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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini Mesoporous y-Al;03 with pores formed between nanocrystals was synthesized via the hydrothermal method,
varying the ethanolamines (monoethanolamine, diethanolamine, triethanolamine), pH values (6.5, 7.5, 8.5) and
the temperature of the thermal treatment. Characterization techniques, including nitrogen physisorption, X-ray
powder diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR), thermogravimetric-differential
scanning calorimetry-mass spectrometry (TG-DSC-MS), and transmission electron microscopy (TEM), were
employed to study the textural and structural properties of the materials. Thermal treatment at 500 °C produced
mesoporous y-Al,03 with pores formed between nanoparticles. The materials synthesized with triethanolamine
exhibited the narrowest pore size distribution and the highest specific surface area, particularly at higher pH
values. The thermal treatment temperature significantly influenced the textural properties and crystallinity, with
v-Al03 retained up to 900 °C and the transformation to non-porous a-AlyO3 occurring at 1300 °C. These results
demonstrate the critical role of synthesis parameters in understanding and optimizing the pore size and phase
stability of mesoporous alumina.
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1. Introduction

Due to their morphological surface properties and because they exist
as different polymorphs, such as y-AloO3 and a-Aly03, Al,O3 materials
are interesting materials for application in various fields, including
catalysis [1]. Structurally, the polymorph y-Al,O3 is most often consid-
ered to be a cubic defect spinel (M304) [2], while other proposed
structures suggest it is a hydrogen spinel (HAlsOg) or a non-spinel
structure with a monoclinic unit cell. In the literature, y-AloO3 has
often been presented as a material for catalytic support, since it exhibits
high thermal stability, a large specific surface area and a uniform
framework. Porous materials with pore diameters between 2 nm and 50
nm, considered as mesoporous materials [3], have also been prepared as
mesoporous alumina materials [4,5] as well as many other [6,7].

In general, aqueous media synthesis pathways for the preparation of
mesoporous alumina suggest using sol-gel [4,5], hydrothermal and
precipitation methods, with variations in the precursors and other ad-
ditives used. For non aqueous syntheses EISA method is often chosen for
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preparation of mesoporous alumina [8]. Aluminum alkoxide is a
frequently used precursor in sol-gel pathways since it allows the prop-
erties of materials to be controlled during the synthesis procedure. In
water, it hydrolyses and participates as boehmite (y-AIO(OH) [9]).
Through the preparation of mesoporous alumina using sol-gel, Fulvio
et al. [10] studied the influence of precursors on materials’ properties.
They synthesized materials using the surface active agent Pluronic P123
as the template and boehmite or aluminum isopropoxide as precursors.
They found that the pores formed between the nanoparticles and the
specific surface was higher when aluminum isopropoxide was used as
the precursor, and that the choice of precursor also influences the phase
formed. After thermal treatment, the samples synthesized using
aluminum isopropoxide were amorphous until 1100 °C, at which point
they crystallized to a-Al,O3. Conversely, the samples synthesized using
boehmite as the precursor consisted of y-Al,O3 after thermal treatment
at 400 °C and 600 °C, 8-Al,03 after treatment at 900 °C and 8-Al,O3 with
0-Al,03 after thermal treatment at 1100 °C [10]. Sun et al. also used
sol-gel synthesis, with AlCls as the precursor and a polyethylene glycol
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PEG. They found that amorphous phase is present up to a thermal
treatment temperature of 550 °C and that the transition to the a- Al;03
started at 1300 °C [11]. Teoh et al. [12] and Zhang et al. [13] investi-
gated the effect of pH adjustment during sol-gel synthesis on the phase
formed. Teoh et al. synthesized hollow fibers using aluminum isoprop-
oxide and found that after thermal treatment at 300 °C pseudoboehmite
fibriles were formed only if the pH value was below 12. The thermal
treatment additionally influenced the phase formed. After thermal
treatment at 400 °C and 540 °C, the material became amorphous; after
treatment at 800 °C, y-Al,O3, 6-Aly03 and 8-Al;03 were formed; and
after treatment at 1000 °C and 1050 °C, 0-Al,03, 5-Al;03 and a-Al,O3
phases were detected [12]. Zhang et al. used the precipitation method
and NH4A1(SO4)2 as the precursor. They found that the pores were
formed between chains of Al-O. The pH adjustment during synthesis
influenced the pore diameter and surface area: with a rise in pH from 8
to 10 during the synthesis, the diameter of the pores lowered, while the
specific surface area increased [13]. Fulvio et al. [10], Sun et al. [11],
Zhang et al. [13] and Wang et al. [14] all studied the influence of
thermal treatment on a material’s properties and found that, as the
temperature of the thermal treatment rises, the specific surface of
mesoporous AlpO3; lowers and the pore diameter becomes larger
[12-15]. Amirsalari et al. synthesized y-Al,O3 nanoparticles from the
precursor Al(NO3)3-9H,0 and found that a rise in pH from 6 to 10 during
the synthesis influenced the size of the crystallites formed. At a higher
pH, the crystallites were bigger, while the crystallinity decreased [16].
Additionally, Wang et al. prepared a-Al,O3 with isotropic macroporous
networks at a pH below pH < 7 and heterogeneous macroporous net-
works at a pH of 11 [14].

