198 247 8.9 0.530

SBET–surface area by method Brunauer–Emmett–Teller (BET), m2/g [17]

Smesop–surface area by method Barrett–Joyner–Halenda (BJH), m2/g [17, 18]

Dp–pore diameter, nm

Vp–pore volume, cm3/g
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after calcination (Fig. 2a–c). Dissolution of the sodium

aluminate phase in alumina occurs at temperature exposure.

At the same time, for different types of templates, both

individual and as in the form of PCCs, this effect is pre-

served. It should be noted that as a result of heat treatment,

the main part of the sodium aluminate phase is in the bulk

of the material, whereas only its insignificant part is on the

surface (Fig. 5). These data are in good agreement with the

results obtained by us earlier [5], showing the formation of

the mesoporous structure in the Al2O3–NaAlO2 system with

the usage of PEI as the template. This may be owing to the

sodium aluminate interaction with the melt of the template

at high temperature, namely its dissolution in the melt.

After calcination of all samples at 600 °C, the organic

phase is removed and an ordered mesoporous structure is

formed. All γ-Al2O3–NaAlO2/template composites after

calcination have a structure with high surface area values

compared with Al2O3–NaAlO2 obtained without heat

treatment (Table 2). The grainy structure of the calcined γ-

Al2O3–NaAlO2/PCC responsible for the observed relatively

larger mesopores is clearly distinguishable in the AFM

image (Fig. 6d), contrasting to the smaller mesopores in the

more amorphous as-synthesized material showing more

smooth surface. The nucleation of the solid metal oxide

phase in the form of distinct nanoparticles is a general

feature in the sol-gel process, reflecting the so-called

Micelle Templated by Self-Assembly of Ligands

(MTSAL) mechanism. The particles resemble the Poly-

Oxo-Metallate ions with dense oxide cores and amorphous

shell containing residual organic and hydroxide ligands

[21]. The particles are also clearly distinguishable in the

TEM images, where they are assembles in the nanos-

tructures pre-designed by aggregation driven by utilized

polymer surfactants (see Figs 7 and 8).

3.5 Supramolecular self-assembly of nanostructures

Amphiphilic molecules can be assembled in micellar aqu-

eous solutions into different structures. The most-probable

shape and size of the ensemble are determined by the par-

ticle structure and packing that depends on a number of

external factors (temperature, solvent, medium pH, etc.).

The nature of the bonds between PEI, P123, and aluminum

hydroxide sol particles determines the self-assembly

Fig. 4 Results of SEM of the

γ-Al2O3 sample obtained with

templates: a PEI; b P123; c PCC
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mechanism of PCCs. Based on the obtained results of

hysteresis loop profiles and the ordered pore size distribu-

tion of the synthesized samples, it is possible to suppose

how templates interact with the boehmite sol particles. The

scheme of the possible formation of aluminum oxide

nanostructures by using the templates (PEI, P123, and PCC)

is presented in Fig. 7.

Сomplexation is probably caused by the electrostatic

interaction of PEI and sol particles. As a result, the sol

molecules form a packing on the polyelectrolyte surface

with formation of rod-like structures aggregated further in

hedgehog like blocks (Fig. 7a). Using P123 as the template

also leads to the formation of packaging. The added sol

particles interact with the surfactant and cover the formed

micellar framework even in this case with dominating rod-

like shape (Fig. 7b). The annealing of both systems results

in organic phase removal and formation of the final

mesostructured framework with cylindrical pores (type H1)

uniformly distributed in the sample volume [22]. The

obtained materials had large surface areas and a high degree

of ordering (Table 2).

If a PCC is used as the template, the mesoporous struc-

ture of aluminum oxide is formed in a different way. Having

analyzed the obtained results of the low-temperature nitro-

gen adsorption/desorption, X-ray diffraction analysis of the

final product—mesoporous aluminum oxide—it is possible

to suppose that as a result of polyethylenimine interaction

with Pluronic123 in aqueous solution, the surfactant mole-

cules form a micellar structure. The polyelectrolyte inter-

acting with P123 forms the upper layer through

intermolecular interaction. The sol particles added later

form the final structure of the material that features dis-

tinctly planar densified nanostructures (Fig. 7b). During

drying and annealing, the organic phase is removed, which

produces slit-shaped pores (type H3) [22] that can be dis-

tinguished in the TEM images (Fig. 7c). By using PCC, we

have managed to enlarge the pores to 10 nm in size, com-

pared with the synthesis results in the presence of individual

templates, but preserved the large surface area—297 m2/g

BЕТ—and changed the shape of the mesoporous material

pores from the cylindrical to slit-like one.

