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ABSTRACT: The preparation of highly peptizable pseudoboehmite
faces challenges such as slow reaction rate, prolonged aging times leading
to poor peptization performance, and difficulty in achieving continuous
production. In this study, a novel approach was proposed involving a
high gravity reactor to enhance carbonation reaction control for
pseudoboehmite nucleation, a high gravity steam heating process, and
a continuous aging process in pipelines. By coupling these three
processes, the continuous whole process production of highly peptizable
pseudoboehmite under high gravity conditions was achieved. First, the
effect of high gravity reactor enhancement on the reaction and the
resulting solid phase was investigated. Second, the impact of aging
temperature and time on the solid phase formed at different reaction end points was studied using high gravity and steam heating of
the liquid phase. Furthermore, the influence of synthesis conditions on the peptization performance of pseudoboehmite was
extensively examined. Finally, the nucleation and growth mechanisms of pseudoboehmite under high gravity conditions were
analyzed. It was found that increasing high gravity factor, CO2 gas flow rate, and CO2 content accelerated carbonation reaction rate,
promoting pseudoboehmite crystal nucleation. Increasing aging temperature and time facilitated the growth of pseudoboehmite
nuclei and improved peptization performance. The high gravity device altered the gas−liquid phase contact state of traditional kettle-
type equipment, reducing the reaction time and heating time from minutes to seconds, thus achieving the continuous whole process
production of pseudoboehmite with a peptization index of 100% from sodium aluminate solution by kiln flue gas.

1. INTRODUCTION
Pseudoboehmite, a crystalline form of aluminum hydroxide,
serves as a precursor to active alumina and is a crucial product
in wet metallurgy. It finds extensive applications in various
industries such as chemical engineering,1−6 environmental
protection,7−10 energy,11,12 and medical sectors.13−16 Notably,
pseudoboehmite possesses desirable pore structures, making it
suitable for use as a catalyst support and adsorbent. Moreover,
under certain acidic conditions, it can gel into viscoelastic
materials, exhibiting excellent peptization properties, which
renders it valuable as a binder17−19 for catalysts and
adsorbents, facilitating their shaping. While significant
research20−23 efforts have been directed toward producing
pseudoboehmite with large pore volumes, there is a dearth of
studies focusing on the preparation of pseudoboehmite with
high peptization performance.
The methods for preparing pseudoboehmite encompass

acid-based,24−28 alkali-based,29−31 carbonation,32,33 dual-alu-
minum,34,35 and alcohol-aluminum techniques.36−39 Among
these, the carbonation method stands out for its utilization of
sodium aluminate solution, an intermediate derived from
alumina refining, and kiln exhaust rich in carbon dioxide.

Notably, this process offers environmental benefits, as the
resulting wastewater can be recycled, enhancing its overall
sustainability and cost-effectiveness. However, studies22,23,33,40

have highlighted a drawback: the propensity of the carbonation
reaction to yield undesirable crystalline phases of aluminum
hydroxide. It is given that aluminum hydroxide exhibits various
crystal phases that readily convert between each other.
Aluminum hydroxides of other crystalline phases lack
peptization properties. Consequently, meticulous control over
crystal nucleation and growth during the carbonation reaction
emerges as a pivotal concern in the quest for highly peptizable
pseudoboehmite.
Previous studies have extensively investigated the synthesis

of pseudoboehmite crystals. Lu et al.21 demonstrated the
crucial role of the final pH in the carbonation reaction in
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determining the crystal phase. Furthermore, Zhang et al.41

elucidated that the concentration of sodium aluminate solution
governs the critical end point pH for pseudoboehmite
synthesis during the carbonation process. An increase in the
sodium aluminate solution concentration results in an
expansion of the critical end point pH value. The research
findings of Ren et al.42 and Chen et al.43 both corroborate the
notion that the end point pH determines the crystal phase of
aluminum hydroxide. Specific researchers21 observed that
bayerite forms with 25% carbon dioxide content, whereas
pseudoboehmite forms with 35% carbon dioxide content.
Therefore, it can be inferred that accelerating the carbonation
reaction rate also significantly affects the nucleation of
pseudoboehmite. Previous researchers have long believed
that the carbonation reaction at elevated temperatures leads
to the formation of bayerite. Shayanfar et al.44,45 reported that
bayerite precipitates through the carbonation reaction at pH =
11 within the temperature range of 50−90 °C. Consequently,
crucial factors in regulating crystal nucleation during the
carbonation reaction include enhancing the reaction rate at low
temperatures and precisely controlling the end point pH of the
reaction.
The control of nucleation in the carbonation reaction relies