Xu et al., Liu et al. and Gholizadeh et al. all studied the properties of
mesoporous alumina prepared via the hydrothermal method [17-19].
Xu et al. found that mesoporous y-Al;03 with wormhole-like intra-
granular pores was prepared using glucose as a soft template and
AlCl3-6H20 and NaAlO; as precursors [17]. Liu et al. reported on the
synthesis of mesoporous alumina with Al(NO3)3-9H50, which was
amorphous up to 600 °C, followed by y-Al,03 at 800 °C and §- and
a-Al;03 at 1000 °C. They observed that, as the temperature of the
thermal treatment increased, the pore size became larger and the spe-
cific surface smaller. They also found that changing the base (NHj3,
NaOH or NayCO3) in pre-naturalization had an influence on the specific
surface and pore size diameter [18].

Wu et al. reported the “pH-adjusting” method for the preparation of
the composites Al-SBA-15 and Ti-SBA-15. This method uses precipita-
tion with pH adjustment and hydrothermal treatment. The synthesized
material had a high specific surface and narrow pore size distribution at
a pH of up to 7.5 and showed a well-defined structure that was lost at a
pH of 8.5 [20]. Gholizadeh et al. modified the “pH-adjusting” method to
prepare ordered mesoporous alumina and Al,O3/Ni catalysts. They used
aluminum isopropoxide in an acidic medium and, following the hy-
drothermal method, the pH was adjusted to a pH of above 7 using
ammonia. After the hydrothermal treatment and calcination at 500 °C,
they report on the formation of y-AloO3, showing cubically ordered pore
channels, with a pore size of 8.9 nm [19].

Ammonia has very frequently been used as a base for adjusting the
pH during the synthesis of mesoporous oxides [12,13,18,20]. However,
since it is volatile, adjusting the pH presents a challenging step during
the synthesis and reduces the repeatability of the synthesized materials.

The main aim of our work was to investigate, in detail, the properties
of mesoporous Al,03 synthesized by a pH-adjusting sol-gel method using
different etanolamines, namely etanolamine, diaethanolamine and
triethanolamine, followed by hydrothermal treatment. In order to
investigate the influence of the thermal treatment on the Al-O phase
formed, the crystalline properties of the materials before and after the
thermal treatment were investigated. Additionally, the effect of adjust-
ing the pH during the syntheses (pH = 6.5, pH = 7.5 and pH = 8.5),
using different ethanolamines (ethanolamine, diethanolamine and trie-
thanolamine), on the morphological and textural properties of the
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product, as well as on the crystalline phases formed, was investigated in
detail using XRD analyses, TG-DSC-MS thermogravimetry, nitrogen
sorption, FT-IR spectroscopy and transmission microscopy. To study the
thermal behaviour of alumina, the selected materials were thermally
treated at different temperatures, namely at 500 °C, 600 °C, 700 °C, 900
°C and 1300 °C.

2. Materials and methods
2.1. Materials

Poly(ethylene  glycol)-block-poly(propylene  glycol)-block-poly
(ethylene glycol) (Pluronic F-127), ethanolamine (MEOA, pH = 14.73,
pKa = 9.5, >99,0 %), diethanolamine (DEOA, pH = 12,54, pKa = 8,96,
>99,0 %), triethanolamine (TEOA, pH = 10.60, pKa = 7,76, >99,0 %)
and aluminum tri-isopropoxide (>96,0 %) were all purchased from
Sigma-Aldrich. Hydrochloric acid (36 %) was purchased from Supelco.
Water (for HPLC) was purchased from Honeywell. All chemicals were
used without further purification.

2.2. Syntheses

Mesoporous alumina samples were synthesized using the pH-
adjusted method with hydrothermal treatment [19]. Different ethanol-
amines were used to adjust the pH to a variety of values. Firstly, 1 g of
Pluronic F-127 was dissolved in a mixture of 50 mL H,O and 7 mL 36 %
HCl in a three-neck 100 mL round-bottomed flask. After mixing for 30
min at 400 rpm (30 x 10 mm magnet) and obtaining a homogenous
mixture, the precursor, Al(O-i-Pr)s3, was slowly added and left to stir at a
temperature of 40 °C for another 20 h. After 20 h the mixture had un-
dergone hydrothermal treatment in two 40 mL autoclaves (7/8 fill) at an
air temperature of 80 °C for 24 h. In the next step, different ethanol-
amines (ethanolamine, diethanolamine, triethanolamine) were added to
each reaction dropwise until the defined pH was achieved, namely pH
values of 6.5, 7.5 and 8.5 (sample labels are presented in Table 1). The
start of precipitation could be observed at pH of 3—4. The concentration
of bases in the reaction mixtures were 1.2 mmol/L for A-MEOA-6.5, 1.3
mmol/L for A-MEOA-7.5, 1.4 mmol/L for A-MEOA-8.5, 1.2 mmol/L for
A-DEOA-6.5, 1.2 mmol/L for A-DEOA-7.5, 1.5 mmol/L for A-DEOA-8.5,
1.7 mmol/L for A-TEOA-6.5, 2.2 mmol/L for A-TEOA-7.5 and 5.0
mmol/L for A-TEOA-8.5. In the next step, the mixture underwent hy-
drothermal treatment for another 24 h. The autoclave was placed in an
air dryer with an air temperature of 80 °C. After 24 h of hydrothermal
treatment the precipitant was cooled and filtrated using centrifugation
(8500 rpm, 15 min), washed twice with ethanol and dried in an air dryer
at 80 °C for 24 h. All samples were kept in a desiccator until the thermal
treatment commenced. The temperature program of the thermal treat-
ment was as follows: a heating rate of 1 K/min, followed by 5 h at the
defined temperature and a 2 K/min rate cooling down. The defined
temperatures were 500 °C, 600 °C, 700 °C, 900 °C and 1300 °C.

