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Abstract: To perform an in-depth study of the crystal growth habits and phase changes of alumina
and its precursors in reaction systems, this paper studied the effects of reactant type and addition
order on the morphology of alumina using hydrothermal methods with different precipitants and
aluminum sources as reactants. Research has shown that sodium bicarbonate and ammonium
bicarbonate can be used as precipitants to prepare adhered spherical alumina and irregular short
rod alumina, while potassium bicarbonate can be used as a precipitant to prepare hexagonal flake
alumina. Using aluminum sulfate octahydrate, aluminum chloride hexahydrate, and aluminum
nitrate, nine hydrates were prepared as aluminum sources, and agglomerated alumina, irregular
short rod-shaped alumina, and fused alumina were obtained. The order of reactant addition affects
the precursor phase of alumina, thereby affecting the microstructure of alumina after calcination,
resulting in flake alumina with pores and short rod alumina. The results of this paper will provide
theoretical guidance for the preparation of alumina with different micromorphologies.

Keywords: α-Al2O3; microscopic morphology; reactant types; addition sequence; ammonium
aluminum carbonate hydroxide; Boehmite

1. Introduction

α-Alumina, commonly known as corundum, belongs to the trigonal crystal system. In
its structure, oxygen atoms can be approximately considered hexagonally close-packed,
while aluminum atoms are uniformly distributed in octahedral coordination centers sur-
rounded by oxygen atoms. Compared to β-alumina and γ-alumina, α-alumina has the
tightest crystal structure, highest chemical stability, and excellent electrochemical properties
and corrosion resistance. It is widely used in areas such as integrated circuits [1,2], optical
sensing [3,4], filler materials [5], and refractory materials [6,7]. The importance of the
microstructure on the application performance of materials is well known. Altering the
microstructure of α-alumina (referred to as alumina) can broaden the application range
of alumina. For instance, flake alumina exhibits a small thickness and a large diameter-
to-thickness ratio, reaching the nanometer level in the thickness direction and the micron
level in the radial direction. This dual functionality at both the nanometer and micron
scales makes it widely applicable in diverse fields, such as in pigments, cosmetics, and
abrasives [8,9]. Mesoporous alumina, which is characterized by a high specific surface area,
suitable pore structure, narrow pore size distribution, and excellent surface acid resistance,
has shown utility as an adsorbent, catalyst, or catalyst carrier in the energy and chemical
industries [10].

The various alumina production methods can be categorized into three main groups.
The solid-phase method demonstrates high efficiency in alumina production. However,
there are limitations regarding the particle sizes, purities, and morphologies of the powders
due to constraints imposed by the equipment and processes. This often results in pow-
ders that are not sufficiently fine and are prone to impurity contamination. Xu et al. [11]
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synthesized highly stable active alumina using the low-temperature solid-phase precursor
method. The alumina, even after treatment at 1100 ◦C for 4 h, maintained the γ-phase,
with a specific surface area of 92 m2/g and a pore volume of 0.68 cm3/g. Shen et al. [12]
prepared alumina powder using the solid-phase sintering method. Their study found that
the addition of NH4F additive reduced the phase transition temperature of α-alumina
by about 300 ◦C, resulting in the crystallization of alumina crystals in a platelet growth
manner. On the other hand, the addition of NH4Cl additive had a relatively minor effect
on the transformation temperature and impurity content of α-alumina, resulting in alu-
mina particles with a mixture of worm-like and platelet-like morphologies. The gas-phase
method has stringent requirements for airtight equipment during production. Owing
to its high production cost and low yield, this method is still in the laboratory research
stage and has not achieved mass production. Bogdan Stefan Vasile et al. [13] introduced
the application of ceramic composite materials prepared by electron beam physical vapor
deposition (EB-PVD) in the aerospace industry. They discussed the surface coating of
aerospace materials with alumina–zirconia composite coatings, characterized by an ex-
ceptionally high melting point of approximately 2700 ◦C, excellent mechanical properties,
and stability under oxidative conditions. Fabian Konstantiniuk et al. [14] synthesized
polycrystalline α-Al2O3 coatings via thermal activated chemical vapor deposition (CVD).
Due to the advantageous combination of the chemical inertness, thermal stability, and high
thermal hardness of alumina coatings, they are widely used as wear-resistant hard coatings
to protect cutting tools in the metal cutting industry. Compared to the other two methods,
the liquid-phase method has significant advantages in controlling the micromorphology of
alumina. Among these methods, hydrothermal methods can be used to control the particle
sizes and microstructures of products by changing the hydrothermal reaction conditions,
such as the reactant type, temperature, concentration, and pH of the reaction system, and by
adding crystallization control agents to obtain particles with good dispersion and uniform
sizes [15–17]. Additionally, hydrothermal methods are characterized by their low cost,
simple operation, and ease of industrial production. As a result, the use of these materials
has gradually become common for producing high-purity ultrafine alumina.

