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ABSTRACT: Dealkalization is the necessary step for the multipurpose use of red
mud (RM), and acid leaching is a productive method to realize the dealkalization of
RM. Most researches focus on recovering metals from the highly alkaline waste by
pure acid leaching or stabilization by dealkalization. In this study, according to the
strong alkalinity of RM and strong acidity of the waste acid from titanium dioxide
production, the waste acid was used for the dealkalization of RM. The effects of
leaching temperature, reaction time, the concentration of waste acid, liquid−solid
ratio (L/S), and stirring rate on the dealkalization of RM were investigated, and the
main metal ions in the dealkalization solution were analyzed. The results show that
the leaching ratio of sodium can reach 92.3591% when the leaching temperature is
30 °C, the reaction time is 10 min, the concentration of waste acid is 0.6238 mol/L,
the L/S is 4:1, and the stirring rate is 300 rpm. The residual alkali content in the
treated RM is 0.2674%, which is a reduction to less than 1%. The phase analysis
results show that the sodalite and cancrinite in RM are dissolved, decomposed, and transformed after acid leaching. Therefore, RM
meets the requirements of building materials after dealkalization, which provides further development as building material products.

1. INTRODUCTION
Red mud (RM) is a high alkaline industrial solid noxious waste
produced from the extraction of alumina from bauxite. It is
called RM because it contains iron oxide and looks similar to the
red soil.1 In addition, its long-term storage poses a potential
threat to the environment. With the rapid development of the
alumina industry, the strong alkalinity of RM has become a
bottleneck restricting the sustainable development of the global
aluminum industry. According to the characteristics of bauxites
and process conditions, every ton of alumina produced produces
about 1−2.5 tons of RM.2 This leads to global production of
100−150 million tonnes per year of RM.3 Currently, the total
utilization rate of RM in the world is about 15%, while it is only
5% in China.4 Dam stacking is the leading way to dispose of
RM.5,6 RM is often pumped into storage tanks through wet
treatment technology or stored in large quantities through dry or
semi-dry methods.7−9 However, many alkaline substances in red
mud cause severe pollution to soil and water resources.10−14 The
leachate of the RM storage site contains many alkaline
substances, which pollute the surrounding soil and water and
cause various environmental problems.15−18 In addition, RM
can cause dust hazards to the surrounding community and the
ecological environment in the downwind area because of its fine
particle size.19,20 Therefore, the effective utilization and
harmless treatment of RM have attracted much attention.
RM can be used as adsorption materials, soil clusters,

construction materials, catalytic materials, and recovery of
precious metals.21 Among them, soil aggregates and building
materials can consume a large amount of RM, significantly

reducing the environmental pollution.22 Therefore, RM is used
to form soil aggregates and building materials, which is very
important for the large-scale recycling of RM. However, the
application of RM in soil aggregates and building materials is
limited by its high alkalinity.23 Only when RM is neutral or weak
alkaline can it be used as a soil aggregate.23 Furthermore, the
sodium content of RM applied to building materials must be less
than 1% to prevent frost from damaging the quality of building
materials.24 However, the raw RM cannot be directly used as soil
aggregates or building materials because its sodium content
reaches 6−10%.25 Therefore, it is necessary to reduce the
alkalinity of RM before application.
Dealkalization methods for RM include water leaching, acid

leaching, wet carbonization, and calcium ion replacement.26−28

Quadruple water direct leachingmethod only removes free alkali
in RM, and the leaching ratio of sodium is less than 71%.29

Because the water leaching process does not consume additional
reagents, it is economical. Still, this process is time-consuming
because long-term leaching and repeated dealkalization are
necessary for the water leaching process.29 Therefore, the
comprehensive utilization of the RM water leaching dealkaliza-
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tion method is limited.29 The leaching ratio of sodium of the
calcium ion replacement method is less than 80%. This method
removes free alkali and structural alkali in RM, slightly higher
than the water immersion method. However, this method needs
to consume many reagents, so it is of low economic type.30,31

