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a b s t r a c t

The contribution of the amorphous phase in aluminum hydroxide and alumina to their properties was
investigated in this work. It was shown that the amorphous phase in aluminum hydroxide is stabilized
by alumoxanes, and it is a source of a finely porous component and capable of increasing the surface area
by ~78%. In g-Al2O3, amorphous alumina raises the surface area and the acidity. It was established that
the method of chemical modification does not change the phase inhomogeneity but allows adjusting the
acid properties while maintaining the high specific surface area. It was shown that the amorphous phase
is more reactive when processing phase-inhomogeneous aluminum hydroxide with acetic acid. Crys-
tallization of amorphous alumina as a result of high-temperature treatment of phase-inhomogeneous
aluminum hydroxide is accompanied by significant decrease in specific surface area and acidity.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Aluminum oxides are widely used as adsorbents, catalysts, and
catalyst supports in pharmaceutical [1] and organic chemistry
practices [2], oil refining and petrochemical processes [3,4]. This is
because of the presence of various modifications of alumina,
characterized by thermal stability, textural, and acid-base proper-
ties [5,6]. These characteristics are very important when using
aluminum oxides as catalyst supports, because structural and
charge properties of the active component are formed as a result of
the metal-support interaction effect [7e9]. To fix finely dispersed
particles of the active component on the catalyst surface, alumina
must have a developed specific surface area and sufficient con-
centration of acid-base sites, which is typical for a low-temperature
modification, such as g-Al2O3 [10,11]. It is known that the pre-
cursors of aluminum oxides are aluminum hydroxides, which in
mass production are obtained by hydrolysis of inorganic or organic
aluminum salts. However, the hydrolysis rate of each successive
step decreases. The values of the negative logarithm of the
).
hydrolysis constant of inorganic aluminum salts from steps 1 to 3
are about 6,11 and 17, respectively [12]. Aluminum hydroxides with
a low content of metal impurities are obtained by hydrolysis of
aluminum alkoxides. In this case, the hydrolysis rate largely de-
pends on the nature of the aluminum alkoxides and the coordi-
nation number of aluminum. Aluminum alkoxides rapidly undergo
oligomerization to form more stable forms (di-, tetra- or octamers)
[13]. Bridge aluminum alkoxides are more resistant to hydrolysis
than terminal ones [14]. The hydrolysis rate decreases as the alkyl
chain lengthens and increases in the presence of acid-type catalysts
protonating negatively charged alkoxide groups [15]. However, the
use of catalysts in reactions with a low mole ratio of water to
alkoxide (to obtain boehmite) often leads to formation of gel-like
products. Products of incomplete hydrolysis of aluminum alkox-
ides are referred to as alumoxanes [16]. They have less reactivity
and represent oligomers or crystalline substances, most of which
are non-stoichiometric in composition and consist of boehmite-like
aluminum-oxygen core and various functional groups (alkyls, car-
boxyls), which allows them to stabilize in the structure of boehmite
itself [17]. This prevents complete crystallizing of the boehmite,
contributing to the formation of amorphous aluminum hydroxide,
which is characterized by small particles with small and often
irregular pores between them, such structure is often called a
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wormhole [16]. The decomposition of alumoxanes at the stage of
calcination of aluminum hydroxide leads to the formation of
amorphous alumina or g-Al2O3 at temperatures above 300 �C
[18,19]. Therefore, hydrolysis reaction products are often phase-
inhomogeneous, because they contain crystalline and amorphous
aluminum hydroxides. Crystalline aluminum hydroxide is dehy-
drated into the low-temperature form of crystalline alumina at
temperatures of 300e500 �C [20,21]. Amorphous aluminum hy-
droxide in the range from 250 to ~700 �C is dehydrated into
amorphous aluminum oxide. That is why, the heat treatment of
phase-inhomogeneous aluminum hydroxide for obtaining a low-
temperature modification will also be accompanied by formation
of a phase-inhomogeneous aluminum oxide which consists of g-
Al2O3 and amorphous alumina. To date, studies of the properties of
amorphous alumina are given for its 100% content case. It has
unique properties and is interesting for having high dielectric
constant [22e24], used in fluorescent and optical devices [25,26],
and in the getting of crystalline materials [27e29]. Therefore, only
the physical and optical properties of fully amorphous alumina
have been studied. However, when using aluminas as catalysts or
their supports, the contribution of amorphous alumina is neglec-
ted, but this may be the cause of conflicting research results. Phase
inhomogeneity will reduce the reproducibility of the textural and
acid characteristics of alumina, the properties of supported metal
particles and, consequently, their catalytic activity. The inability to
identify amorphous alumina in the crystalline composition makes
it impossible to determine its contribution to both the properties of
alumina and the active component of the catalyst. Amorphous
alumina can only be identified in some cases by the presence of a
five-coordinate aluminum cation in the 28e40 ppm region on the
27Al NMR spectrum [30e34]. On the X-ray diffraction patterns and
IR spectra there are no bands characteristic of amorphous alumina,
which does not allow it to be detected. Earlier [35], we proposed a
method for identifying amorphous alumina in the composition of
g-Al2O3, based on various phase labilities. As a result of hydro-
thermal treatment (HTT) of phase-inhomogeneous alumina, two
boehmites with different temperatures of phase transformation
into g-Al2O3 were discovered. It is accompanied by two peaks of
endothermic effect at 482 and 514 �C on the DSC curve. So, the
sequence of these actions: a short-term HTT of alumina and
recording of the DSC curve represents a method for detecting phase
inhomogeneity of alumina, including identification of amorphous
alumina.