Currently, research on the morphology control of alumina produced by hydrothermal
methods has focused mainly on factors such as the type of crystal modifier, the presence of
seed crystals, and the pH of the reaction system. There is comparatively less research on
the types of raw materials and their additional sequences. However, adjusting the addition
sequence of reactants can lead to changes in the product morphology. For example, Chang
et al. [18] studied the effect of different feeding orders on the morphology of sheet-like
mordenite and reported that changing the order of reagent addition facilitated mordenite
formation. Zhang et al. [19] optimized the preparation of T-type zeolite membranes by
changing the dosing sequence to prepare zeolite membranes with larger, more uniform,
and complete crystal sizes. Liu et al. [20] changed the order of raw material addition to
prepare samples with regular spherical shapes, small and uniform grain sizes, and good
dispersibility.

The types of reactants and the sequence of their addition strongly influence the mi-
crostructure of the resulting products. To synthesize aluminum oxide products with
uniform particle sizes and controllable morphologies, this study plans to use eighteen-
water aluminum sulfate, hexahydrate aluminum chloride, and nonahydrate aluminum
nitrate as aluminum sources. Ammonium bicarbonate, sodium bicarbonate, and potassium
bicarbonate were employed as precipitants. The hydrothermal method was utilized to syn-
thesize precursors, and aluminum oxide powder was prepared through calcination. This
study aimed to investigate the influence of the type of reactant and the order of addition
on the microstructure of aluminum oxide. The research results will provide theoretical
guidance for the controlled synthesis of aluminum oxide with different microstructures.
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2. Materials and Methods
2.1. Raw Materials and Instruments

The experimental raw materials mainly included aluminum sulphate octadecahydrate,
aluminum chloride hexahydrate, nonahydrate aluminum nitrate, ammonium bicarbonate,
sodium bicarbonate, and potassium bicarbonate, all of which were of analytical purity and
obtained from Sinopharm Group Co., Ltd. (Shanghai, China).

The experimental equipment used included a freeze dryer (Scienz-12n, Ningbo Sci-
entz Biotechnology Co., Ltd., Ningbo, China), hydrothermal reactor (sh-100 mL, Suzhou
Shenghua Instrument Technology Co., Ltd., Suzhou, China), muffle furnace (ksl-1400x,
Hefei Kejing Materials Technology Co., Ltd., Hefei, China), high-speed desktop centrifuge
(h1850, Hunan Xiangyi Laboratory Instrument Development Co., Ltd., Changsha, China),
electric blast drying oven (fn101-3a, Beijing ever bright medical treatment instrument Co.,
Ltd., Beijing, China), X-ray diffractometer (RIGAKU Ultima IV, Rigaku Corporation, Showa,
Japan), scanning electron microscope (Zeiss Gemini 300, Carl Zeiss AG, Oberkochen,
Germany), Fully Automatic Surface Area and Porosity Analyzer (Micromeritics ASAP
2460, Micromeritics Instrument Ltd., Atlanta, GA, USA) and Thermal Analyzer (Netzsch
STA2500, NETZSCH-Gerätebau GmbH, Selbu, Germany).

2.2. Experimental Methods

(1) Precipitates (ammonium bicarbonate, sodium bicarbonate, and potassium bicar-
bonate) were prepared at a concentration of 1.2 mol/L, and aluminum sources (aluminum
sulfate, aluminum chloride, and aluminum nitrate) were prepared at a concentration of
0.4 mol/L. (2) Fifty milliliters of the aluminum source solution was added dropwise to
50 mL of the precipitant solution at a rate of 10 mL/min while stirring vigorously for
30 min. (3) The stirred reaction mixture was transferred to a hydrothermal reaction kettle
lined with polytetrafluoroethylene (PTFE) and crystallized at 150 ◦C for 12 h. (4) After
crystallization, the hydrothermal reaction products were washed three times by centrifu-
gation with deionized water. A freeze dryer was subsequently used for drying. (5) The
dried product was heated at a ramp rate of 5 ◦C/min to 1000 ◦C, and the temperature was
maintained for 2 h for calcination. The final aluminum oxide product was obtained after
natural cooling.

2.3. Sample Morphology and Crystal Structure Testing and Characterization

The phase composition and crystal structure of the products were qualitatively an-
alyzed using an Ultima IV X-ray powder diffractometer. The testing parameters were
as follows: Cu target Kα X-ray radiation, scanning voltage of 40 kV, scanning current of
30 mA, step size of 0.02◦, and scanning angle ranging from 10◦ to 80◦. The morphology and
size of the products were observed using a Gemini 300 scanning electron microscope. The
testing parameters were as follows: Schottky field emission electron gun, with a resolution
of 1.0 nm @ 15 kV, 1.6 nm @ 1 kV. The accelerating voltage ranges from 0.02 to 30 kV,
with a probe current of 3 pA to 20 nA, and magnification ranging from 10x to 1,000,000x.
The BET surface areas, average pore size, and the nitrogen gas uptake isotherms were
determined through N2 adsorption–desorption experiments using Micromeritics ASAP
2460 instrument at 77 K. The results of the thermogravimetric experiments were obtained
using the NETZSCH STA 2500 (STA2500A-0418-N) instrument, with a temperature range
of 30 ◦C to 1000 ◦C, a heating rate of 20 ◦C per minute, and under a nitrogen atmosphere.