2.3. Methods

2.3.1. Nitrogen sorption

Nitrogen adsorption/desorption isotherms were measured at 77 K
using an ASAP Micromeritics analyzer. The Brunauer-Emmet-Teller
(BET) method was used to calculate the surface area, while the Bar-
rett-Joyner-Halenda (BJH) method with the Kruk-Jaroniec-Sayari (KJS)
correction was used to determine the pore size distribution from the
adsorption curve. The pore volume was determined using the Gurvich
rule. Approximately 80 mg of the sample was analyzed.

2.3.2. X-ray Powder Diffraction Analyses (XRD)

The crystalline phases of the materials were determined using X-ray
diffraction (XRD). Measurements were performed on a PANalytical
Empyrean X-ray diffractometer with Cu-Ka radiation, at a tube voltage
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Table 1
Samples and their labels.

Base Adjusted Temperature of Label used Label used for the
pH thermal treatment for samples group of samples
MEOA 6.5 / A-MEOA-6.5 A-MEOA
7.5 / A-MEOA-7.5
8.5 / A-MEOA-8.5
6.5 500 A-MEOA- A-MEOA-500
6.5-500
7.5 500 A-MEOA-
7.5-500
8.5 500 A-MEOA-
8.5-500
DEOA 6.5 / A-DEOA-6.5 A-DEOA
7.5 / A-DEOA-7.5
85 / A-DEOA-8.5
6.5 500 A-DEOA-6.5-  A-DEOA-500
500
7.5 500 A-DEOA-7.5-
500
8.5 500 A-DEOA-8.5-
500
TEOA 6.5 / A-TEOA-6.5 A-TEOA
7.5 / A-TEOA-7.5
8.5 / A-TEOA-8.5
6.5 500 A-TEOA-6.5-  A-TEOA-500
500
7.5 500 A-TEOA-7.5-
500
8.5 500 A-TEOA-8.5-
500
7.5 600 A-TEOA-7.5- A-TEOA-7.5-T
600
7.5 700 A-TEOA-7.5-
700
7.5 900 A-TEOA-7.5-
900
7.5 1300 A-TEOA-7.5-
1300

of 45 kV and a tube current of 40 mA. Data was collected in the 26 range
from 10° to 80°, using a 0.007° step and a measurement time of 100 s per
step. For low-angle X-ray diffraction, data was collected in a 20 range
from 0.5° to 10°. The results were analyzed using Highscore and Crys-
tallographica Search-Match software. The samples were analyzed before
and after the thermal treatment.

2.3.3. Transmission Electron Microscopy (TEM)

The powder samples were examined by conventional and high-
resolution transmission electron microscopy (TEM/HRTEM) using a Cs
probe-corrected TEM/STEM Jeol ARM 200 CF microscope equipped
with a cold-FEG electron source. To minimize the electron-beam-
induced damages, an 80 kV accelerating voltage was used. The size of
the crystals was determined by averaging the size of 10 crystals from
TEM pictures at each temperature of the thermal treatment.

2.3.4. Infrared spectroscopy (FT-IR)

FT-IR spectra were obtained using a PerkinElmer Spectrum 100 FT-
IR spectrometer, with the ATR technique and KBr tablets in the range
from 4000 cm™! to 400 cm™!. The sample was mixed with the KBr in a
weight ratio of 2:118.

2.3.5. Thermal analysis

Simultaneous thermogravimetric and dynamic scanning calorimetry
measurements (TGA/DSC) were performed on a Mettler Toledo TGA/
DSC1 instrument in the temperature range from 25 °C to 800 °C, with a
heating rate of 10 K/min. Approximately 5 mg of the sample was put
into 150 pL platinum crucibles, then the furnace was closed and purged
for 20 min with air at a flow rate of 50 mL/min to lower the water
content in the mass spectrometer. The evolved gases were then trans-
ferred to a mass spectrometer (Pfeiffer Vacuum ThermoStar) via the 75

Ceramics International 51 (2025) 36349-36358

cm heated transfer line. Signals in the range from 1 to 130 m/z were
collected. In all measurements a blank curve was subtracted.

In order to study the phase transformation from y-Al,03 to a-Al;Os3,
some measurements were performed in the temperature range 25-1300
°C. With the exception of the temperature range and the larger initial
mass (around 10 mg), all the parameters remained the same.

3. Results and discussion

To study in detail the formation of the synthesized mesoporous Al,O3
materials with different ethanolamines — formation of different Al-O
phases, by-products, characterization of the materials both before (as
synthesized) and after the thermal treatment was performed. The la-
beling of the samples consists of A for alumina, followed by the labelling
of the type of base (MEAO, DEOA and TEOA), adjusted pH (6.5; 7.5 or
8.5) and if applicable, the temperature of the thermal treatment in °C
(500, 700, 900 or 1300), as shown in Table 1.