Common methods for modifying alumina are its chemical or
high-temperature treatment. The interaction of modifying ions
mainly proceeds by the mechanism of electrophilic or nucleophilic
substitution of surface hydroxyls or protons in their composition
[36,37]. However, the literature shows the data on the effect of
modifiers on the properties of crystalline aluminum oxides, while
the amorphous phase is often accessory. To prevent from additional
stages of the synthesis of aluminum oxides, it is advisable to
introduce chemical modifiers into aluminum hydroxides. More-
over, the various phases in the composition of the aluminum hy-
droxide are likely to have different reactivity. In this article, we
propose understanding the way chemical modification affects the
phase composition and properties of a phase-inhomogeneous
aluminum hydroxide and alumina obtained from it. In the case of
high-temperature processing, crystallization of amorphous
alumina into crystalline alumina occurs at temperatures above
700 �C [32,38]. However, this is accompanied by a decrease in the
specific surface area and concentration of acid sites.

Thus, when creating catalytic systemswith good reproducibility,
it is necessary to consider the following: (1) what is the contribu-
tion of the amorphous phase and various methods of modifying
aluminum oxides to (i) morphology, textural and acid properties of
2

aluminum oxide, (ii) characteristics of the active component, and
(iii) its performance; (2) controlling the phase homogeneity of
hydroxides and aluminum oxides. In this article, we will show the
way the phase composition, parameters of the porous structure,
and the concentration of acid sites of aluminum oxides change as a
result of chemical modification and heat treatment of a phase-
inhomogeneous aluminum hydroxide. The contribution of the
amorphous phase to these properties was also studied. In the
second part of our work, we show the way the presence of amor-
phous alumina and a change in the properties of an alumina sup-
port as a result of various methods of its modification affect the
catalytic activity of palladium particles in the partial hydrogenation
of unsaturated hydrocarbons.

2. Materials and methods

The initial aluminum hydroxide (denoted as AH-1) represented
a powder form of commercial sample of alumina hydroxide ob-
tained by hydrolysis of alumina alkoxides. According to the pass-
port data, it contains silicon dioxide (SiO2) ~120 ppm, iron
sesquioxide (Fe2O) ~100 ppm, calcium oxide (CaO) ~50 ppm,
magnesium oxide (MgO) ~50 ppm, sodium oxide (Na2O) ~20 ppm,
and potassium oxide (K2O) ~20 ppm. Chemical modification of AH-
1 was carried out with water solution of acidic or basic modifiers.
The acidic modifiers were acetic acid (the sample denoted as AH-
Ac) and ammonium fluoride (AH-F), and the basic modifiers were
sodium hydroxide (AH-Na) and cesium nitrate (AH-Cs). The ratio of
acetic acid to AH-1 was 0.15 mole1 mol, and the ratio of the
modifier ion (fluorine, sodium or cesium) to AH-1 was
0.03 mole1 mol. This concentration of modifying additives was
chosen in order to obtain alumina oxides with close specific surface
area but different effects on the acidity of the support, which play
an important role in the formation of the active component
(palladium). Acetic acid is widely used as a peptizing agent, so this
concentration of acetic acid has been used. The solution of modifier
was mixed with AH-1 powder at 85 �C and subsequently dried at
120 �C. These samples of aluminum hydroxides, except for AH-Cs,
were calcined at 550 �C (the heating rate was 2 �C/min) within 1 h
at an atmospheric pressure to obtain alumina oxides. This tem-
perature corresponds to the completion of the phase trans-
formation of boehmite to g-Al2O3, according to the data of
differential scanning calorimetry (DSC) analysis. The AH-Cs was
calcined at 650 �C to remove the nitro group. The obtained calcined
samples were labeled, starting with a prefix of AO followed by the
modifier ion. The unmodified aluminum oxide was denoted as AO-
1. The hydrothermal treatment (HTT) was carried out on AH-1 and
AO-1 samples within 4 and 1 h, respectively. The obtained samples
were labeled as AH-HTT and AO-HTT, respectively. The hydrother-
mal treatment was carried out with seven times excess of water in
stainless steel autoclave (V ¼ 200 mL, without stirring) at 150 �C
(2 �C/min). The pressure reached 4 atm. After HTT the samples were
dried at 120 �C within 2 h and were calcined at 550 �C within 1 h at
an atmospheric pressure to obtain the AO-2 (from AH-HTT) and
AO-3 (from AO-HTT) samples. The high-temperature treatment of
AH-1 was carried out at 800 (2 h), 900 (4 h) and 1100 �C (4 h) to
obtain aluminum oxides labeled as AO-800, AO-900 and AO-1100,
respectively.