Based on the obtained results of hysteresis loop profiles

and SEM of the samples, it is possible to suppose the

mechanism of the interaction of the boehmite sol particles

with sodium aluminate structures (Fig. 8a–c).

The formation of the mesoporous structures of the γ-

Al2O3–NaAlO2 sample with the usage of PEI occurs in a

similar way to the above-described scheme (Fig. 7а). Perhaps,

the introduction of sodium aluminate at the final stage of the

synthesis has contributed to the formation of much larger pores,

but smaller surface area than in case of the γ-Al2O3 sample

synthesized by using PEI as the template (Fig. 7а). During

annealing of the samples, the organic phase is removed, which

produces a mesostructured framework with cylindrical pores

(Fig. 8а) as it is also visible in the TEM image.

However, the self-assembly process of the mesoporous

structure of aluminum oxide using Pluronic P123 and the

PCC with the addition of sodium aluminate occurs in a

different way. Based on the results obtained from the low-

temperature N2 adsorption–desorption experiments, it is

possible to suppose that the introduction of individual

synthesis template together with sodium aluminate con-

tributes to the formation of planar structure micelles in

aqueous solution (Fig. 8b). Then, the added sol particles

interact with the surfactant and cover the already formed

micellar framework. The particles of sodium aluminate

introduced at the final stage of the synthesis are distributed

in the volume of the formed structure. During drying and

annealing, the organic phase is removed, which produces

slit-shaped pores (type H3) [22]. Thus, the BET surface area

and pore diameter of (γ-Al2O3–NaAlO2/Р123) was 119m
2/g

and 11.6 nm, respectively. The planar structures in this case

are noticeably thicker, confirming possible enlargement of

the original alumina structure in planar micelles by addi-

tional growth owing to charge interactions with negatively

charged basic sodium aluminate nanoparticles.

Based on the low-temperature N2 adsorption–desorption

results, it can also be proposed that when PEI reacts with

Pluronic P123 in the aqueous solution, surfactant molecules

form a package (Fig. 8с). Polyelectrolyte by interacting with

Fig. 5 Results of SEM and EDX analysis of the γ-Al2O3–NaAlO2

sample obtained with templates: PEI a; P123 b; PCC c

300 Journal of Sol-Gel Science and Technology (2019) 92:293–303



Pluronic P123 forms the upper layer owing to intermolecular

interaction. Then, the added sol particles form the final

structure of the material, whereas sodium aluminate particles

are distributed in the structure obtained earlier. During drying

and annealing, the organic phase is removed, which produces

a mesostructured framework with cylindrical pores (type H1).

Thus, the γ-Al2O3–NaAlO2/РСС sample with BET surface

area and pore diameter of 198m2/g and 9 nm were obtained,

respectively. Here, both rod-like and densified planar structure

fragments can be clearly seen.

4 Conclusions

We have successfully investigated the influence of NaAlO2

on the formation of the internal mesoporous structure of

Fig. 6 Results of SEM studies of

the γ-Al2O3–NaAlO2 sample

obtained with templates: PEI a;

P123 b; PCC c; and of AFM

study of the PCC-derived

sample d
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aluminum oxide obtained by sol–gel synthesis in the pre-

sence of the individual templates (polyethylenimine and

Pluronic123) and the PCC formed by the interaction of

individual surfactants in the solution. Depending on the

application of different templates and their polymer–colloid

complexes, with and without the addition of NaAlO2, the

mesostructured γ-aluminum oxide with different

morphology, pore size, and specific surface area was

obtained. It was shown that mesostructured aluminum oxide

obtained using individual templates possess cylindrical

pores, whereas applying PCC resulted in the formation slit-

shaped pores. Introduction of sodium aluminate to the

synthesis of γ-Al2O3 allows to vary both pore size and

shape of Al2O3. Production of mesoporous

Fig. 7 Possible formation mechanism of nanostructures of aluminum oxide using templates: PEI a; P123 b; PCC c

Fig. 8 Possible formation mechanism of nanostructures of γ-Al2O3–NaAlO2 using templates: PEI a; P123 b; PCC c
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γ-Al2O3–NaAlO2 composite with the application of PEI and

PCC allows to form cylindrical pores while applying indi-

vidual surfactants resulted in the formation slit-shaped

pores. The proposed mechanisms were visualized by high-

resolution AFM and TEM studies that clearly confirmed the

proposed transformation pathways. Thus, by applying “soft

chemistry” with the usage of different templates and their

PCCs, it is possible to vary the size of the obtained porous

materials, their structure, and therefore to adapt the syn-

thesized materials for a specific chemical process.
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