3. Results and Discussion
3.1. Effect of Precipitant Type on the Morphology of Alumina Precursors

The morphology of alumina exhibits an inheritance relationship with its precursor
morphology. To investigate the influence of the precipitant type on the morphology of
the aluminum oxide, XRD and SEM analyses were conducted on the precursor products
prepared with the three different precipitants. Using hexahydrate aluminum chloride as
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the aluminum source, the experimental procedures were the same as those outlined in
Section 2.2. The test results are presented in Figures 1 and 2, respectively.
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Figure 2. SEM images of alumina precursors prepared from different precipitants. (a) Sodium
bicarbonate; (b) ammonium bicarbonate; (c) potassium bicarbonate.

The XRD spectra results indicate that aluminum oxide precursors prepared with
sodium bicarbonate and potassium bicarbonate as precipitants do not exhibit any additional
peaks. However, aluminum oxide precursor prepared with ammonium bicarbonate as the
precipitant primarily consists of ammonium aluminate carbonate, with additional peaks
attributed to γ-AlOOH. The detailed peak positions and crystal planes in the XRD spectrum
are shown in Table 1.

Table 1. XRD refinement. NaAl(OH)2CO3(ICDD 00-045-1359), NH4Al(OH)2CO3(ICDD 01-076-1923),
and γ-AlOOH(ICDD 00-021-1307).

Mineral Name Peaks and Theta (2θ)

NaAl(OH)2CO3
15.6◦, 26.3◦, 26.8◦, 28.8◦, 32.1◦, 34.5◦, 35.8◦, 41.9◦, 45.4◦, 46.4◦, 52.8◦, 54.1◦, 55.2◦, 66.9◦, 70.0◦

(011), (020), (112), (013), (121), (004), (211), (220), (015), (105), (231), (125), (224), (440), (051)

NH4Al(OH)2CO3
14.8◦, 15.2◦, 21.8◦, 26.0◦, 26.9◦, 30.4◦, 30.8◦, 34.7◦, 34.9◦, 40.0◦, 41.1◦, 44.4◦, 44.6◦, 45.5◦, 52.9◦, 55.4◦

(020), (110), (111), (130), (200), (131), (220), (221), (112), (150), (132), (222), (311), (060), (312), (400)

γ-AlOOH
14.4◦, 28.1◦, 38.3◦, 45.7◦, 48.9◦, 49.2◦, 51.5◦, 55.2◦, 60.5◦, 64.0◦, 64.9◦, 67.6◦, 71.9◦, 72.4◦

(020), (120), (031), (131), (051), (200), (220), (151), (080), (231), (002), (171), (251), (122)

The average crystal size (D) of different precursors of aluminum oxide prepared in
different addition sequences was determined using Scherrer’s formula, D = kλ/(Bcosθ),
where k is the constant value of 0.9; λ is the wavelength of X-ray radiation; B and θ
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are, respectively, the full width at half maximum (FWHM) and half of the diffraction
angle (2θ) detected on the crystal face in the XRD spectrum. The precursor prepared
with sodium bicarbonate is sodium basic aluminate carbonate, with an average crystal
grain size of 19.96 nm; the precursor prepared with ammonium bicarbonate is sodium
basic aluminum ammonium carbonate, with an average crystal grain size of 20.03 nm; the
precursor prepared with potassium bicarbonate is boehmite, with an average crystal grain
size of 22.53 nm. The average grain size of alumina precursors prepared with different
precipitants is shown in Table 2.

Table 2. Average crystal grain size of aluminum oxide precursors prepared with different precipitants.
(a) Sodium bicarbonate; (b) ammonium bicarbonate; (c) potassium bicarbonate.

Precipitants Lattice Parameters (Å) Average Crystalline Size, D (nm)

(a) NaAl(OH)2CO3 (a = 3.7, b = 12.2, c = 2.8) 19.96

(b) γ-AlOOH (a = 3.7, b = 12.2, c = 2.8)
NH4Al(OH)2CO3(a = 6.6, b = 11.9, c = 5.7) 20.03

(c) γ-AlOOH (a = 3.7, b = 12.2, c = 2.8) 22.53

Figures 1 and 2 show that, when sodium bicarbonate was used as the precipitant, the pre-
pared precursor exhibited a rod-shaped sodium basic aluminum carbonate (NaAl(OH)2CO3)
with an average length of 800 nm. During the reaction process, sodium bicarbonate first
reacts with aluminum chloride to form boehmite (γ-AlOOH). Subsequently, sodium bicar-
bonate further reacts with boehmite, ultimately yielding sodium basic aluminum carbonate,
as indicated by the chemical reaction in Equations (1) and (2).