X-ray diffraction (XRD) studies of the samples were performed
using the MiniFlex 600 diffractometer (Rigaku, Japan) equipped
with a D/teX Ultra detector. In this experiment, Cu Ka radiation
(40 kV, 15 mA) was used and the data were collected at room
temperature in the range of 2q angle from 2 to 100� with a step of
0.02� and exposure time at each point of 0.24 s without sample
rotation. Crystal sizes (coherent scattering regions, CSRs) were
evaluated using the Scherrer formula for the (020) plane of
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aluminum hydroxides, for the (440) plane of g-Al2O3 samples and
for the (104) plane of AO-1100. The molar ratio of H2O to Al2O3 (the
quantity of interlayer water), n, was calculated by the (020) plane.

Simultaneous thermogravimetry and differential scanning
calorimetry (TG/DSC) analysis of the samples and mass spectro-
metric (MS) evolved gas analysis were performed using the ther-
moanalyzer STA 449F1 Jupiter (Netzsch, Germany) coupled with
quadrupolar mass-spectrometer QMS 403 D Aeolos (Netzsch, Ger-
many) at the temperature range from 30 to 1000 �C (10 �C/min) in
Pt/Rh crucible and an argon atmospheric with a total flow rate of
75 mL/min. The results were processed with the NETZSCH Proteus
software. The molecular weight of alumina hydroxides was calcu-
lated taking into account the amount of interlayer water
(Mr ¼ Mr(Al2O3) þ n*Mr(H2O), g/mol). The concentrations of
boehmite (u(B)) were found from the weight loss of the second
endotherm on the derivative thermogravimetric (DTG) curve
(dehydration of boehmite) (Dw3, %) with deductedweight loss after
removal of the physically adsorption water (Dw1, %) and dehy-
droxylation of the alumina at 550 �C (Dw4, %) [35].

Measurement of weight changes with the simultaneous iden-
tification of the resulting volatile components during the heat
treatment of aluminum hydroxides under air from room temper-
ature to 700 �C (10 �C/min) was performed using the combination
of thermal analysis with Fourier transform infrared (FTIR) spec-
troscopy on a synchronous thermal analyzer STA 409 PC Luxx
(Netzsch), combined with the external gas cell of the Tensor 27 FTIR
spectrometer.

Carbon content was quantified on the HORIBA EMIA-510 with a
thermal conductivity detector by burning samples (~0.3 g) in oxy-
gen atmospheric at 1450 �C for 60 s. Before this analysis, the
samples were dried at 120 �C.

The infrared (IR) spectra of aluminum hydroxides were recorded
on a Spectrum 400 Fourier spectrometer (Perkin Elmer) with an
ATR attachment, KRS-5, with a spectral resolution of 1 cm�1,
accumulation of 16 scans, shooting range of 4000e400 cm�1.

The specific surface area (S) (calculated with the Bru-
nauereEmmetteTeller method) [39] and the pore volume (V)
(calculated with the BarretteJoynereHalenda method) were
determined using a multipurpose ASAP 2400 analyzer (Micro-
meritics, USA). Adsorption isotherms were obtained at �196 �C
(77 K) after the degassing of aluminum hydroxides at 150 �C and of
aluminum oxides at 250 �C under the residual pressure of 0.013 Pa.
The surface area distribution over the pore diameters (dS/dD) and
pore size distribution (dV/dD) were determined by the curve of
desorption isotherm using the BarretteJoynereHalenda method
[40].

The total acidity of the synthesized aluminum oxides was
determined using the AutoChem 2950 HP analyzer. About 0.5 g of
the samples were loaded into a quartz reactor with the following
degassing of the instrument in an electric furnace at 550 �C (10 �C/
min). The flow rate of carrier gas (He) was 10 ml/min. The support
was saturated with a mixture of 10% ammonia (NH3) in helium (He)
at room temperature for 1 h. The physically adsorbed ammoniawas
removed by helium flow at 100 �C for 30 min. After analysis, the
sample was cooled to room temperature in a helium flow. Tem-
perature programmed desorption of ammonia (NH3 TPD) was
carried out in the range from room temperature to 700 �C (10 �C/
min). Calculations of NH3 TPD data on the distribution of acid sites
were performed according to themethod given in the research [41].

Infrared spectroscopy of adsorbed pyridine was performed us-
ing the Nicolet prot�eg�e 460 with an optical resolution of 4 cm�1 in
the region from 4000 to 400 cm�1. The samples in the form of disks
(diameter is 1.6 cm, r ~ 10 mg/cm2) were activated in an IR cell at
400 �C (7.5 �C/min) within 2 h and pressure of 10�5 torr. Adsorption
of probe molecules was carried out at 150 �C and pressure of 2 torr
3

of pyridine within 30 min. At the end of the adsorption cycle,
pyridine desorption was performed at 150 �C within 15 min. The
concentration of Bronsted and Lewis acid sites was determined by
the intensity of adsorbed pyridine bands (1545 and 1450 cm�1,
respectively), extinction coefficients were used according to the
work [42].
3. Results

3.1. Investigation of main properties of the initial aluminum
hydroxide

The X-ray diffraction pattern of the initial alumina hydroxide
contains lines, which are characteristic of boehmite (g-AlOOH)
(International Centre for Diffraction Data (ICDD) PDF card 00-049-
0133) (Fig.1). Interlayer water is 1.19mol on 1mol of alumina oxide.
However, a high value of (020) interplanar spacing, 0.638 nm, low
intensity and broadening lines indicate a low degree of sample
crystallinity, possibly due to the presence of an amorphous phase
[43]. Thus, in transmission electron microscopy (TEM) images,
which were presented in our earlier work [35], in addition to well-
crystallized small plate-like particles, there are loose non-
crystallized, amorphous sections, causing wide ring on micro-
diffraction patterns.