The sodium removal efficiency of wet carbonization is generally
less than 85%. This method can effectively remove free alkali and
structural alkali in RM without consuming additional chemical
reagents. However, wet carbonization requires high pressure and
strict requirements for leaching equipment, so it is low in the
economy.32,33 Acid neutralization is the easiest way to achieve
dealkalization because it is the most straightforward chemical
reaction. It is generally believed that the higher the acid
concentration, the higher the dissolution efficiency of alkali. Due
to its strong acidity, the hydroxide, carbonate, and even oxide in
RMmay react with acid and be leached.22,34 Chen et al. reported
that the dissolution efficiency of sodium was improved at a
higher H2SO4 concentration, and the dissolution efficiency of
sodium reached 99.99% at 20°C, 1.8 mol/L H2SO4, and 30 min
reaction time.35

The study mainly focused on the strong acid treatment of RM
and recovery of leached metal36−38 but ignored the alkali
reduction and stability of RM at low acid concentrations. In this
paper, the use of industrial waste acid solution to reduce the
alkali of RM at a low temperature can effectively reduce the
alkaline of RM and solve the main limiting factors of its
comprehensive utilization. Furthermore, the acidic industrial
wastewater was treated to achieve the comprehensive utilization
of waste.

2. RESULTS AND DISCUSSION
2.1. Particle Size Analysis. The dried RM was screened

according to 100 mesh, and the particle size of RM before and
after the screening was further compared to make the particle
size of RMused in the experiment consistent. Figure 1 and Table
S1 show the particle size distribution of RM before and after
screening with 100 mesh. It can be seen that the particle size of
0.010−2.584 μm is more than 50% of themaximum volume, and

the raw RM particle size is mainly between 0.1 and 6 μm. The
particle size distribution of RM was almost identical to RM
before and after screening with 100 mesh. Therefore, it further
explains the fine particle size of RM itself.39 RM can be directly
used for the leaching of waste acid to reduce alkali without
pregrinding.

2.2. Leaching Behaviors of RM. 2.2.1. Effect of Temper-
ature. The samples were leached by the waste acid
concentration of 1.2448 mol/L at different temperatures for
120 min, with a stirring speed of 300 rpm and a liquid−solid
ratio (L/S) of 4/1 (mL/g). The effects of diverse temperatures
on sodium, silicon, calcium, aluminum, and iron leaching are
shown in Figure 2.
The leaching ratio of sodium in acid leached RM is more than

93%, as shown in Figure 2a. With the increase in temperature
from 30 to 70 °C, the leaching ratio of sodium increased from
93.838 to 96.162%, and the rising trend was not noticeable. The
leaching ratio of sodium aluminosilicate and other alkaline
substances increased with the increase in temperature in RM,
and the leaching balance of sodium gradually shifted to the right
as shown in the chemical reaction (1),40 which eventually led to
the gradual accumulation of alkali leaching ratio. However, the
leaching ratio of sodium only increases by 0.5% with every 10 °C
increase in temperature in RM. As shown in Figure 2b−e, with
the increase in temperature, the concentration of aluminum,
calcium, iron, and silicon ions in the acid leaching solution
showed a decreasing trend. As the reaction temperature
increases and the alkaline substances are further released in
RM, the aluminum and iron ion concentrations decrease with
the increase in the pH value.41 Simultaneously, silicon ions can
be polymerized in the form of silicic acid and co-precipitate with
aluminum, iron, and calcium ions,42 which are eventually
separated in the solid−liquid separation process, ultimately
leading to the reduced concentrations of Fe, Al, Ca, and Si in the
solution.43 The possible reaction formulas are shown in eqs
1−7.40,44 Therefore, 30 °C was selected as the optimal
temperature of the dealkalization of RM in this experiment.