AlCl3+3NaHCO3 = γ-AlOOH ↓ +3NaCl + 3CO2 ↑ +H2O (1)

γ-AlOOH + NaHCO3 = NaAl(OH)2CO3 (2)

When ammonium bicarbonate was used as the precipitant, the prepared precur-
sor appeared as irregular rod-shaped sodium basic aluminum ammonium carbonate
(NH4Al(OH)2CO3). The crystal length was similar to that of sodium basic aluminum
carbonate, but the diameter increased, and the surface exhibited a rough texture. This is
because, compared to sodium basic aluminum carbonate, sodium basic aluminum ammo-
nium carbonate showed characteristic peaks of the (111) crystal plane with higher intensity,
indicating preferential growth of the (111) crystal plane in the sodium basic aluminum am-
monium carbonate crystals. Therefore, the crystals of sodium basic aluminum ammonium
carbonate had a larger diameter than did those of sodium basic aluminum carbonate [21].
During the reaction process, ammonium bicarbonate directly reacted with aluminum chlo-
ride to produce sodium basic aluminum ammonium carbonate. Due to the poor stability of
sodium basic aluminum ammonium carbonate under high-temperature conditions, some
of the sodium basic aluminum ammonium carbonate decomposed into boehmite during
the crystallization process, resulting in a rough surface on the crystals. This was evidenced
by the appearance of characteristic peaks of boehmite in the XRD spectrum, as indicated by
the chemical reaction in Equations (3) and (4).

AlCl3+4NH4HCO3 = NH4 Al(OH)2CO3 ↓ +3NH4Cl + 3CO2 ↑ +H2O (3)

NH4 Al(OH)2CO3 = γ-AlOOH + NH3·H2O + CO2 ↑ (4)

Sodium bicarbonate and potassium bicarbonate share similar properties. When potas-
sium bicarbonate was used as the precipitant, in the reaction system, potassium bicarbonate
first reacted with aluminum chloride to form boehmite. Due to the larger radius of potas-
sium ions, boehmite cannot react with potassium bicarbonate. Therefore, the precursor
only contained boehmite as the phase. The characteristic peak of boehmite in the XRD
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spectrum had a wider half-peak width, indicating a finer crystal particle size. The reaction
process is illustrated by the chemical reaction in Equation (5).

AlCl3+3KHCO3 = γ-AlOOH ↓ +3KCl + 3CO2 ↑ +H2O (5)

From Figure 3a, it can be observed that the TG curve sharply decreases starting at
309.8 ◦C, indicating the thermal decomposition of carbonate ions. A slight decrease in
the TG curve is observed at 711 ◦C, which may be attributed to the removal of water
molecules with different binding energies in the aluminum oxide precursor. The DTG
curve in Figure 3b reveals that the mass change before 279 ◦C is due to the removal of
adsorbed water and thermal decomposition. After 279 ◦C, the mass change is attributed
to the removal of crystalline water from the aluminum oxide precursor. As depicted in
Figure 3c, the DTG curve shows two peaks at 100 ◦C and 300 ◦C, which are likely caused
by the removal of excess water molecules from the surface and interlayers of boehmite.
The sharp decrease in the TG curve at 409 ◦C indicates the transformation of boehmite
into γ-alumina. Based on the three TG curves, it can be inferred that aluminum aluminate
carbonate is more readily converted to α-alumina compared to boehmite and sodium
aluminate carbonate.
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3.2. Influence of Precipitant Type on the Morphology of the Aluminum Oxide

To further investigate the influence of the precursors on the microstructure of the
aluminum oxide, SEM analysis was conducted on the products obtained after calcination of
the precursors prepared with different precipitants. The test results are shown in Figure 4.
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Figure 4 shows that, when sodium bicarbonate was used as the precipitant, the
precursor sodium basic aluminum carbonate underwent high-temperature calcination,
resulting in the formation of fused aluminum oxide with an average particle size of 80 nm.
The aluminum oxide particles were interconnected and exhibited poor dispersion. This
is attributed to the thermal decomposition of sodium basic aluminum carbonate during
high-temperature calcination, which generates a significant amount of sodium oxide [22].
Sodium oxide acts as a fluxing agent, causing the rod-shaped precursor to melt and
ultimately form a fused state with mutual adhesion, as indicated by the chemical reaction
in Equation (6). The experimentally prepared fused alumina and rod-shaped alumina,
due to their abundant porosity, excellent hardness, and wear resistance, along with their
stable chemical properties, can disperse active substances on their surface and within their
pores. They are suitable for applications in petroleum processing, catalytic cracking, and
other fields. When ammonium bicarbonate was used as the precipitant, the precursor,
sodium basic aluminum ammonium carbonate, contained a large amount of ammonium
ions, carbonate ions, and hydroxyl groups. During the formation of aluminum oxide
through high-temperature calcination, these ions not only had spatial filling effects but also
contributed to the formation of aluminum oxide with a greater pore volume and larger pore
size due to the gas-expanding pore-forming effect. The rod-shaped precursor structure was
disrupted, and the microstructure of the aluminum oxide appeared as irregular short rods,
as indicated by the chemical reaction in Equation (7). When potassium bicarbonate was
used as the precipitant, the precursor boehmite underwent thermal decomposition. Due
to the limited gas generation, the hexagonal precursor structure remained intact, and the
microstructure of the aluminum oxide still predominantly consisted of hexagonal plates, as
indicated by the chemical reaction in Equation (8). The experimentally prepared platelet
alumina can serve as a filler, playing a crucial role in ceramics, plastics, and rubber products.
It enhances hardness and adjusts the coefficient of thermal expansion, while its corundum
structure improves heat resistance. Platelet alumina also possesses good dispersibility and
parallel alignment, making it suitable for polishing powders. It enables the surface to be
nearly parallel to the material being polished, minimizing surface damage, and maintaining
a smooth, mirror-like finish after polishing.