3.1. Properties of the synthesized materials before the thermal treatment

The XRD patterns of all the samples before the thermal treatment are
shown in Fig. 1. All the XRD patterns of the A-TEOA samples showed

a) = A-MEOA-6.5
y-Al
| y-AlO(OH) — A-MEOA-7.5
= A-MEOA-8.5
ey s o N
. b 2 o) ™ -
Q e Z = = )
I~ | | | <
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5, | |
b) | s = A-DEOA-6.5
= A-DEOA-7.5
—— A-DEOA-8.5
— ~ 3 S
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Fig. 1. XRD patterns of a) A-MEOA, b) A-DEOA and c) A-TEOA with crystal
planes of y-AlO(OH) from PDF card 01-073-9093 and triethanolamine hydro-
chloride from PDF card 00-053-1468.
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well-defined strong diffraction peaks at 19.8°, 23.2°, 26.1°, 29.4°, 32.0°,
36.7° and 43.6° 20, as well as at many other, lower peaks, indicating a
well-crystallized product. It was found that the pattern matches well
with that of triethanolamine hydrochloride (PDF card 00-053-1468),
which was formed in these samples, and prevented the observation of
a low-crystalline Al-O-H phase by XRD.

From the patterns of the samples A-MEOA and A-DEOA, it is clear
that these samples have a very low crystallinity, showing broad peaks at
about 14.6°, 27.8°, 38.7°, 49.0°, 64.9° and 71.2° 20, indicating that
structural features, similar to those of boehmite (y-AlIO(OH), PDF card
01-073-9093), started to develop in these samples. The crystallographic
order in the samples with the lowest pH during synthesis (A-MEOA-6.5
and A-DEOA-6.5) is so low that the peaks at 14.6° and 71.2° 26 are not
even visible from the amorphous background, yet it can be seen that the
peaks become somewhat narrower as the pH during the syntheses in-
creases (samples A-MEOA-8.5 and A-DEOA-8.5), confirming the pres-
ence of partly crystalline y-AIO(OH).

The FTIR spectra of A-MEOA, A-DEOA and A-TEOA are presented in
Fig. S1. The FTIR spectra of all the samples showed bands at similar
wave numbers, as follows: a broad band at approximately 3280 cm ™,
less intensive bands at 2065 cm ™! (mostly only confirmed in the A-TEOA
samples), a narrow band at 1070 cm ™! and less intensive bands at 730
em™}, 600 cm ™! and 450 cm™!. The broad band at approximately 3280
cm™! can be assigned to the v,5(Al)O-H stretching vibrations of y-AlO
(OH), and symmetric and asymmetric bending modes of (Al)O-H groups
observed at 1071-1066 cm’1[16,21]. The bands at approximately 630
cm ! were assigned to the stretching modes of octahedral coordination
of (AlOg), the band at 485 cm~! to the bending modes of (AlOg) in the
v-AlO(OH) [16,21]. Since the vibrations assigned to the vibration typical
for y-AlO(OH) are present in the FTIR spectra of all the samples — also in
A-TEOA - we propose that y-AIO(OH) was formed in all of the samples.

A comparison of the TG and DSC curves for the samples A-MEOA-7.5,
A-DEOA-7.5 and A-TEOA-7.5 is shown in Fig. 2. Between room tem-
perature and 100 °C, the samples lose about 2-3 % of the initial mass,
which corresponds to the dehydration of the loosely bound physisorbed
water, exhibited as an endothermic process on the DSC curves. A closer
look at the TG-MS curves (see Supplementary Figures S2, S3 and S4)
reveals a slight increase in the 18 m/z signal in this temperature range,
which is typical for the evolution of water molecules. The mass of the
samples decreases continuously; there is no clear plateau between the
dehydration and the further thermal decomposition, which starts at a
higher rate, at about 200 °C. On the DSC curves, the beginning of
thermal decomposition is revealed as an endothermic process, which, at
around 250 °C, turns to an exothermic process. The thermal

100 |- I\ ——A-MEOA-75

4 ——A-DEOA-7.5

1 —— A-TEOA-7.5
80 .
2 =3
o =
E R
S 5
60 [}
I
o]
[=]
Z
g

40
L 1 1 L 1 L 1

0 100 200 300 400 500 600 700 800
T[°C]