Figure 1. Particle size distribution map of RM before and after screening with 100 mesh.
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Figure 2. Effect of temperature on the leaching ratio of (a) sodium from RM. The effect of temperature on the concentration of (b) aluminum, (c)
calcium, (d) iron, and (e) silicon ions in leaching solution at conditions: 1.2448 mol/L, 120 min, 4/1 (mL/g), and 300 rpm.
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4

2
4 (7)

2.2.2. Effect of Acid Leaching Time. Considering the
influence of the reaction time, different acid leaching times
were used to evaluate the extraction performance of sodium,
iron, aluminum, silicon, and calcium ions in RM, as shown in
Figure 3. The leaching ratio of sodium rapidly increased to
94.06% in the first 10 min of the experiment, as shown in Figure
3a, which was similar to the report by Zhu et al.26 The
concentrations of aluminum, calcium, and silicon ions also
reached the maximum rapidly in the leaching solution 10 min

before the experiment. Hematite and most other iron oxides can
only be dissolved at a temperature higher than 70 °C when the
pH value is less than 1.45 Therefore, the amount of iron ions
leached by hematite and most other iron oxides is low at a lower
acid waste acid concentration and lower temperature. The iron
ion concentration is higher at the beginning of the dealkalization
of RM, almost due to the iron content of waste acid. The
hydrogen ion concentration of waste acid continues to decrease,
and the iron ion concentration decreases with the increase of
alkali reduction time, as shown in Figure 3d, which is related to
eq 6.

Figure 3. Effect of temperature on the leaching ratio of (a) sodium from RM. The effect of temperature on the concentrations of (b) aluminum, (c)
calcium, (d) iron, and (e) silicon ions in the leaching solution at conditions: 1.2448 mol/L, 40 °C, 4/1 (mL/g), and 300 rpm.
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At the initial acid leaching stage, RM is mainly controlled by
chemical reaction and then controlled by diffusion.46 The alkali
and calcium ions exposed by sodium and calcium ions can react
quickly with the acid solution.47 Therefore, the alkali reduction
rate of RM and the concentration of calcium ions in the leaching
solution change the fastest within 10 min. Hydrogen ions
preferentially react with calcite in RM to form gypsum, and part
of calcite reacts with hydrogen ions to release calcium ions (eqs 2
and 3).48 The solubility product of gypsum remains unchanged.
After calcite is wholly transformed into gypsum, the calcium ion
concentration remains unchanged (eq 7),48 so the calcium ion

dissolution efficiency remains unchanged. With the progress of
the reaction, the sodium and aluminum gradually decrease in
RM, which contains insoluble SiO2/Al2O3, forming an inert
layer on the surface of RM, which hinders the further leaching of
sodium in RM46 (eqs 4−6). This phenomenon leads to the
decrease of the leaching rate and the beginning of the diffusion
control step.46 Therefore, 10 min was selected as the optimal
time of the dealkalization of RM in this experiment.

2.2.3. Effect of Acid Concentration. Considering the
influence of the acid molar concentration, different concen-
trations of waste acid were used to evaluate the extraction

Figure 4. Effect of temperature on the leaching ratio of (a) sodium from RM. The effect of temperature on the concentrations of (b) aluminum, (c)
calcium, (d) iron, and (e) silicon ions in the leaching solution at conditions: 120 min, 40 °C, 4/1 (mL/g), and 300 rpm.
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performance of sodium, iron, aluminum, silicon, and calcium
ions in RM, as shown in Figure 4. As shown in Figure 4a, the
higher the concentration of waste acid, the better the leaching
ratio of sodium. Meanwhile, it can be seen from Figure 4b−e
that the leaching amounts of aluminum, calcium, iron, and
silicon ions also gradually increase. With the increase in the
waste acid concentration to 0.6238 mol/L, the leaching ratio of
sodium increased sharply to 92.36%. Before that, the
concentration of waste acid was low and first consumed by
alkaline substances in RM. At this time, the acid leaching
solution was neutral or weakly alkaline, and the solution

environment was not conducive to the existence of aluminum,
calcium, iron, and silicon ions.49 With the further increase in
waste acid concentration, the higher the hydrogen ion
concentration, the more favorable it is for aluminum, iron, and
silicon to exist as ions, so their concentrations continue to
increase.50,51 Therefore, 0.6238 mol/L was selected as the
optimal acid concentration of the dealkalization of RM in this
experiment.