on reactors. Several studies33,46−48 have indicated that the
reaction time for pseudoboehmite preparation using bubble
column reactors exceeds 20 min. Chinese enterprises
commonly employ bubble column reactors for batch
production, with reaction times typically ranging from 15 to
30 min. To mitigate this, previous research has investigated
intensified techniques in the carbonation method for
pseudoboehmite synthesis. Numerous studies have demon-
strated the preparation of large pore pseudoboehmite using
membrane dispersion coupled with microreactors,23,33 achiev-
ing a batch reaction time of 8 min for a 0.2 mol/L sodium
aluminate solution. Chen et al.43,49,50 utilized high gravity
technology to enhance the carbonation reaction of a 0.1 mol/L
sodium aluminate solution, reducing the batch reaction time
from 15 to 8 min and successfully producing nanofibrous and
sheet-like aluminum hydroxide. Despite these advancements,
studies still involve batch reactions with prolonged reaction
times and high production costs. Therefore, further research
into intensified reaction technologies to expedite carbonation
reactions for continuous production processes is of paramount
importance for both academic research and industrial
applications. While high gravity technology, as reported, has
not yet achieved control over crystal nucleation and
continuous production processes in the carbonation reaction,
its unique characteristics surpass those of other intensification
methods, warranting further investigation.
High gravity technology51 is one of the most promising

branches of process intensification (PI), which is carried out in
a rotating packed bed (RPB) and has been applied to
deaeration, distillation, reaction, absorption, mass transfer,
nanoparticle preparation, and so on. The high-speed rotating
packing driven by the motor shears the liquid into tiny
droplets, filaments, and liquid membranes, which provides
intense microscopic mixing for the gas−liquid two-phase fluid
and intensifies the mass transfer process.
Numerous researchers29,44,45,50 have shown that the

conditions of the carbonation reaction not only affect the
pore structure of pseudoboehmite, but the aging temperature
and duration also significantly influence its pore morphology.
Consequently, aging conditions may also affect the peptization

efficacy of pseudoboehmite. Several studies22,46,49 have
reported the use of water bath heating for aging. In industrial
settings, steam is directly used to heat the slurry in a tank. Both
of these aging methods are intermittent and plagued by issues,
such as prolonged heating periods, temperature fluctuations,
and uneven aging durations. The aging process profoundly
impacts the growth of pseudoboehmite crystals and their
peptization characteristics, thereby imposing constraints on the
entire continuous production process.
To address the issues of slow carbonation reaction rate

leading to the difficulty in preparing highly peptizable
pseudoboehmite, prolonged aging heating time, and low
efficiency of batch production, this study proposed a method
involving a high gravity reactor to enhance the carbonation
reaction for controlling the pseudoboehmite nucleation
process, high gravity steam heating process, and continuous
pipeline aging process. The coupling of these three methods
achieved the continuous whole process preparation of highly
peptizable pseudoboehmite. First, the influence of high gravity
reaction conditions on the reaction end point and reaction
time was investigated, including the high gravity factor, gas−
liquid ratio, gas concentration, and reaction frequency.
Simultaneously, the solid phase was examined. Second, using
high gravity and steam heating of the liquid material, the effects
of aging temperature and time on the solid phase formed at
different reaction end points were studied. Furthermore, a
detailed investigation was conducted on the effects of
carbonation reaction conditions and aging conditions under
a high gravity environment on the peptization performance of
pseudoboehmite. Finally, the nucleation and growth mecha-
nisms of pseudoboehmite under a high gravity field were
analyzed.

2. EXPERIMENTAL SECTION
2.1. Material. Sodium aluminate solids were purchased

from Tianjin Damao Chemical Reagent Factory. Deionized
(DI) water used in all experiments was obtained from a
Purifier ultrapure water system. The purity of carbon dioxide
gas and nitrogen used in the experiment was 99.9%, which
were purchased from Taiyuan Taineng Gas Co., Ltd. Three
counter-flow high gravity reactors (the rotating packed bed)52

and high gravity steam heated device were made in the
laboratory. The four high gravity devices have rotors with a
height of 20 mm, a diameter of 400 mm, an inner diameter of
60 mm, and a packing porosity of 55%. The continuous aging
pipe was a PVC hose with a diameter of 60 mm and a length of
32 m. The pipe was placed in a spiral and fixed in a closed
incubator. The pipe inlet was below, and the outlet was above.
The liquid flowed from the bottom up. The outlet height of the
continuously aged pipe was lower than that of the high gravity
device.

2.2. Procedures. The experimental setup for the
continuous whole process preparation of pseudoboehmite is
illustrated in Figure 1, comprising three high gravity reactors, a
high gravity steam heating device, continuous aging pipelines,
storage tanks, peristaltic pumps, and gas cylinders. The
experimental procedure involved the sodium aluminate
solution being conveyed to the first high gravity reactor by a
peristaltic pump and then sequentially passing through the
second and third reactors. Carbon dioxide gas entered the first,
second, and third reactors through flow meters. The sodium
aluminate solution reacted with carbon dioxide gas in the
reactors to produce pseudoboehmite slurry. The slurry was
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rapidly heated to the aging temperature by steam in the high
gravity steam heating device and then flowed at a constant
temperature for a certain time (aging time) in the continuous
aging pipeline. Nitrogen was used to configure carbon dioxide
gas with different volume fractions. The steam temperature was
150 °C. When the heating temperature was 90 °C, the required
steam flows were 70 g/min, 55 g/min at 70 °C, and 39 g/min
at 70 °C. The aging time was adjusted by controlling the flow
rate. After aging, the slurry was filtered, washed, and dried to
obtain a powder. Drying was conducted at 110 °C for 6 h. The
process of continuous preparation of pseudoboehmite powder
is illustrated in Figure 2. The high gravity factor (β) was
determined by the size and speed of the rotating packed bed.
The calculation method for the high gravity factor was detailed
in ref 51.