The calcination of AH-1 followed by the processes of dehydra-
tion and dehydroxylation. Two pronounced endothermic effects are
observed on the DSC curve under argon at temperature between
100 and 207 �C (I range) and between 370 and 536 �C (III range)
(Fig. 2 a).

The first endothermic effect with peak at 131 �C is due to the
removal of sorbed water and carbon dioxide from the pores of
aluminum hydroxide, as evidenced by the responses of the mass
spectrometer with charge numbers m/z ¼ 18 and 44, respectively.
An asymmetric broadening (shoulder) was found on the DSC curve
in the range from 208 to 369 �C (II range), followed by the endo-
thermic effect of the phase transformation of boehmite into g-
Al2O3 with a peak at 466 �C (III region). This shoulder may be due to
dehydration of pseudoboehmite in g-Al2O3 or dehydration of
amorphous aluminum hydroxide (Al(OH)3Am) to amorphous oxide
(Al2O3

Am). However, in our case, according to the results of XRD
pattern, calcination of the AH-1 at 370 �C does not lead to formation
of g-Al2O3. The shoulder on the DSC curve of the sample calcined at
370 �C was not observed, but the temperature of phase trans-
formation of boehmite and weight loss on the TG curve during this
process have almost no changes.

The crystallization temperature of amorphous alumina oxide on
the DSC curves at temperatures above 550 �C (IV range) is not
detected due to low value of the reaction enthalpy or the broadened
effect of low intensity. The weight loss in this range is due to the
dehydroxylation of alumina surface. During the simultaneous DSC
analysis and IR spectroscopy under air for AH-1 sample carbon
dioxide liberationwas registered (Fig. 3). It was formed as a result of
alumoxanes oxidation. The content of 0.23 % wt. carbon in the AH-1
and characteristic bands at 1629 and 1379 cm�1 (Fig. 4) in the IR
spectrum confirm the presence of alumoxanes [44].

The nitrogen adsorption-desorption isotherm of AH-1 (Fig. 5a)
corresponds to the IV type in the classification of S. Brunauer, L.
Deming, U. Deming and E. Teller and indicates the presence of
mesopores. Within the IUPAC classification, the hysteresis loop of
this isotherm corresponds to the H2 type characteristic of slit-
shaped and cylindrical pores. According to the analysis of the t-
plot (Fig. 5b), there are no micropores and the upward deviation of
the graph in the region t � 0.5 nm is due to the occurrence of
capillary condensation in the mesopores [40].



Fig. 1. X-ray diffraction patterns.

Fig. 2. TG/DSC curves (under argon) of the alumina hydroxides: AH-1 (a), AH-Ac (b), AH-Cs (c) and AH-HTT (d).
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Initial aluminum hydroxide is characterized by a high specific
surface area, 261 m2/g, a pore volume of 0.37 cm3/g, and two
maxima on the dS/dD curve at 3.8 and 4.6 nm (Fig. 5c) and the
similar maxima on the dV/dD curve.
4

Thus, based on the obtained results the AH-1 sample is phase-
inhomogeneous and consists of 62% boehmite and 38% amor-
phous phase. The latter is stabilized by the products of incomplete
hydrolysis of aluminum alkoxides (alumoxanes).



Fig. 3. TG and CO2 evolution curves of AH-1 and AH-Ac samples (under air).

Fig. 4. IR spectrum of AH-1 sample.

Fig. 5. N2 adsorption-desorption isotherm (a) and t-plot (b) of AH-1 sample, the curves of surface area distribution over pore diameter of the aluminum hydroxides (c) and t-plot of
AH-Ac (d).
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3.2. Influence of chemical modification on the phase composition
and textural characteristics of phase-inhomogeneous aluminum
hydroxide

According to the XRD data, the diffraction patterns of modified
aluminum hydroxides have the same set of lines as the initial
sample and correspond to boehmite. The line intensities and
measures of 2q angles do not change, which indicates that the
5

modifiers do not affect the phase composition and the amorphous
phase is still present. For modified samples a decrease in the con-
tent of interlayer water and a slight increase in the crystallite size
are observed (Table 1).

Based on the nitrogen adsorption-desorption results, the
modification does not lead to a change in the shape of the pores,
because the type of isotherms tallies with that for unmodified
sample (Fig. 5a).