Fig. 2. Comparison of the TG and DSC curves for the samples A-MEOA-7.5, A-
DEOA-7.5 and A-TEOA-7.5.
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decomposition of the samples A-MEOA-7.5 and A-DEOA-7.5 is similar.
In the temperature range from 100 °C to 800 °C, the mass loss is 39.2 %
for the first sample and 46.0 % for the latter. A broad exothermic signal
on the DSC curve of the A-MEOA-7.5 sample shows that the main peak is
positioned at 300 °C, upon which a small peak at 380 °C is superposed.
In the case of A-DEOA-7.5, an additional peak arises at 530 °C, indi-
cating that the decomposition occurs in several successive steps which
overlap. From the TG-MS curves we can see that chloride species are
evolved at a temperature of 150 °C (35 m/z), most likely in the form of
HCL. At around 300 °C, water and carbon dioxide (40 m/z) begin to
evolve together, indicating the beginning of thermal decomposition of
the organic matter. A typical signal for ethanolamine (30 m/z) is
observed, with a slight delay (see Supplementary Fig. S2) [22]. The
TG-MS curves of the sample A-DEOA-7.5 are shown in Fig. S3. Another
signal, 56 m/z, appeared in the temperature range 250-400 °C, corre-
sponding to the diethanolamine fragment. Since the boiling point of this
base is 270 °C, the onset of this signal could be related to its vapor-
ization. The other typical signal for all amines (30 m/z) is more pro-
nounced in the last decomposition range, at 450-650 °C. The highest
mass loss, in the 100-800 °C range, shows a TG curve of A-TEOA -7.5, i.
e. 58.4 %. The reason for this lies in the fact that TEOA, with a pK, value
of 7.76, is the weakest base among the ethanolamines used in this
research work, which is why a higher amount was required to achieve
the defined pH value for the A-TEOA samples. The higher percentage of
organic phase is consistent with the higher mass loss determined in the
TG measurements, so the order of Dm (A-MEOA-7.5) < Dm
(A-DEOA-7.5) < Dm (A-TEOA-7.5) is logical. The third exothermic peak
of this sample, at 510 °C, is also intense, which could indicate that the
decomposition of the amines predominantly takes place in the last step
and also coincides with the 30 m/z signal (Supplementary Fig. S4). On
the DSC curve of this sample, a sharp endothermic peak with an onset
temperature of 168 °C corresponds to the melting temperature of trie-
thanolamine hydrochloride [23]. According to the XRD patterns (Fig. 1)
and FT-IR spectra (Fig. S1), the phase formed in the A-MEOA-7.5 and
A-DEOA-7.5 samples was y-AlO(OH), while triethanolamine hydro-
chloride was also formed in the A-TEOA-7.5 sample. Abdelkader et al.
reported an endothermic peak at 380 °C, which corresponds to the
dehydroxylation of AIO(OH) to Al,O3 [24]. However, the mentioned
endothermic peak could not be observed in the DSC curves of our
samples, which is probably due to the fact that the thermal decompo-
sition of the organic phase (Pluronic F-127 and amines) overlaps with
the dehydroxylation process.

For clarity, in Fig. 3 the DSC curves of the samples A-TEOA-7.5, A-
MEOA-7.5 and A-DEOA-7.5 are presented in the temperature range

—— A-MEOA-7.5
- ——ADEOAT7S5 .
i ——A-TEOA-7.5 1200°C
kD
=
3 -
=
® 1215°C
)
e {
1160 °C

ENDO
-—

1

700 800 900 1000 1100 1200 1300
T[°C]

Fig. 3. Comparison of the DSC curves for the samples A-MEOA-7.5, A-DEOA-
7.5 and A-TEOA-7.5 in the temperature range 700-1300 °C.
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between 700 °C and 1300 °C. From approximately 650 °C, the mass of
the samples stayed constant, whereas the signal on the DSC curves
turned towards an exothermic direction in all cases. According to Wang
et al. [14], the crystallization process of y-Al,O3 takes place in this
temperature range, while the exothermic peaks around 1200 °C corre-
spond to the phase transition to a-AlyO3 [25]. The phase transformation
takes place at the lowest temperature in the sample A-TEOA-7.5 (1160
°C) and at the highest temperatures (1215 °C) in the sample
A-DEOA-7.5, indicating that the temperature at which the phase tran-
sition occurs depends on the base used in the synthesis.

3.2. Properties of the materials synthesized at different pH values after
thermal treatment at 500 °C

The XRD patterns of the samples A-MEOA-500, A-DEOA-500, A-
TEOA-500 are shown in Fig. 4. These samples also have a very low
crystallinity. However, the broad peaks indicating the onset of crystal-
lographic ordering appear at different positions compared to the sam-
ples before thermal treatment. Broad peaks at about 19.8°, 31.8°, 37.3°,
39.6°, 45.9°, 60.6° and 66.7° 260 can be identified in the patterns of the
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= & E, <] 8 = =5
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1 L
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Fig. 4. XRD patterns of the a) A-MEOA-500, b) A-DEOA-500 and c) A-TEOA-
500 samples for the crystal planes of y-Al,O3 (PDF card 01-079-1558).
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samples, which is consistent with the spinel-type y-AloO3 (PDF card 01-
079-1558).

It can be seen in Fig. 4 that the lowest peaks at 19.8° and 60.6° 26 are
almost or even completely invisible in the patterns of the samples A-
MEOA-6.5-500, A-DEOA-6.5-500, A-TEOA-6.5-500, A-MEOA-7.5-500
and A-DEOA-7.5-500. The samples A-MEOA-8.5-500, A-DEOA-8.5-500
and A-TEOA-8.5-500, synthesized at the highest pH but thermally
treated under the same conditions as the others, show significantly
better (but still very low) crystallinity. This leads to the conclusion that
the slightly better crystallographic order of boehmite (y-AlO(OH)),
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Fig. 5. FTIR spectra of the a) A-MEOA-500, b) A-DEOA-500 and c¢) A-TEOA-
500 samples.
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Fig. 6. Nitrogen adsorption-desorption isotherms (left) and BJH pore size distribution (right) of the a) A-MEOA-500, b) A-DEOA-500 and c) A-TEOA-500 samples.

induced by a higher synthesis pH, is transferred to the resulting y-Al;03
formed during thermal treatment at 500 °C. Amirsalari et al. reported on
the preparation of y-Al;O3 nanoparticles from different precursor, Al
(NO3)3-9H0, and found that the pH influences the crystallinity of the
final product, gaining crystalline samples only when the pH during
synthesis was higher than 8. They suggested that this is the consequence
of increasing NH4OH, bringing particles closer together and reducing
the nucleation [16].