2.3. Characterization. To identify the crystal phase, the
powder was characterized by an X-ray diffractometer and
Fourier transform infrared spectrometer (FTIR, PerkinElmer,
Waltham, Massachusetts, USA). Powder X-ray diffraction
(XRD) patterns were recorded using a Rigaku Ultima IV
with Cu KR (40 kV and 200 mA) between 5 and 85° at a scan
speed of 8°/min. Thermogravimetry differential thermal
analysis (TG−DTA) was carried out using a NETZSCH
STA449F3. The morphologies of particles and membranes
were observed using scanning electron microscopy (SEM,
JEM-6301F Japan).
The test method of the gelatinization index of pseudoboeh-

mite was as follows: A turbid liquid with a 10% Al2O3 content
was formed by mixing pseudoboehmite containing 1.0000 g of
Al2O3 with deionized water. Concentrated nitric acid (0.2 g)
was added into the turbid liquid and shaken for 15 min and
centrifuged for 15 min. The supernatant (5 mL) was calcined
for 2 h at 550 °C, and the solid mass of Al2O3 after calcination
was weighed. The solid after roasting of the supernatant is the
alumina contained in the peptizable pseudoboehmite. The
peptization index was calculated as 2 times the ratio of the
residual solid mass of the calcined 5 mL supernatant to the
mass of Al2O3 in the pseudoboehmite weighed.

3. RESULTS AND DISCUSSION
3.1. High Gravity-Enhanced Carbonization Reaction

for Continuous Control of Pseudoboehmite Crystal
Nucleation. This section focused solely on studying the
aluminum hydroxide crystals generated by the carbonation
reaction without undergoing an aging treatment. Zhang et al.41

demonstrated that after 0.5 h at room temperature following
the carbonation reaction, the absence of bayerite precipitation
indicated the potential preparation of pseudoboehmite.
Therefore, the crystalline phases of the precipitates formed
0.5 h after the carbonation reaction were also investigated.
3.1.1. Influence of High Gravity Factor on Reaction End

Point pH and Crystal Phase. The high gravity factor (β)
reflected the dispersion of liquid in the gravity reactor. Table 1
presents the experimental conditions and results corresponding
to various high gravity factors. Figure 3 illustrates the influence
of the high gravity factor on the end point pH of the sodium
aluminate solution carbonation reaction. Furthermore, X-ray

Figure 1. Experimental setup for the continuous whole process
preparation of pseudoboehmite.

Figure 2. Process of continuous preparation of pseudoboehmite
powder.

Table 1. Experimental Result Table of the Effect of High Gravity Factor on Carbonation Reaction End Point pHR and
Crystalsa

numbers cNaAlO2/(mol/L) pH0 β ϕCO2/% Q/L L/(mL/min) pHR1 tP/h crystalline phase

1 0.1 12.92 ± 0.02 0 100 6:1 500 12.87 ± 0.04 N/A
2 0.1 12.92 ± 0.02 10 100 6:1 500 12.52 ± 0.03 0 N/A
3 0.1 12.92 ± 0.02 10 100 6:1 500 12.52 ± 0.03 0.5 N/A
4 0.1 12.92 ± 0.02 20 100 6:1 500 11.28 ± 0.03 0 AA
5 0.1 12.92 ± 0.02 20 100 6:1 500 11.28 ± 0.03 0.5 B
6 0.1 12.92 ± 0.02 40 100 6:1 500 10.75 ± 0.02 0 AA
7 0.1 12.92 ± 0.02 40 100 6:1 500 10.75 ± 0.02 0.5 B
8 0.1 12.92 ± 0.02 60 100 6:1 500 10.13 ± 0.02 0 AA
9 0.1 12.92 ± 0.02 60 100 6:1 500 10.13 ± 0.02 0.5 AA
10 0.1 12.92 ± 0.02 80 100 6:1 500 9.88 ± 0.02 0 AA
11 0.1 12.92 ± 0.02 80 100 6:1 500 9.88 ± 0.02 0.5 AA
12 0.1 12.92 ± 0.02 100 100 6:1 500 10.02 ± 0.03 0 AA