The sample treated with acetic acid is characterized by a weak
specific interaction of the adsorbate with the surface of the modi-
fied hydroxide, as evidenced by the intersection of the
straighteline portion of the t-plot with the ordinate in the region of
negative values (Fig. 5d). This is probably due to the interaction of
aluminum hydroxide with a modifier and the formation of
aluminum acetate salts. During the treatment of the aluminum
hydroxide by acetic acid, the coagulation contacts between the
particles are destroyed and the structural elements with diameter
pores of ~5 nm are disaggregated. It is accompanied by disap-
pearance of the maximumwith this value on the dS/dD and dV/dD
curves and the formation of a monomodal porous structure with
maximum at 3.8 nm (Table 1, Fig. 5c for AH-Ac). More dense
packing of particles and an increase in the proportion of pores with
a diameter of less than 4 nm lead to a decrease in the porometry
capacity of pore volume by 22%. For the sample modified with
sodium hydroxide a surface area decreases by 18% (Table 1), and the
maximum intensity on dS/dD curve decreases (Fig. 5c for AH-Na).
This is due to the partial replacement of protons surface hydroxyl
groups of boehmite with sodium ions, which slows down the
crystal growth along the (020) plane (Table 1). For the rest of the
samples, the changes in the parameters of the porous structure are
less significant and the bimodal distribution of the specific surface
area (Table 1) and pore volume is preserved, similar to the initial
aluminum hydroxide.

The effect of acidic and basic additives on the phase trans-
formations of aluminum hydroxide was studied by the TG/DSC
method under argon and air. On the DSC curves of modified
aluminum hydroxides, two endothermic effects and a shoulder are
identified, as for the AH-1 sample (Fig. 2a). Calculations based on



Table 1
The phase composition, crystal size and textural characteristics.

Sample Phase composition CSRa, nm Sb, m2/g Vc, cm3/g Distribution of S over pore diameter, % Dmax
d, nm

2e4 nm 4e10 nm > 10 nm

AH-1 Al(OH)3Aм þ g-AlOOH 3.9 261 0.37 55 202 4 3.8; 4.6
AH-Ас 4.7 253 0,29 95 156 2 3,9
AH-F 4.7 257 0.37 53 199 5 3.8; 5.0
AH-Na 4.1 215 0.34 32 175 8 3.8; 5.4
AH-Cs 4.7 258 0.32 41 209 8 3.8; 5.1
AH-HTT g-AlOOH 8.9 147 0.29 13 123 11 7.1
AO-1 Al2O3

Aм þ g-Al2O3 4.4 191 0.49 e 130 61 7.9
AO-Ас 5.2 232 0.45 12 214 6 5.8
AO-F 5.0 210 0.45 2 195 13 6.4
AO-Na 4.9 226 0.42 6 193 27 6.5
AO-Cs 5.2 200 0.40 5 172 23 6.4
AO-2 g-Al2O3 5.6 169 0.41 4 93 72 8.9
AO-3 5.0 217 0.45 7 196 14 6.4

AO-800 5.6 149 0.50 e 31 118 10.2
AO-900 (gþd)-Al2O3 7.5 133 0.47 e 18 115 10.1
AO-1100 (qþa)-Al2O3 46.3 63 0.23 e 9 54 10.7

a Coherent scattering regions, corresponds to the crystal size according to the XRD data.
b Specific surface area.
c Pore volume.
d Maximum on the dS/dD curve.
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the weight loss on the TG curves at the inflection points (region III
in Table 2) showed that the content of boehmite phase in the
modified samples is similar to the initial aluminum hydroxide,
except for the sample treated with acetic acid.

For the AH-Ac sample an increase in the temperature interval on
the DSC curve in the III region with broadening of the endothermic
effect of the phase transformation of boehmite with a peak at
459 �C and a larger value of theweight loss on the TG curve (Fig. 2b,
Table 2) are observed. This is due to the predominant interaction of
the modifier with the most labile phase d the amorphous
component d followed by formation of aluminum acetate salts,
which decompose in the temperature range from 250 to 550 �C to
amorphous alumina [46,47]. The decomposition of salts is accom-
panied by formation of carbon dioxidewithmaxima at 347, 421 and
505 �C (peak at 117 �C is characteristic of the sorbed gas) on the
curve of its evolution (Fig. 3).

For other modified aluminum hydroxides, the curves of carbon
dioxide evolution in the air are similar to the AH-1 sample (Fig. 3 a).
On the DSC curve of the AH-Cs sample an exothermic effect with a
maximum at 332 �C is observed, due to the decomposition of the
nitrate ion, as evidenced by the response of the mass spectrometer
m/z ¼ 30 (Fig. 2c), which ends at 650 �C.

On the DSC curves of AH-1 and modified samples the phase
transformation of boehmite into g-Al2O3 is completed up to 550 �C.
Table 2
The value of interlayer water (n) and results of TG/DSC analysis (under air).

Sample n II range III range IV range

Dw2
a, % Т.R.b, �C Тpeak

c, �C Dw3, % u(B)d, % Dw4, %

AH-1 1.19 4.7 370e536 466 9.6 62 1.9
AH-Ac 1.13 3.0 334e532 459 13.4e 89 3.1
AH-F 1.13 5.2 403e550 475 9.7 65 2.9
AH-Na 1.17 5.5 367e532 455 9.5 61 2.1
AH-Cs 1.13 6.3 336e541 452 9.6 63 2.0
AH-HTT 1.04 3.0 370e520 481 13.1 100 2.3

a The weight loss in the appropriate range.
b Temperature range of the curves.
c The peak temperature of the endothermic effect.
d The content of boehmite.
e The area of simultaneous processes of boehmite dehydration and decomposi-

tion of aluminum acetates.
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The complete decomposition of alumoxanes and modifier coun-
terions is completed at 650 �C for AH-Cs and at 550 �C for other
aluminum hydroxide samples. Therefore, these temperatures were
used to obtain corresponding aluminum oxides.
3.3. Investigation of phase composition and textural characteristics
of the chemical modified aluminum oxides

The heat treatment of unmodified and modified aluminum hy-
droxides at 550e650 �C is accompanied by formation of phase-
inhomogeneous aluminum oxides. It consists of g-Al2O3 and
amorphous aluminum oxide, which are formed as a result of the
following reaction:

2Al(OH)3Am þ 2g-AlOOH / Al2O3
Am þ g-Al2O3 þ 4H2O.