2NaAl(OH)2CO3 = Al2O3 + 2CO2 ↑ +2H2O + Na2O (6)

2NH4 Al(OH)2CO3 = Al2O3 + 2CO2 ↑ +3H2O + 2NH3 ↑ (7)

2γ − AlOOH = Al2O3 + H2O (8)

The N2 adsorption–desorption results are shown in Figure 5. The curves in the N2
adsorption–desorption isotherm plot exhibit a type IV adsorption branch with an H3
hysteresis loop. According to the BJH calculation, as shown in the pore size distribution
curve, these shapes indicate the presence of a significant amount of mesopores. The specific
surface area of alumina prepared with ammonium bicarbonate (68.54 m2/g) is higher
than that prepared with potassium bicarbonate (27.07 m2/g) and sodium bicarbonate
(6.34 m2/g). This indicates that alumina prepared with ammonium bicarbonate possesses
abundant active sites and superior adsorption capacity.
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3.3. Impact of the Aluminum Source Type on the Precursor Morphology of the Aluminum Oxides

Using eighteen-water aluminum sulfate, hexahydrate aluminum chloride, and nonahy-
drate aluminum nitrate as aluminum sources and ammonium bicarbonate as the precipitant,
the impact of aluminum source types on the morphology of aluminum oxide was investi-
gated. Initially, XRD and SEM analyses were performed on the precursor products obtained
from the three aluminum sources. The test results are presented in Figure 6 and Figure 7,
respectively.
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Figure 6. SEM images of alumina precursors prepared from different aluminum sources. (a) Alu-
minum sulfate; (b) aluminum chloride; (c) aluminum nitrate.

It is evident from Figure 6 that the precursors prepared from different aluminum
sources exhibit a rod-like morphology. From Figure 7 and Table 1, it can be observed that
aluminum oxide precursors prepared with aluminum sulfate and aluminum nitrate as the
aluminum source result in pure-phase ammonium aluminate carbonate. The precursor
prepared with aluminum chloride as the aluminum source primarily consists of ammonium
aluminate carbonate, with minor amounts of boehmite. However, the precursor prepared
from aluminum sulfate has a smaller particle size and severe aggregation. This is because,
during the reaction process, some aluminum sulfate reacts with ammonium bicarbonate to
form aluminum ammonium sulfate, as shown in the chemical reaction in Equation (9). The
formation of aluminum ammonium sulfate, on the one hand, reduces the concentration
of reactants, preventing the growth of crystal particles. On the other hand, as a coagulant,
it promotes the aggregation of small particle crystals [23]. The precursors prepared from
aluminum chloride and aluminum nitrate have similar particle sizes, and their surfaces
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appear rough, indicating that chloride ions and nitrate ions have no significant impact on
the precursor morphology.

2Al2(SO4)3 + 3NH4HCO3 = 3NH4 Al(SO4)2 + Al(OH)3 ↓ +3CO2 ↑ (9)
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The precursor prepared with aluminum sulfate is sodium basic aluminum ammonium
carbonate, with an average crystal grain size of 18.11 nm; the precursor prepared with
aluminum chloride is sodium basic aluminum ammonium carbonate, with an average
crystal grain size of 20.03 nm; the precursor prepared with aluminum nitrate is sodium
basic aluminum ammonium carbonate, with an average crystal grain size of 15.26 nm. The
average grain size of alumina precursors prepared from different aluminum sources is
shown in Table 3.

Table 3. Average crystal grain size of aluminum oxide precursors prepared with different aluminum
sources. (a) Aluminum sulfate; (b) aluminum chloride; (c) aluminum nitrate.

Aluminum Sources Lattice Parameters (Å) Average Crystalline Size, D (nm)

(a) NH4Al (OH)2CO3 (a = 6.6, b = 11.9,
c = 5.7) 18.11

(b)
γ-AlOOH (a = 3.7, b = 12.2, c = 2.8)
NH4Al (OH)2CO3(a = 6.6, b = 11.9,

c = 5.7)
20.03

(c) NH4Al (OH)2CO3 (a = 6.6, b = 11.9,
c = 5.7) 15.26

Since the aluminum oxide precursors prepared from the three different aluminum
sources are mainly aluminum aluminate carbonate, their TG-DTG curves are similar. From
Figure 8, it can be observed that the mass change before 259 ◦C, 279 ◦C, and 276 ◦C is
attributed to the removal of adsorbed water and thermal decomposition. After 259 ◦C,
279 ◦C, and 276 ◦C, the mass change is caused by the removal of crystalline water from the
aluminum oxide precursor. There is a mass loss of 68%, 63%, and 65%, respectively, on
the TG curves, which corresponds to the theoretical mass loss of 63.3% when aluminum
aluminate carbonate decomposes into aluminum oxide.
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3.4. Influence of the Aluminum Source Type on the Morphology of the Aluminum Oxides