apH0: pH of the sodium aluminate solution before the reaction; β: high gravity factor; ϕCO2: carbon dioxide content in gas, %; Q/L: gas−liquid
flow ratio; pHR1: reaction end point of the first reactor; tp: residence time in aging pipes; N/A: not enough solid precipitated for analysis; AA:
amorphous aluminum hydroxide; B: bayerite. Reaction temperature TR = 25 °C.
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diffraction (XRD) was utilized to characterize the crystal
phase, as depicted in Figure 4. An observed trend with the
increase in the high gravity factor was the initial decrease
followed by an increase in the end point pH. A high gravity
factor of 0 indicated negligible dispersion effects within the
reactor, resulting in a minimal gas−liquid contact area, a small
reaction volume, and only a slight decrease in pH, thereby
preventing solid formation. At a high gravity factor of 10, the
pH remained at 12.58, with no solid formation. However, for
factors of 20 and 40, the pH decreased to 11.28 and 10.75,
respectively, leading to the formation of amorphous aluminum
hydroxide crystals. Subsequently, after a 0.5 h aging period in
the pipe, bayerite crystals53 (JCPDS no. 20-0011) were
produced. When the high gravity factors increased to 60 and
80, the pH further decreased to 10.13 and 9.88, respectively,
resulting in the formation of amorphous aluminum hydroxide
crystals. However, no bayerite crystals were formed after the
same aging period. The highest enhancement in the reaction
was observed at a high gravity factor of 80, corresponding to
the smallest pHR. Surprisingly, at a factor of 100, the pHR was
not at its minimum. This phenomenon may have been
attributed to the accelerated movement speed of the liquid and
the reduced gas−liquid reaction time under extremely high
gravity factors. The infrared spectrum findings were consistent
with those obtained from XRD. The characteristic infrared
absorption peaks54 of bayerite were identified at wavelengths
of 3657 and 3551 cm−1, as shown in Figure 5. The band at
1450 cm−1 is for carbonate, so it indicates the presence of
carbonates on the surface of bayerite.
Research revealed that high gravity significantly enhanced

the carbonation reaction. As the high gravity coefficient

increased, the gas−liquid mass transfer area enlarged,
accelerating the carbonation reaction rate and significantly
reducing the reaction time. At higher end point pH values,
amorphous aluminum hydroxide was initially formed followed
by the cessation of the carbonation reaction and subsequent
formation of bayerite. Conversely, at lower end point pH
values, only amorphous aluminum hydroxide was generated.
These findings aligned with those of Zhang et al.,41 suggesting
that higher end point pH values led to further decomposition
of sodium aluminate in the solution, forming bayerite. Rapid
reduction of the end point pH prevented bayerite crystal
nucleation. Therefore, increasing the high gravity factor
promoted the nucleation of amorphous aluminum hydroxide
in the carbonation reaction, effectively suppressing bayerite
nucleation. With a carbon dioxide gas volume fraction of 100%,
continuous preparation of pseudoboehmite was achieved using
a primary high gravity reactor.
3.1.2. Influence of Carbon Dioxide Volume Fraction on

Reaction End Point pH and Crystal Phase. Table 2 presents
the experimental conditions and results for various carbon
dioxide volume fractions. Figure 6 illustrates the effect of
carbon dioxide volume fraction on the end point pHR of the
carbonation reaction. The XRD characterization of the crystal
phase is shown in Figure 7A. When carbon dioxide volume
fractions were 20 and 40%, the pH decreased slightly, and the
carbonation reaction rate was low, resulting in end point pHR
values of 12.73 and 12.51, respectively, with no crystal
formation. As the carbon dioxide volume fraction increased,
the pH decreased more rapidly and the carbonation reaction
rate accelerated. When the end point pH of the carbonation
reaction was 11.67, almost no solids were produced
immediately after the reaction, but bayerite crystals formed
after standing at room temperature for 0.5 h. When the end
point pH was 10.5, amorphous aluminum hydroxide initially
formed, and bayerite crystals formed after standing at room
temperature for 0.5 h. The previous section discussed the
experimental conditions with a carbon dioxide volume fraction
of 100%. The experimental results indicated that increasing the
carbon dioxide volume fraction accelerated the carbonation
reaction rate, inhibited the decomposition of bayerite, and
promoted the formation of amorphous aluminum hydroxide
nuclei. By adjusting the carbon dioxide volume fraction to
rapidly reduce the end point pH of the carbonation reaction,
the nucleation of aluminum hydroxide generated from the
carbonation reaction can be controlled. The infrared spectrum

Figure 3. Effect of the high gravity factor on carbonation reaction end
point pHR.

Figure 4. XRD pattern of precipitation generated by the first high gravity reactor. (A) The supergravity factors are 20 and 40. (B) The supergravity
factors are 60, 80, and 100.
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findings were consistent with those obtained from XRD, as
shown in Figure 7B.

3.1.3. Influence of the Gas−Liquid Flow Ratio on
Reaction End Point pH and Crystal Phase. In industrial
production, kiln flue gas with a carbon dioxide volume fraction
of approximately 40% is typically used. Therefore, studying the
impact of the gas−liquid flow ratio (Q/L) under the condition
of 40% carbon dioxide volume fraction is of significant
importance for both industrial applications and scientific
research. The experimental conditions and results for different
gas−liquid flow ratios are shown in Table 3. The effect of the
gas−liquid flow ratio on the end point pHR of the carbonation
reaction is illustrated in Figure 8, while the XRD and FTIR
characterization results of the crystal phase are presented in
Figure 9.
As the gas−liquid flow ratio increased, the end point pHR

initially decreased and then increased. When the gas−liquid
flow ratios were 2:1, 4:1, and 6:1, the amount of carbon
dioxide was relatively small, resulting in a low carbonation
reaction rate and relatively high end point pH values of 12.83,

Figure 5. FTIR spectra of precipitation generated by the first high gravity reactor. (A) The supergravity factors are 20 and 40. (B) The supergravity
factors are 60, 80, and 100.