The presence of g-Al2O3 is confirmed by the characteristic re-
flections on the XRD patterns (ICDD PDF card 00-029-0063) of the
obtained samples. For modified aluminas a slight increase in the
size of CSR (Table 3) is observed.

Dehydration of amorphous aluminumhydroxide at 550 �C, leads
to the formation of amorphous aluminum oxide. Therefore, the
content of the amorphous phase in aluminum hydroxide corre-
sponds to the same content in aluminum oxide.

Phase transformations of aluminum hydroxides are accompa-
nied by splicing of microslits (~3.8 nm in diameter) and slugging of
fine particles with the formation of new AleOeAl bonds and for-
mation of a denser structure of alumina. It leads to transformation
of the bimodal porous system into a monomodal one with a
maximum on the dS/dD (Fig. 6a and b, Table 1) and dV/dD curves in
the pore region of a larger diameter and an increase in the pore
volume. AO-Ac sample has the highest value of the specific surface
area due to the dehydration of the precursor with a smaller size of
the structure-forming fragments. For samples AO-F, AO-Na and AO-
Cs an increase in the contribution of pores with a diameter of
4e10 nm in specific surface area may be induced by formation of a
denser packing of particles due to an occurrence of the ionic nature
of the chemical bond in them. In general, there are no significant
changes in the textural characteristics (Table 1).



Table 3
The temperature of complete ammonia desorption (TdNH3), total acid sites concentration (

P
N) and their distribution on the energy of ammonia desorption (Ed), according to the

NH3 TPD results.

Sample Тd
NH3, �C Acid sites concentration, mmol/g

P
N Weak

Еd < 100 kJ/mol
Medium
100 � Еd < 150 kJ/mol

Strong
Еd � 150 kJ/mol

AO-1 819 819 163 539 117
AO-Ас 688 1044 177 643 224
AO-F 536 853 159 541 153
AO-Na 455 552 99 394 59
AO-Cs 463 356 64 260 32
AO-2 505 579 105 403 71
AO-3 653 876 142 570 164
AO-800 492 561 133 386 42
AO-900 483 445 103 319 23
AO-1100 458 130 28 96 6

Fig. 6. The curves of surface area distribution over pore diameter of the aluminum oxides.
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3.4. Methods for producing of phase-homogeneous g-Al2O3 from
the phase-inhomogeneous precursors

3.4.1. Hydrothermal treatment
Both aluminum hydroxide and aluminum oxide can be hydro-

thermally treated. Phase-homogeneous boehmite was obtained
after hydrothermal treatment of the initial aluminum hydroxide
within 4 h. Narrow high-intensity lines corresponding to boehmite
are observed on the XRD pattern of the obtained AH-HTT sample
(Fig. 1). The interlayer water content is 1.04 mol per 1 mol of
alumina. The value of interplanar spacing (020) is 0.611 nm, which
is typical for well-crystallized boehmite. There is no shoulder on
the DSC curve, and there is a symmetric endothermic effect of the
phase transformation of boehmite with a peak at 481 �C (Fig. 2d).
As a result of such HTT, the crystallite size increases from 3.9 to
8.9 nm, which leads to a decrease in the specific surface area from
261 to 147 m2/g (Table 1), a homogeneous system is formed with a
maximum on the differential curves at 7.2 nm (Fig. 5c). For the AH-
HTT sample, there are no characteristic bands on the IR spectrum at
1629 and 1379 cm�1 and the carbon content decreased to 0.05 wt %,
which refers to physically adsorbed CO2 from the air. Heat
7

treatment of such sample at 550 �C leads to formation of phase-
homogeneous g-Al2O3 with a specific surface area of 169 m2/g. It
should be noted that the granules of aluminum hydroxide are quite
fragile and can be destroyed under HTT conditions. Therefore, it is
desirable to carry out hydrothermal treatment of the aluminum
oxide.

In the case of HTT of the phase-inhomogeneous aluminum ox-
ide, in 1 h amorphous alumina completely dissolves into fine
crystalline boehmite and a certain fraction of g-Al2O3 into larger
crystalline boehmite. This is evidenced by the presence of two
corresponding peaks at 482 and 514 �C of the endothermic effects
of boehmite dehydration in g-Al2O3. The content of the first
boehmite is 38% and it corresponds to the amount of the amor-
phous phase in the initial AH-1 sample. That suggests that crys-
tallization of amorphous alumina under HTTconditions is complete
within 1 h. The content of larger crystalline boehmite is 11%, the
rest is g-Al2O3. The presence of boehmite and g-Al2O3 is confirmed
by XRD data [33]. The heat treatment of such sample at 550 �C leads
to formation of phase-homogeneous g-Al2O3, which specific sur-
face area is 14% higher than unmodified alumina (Table 1, AO-3
sample).
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3.4.2. High-temperature treatment of the phase-inhomogeneous
aluminum hydroxide