The FTIR spectra of the samples A-MEOA-500, A-DEOA-500 and A-
TEOA-500 are presented in Fig. 5. The FTIR spectra of all the samples
show bands at similar wave numbers: broad bands at 3470 cm™! and
2070 cm™!, a narrower band at approximately 1640 cm™! and two
additional broad bands at approximately 873 cm™! and 563 cm™!. We
propose that the band at approximately 3500 cm™! belongs to the
stretching vibrations of the OH groups and the band at 1640 cm ™! could
belong to the bending vibrations of water [16]. Additionally, we propose
that the peaks at 563 cm™! and 873 cm™! belong to Al-O vibrations,
namely 563 cm ™! to bending vibrations and 873 cm™! to stretching
vibrations of the Al-O bond [12]. We propose that the broad bands at
563 cm ! and 873 cm correspond to Al;O3. We have observed that the
bands were broader after y-AIO(OH) transformed to Al,Os, as was also
reported by Teoh et al. [12]. We observed an absence of the band around
1060 cm’l, which belongs to y-AIO(OH), and this was present in all the
samples before the thermal treatment (Fig. S1). We propose that AlO
(OH) was transformed to Al,O3, which would also fit the wide bands at
563 cm ! and 873 cm L.
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Table 2
Specific surface, pore volume and pore diameter of the A-MEOA-500, A-DEOA-
500 and A-TEOA-500 samples.

Sample name SBET (mz/g) A (cm3/g) D, (nm)
A-MEOA-6.5-500 237 0.31 4.2
A-MEOA-7.5-500 279 0.46 4.3
A-MEOA-8.5-500 272 0.40 4.3
A-DEOA-6.5-500 253 0.36 5.3
A-DEOA-7.5-500 268 0.51 4.8
A-DEOA-8.5-500 338 0.44 3.8
A-TEOA-6.5-500 282 0.39 4.6
A-TEOA-7.5-500 302 0.36 4.4
A-TEOA-8.5-500 344 0.33 4.1

The results from the nitrogen physisorption are presented in Fig. 6
and Table 2. The nitrogen adsorption—desorption isotherms and BJH
pore size distribution curves of the A-TEOA-500 samples are presented
in Fig. 6. Isotherms of all the samples (Fig. 6) correspond to type IV
isotherms [3]. We confirmed that all the synthesized samples were
mesoporous. The pore size distributions for the A-MEOA-500 (Fig. 6a)
and A-DEOA-500 samples are wide (Fig. 6b) and similar for the two
groups of samples. Therefore, we propose that adjusting the pH during
the synthesis did not affect the pore size distribution of the synthesized
materials. It could be observed that the A-TEOA-500 samples possessed
the narrowest pore size distribution among the samples (Fig. 6c).
Consequently, we propose that, of all the properties of the material, the
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Fig. 7. XRD patterns with inset in the low angle part of the A-TEOA-7.5-T
samples treated at different temperatures, with crystal planes of y-Al,O3 (PDF
card 01-079-1558) and a-Al,O3 (PDF card 01-075-1862).
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Fig. 8. FTIR spectra of the A-TEOA-7.5-T samples.

base used had the highest impact on the pore size distribution (Fig. 6).
The specific surfaces, pore volume and pore diameter of the samples are
presented in Table 2.

The pH adjustment and choice of base used during the syntheses
affected the specific surface, pore volume and pore size of the A-MEOA-
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500, A-DEOA-500 and A-TEOA-500 samples differently (Table 2). The
most significant effect of the choice of ethanolamine used during the
synthesis was observed on the specific surface area of the samples. The
Sger of most of the samples increased with the rise in pH, which was
adjusted during the synthesis (from 237 m?/g to 272 m?/g for the A-
MEOA-500 samples; from 253 m?/g to 338 m?/g for the A-DEOA-500
samples; and from 282 m?/g to 344 m?/g for the A-TEOA-500 samples).
However, the effect of adjusting the pH during the syntheses on the pore
volume of the materials is not significant, varying between approxi-
mately 0.3 and 0.5 cm®/g. Fulvio et al. [10], with lower specific surface
area (235 m?/g), also reported a broader pore distribution (~5 nm),
while the samples in this study— especially A-MEOA-500 and
A-TEOA-500— exhibited narrower pore ranges of around 4 nm. Simi-
larly, adjusting the pH value during synthesis did not generally influence
the samples’ pore size. The samples A-MEOA-500 and A-TEOA-500
possessed pore sizes of around 4 nm regardless of the base used during
the syntheses. In sample A-DEOA-500, however, the pore size lowered
from 5.3 nm to 3.8 nm when the pH was adjusted to a higher value
during the synthesis. In comparison, Sun et al. [11] and Wang et al. [14]
synthesized mesoporous AloO3 with a significant wider pore size dis-
tribution, over 20 nm and over 80 nm. Zhang et al., who synthesized
AlyO3 through thermal treatment of crystalline NH4A1(OH)2COs, pre-
pared from NH4A1(SO4)s, reported about Sggr of synthesized materials
became higher as the pH of the reaction mixture increased [13].