Table 2. Experimental Result Table of the Effect of the Carbon Dioxide Content on Carbonation Reaction End Point pHR and
Crystals

numbers cNaAlO2/(mol/L) pH0 β ϕCO2/% Q/L L/(mL/min) pHR1 tp/h crystalline phase

13 0.1 12.92 ± 0.02 80 20 6:1 500 12.73 ± 0.04 0 N/A
14 0.1 12.92 ± 0.02 80 40 6:1 500 12.51 ± 0.03 0 N/A
15 0.1 12.92 ± 0.02 80 40 6:1 500 12.51 ± 0.03 0.5 N/A
16 0.1 12.92 ± 0.02 80 60 6:1 500 11.67 ± 0.01 0 N/A
17 0.1 12.92 ± 0.02 80 60 6:1 500 11.67 ± 0.01 0.5 B
18 0.1 12.92 ± 0.02 80 80 6:1 500 10.50 ± 0.02 0 AA
19 0.1 12.92 ± 0.02 80 80 6:1 500 10.50 ± 0.02 0.5 B

Figure 6. Effect of the carbon dioxide content on carbonation
reaction end point pHR.

Figure 7. XRD pattern and FTIR spectra of precipitation generated by carbonation reaction (carbon dioxide content). (A) XRD pattern. (B) FTIR
spectra.
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12.68, and 12.51, respectively. Under these conditions, no
decomposition of sodium aluminate occurred and no crystals
were formed. When the gas−liquid flow ratio was 8:1, the end
point pHR was 11.86, and almost no solids were produced
immediately after the reaction. However, bayerite crystals
formed after standing at room temperature for 0.5 h. As the
gas−liquid flow ratio further increased, the carbonation
reaction rate accelerated. At a gas−liquid flow ratio of 12:1,
the end point pHR of the carbonation reaction was 10.87,
resulting in the formation of amorphous aluminum hydroxide,
which transformed into bayerite crystals after standing at room
temperature for 0.5 h. It was worth noting that the molar ratio
of carbon dioxide to sodium aluminate in experiment 22 was
equal to that in experiment 11, yet the end point pHR of the
carbonation reaction in experiment 22 was higher than that in
experiment 11. This indicated that a larger gas volume in
experiment 22 was unfavorable for the carbonation reaction
and decreased the utilization efficiency of carbon dioxide. The

results demonstrated that increasing the gas−liquid flow ratio
could enhance the carbonation reaction rate, promote the
decomposition of aluminate ions, and form amorphous
aluminum hydroxide nuclei. By adjusting the gas−liquid flow
ratio, the nucleation of aluminum hydroxide generated in the
carbonation reaction in the high gravity reactor could be
controlled.
3.1.4. Influence of the Number of Reactions on Reaction

End Point pH and Crystal Phase. Using 40% carbon dioxide
gas, a single-stage high gravity reactor could not achieve the
appropriate carbonation reaction end point necessary for the
growth of pseudoboehmite. Consequently, it was impossible to
continuously produce pseudoboehmite from a 0.1 mol/L
sodium aluminate solution. Even higher concentrations of
sodium aluminate solution failed to achieve continuous
production of pseudoboehmite with a single-stage high gravity
reactor. This limitation was due to the kinetics of the
carbonation reaction and the decomposition reaction of
sodium aluminate. The reaction time in the high gravity
reactor was extremely short, approximately on the order of
seconds.55 Therefore, a multistage high gravity reactor in series
was proposed to intensify the carbonation reaction, enabling
the continuous production of pseudoboehmite using flue gas.
The study examined the necessary number of reactions and

gas−liquid flow ratios for the continuous production of
pseudoboehmite from sodium aluminate solutions of various
concentrations. The experimental conditions and results for
the number of reactions are shown in Table 4. The effect of the
number of reactions on the end point pHR of the carbonation
reaction is illustrated in Figure 10, while the XRD and FTIR
characterization results of the crystal phase are presented in
Figure 11. A 0.1 mol/L sodium aluminate solution reached an
end point pH of 10.3 after two passes through the high gravity

Table 3. Experimental Result Table of the Effect of the Gas−Liquid Flow Ratio on Carbonation Reaction End Point pHR and
Crystals

numbers cNaAlO2/(mol/L) pH0 β ϕCO2/% Q/L L/(mL/min) pHR1 tp/h crystalline phase

20 0.1 12.92 ± 0.02 80 40 2:1 500 12.83 ± 0.03 0 N/A
21 0.1 12.92 ± 0.02 80 40 4:1 500 12.68 ± 0.02 0 N/A
22 0.1 12.92 ± 0.02 80 40 8:1 500 11.86 ± 0.03 0 N/A
23 0.1 12.92 ± 0.02 80 40 8:1 500 11.86 ± 0.03 0.5 B
24 0.1 12.92 ± 0.02 80 40 10:1 500 11.17 ± 0.02 0
25 0.1 12.92 ± 0.02 80 40 12:1 500 10.87 ± 0.02 0 AA
26 0.1 12.92 ± 0.02 80 40 12:1 500 10.87 ± 0.02 0.5 B
27 0.1 12.92 ± 0.02 80 40 14:1 500 10.93 ± 0.03 0
28 0.1 12.92 ± 0.02 80 40 16:1 500 11.02 ± 0.02 0

Figure 8. Effect of the gas−liquid flow ratio on carbonation reaction
end point pHR.