Amorphous alumina is crystallized as a result of the initial
aluminum hydroxide heat treatment at 800 �C, as evidenced by
only one endothermic effect of the boehmite phase transformation
on the DSC curve after HTTof AO-800 sample. The calcination of the
initial aluminum hydroxide at 900 and 1100 �C is accompanied by
formation of a mixture of crystalline aluminum oxides: (g þ d)-
Al2O3 (ICDD PDF card 00-004-0877 for d-Al2O3) and (q þ a)-Al2O3
(ICDD PDF card 01-079-1559 for q-Al2O3 and ICDD PDF card 01-
076-7775 for a-Al2O3) (Fig. 1c and d), respectively, with larger
crystallite sizes (Table 1). Phase transformations within high-
temperature treatment of the aluminum hydroxide are accompa-
nied by compaction and growth of structure-forming fragments in
oxides by the mechanism of coalescence sintering of pores [48].
This leads to a decrease in the values of the specific surface area and
pore volume (Table 1) with a monomodal pore structure with a
maximum on the differential curve in the region of 10 nm (Fig. 6d).

3.5. Investigation of acidic surface properties of the alumina oxides

According to the results of temperature programmed desorption
of ammonia (NH3 TPD) analysis, the total concentration of acid sites
(
P

N) of unmodified phase-inhomogeneous alumina is 819 mmol/g
(Table 3). Aluminas obtained after HTT of the AO-1 sample or
treatment of AH-1 with acid additives are characterized by higher
concentration of acid sites. So, samples AO-3 (Fig. 7a) and AO-Ac
(Fig. 7b) have higher temperature of complete desorption of
ammonia (TdNH3) on the TPD profile, due to increase in the con-
centration and strength of acid sites with an energy of ammonia
desorption of more than 150 kJ/mol (Fig. 7b, Table 3).

The concentration of strong acid sites in AO-3 sample increases
from 117 to 164 mmol/g. This is a consequence of the fact that in the
course of HTT, first of all, the amorphous phase is recrystallized to
fine-crystalline boehmite, which upon calcination forms fine-
crystalline g-Al2O3. Small crystals have a more defective structure
due to increase in the fraction of edges and the appearance of cation
vacancies formed upon dehydration of the interlayer space in fine-
crystalline boehmite [49]. The AO-Ac sample is characterized by the
Fig. 7. NH3 TPD profiles of
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highest acidity,
P

N ¼ 1044 mmol/g (Table 3). For this sample, an
increase in the concentration of strong acid sites by 91% is observed.
The presence of an electronegative fluorine ion in the AO-F sample
increases the concentration of predominantly strong acid sites by
31% (Table 3).

The reduction in the concentration and strength of the acid sites
of aluminum oxides is facilitated by modification of the initial
aluminum hydroxide with basic additives, its hydrothermal or
high-temperature treatment. A decrease in values of TdNH3 on the
TPD profile of the corresponding samples AO-Na, AO-Cs, AO-2, AO-
800, AO-900, and AO-1100 (Fig. 7d) indicates a weakening of the
strength of acid sites. The total concentration of acid sites on the
surface of AO-Na and AO-Cs decreases by 33 and 57%, relative to the
AO sample, and amounts to 552 and 356 mmol/g, respectively.
Among high-temperature aluminas, the lowest concentration of
acid sites is observed in the sample obtained at 1100 �C,
P

N ¼ 458 mmol/g. The decrease in the acidity in aluminum oxides
as a result of the mentioned above modification methods occurs
mainly due to decrease in the content of strong acid sites (Table 3).

To reveal the nature of the acidity of aluminum oxides, the IR
spectra of adsorbed pyridine were obtained for AO-Ac, AO-HTT, AO-
Ac and AO-Cs (Fig. 8, Table 4). For all samples, absorption band
(nCC(N)) of the formed pyridine complex with Lewis acid sites at
1450 cm�1 is observed.

Bronsted sites were not found as there is no band at 1540 cm�1

[50]. For samples AO-HTT and AO-Ac, an increase in the concen-
tration of strong acid sites is observed. For the last sample, their
content increases by ~3 times, from 37 to 109 mmol/g. The AO-Cs
sample is characterized by the lowest acidity, with a significant
decrease in the concentration of weak sites. According to the results
of IR spectroscopy of adsorbed pyridine, the patterns of changes in
the concentration of acid sites in the samples are similar to the
results of NH3 TPD.

4. Discussion

Thus, based on the obtained results, the industrial sample of the
initial aluminum hydroxide produced by the alcoholate technology
is phase-inhomogeneous and it consists of boehmite (62%) and an
the aluminum oxides.



Fig. 8. IR spectra of adsorbed pyridine on the aluminum oxides: AO-1 (a), AO-3 (b), AO-Ac (c) and AO-Cs (d).

Table 4
Results from IR spectroscopy of adsorbed pyridine.