To further investigate the impact of the precursors on the microstructure of the alu-
minum oxide, SEM analysis was conducted on the products obtained after calcination of
the precursors prepared from different aluminum sources. The test results are shown in
Figure 9.
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Figure 9. SEM images of alumina prepared from different aluminum sources. (a) aluminum sulfate;
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Figure 9 clearly shows that there are significant differences in the crystal morphology
of the aluminum oxides prepared from the different aluminum sources. The aluminum
oxide product prepared from aluminum sulfate has fine particles, often appearing as
aggregates, with individual crystallite sizes in the range of 60 to 80 nm. This is due to
the small particle size of its precursor, which has higher reactivity. During calcination,
the crystals tend to aggregate to reduce the surface energy, and the poor dispersibility
of the precursor is a major contributing factor to this phenomenon. On the other hand,
the aluminum oxide prepared from aluminum nitrate exhibited a fused appearance. This
is because, during the preparation of the precursor, some ammonium nitrate is formed.
The solubility of ammonium nitrate is much greater than that of ammonium chloride and
aluminum ammonium sulfate. Ammonium nitrate readily adsorbs onto the precursor
surface through hydrogen bonding or physical adsorption. Even after multiple centrifuge
washes, some residue remains, leading to the role of a fluxing agent during calcination and
causing the surface of the aluminum oxide to appear in a fused state [24].

The N2 adsorption–desorption results are shown in Figure 10. The curves in the
N2 adsorption–desorption isotherm plot exhibit a type IV adsorption branch with an H3
hysteresis loop. According to the BJH calculation, as shown in the pore size distribution
curve, these shapes indicate the presence of a significant amount of mesopores. The specific
surface area of alumina prepared with aluminum sulfate (68.54 m2/g) is higher than that
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prepared with aluminum chloride (27.07 m2/g) and aluminum nitrate (6.34 m2/g). This
indicates that alumina prepared with aluminum sulfate possesses abundant active sites
and superior adsorption capacity.
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3.5. Influence of Reactant Addition Order on the Precursor Morphology of Aluminum Oxide

To further investigate the impact of the order of addition of the reactants on the
precursor morphology of aluminum oxide, this study utilized hexahydrate aluminum
chloride and ammonium bicarbonate as raw materials. This research focused on exploring
the influence of the order of reactant addition on the precursor and microstructure of
aluminum oxide. The test results are presented in Figures 11 and 12.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 11 of 17 
 

prepared with aluminum chloride (27.07 m2/g) and aluminum nitrate (6.34 m2/g). This 
indicates that alumina prepared with aluminum sulfate possesses abundant active sites 
and superior adsorption capacity. 

  

Figure 10. Nitrogen adsorption–desorption isotherms and BJH pore size distribution plots of alu-
mina prepared with different aluminum sources. (a) Aluminum sulfate; (b) aluminum chloride; (c) 
aluminum nitrate. 

3.5. Influence of Reactant Addition Order on the Precursor Morphology of Aluminum Oxide 
To further investigate the impact of the order of addition of the reactants on the pre-

cursor morphology of aluminum oxide, this study utilized hexahydrate aluminum chlo-
ride and ammonium bicarbonate as raw materials. This research focused on exploring the 
influence of the order of reactant addition on the precursor and microstructure of alumi-
num oxide. The test results are presented in Figures 11 and 12. 

  
(a) (b)  

Figure 11. SEM images of alumina precursors prepared by different agent addition sequences. (a) 
Aluminum chloride added dropwise to ammonium bicarbonate; (b) ammonium bicarbonate added 
dropwise to aluminum chloride. 

Figure 11. SEM images of alumina precursors prepared by different agent addition sequences.
(a) Aluminum chloride added dropwise to ammonium bicarbonate; (b) ammonium bicarbonate
added dropwise to aluminum chloride.



Appl. Sci. 2024, 14, 2438 12 of 17Appl. Sci. 2024, 14, x FOR PEER REVIEW 12 of 17 
 

  
(a) (b) 

Figure 12. XRD patterns of alumina precursors prepared by different agent addition sequences. (a) 
Aluminum chloride added dropwise to ammonium bicarbonate; (b) ammonium bicarbonate added 
dropwise to aluminum chloride. 

When aluminum chloride was added dropwise to ammonium bicarbonate, the pre-
cursor primarily consisted of boehmite, with an average crystal grain size of 26.69 nm. 
When ammonium bicarbonate was added dropwise to aluminum chloride, the precursor 
primarily consisted of sodium basic aluminum ammonium carbonate, with an average 
crystal grain size of 20.03 nm. The grain size of alumina precursors prepared in different 
addition orders is shown in Table 4. 

Table 4. Crystal grain size of aluminum oxide precursors prepared with different addition se-
quences. (a) Aluminum chloride added dropwise to ammonium bicarbonate; (b) Ammonium bicar-
bonate added dropwise to aluminum chloride. 