Figure 9. XRD pattern and FTIR spectra of precipitation generated by carbonation reaction (gas−liquid flow ratio). (A) XRD pattern. (B) FTIR
spectra.
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reactor. At a gas−liquid flow ratio of 15:1, a 0.2 mol/L sodium
aluminate solution reached an end point pH of 10.52 after
three passes. Similarly, with a gas−liquid flow ratio of 20:1, a
0.3 mol/L sodium aluminate solution achieved an end point
pH of 10.70 after three passes. When the gas−liquid flow ratio
was 30:1, a 0.4 mol/L sodium aluminate solution reached an
end point pH of 11.03 after three passes. Finally, with a gas−
liquid flow ratio of 40:1, a 0.5 mol/L sodium aluminate
solution reached an end point pH of 11.42 after three passes.
The results indicated that sodium aluminate solutions with
concentrations below 0.5 mol/L produced amorphous
aluminum hydroxide after three passes through the high
gravity reactor. However, a 0.5 mol/L sodium aluminate
solution produced bayerite crystals after three passes, making it
impossible to produce pseudoboehmite with high peptization
performance.

3.2. High Gravity-Enhanced Steam Heat Transfer for
Continuous Aging to Synthesize Pseudoboehmite
Crystals. Amorphous aluminum hydroxide nuclei produced
by the high gravity carbonation reaction underwent aging
treatment. For the first time, a high gravity steam heating

device was introduced, enabling simultaneous heat and mass
transfer between the feed liquid and steam. The feed liquid was
instantaneously heated to the aging temperature within
seconds. Following heating, the feed liquid was maintained at
the aging temperature and allowed to flow through the aging
pipeline for a specified duration. The crystal phases formed
under different carbonation reaction end points, aging
temperatures, and aging times were examined. The synthesis
conditions and results are listed in Table 5. The XRD and
FTIR spectra are shown in Figures 12 and 13, respectively.

After aging, amorphous aluminum hydroxide formed at
lower carbonation reaction end points transformed into
pseudoboehmite, as shown in experiments 8-90-3 and 29-90-
3 in Table 4. This indicates that amorphous aluminum
hydroxide serves as the precursor to pseudoboehmite. At
higher carbonation reaction end points, amorphous aluminum
hydroxide rapidly grew into pseudoboehmite, with bayerite
also appearing swiftly, as demonstrated in experiments 18-90-3,
25-90-3, and 4-90-3 in Table 4. Zhang et al.26 reported that
pseudoboehmite grew into bayerite. This suggests that rapidly
increasing the temperature not only accelerates the trans-
formation of amorphous aluminum hydroxide into pseudo-
boehmite but also promotes the nucleation and growth of

Table 4. Experimental Result Table of the Effect of the Gas−Liquid Flow Ratio on Carbonation Reaction End Point pHR and
Crystalsa

numbers cNaAlO2/(mol/L) pH0 β ϕCO2/% Q/L L/(mL/min) pHR1 pHR2 pHR3 tp/h crystalline phase

29 0.1 12.93 80 40 12:1 500 10.87 ± 0.02 10.30 ± 0.03 \ 0.5 AA
30 0.1 12.93 80 40 12:1 500 10.87 ± 0.02 10.30 ± 0.03 9.89 ± 0.01 0.5 AA
31 0.2 13.21 80 40 15:1 500 12.16 ± 0.02 11.05 ± 0.03 10.52 ± 0.02 0.5 AA
32 0.3 13.35 80 40 20:1 500 12.48 ± 0.01 11.26 ± 0.01 10.70 ± 0.02 0.5 AA
33 0.4 13.56 80 40 30:1 500 12.94 ± 0.02 11.52 ± 0.02 11.03 ± 0.01 0.5 AA
34 0.5 13.65 80 40 40:1 500 13.12 ± 0.02 11.97 ± 0.02 11.42 ± 0.02 0.5 B

apHR2: reaction end point of the second reactor; pHR3: reaction end point of the third reactor.

Figure 10. Effect of the number of reactions on carbonation reaction
end point pHR.

Figure 11. XRD pattern and FTIR spectra of precipitation generated
by carbonation reaction (number of reactions). (A) XRD pattern. (B)
FTIR spectra.