3.3. Properties of the materials synthesized from triethanolamine at pH =
7.5 after thermal treatment at different temperatures

The XRD patterns of the A-TEOA-7.5-T samples are shown in Fig. 7.
The patterns of samples A-TEOA-7.5-500, A-TEOA-7.5-600, A-TEOA-
7.5-700 and A-TEOA-7.5-900 show broad peaks at 19.8°, 31.8°, 37.3°,
39.6°, 45.9°, 60.6° and 66.7° 26, which are consistent with y-Al,O3 (PDF
card 01-079-1558). On closer inspection of the diffraction peaks in the
low-angle part of the XRD patterns in the range between 10° and 40° 26
(see inset in Fig. 7), also less intensive diffractive peaks could be
observed, although they are broad. Increasing the temperature of the
thermal treatment from 500 °C to 900 °C led to visibly narrower (but
still very broad) peaks, confirming an increasing crystallographic order
with increasing temperature, but the crystallinity remained low even at
900 °C, as is usually observed for this phase. Zhang et al. reported that
their samples transformed from amorphous to crystalline phase y-AloO3
at 700 °C, with the crystallinity increasing up to 1000 °C when they
started to transform to a-Al,O3 and 0-Al,O3 [13].

The XRD pattern of sample A-TEOA-7.5-1300 showed strong peaks at
25.5°, 35.1°, 37.6°, 43.5°, 52.5°, 57.6°, 66.6°, 68.1° and 76.8° 260, in
addition to many weaker peaks, belonging to corundum (a-Al,O3, PDF
card 01-075-1862).

FTIR spectra of the A-TEOA-7.5-T samples are presented in Fig. 8.
With the exception of the sample A -TEOA-7.5-1300, the spectra of all
the samples showed bands at the same wave numbers, as shown in Fig. 5.
Bands in the FTIR spectra of the samples A-TEOA-7.5-500, A-TEOA-7.5-
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Fig. 9. Nitrogen adsorption—desorption isotherms (left) and BJH pore size distribution (right) of the A-TEOA-7.5-T samples.
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Table 3

Specific surface, pore volume and pore diameter of the A-TEOA-7.5-T samples.
Sample name Sper (m%/g) V, (cm®/g) D, (nm)
A-TEOA-7.5-500 302 0.36 4.4
A-TEOA-7.5-600 281 0.35 4.5
A-TEOA-7.5-700 232 0.37 5.9
A-TEOA-7.5-900 171 0.36 7.9
A-TEOA-7.5-1300 7 0.01 /

600, A-TEOA-7.5-700 and A-TEOA-7,5-900 were assigned at 3466
em™%, 2037 em™!, 1640 ecm™, 837 cm™' and 563 cm™'. The FTIR
spectrum of sample A (TEOA-7.5-1300) showed two bands, at 566 cm !
and 768 cm !, which both belong to bending and twisting vibrations for
Al-O [16]. The absence of the bands at 3466 cm~!and 1640 cm’l, which
correspond to O-H stretching and bending vibrations [16], in the spec-
trum of the A-TEOA-7.5-1300 sample indicates an absence of the OH
groups. We propose that the OH groups present in y-Al,O3 were no
longer present in a-AlyOs.

The nitrogen adsorption—desorption isotherms and BJH pore size
distribution curves of the A-TEOA-7.5-T samples are presented in Fig. 9.
With the exception of the isotherm for the A-TEOA-7.5-1300 sample, all
the isotherms correspond to type IV, as with the A-TEOA-500 samples
(Fig. 6), confirming a mesoporous structure, which indicates the meso-
porosity of the samples. We confirmed the mesoporous structure was
maintained in the samples up to a thermal treatment temperature of 900
°C. In contrast, the isotherm of the A-TEOA-7.5-1300 sample corre-
sponds to a type III isotherm and indicates the formation of non-porous
material. The pore size distribution is broader and the pore size larger in
the samples thermally treated at higher temperatures. The specific sur-
face, pore volume and pore diameter of the samples are presented in
Table 3.

The specific surface, pore volume and pore diameter of the A-TEOA-
T samples are presented in Table 3. The specific surface area of the
samples (Table 3) decreased as the temperature of the thermal treatment
increased in the A-TEOA-T samples, exhibiting values between 302 m2/g
and 7 m?/g. Byun et al. achieved significantly lower surface areas (all
below 200 mz/g) at similar calcination temperatures [4]. With the
exception of A-TEOA-7.5-1300, the pore volume was similar in all of the
samples, with a value of approximately 0.36 cm®/g (Table 3). The
A-TEOA-7.5-1300 sample was non-porous, as already described (Fig. 9);
the porosity could therefore not be evaluated, but the pore volume was
approximately 0.01 cm®/g. The pore diameter of the samples thermally
treated at higher temperatures increased from 4.4 to 7.9 nm. According
to the XRD patterns and the nitrogen sorption results (Figs. 7 and 9), we
propose that increased crystallization and thermal treatment at higher
temperatures decrease the specific surface area, while the pores between
the crystals become larger.