Sample
P

N, mmol/g Weak (nCC(N) ¼ 1596 см�1) Medium (nCC(N) ¼ 1616 cм�1) Strong (nCC(N) ¼ 1623 cм�1)

AO-1 265 125 103 37
AO-Ас 331 126 96 109
AO-Cs 170 44 100 26
АО-3 268 102 113 53
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amorphous phase (38%) stabilized by aluminoxanes. Modification
of aluminum hydroxide by acidic or basic additives does not lead to
a change in the phase composition of hydroxides and aluminum
oxides. On the part of the texture characteristics, no significant
changes are also observed, with the exception for the sample
modified with acetic acid. For the latter sample the formation of the
basic salts of aluminum acetates occurs, as a result of interaction
mainly with the amorphous phase. A porous structure with a
monomodal pore distribution of a smaller pore diameter
(Dmax ¼ 3.8 nm) is formed and the pore volume decreases by 22%.
The heat treatment of such sample at 550 �C allows obtaining
aluminum oxide, the specific surface area of which is 21% higher
than of unmodified sample. The heat treatment at 550e650 �C of
the initial and modified aluminum hydroxides is accompanied by
formation of phase-inhomogeneous aluminum oxide, which con-
sists of g-Al2O3 and amorphous aluminum oxide. The effect of
chemical modifiers is aimed at changing the acidity of the alumina.
The use of acetic acid leads to formation of basic salts of aluminum
acetate, the decomposition of which in the course of heat treatment
leads to formation of defective structure alumina with a high
concentration of all acid sites. The introduction of an electronega-
tive fluorine ion promotes an increase in the concentration of
strong acid sites due to the influence of fluorine on the near and far
coordination spheres of aluminum cations [51,52]. The use of basic
modifiers reduces the concentration and strength of acid sites. This
is the result of electron density donation from modifying atoms to
aluminum cations and the ability of modifying atoms to prevent the
formation of cationic vacancies during calcination of modified
9

aluminum hydroxides [36]. The greatest decrease in the acidity is
facilitated by the introduction of cesium, as the strongest base.

The preparation of phase-homogeneous g-Al2O3 was achieved
by the methods of (i) HTT of aluminum hydroxide or alumina, fol-
lowed by heat treatment at 550 �C and (ii) heat treatment of the
initial aluminum hydroxide at 800 �C. The production of phase-
homogeneous boehmite was achieved within 4 h of HTT of
aluminum hydroxide, due to implementation of the dissolution-
precipitation mechanism: amorphous aluminum hydroxide dis-
solves with the formation of aluminum hydroxocomplexes Al(OH)4�

and their deposition on crystals of existing boehmite.

Al(OH)3Aм þ OH� $ Al3þ þ 4OH� / Al(OH)4� (рН ¼ 7) / g-
AlOOH þ 2OH� þ Hþ [53,54].

Comparison of textural characteristics of the initial aluminum
hydroxide and the phase-homogeneous boehmite showed that the
amorphous phase is a source of a finely porous component with a
pore diameter of ~3.8 nm, which contributes to an increase in the
specific surface area of the sample by 78%, from 147 to 261 m2/g.
Analysis of the textural characteristics and acidity of unmodified
alumina and phase-homogeneous AO-2 and AO-800 allows us to
state that amorphous alumina causes an increase in the specific
surface area bymore than 12% and the concentration of acid sites by
32% mainly due to strong acid sites.

In the case of HTT of the phase-inhomogeneous alumina, crys-
tallization occurs through the formation of a new phase e

boehmite. During the HTT of AO within 1 h, fine-crystalline
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boehmite is formed from aluminum hydroxocomplexes obtained as
a result of predominantly dissolution of amorphous phase:

Al2O3
Aм þ g-Al2O3 þ H2O / g-AlOОНМ þ n g-AlOОНК þ (1-n) g-

Al2O3.

Dehydration of fine-crystalline boehmite in g-Al2O3 at 550 �C
promotes an increase in the specific surface area in the AO-3
sample by 14% and the concentration of strong acid sites by 40%,
when compared with unmodified AO sample. Earlier, we showed
that the heat treatment of the products of the alumina HTT within
the period longer than 1 h leads to formation of the phase-
homogeneous g-Al2O3 with low specific surface area and concen-
tration of acid sites. The surface area of g-Al2O3 obtained at 550 �C
after HTT of AO-1 during 24 h is 116 m2/g.

An increase of the calcination temperature of the initial
aluminum hydroxide to 900 and 1100 �C leads to formation of
alumina which consists of two crystalline phases and a significant
decrease in the specific surface area, pore volume, and concentra-
tion of acid sites. The latter is due to a decrease in the fraction of
cationic vacancies and the formation of well-crystallized phases.
Conclusions

This article shows that acidic and basic modifiers do not affect
the phase composition of aluminum hydroxides and aluminawhich
contain an amorphous phase. However, acetic acid is active in
relation to the amorphous phase. This interaction leads to an in-
crease in the specific surface area and concentration of acid sites in
alumina. We found that the presence of about 40% of the amor-
phous phase promotes the growth of the specific surface area and
the concentration of acid sites in alumina. The preparation of
phase-homogeneous g-Al2O3 is possible both as a result of HTT of
aluminum hydroxide or alumina, and by the heat treatment of
aluminum hydroxide at 800 �C. The advantage of the HTTmethod is
the possibility of finer adjustment of textural and acid properties. In
the case of a short-term HTT of a phase-inhomogeneous alumina
and subsequent calcination, the values of these characteristics
increase.
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