Table 5. Experimental Results of the Effect of Heating Rate
and Carbon Fraction Reaction End Point on Precipitationa

number
cNaAlO2/
(mol/L) pHR tP/h TA/°C tA/h crystal phase

8-90-3 0.1 10.13 0 90 3 PB
29-90-3 0.1 10.30 0 90 3 PB
18-90-3 0.1 10.50 0 90 3 PB + B
25-90-3 0.1 10.87 0 90 3 PB + B
4-90-3 0.1 11.28 0 90 3 PB + B + G
16-90-3 0.1 11.67 0 90 3 B + G
22-90-3 0.1 11.87 0 90 3 B + G
31-90-3 0.2 10.52 0 90 3 PB
32-90-3 0.3 10.70 0 90 3 PB
34-90-3 0.5 11.42 0 90 3 PB + B
33-30-3 0.4 11.03 0 30 3 LC-PB
33-50-3 0.4 11.03 0 50 3 LC-PB
33-70-3 0.4 11.03 0 70 3 PB
33-90-0.5 0.4 11.03 0 90 0.5 PB
33-90-1 0.4 11.03 0 90 1 PB
33-90-2 0.4 11.03 0 90 2 PB
33-90-3 0.4 11.03 0 90 3 PB

aNumber X-Y-Z: X is the reaction number in Section 3.1, Y is the
aging temperature, and Z is the aging time; TA: aging temperature
(°C); tH: aging time (h); PB: pseudoboehmite; G: gibbsite; LC: low
crystallinity.
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bayerite. When the carbonation reaction end point was very
high, no amorphous aluminum hydroxide was formed, and the
growth of bayerite into gibbsite was expedited, as observed in
experiments 16-90-3 and 22-90-3 in Table 4. Both XRD and
FTIR spectra exhibited consistent results. Zolfaghari et al.56

reported that bayerite grew as gibbsite and its XRD and FTIR
spectra.
Using three high gravity reactors, continuous production of

pseudoboehmite was achieved from 0.2, 0.3, and 0.4 mol/L
sodium aluminate solutions with 40% carbon dioxide gas, as
shown in experiments 31-90-3, 32-90-3, and 33-90-3 in Table
4, respectively. However, under the same experimental
conditions, continuous production of pseudoboehmite from a
0.5 mol/L sodium aluminate solution was not successful, as
indicated by experiment 34-90-3.
The effects of different aging temperatures and durations on

the pseudoboehmite crystals formed from a 0.4 mol/L sodium
aluminate solution were investigated. The experimental
conditions and results are detailed in Table 4, covering
experiments 33-30-3, 33-50-3, 33-70-3, 33-90-0.5, 33-90-1, 33-
90-2, and 33-90-3. Increasing the aging temperature and
duration gradually enhanced the crystallinity of the pseudo-

boehmite, as shown in Figure 11E,F. The thermal analysis
curves of pseudoboehmite (33-90-3) and bayerite (18-90-3)
are shown in Figure 14. The thermal analysis curves of the two
are completely different. The heat loss of pseudoboehmite can
be divided into three stages, that is, three different crystal
structures appear. The heat loss of bayerite is divided into two
stages, that is, two different crystal structures appear.
The research results indicated that the rapid heating and

aging process in a high gravity environment accelerated the
crystal growth rate of pseudoboehmite, reducing the heating
time from 0.5 h to a few seconds. Furthermore, the
experiments demonstrated that integrating three high gravity
reactors with one high gravity aging unit enabled the
continuous production of pseudoboehmite.

3.3. Influence of Synthesis Conditions on the Peptiz-
ing Ability of Pseudoboehmite. The influence of different
synthesis conditions on the peptizing ability of pseudoboeh-
mite is shown in Figure 15. The peptization index of
pseudoboehmite increased with increasing aging temperature
and time. The carbonation reaction end point pH that
pseudoboehmite only was generated had no effect on the
peptization index, as shown in Figure 15C. When the end point

Figure 12. XRD pattern of precipitation generated by aging. (A) The experiments were 8-90-3 and 29-90-3. (B) The experiments were 18-90-3, 25-
90-3, and 4-90-3. (C) The experiments were 16-90-3 and 22-90-3. (D) The experiments were 31-90-3, 32-90-3, and 34-90-3. (E) The experiments
33-30-3, 33-50-3, and 33-70-3. (F) The experiments were 33-90-0.5, 33-90-1, 33-90-2, and 33-90-3.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c05591
ACS Omega 2024, 9, 43570−43582

43577

https://pubs.acs.org/doi/10.1021/acsomega.4c05591?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05591?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05591?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05591?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


pH of carbonation reaction was high, the formation of bayerite
seriously affected the peptization index. The concentration of
sodium aluminate solution had no effect on the peptization
index of pseudoboehmite. Under the conditions of rapid
carbonation at 25 °C, rapid heating to 90 °C, and aging for 3 h,
pseudoboehmite with a peptization index of 100% was
prepared by the high gravity method.