The TEM micrographs and experimental SAED (selected area elec-
tron diffraction) patterns of the A-TEOA-7.5-T samples, with added
simulated patterns for the y-Al,O3 and a-AlyO3 phases of the samples,
are presented in Fig. 10. The y-Al,O3 phase was simulated from ICSD
249140, Fd3-mZ using crystallite sizes of 2.5 and 10 nm and the a-Al,03
phase from ICSD 10426, R3-cH with a crystallite size of 15 nm. The TEM
micrograph for the A-TEOA-7.5-500 sample (Fig. 10a) confirmed the
presence of mesoporous material, with the darker parts representing the
material and the lighter parts representing the mesopores. We confirmed
that the mesoporous structure consisted of nanoparticles with voids
between them. Additionally, in the inset of Fig. 10a, the crystal planes in
the nanoparticle can be confirmed, suggesting that the mesoporous
structure consisted of nanocrystallites with pores between them. The
estimated size of the crystals in the A-TEOA-7.5-500 sample was 2.5 nm.
According to the SAED pattern (Fig. 10a—right), the presence of y-AloO3
could be confirmed in these samples by the presence of the crystal planes
(311), (400) and (440). The micrograph of the A-TEOA-7.5-700 sample
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Fig. 10. TEM pictures (left) and experimental SAED patterns (right) with
simulated y-Al,O3 diffraction patterns: a) A-TEOA-7.5-500 with simulated
y-Al,O3 diffraction pattern using a crystallite size of 2.5 nm, b) A-TEOA-7.5-700
with simulated y-Al,O3 diffraction pattern using a crystallite size of 2.5 nm, c)
A-TEOA-7.5-900 with simulated y-Al,O3 diffraction pattern using a crystallite
size of 10 nm, d) A-TEOA-7.5-1300 with simulated a-Al,O3 diffraction pattern
using a crystallite size of 150 nm. Insets represent the images at higher
magnifications.

(Fig. 10b) shows less-defined mesoporous material with the presence of
more particles (darker parts) and less pores (lighter parts). The size of
the particles was estimated to be between 3 and 6 nm. The diffraction
pattern of the A-TEOA-7.5-700 sample (Fig. 10b—right) also confirmed
the presence of crystal planes of y-Al;O3 at (311), (400) and (440). The
micrograph of the A-TEOA-7.5-900 sample (Fig. 10c) shows mostly
nanoparticles (dark parts) sized 5-9 nm and below, with larger pores
(light part) between them. Crystal planes were also observed in the
micrograph of these samples (inset in Fig. 10c), confirming y-Al,O3 with
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the presence of (311), (400) and (440) planes (Fig. 10c—right). In the
micrograph of the A-TEOA-7.5-1300 sample (Fig. 10d), mainly non-
porous material could be observed (mainly dark parts are observed),
with particles of 400 nm in size. The SAED pattern (Fig. 10d—right)
showed the presence of crystal planes at (1102), (110), (2110), (2116)
and (3300), confirming the presence of a-Al,O3. The confirmed presence
of the crystal planes (311), (400) and (440) matched the crystal planes in
the simulated diffraction pattern of y-AlyO3 from card ICSD 249140; we
therefore propose that the y-Al,03 phase is present in the A-TEOA-7.5-
500, A-TEOA-7.5-700 and A-TEOA-7.5-900 samples. In the A-TEOA-7.5-
1300 sample (Fig. 10d—right), the crystal planes match the simulated
diffraction pattern of a-AlyO3 from card ICSD 10426; we therefore
propose that a-AlpO3 was present in the A-TEOA-7.5-1300 sample. We
found that the samples that had undergone temperature treatment up to
900 °C were all y-Al;03, whereas the size of the crystallites was differ-
ent—with a rise in the temperature of the thermal treatment the size of
the crystals increased and the pore size decreased. According to the XRD
patterns (Fig. 4), we propose that the materials A-MEOA-500, A-DEOA-
500 and A-TEOA-500 are in partly crystalline phases with additional
amorphous parts.

4. Conclusion

In this study, mesoporous y-Al,Osmaterials were successfully syn-
thesized using the hydrothermal pH-adjusted method, using ethanol-
amines (monoethanolamine, diethanolamine and triethanolamine) as
the key synthesis variables. The findings revealed that the type of
ethanolamine, the pH adjustment and thermal treatment significantly
influenced the textural and structural properties of the synthesized
materials. Prior to thermal treatment, y-AIO(OH) was present in all
samples, while triethanolamine hydrochloride formed in the samples
synthesized with triethanolamine. Thermal treatment at 500 °C yielded
mesoporous y-Al,Os3, with pores located between nanocrystals. The
materials synthesized with triethanolamine exhibited a narrower pore
size distribution and a higher specific surface area, with the highest
values observed when the pH adjustment was higher. Nitrogen phys-
isorption demonstrated that the pore size, specific surface area and pore
volume were strongly influenced by both the synthesis parameters and
the thermal treatment. For the samples prepared with ethanolamine and
diethanolamine, the pH adjustment affected the pore volume but not the
pore diameter, whereas the triethanolamine-based materials exhibited
stable pore volumes across varying pH values. The thermal treatment
temperature had a great impact, with pore diameters increasing signif-
icantly between 500 °C and 900 °C, while the specific surface areas
decreased, due to enhanced crystallinity and phase transitions. By 1300
°C, all materials had transformed into non-porous a-AlpOs. TEM mi-
crographs confirmed that mesopores were formed between the y-Al,O3
crystals, with higher thermal treatment temperatures resulting in larger
crystal sizes and correspondingly larger pores. The results highlight the
crucial role of synthesis parameters and thermal treatment in tailoring
mesoporous materials. Among the factors studied, the thermal treatment
temperature was the most influential in controlling the pore diameter,
specific surface area and phase stability. This work demonstrates the
versatility of the hydrothermal method in producing mesoporous
alumina with the stability of mesopores up to 900 °C, and the ability to
adjust the pore diameters through thermal treatment makes these ma-
terials highly promising for different applications.
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