Addition Order Lattice Parameters (Å) Average Crystalline Size, D 
(nm) 

(a) γ-AlOOH (a = 3.7, b = 12.2, c = 2.8) 26.69 

(b) NH4Al (OH)2CO3(a = 6.6, b = 11.9, c = 
5.7) 

20.03 

From Figure 13a, it can be observed that there are two peaks at 100 °C and 300 °C in 
the DTG curve, which are likely caused by the removal of excess water molecules with 
different binding energies from the surface and interlayers of boehmite. The sharp de-
crease in the TG curve at 431 °C is attributed to the transformation of boehmite into γ-
alumina. As shown in Figure 13b, the DTG curve indicates that the mass change before 
279 °C is due to the removal of adsorbed water and thermal decomposition, while the 
mass change after 279 °C is caused by the removal of crystalline water from the aluminum 
oxide precursor. According to the TG curves of aluminum aluminate carbonate and 
boehmite, it can be inferred that aluminum aluminate carbonate is more readily converted 
into α-alumina compared to boehmite. 
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(a) Aluminum chloride added dropwise to ammonium bicarbonate; (b) ammonium bicarbonate
added dropwise to aluminum chloride.

When aluminum chloride was added dropwise to ammonium bicarbonate, the pre-
cursor primarily consisted of boehmite, with an average crystal grain size of 26.69 nm.
When ammonium bicarbonate was added dropwise to aluminum chloride, the precursor
primarily consisted of sodium basic aluminum ammonium carbonate, with an average
crystal grain size of 20.03 nm. The grain size of alumina precursors prepared in different
addition orders is shown in Table 4.

Table 4. Crystal grain size of aluminum oxide precursors prepared with different addition sequences.
(a) Aluminum chloride added dropwise to ammonium bicarbonate; (b) Ammonium bicarbonate
added dropwise to aluminum chloride.

Addition Order Lattice Parameters (Å) Average Crystalline Size, D (nm)

(a) γ-AlOOH (a = 3.7, b = 12.2, c = 2.8) 26.69

(b) NH4Al (OH)2CO3(a = 6.6, b = 11.9,
c = 5.7) 20.03

From Figure 13a, it can be observed that there are two peaks at 100 ◦C and 300 ◦C in
the DTG curve, which are likely caused by the removal of excess water molecules with
different binding energies from the surface and interlayers of boehmite. The sharp decrease
in the TG curve at 431 ◦C is attributed to the transformation of boehmite into γ-alumina.
As shown in Figure 13b, the DTG curve indicates that the mass change before 279 ◦C is due
to the removal of adsorbed water and thermal decomposition, while the mass change after
279 ◦C is caused by the removal of crystalline water from the aluminum oxide precursor.
According to the TG curves of aluminum aluminate carbonate and boehmite, it can be
inferred that aluminum aluminate carbonate is more readily converted into α-alumina
compared to boehmite.
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added dropwise to aluminum chloride.

From Table 1 and Figures 14 and 15, it can be observed that the precursor prepared by
adding an aluminum chloride solution dropwise into an ammonium bicarbonate solution
is an irregular rod-shaped sodium basic aluminum ammonium carbonate. On the other
hand, the precursor primarily consists of hexagonal boehmite, with a small amount of short
rod-shaped sodium basic aluminum ammonium carbonate when ammonium bicarbonate
solution is added dropwise into the aluminum chloride solution. This phenomenon may
be related to the initial concentration of ions in the solution. When aluminum chloride was
added dropwise to the ammonium bicarbonate solution, amorphous aluminum hydroxide
was initially formed. Due to the abundance of hydroxyl groups on the surface of amorphous
aluminum hydroxide, a high-energy state is created on the surface. At this point in the
reaction solution, the concentrations of carbonate ions and ammonium ions are much
greater than that of aluminum ions. Amorphous aluminum hydroxide first forms a stable
octahedral aluminum–oxygen structure with unsaturated oxygen atoms from carbonate
ions in the form of shared oxygen atoms. Subsequently, carbonate ions and ammonium
ions form ionic bonds to make the overall structure electrically neutral, reducing their
own energy. This process results in the formation of well-defined crystalline sodium basic
aluminum ammonium carbonate crystals [23]. From the crystal structure perspective, the
apex oxygen atoms of the aluminum–oxygen octahedra are exposed in the direction of the
a-axis, forming chains connected in a parallel manner along the a-axis in a vertex-to-vertex
arrangement. In contrast, the edges of the aluminum–oxygen octahedra are exposed in the
b-axis and c-axis directions, and their growth rate is lower, leading to the overall rod-shaped
growth of the crystal, as shown in Figure 14.
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When ammonium bicarbonate was added dropwise to the aluminum chloride solu-
tion, amorphous aluminum hydroxide was generated. Although amorphous aluminum
hydroxide creates a high-energy state on the surface due to the abundance of hydroxyl
groups, the limited quantity of carbonate ions in the solution results in only a small amount
of amorphous aluminum hydroxide forming a stable octahedral aluminum–oxygen struc-
ture with unsaturated oxygen atoms from carbonate ions. Most of the reactions involve
dehydration condensation, leading to the formation of an aluminum–oxygen octahedral
stable structure. In this structure, the vertices of the octahedra consist of oxygen atoms
arranged in a face-centered cubic manner to form layers. The remaining hydroxyl groups
on the octahedra surfaces connect the layers through hydrogen bonds, resulting in an
ordered layered structure. From the crystal structure perspective, boehmite can develop
into plate-like crystals along the a-axis and into the c-axis or rod-like crystals along the
b-axis, as shown in Figure 15.