3.4. Mechanism of Nucleation and Growth of
Pseudoboehmite Crystals Enhanced by High Gravity.
The growth of amorphous aluminum hydroxide and bayerite
crystals produced in experiments 6 and 7 was investigated. The
morphology of amorphous aluminum hydroxide appeared as
spheroidal aggregates (Figure 16), while the morphology of
bayerite was conical29 (Figure 17). In Figure 17A, conical
bayerite crystals of varying sizes can be observed, with smaller
conical bayerite crystals being the same size as the spheroidal
amorphous aluminum hydroxide. Additionally, amorphous
aluminum hydroxide and small conical bayerite crystals
adhered to the surface of the larger conical bayerite crystals.
This indicates that both amorphous aluminum hydroxide and
bayerite nuclei nucleate independently, consistent with the
secondary decomposition reaction of sodium aluminate
reported in ref 41. The small conical bayerite nuclei
continuously fused and grew into larger conical structures, a
process that aligns with the Ostwald Ripening theory.
Influenced by environmental factors and crystal interface
stability, amorphous aluminum hydroxide underwent secon-
dary growth into bayerite on the surface of the existing bayerite
crystals. After 0.5 h, the size of bayerite increased and the

Figure 13. FTIR spectra of precipitate generated by aging. (A) The experiments were 8-90-3 and 29-90-3. (B) The experiments were 18-90-3, 25-
90-3, and 4-90-3. (C) The experiments were 16-90-3 and 22-90-3. (D) The experiments were 31-90-3, 32-90-3, and 34-90-3. (E) The experiments
were 33-30-3, 33-50-3, and 33-70-3. (F) The experiments were 33-90-0.5, 33-90-1, 33-90-2, and 33-90-3.

Figure 14. TG curves of pseudoboehmite and bayerite.
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amount of amorphous aluminum hydroxide decreased (Figure
17). At 90 °C, the conical bayerite dissolved, and in situ
growth of various-sized plate-like gibbsite occurred (Figure
18). At higher temperatures, the 100 nm spheroidal
amorphous aluminum hydroxide crystals gradually fused and
grew into blocky pseudoboehmite crystals larger than 1 μm
(Figure 19). With increasing temperature and time, the surface
of the pseudoboehmite crystals became progressively smoother
and the degree of crystallinity increased. Figure 20 shows the
EDS diagram of pseudoboehmite prepared by aging at 90 °C
for 1 h, which showed the distribution and relative contents of
Al, O, C, and Na elements. The Na element was present
because sodium ions in the aqueous solution adhered to the
surface of the material. The C element was because the fixed
material used is carbon cloth. The distribution of oxygen and
aluminum elements was very uniform, and the relative ratio of
the amount of matter was 3.68:1. The relative proportion was
greater than the elemental proportion (3) of aluminum
hydroxide compounds because the material contained a large
amount of adsorbed water and crystal water. This also proves

Figure 15. Effect of preparation conditions on the peptizing index of pseudoboehmite. (A) Aging time. (B) Aging temperature. (C) Carbonation
reaction end point pH. (D) Concentration of sodium aluminate solution.

Figure 16. SEM morphology of amorphous aluminum hydroxide.

Figure 17. SEM morphology of bayerite generated by pHR1 = 11.28 (A: tp = 0.1 h; B: tp = 0.5 h).
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that pseudoboehmite contains more water than aluminum
hydroxide.
In the high gravity reactor, the liquid phase is dispersed into

small droplets, creating a dispersed phase, while the gas phase
serves as the continuous phase. This configuration ensures
rapid and uniform attainment of the reaction end point within
seconds, promoting the nucleation of pseudoboehmite crystals
and preventing the nucleation of bayerite. This is essential for
achieving pseudoboehmite with 100% peptization perform-
ance. The high gravity steam heating device ensures uniform
mixing of steam and feed liquid, enhancing heat and mass
transfer. It fully utilizes both the sensible and latent heat of the
steam, significantly reducing the heating time of the feed liquid
and enabling amorphous aluminum hydroxide to quickly grow
into pseudoboehmite. In the aging pipeline, the feed liquid
flows continuously, maintaining a more stable temperature,
thereby addressing the issues of poor temperature and time
uniformity in batch aging devices. This uniform growth of
pseudoboehmite crystals eliminates dead zones in crystal
growth, significantly improving the peptization performance of
pseudoboehmite.

4. CONCLUSIONS
Increasing the high gravity factor, gas−liquid ratio, and carbon
dioxide content accelerates the carbonation reaction rate and
enhances the nucleation rate of pseudoboehmite. Connecting
multiple high gravity reactors in series extends the reaction
time, allowing high-concentration sodium aluminate to quickly
reach the carbonation reaction end point and achieve precise
control of pseudoboehmite nucleation. This approach
addresses the issue of slow carbonation reaction rates that
hinder controlled nucleation of pseudoboehmite. The high
gravity reactor accelerates the carbonation reaction and
precisely controls the reaction end point, reducing the reaction
time from minutes to seconds, thereby enhancing pseudo-
boehmite crystal nucleation and enabling a continuous
carbonation reaction process. The high gravity-enhanced

Figure 18. SEM morphology of gibbsite generated by aging at 90 °C
for 3 h.

Figure 19. SEM morphology of pseudoboehmite generated by aging at 90 °C (A: 1 h; B: 3 h).

Figure 20. SEM-EDS morphology of pseudoboehmite (Figure 19A).
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steam heating process rapidly heats the pseudoboehmite feed
liquid to the aging temperature, completing the continuous
aging process in the aging pipeline. This study achieved
continuous production of pseudoboehmite with a peptization
index of 100% from a 0.4 mol/L sodium aluminate solution,
providing a novel preparation process for aluminum hydroxide
and significantly improving production efficiency. The
proposed whole process continuous preparation method can
be extended to the research and production of other powders.
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