3.6. Influence of the Reactant Addition Order on the Morphology of the Aluminum Oxides

The experimental results from Sections 3.2 and 3.4 reveal that there is a certain inheri-
tance relationship between the precursor morphology and the morphology of the aluminum
oxide. Figure 16 shows the microscopic morphology of aluminum oxide prepared with
different reactant addition sequences. When an aluminum chloride solution was added
dropwise to the ammonium bicarbonate solution, the aluminum oxide morphology after
high-temperature calcination appeared as hexagonal plates with long sides and short an-
gles, with a thickness of approximately 100 nm and a radial size of approximately 1200 nm.
During the calcination process, boehmite undergoes dehydration, changing from a dense
crystal face to a porous crystal face, but the overall morphology remains largely unchanged.
A small amount of sodium basic aluminum ammonium carbonate in the precursor decom-
poses under heat and is absorbed by the growth of hexagonal plate-shaped aluminum
oxide crystals. In contrast, when ammonium bicarbonate solution was added dropwise
to the aluminum chloride solution, the morphology of the aluminum oxide was primarily
rod shaped. During the calcination process, sodium basic aluminum ammonium carbonate
decomposes under heat, transforming from irregular rod-shaped structures with a length
of approximately 800 nm and a diameter of approximately 60 nm to short rod-shaped
aluminum oxide structures with a length of approximately 200 nm.
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Figure 16. SEM images of alumina prepared by different agent addition sequences. (a) Aluminum
chloride added dropwise to ammonium bicarbonate; (b) ammonium bicarbonate added dropwise to
aluminum chloride.

The N2 adsorption–desorption results are shown in Figure 17. The curves in the
N2 adsorption–desorption isotherm plot exhibit a type IV adsorption branch with an H3
hysteresis loop. According to the BJH calculation, as shown in the pore size distribution
curve, these shapes indicate the presence of a significant amount of mesopores. The specific
surface area of alumina prepared by adding aluminum chloride dropwise to ammonium
bicarbonate (68.54 m2/g) is higher than that prepared by adding ammonium bicarbonate
dropwise to aluminum chloride (48.01 m2/g). This indicates that alumina prepared by
adding aluminum chloride dropwise to ammonium bicarbonate possesses abundant active
sites and superior adsorption capacity.
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Figure 17. N2 adsorption–desorption isotherms and BJH pore size distribution plots of alumina
prepared with different addition sequences. (a) Aluminum chloride added dropwise to ammonium
bicarbonate; (b) ammonium bicarbonate added dropwise to aluminum chloride.

4. Conclusions

This paper investigated the impact of reactant type and addition sequence on the
microscopic morphology of aluminum oxide. Three aluminum sources, namely, octadec-
ahydrated aluminum sulfate, hexahydrated aluminum chloride, and nonahydrated alu-
minum nitrate, were employed along with precipitants such as ammonium bicarbonate,
sodium bicarbonate, and potassium bicarbonate. Precursors were synthesized using a
hydrothermal method, and aluminum oxide powders were prepared through calcination.
The key findings are summarized as follows:
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1. Using sodium bicarbonate, ammonium bicarbonate, and potassium bicarbonate as
precipitants and hexahydrated aluminum chloride as the aluminum source, spherical
aluminum oxide particles with an average diameter of 80 nm were prepared. These
particles exhibited mutual adhesion. Additionally, irregular short rod-shaped alu-
minum oxide with a length of approximately 200 nm and hexagonal plate-shaped
aluminum oxide with long sides and short angles were obtained.

2. Using octadecahydrate aluminum sulfate, hexahydrate aluminum chloride, and non-
ahydrate aluminum nitrate as aluminum sources and ammonium bicarbonate as a
precipitant, single-crystal particles of aluminum oxide were prepared. These particles
had diameters ranging from 60 to 80 nm but tended to aggregate. Additionally, irreg-
ular short rod-shaped aluminum oxide with a length of approximately 200 nm and
molten-adhered aluminum oxide were obtained.

3. The order of reactant addition significantly influences the crystal precursor products.
Using hexahydrated aluminum chloride and ammonium bicarbonate as raw materials,
when aluminum chloride was dripped into the ammonium bicarbonate solution,
the resulting precursor was mainly sodium aluminum hydroxide carbonate, with
some boehmite present. On the other hand, when ammonium bicarbonate was
dripped into the aluminum chloride solution, the primary precursor formed was
boehmite, which contained a small amount of sodium aluminum hydroxide carbonate.
After calcination, the boehmite underwent dehydration, transitioning from a dense
plate-like structure to a porous plate-like aluminum oxide, maintaining its overall
morphology. Conversely, sodium aluminum hydroxide carbonate transformed from
irregular rod-shaped structures with a length of 800 nm and a diameter of 60 nm into
short rod-shaped aluminum oxide structures with a length of approximately 200 nm,
indicating a reduction in size.
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