2.2.4. Effect of L/S. Considering the influence of the L/S,
different L/S were used to evaluate the extraction performance
of sodium, iron, aluminum, silicon, and calcium ions in RM, as

Figure 5. Effect of temperature on the leaching ratio of (a) sodium from RM. The effect of temperature on the concentrations of (b) aluminum, (c)
calcium, (d) iron, and (e) silicon ions in leaching solution at conditions: 1.2448 mol/L, 40 °C, 60 min, and 300 rpm.
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shown in Figure 5. The leaching ratio of sodium is low when the
L/S is 1:1, as shown in Figure 5a. When the L/S further
increased to 4:1, the leaching ratio of sodium reached 94.76%,
but the leaching ratio of sodium did not increase with the further
increase of L/S. This is because the L/S directly impacts the
slurry viscosity in the system.52 The larger the L/S, the lower the
slurry viscosity and the better the diffusion effect of RM on alkali
reduction, which is more conducive to solute diffusion.52 At the
same time, the total amount of waste acid is also relatively high,
which is more conducive to the dispersion of aluminum, iron,

silicon, and calcium ions in an acid leaching solution under the
condition of high L/S. When L/S is low, the reaction system has
a large viscosity, and the total amount of waste acid is also
relatively low. At this time, the acid in the system is first
consumed by the alkaline substance in RM.49 Therefore, the low
L/S condition is not conducive to the dispersion of aluminum,
iron, silicon, and calcium ions in the acid leaching solution, and
their concentrations are low, as shown in Figure 5b−e.
Therefore, 4/1 (mL/g) was selected as the optimal L/S of the
dealkalization of RM in this experiment.

Figure 6. Effect of temperature on the leaching ratio of (a) sodium from RM. The effect of temperature on the concentrations of (b) aluminum, (c)
calcium, (d) iron, and (e) silicon ions in the leaching solution at conditions of 0.6238 mol/L, 40 °C, 4/1 (mL/g), and 10 min.
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2.2.5. Effect of Stirring Speed. As shown in Figure 6a, the
leaching ratio of sodium was increased from 88.07 to 92.36%,
and the stirring speed was increased from 100 to 300 rpm.
However, the leaching ratio of sodium decreases when the
stirring speed continuously increases. The higher the stirring
speed, the greater the centrifugal force, which hinders mass
transfer, affects the complete contact between RM and protons,
and leads to an incomplete reaction.20,53 In addition, the higher
the stirring speed, the higher the energy consumption. As shown
in Figure 6b−e, when the stirring speed increases from 100 to
300 rpm, the dissolution efficiency of aluminum and silicon ions
gradually decreases. In contrast, the dissolution efficiency of iron
and calcium ions gradually increases. However, when the stirring
speed exceeds 300 rpm, the dissolution efficiency of Al, Ca, and
Si hardly changes. When the stirring speed exceeds 300 rpm, the
iron ion concentration decreases because the increase in the
stirring speed increases the centrifugal force, emulsified
solution,20 or co-precipitates with the colloid produced by
silicon and aluminum ions.42,43 Therefore, 300 rpm was selected
as the optimal stirring speed in this experiment.
2.3. Phase Analysis. According to X-ray diffractometer

(XRD) analysis, the main mineral phases of the raw RM and
dealkalized RM (at the optimum conditions of 0.6238mol/L, 30
°C, 4/1 (mL/g), 300 rpm, and 10 min) are shown in Figure 7.
The main mineral phases were sodalite, gibbsite, boehmite,
calcite, limonite, cancrinite, anatase, rutile, quartz, and
hematite.54 Sodium mainly exists in sodalite and cancrinite,
and it is challenging to remove the bound alkali in RM only by
water leaching, which was consistent with other reports.33 It was
found that the mineral phase composition of RM after
dealkalization and the raw RM had changed significantly.
Most of the structural alkali-bearing substances (sodalite and
cancrinite) of RM disappeared. This further confirms the
excellent effect of the dealkalization of RM by acid leaching with
titanium dioxide waste acid.

3. CONCLUSIONS

Dealkalization is the necessary step for the multipurpose use of
RM, and acid leaching is an efficacious method to realize the
dealkalization of RM. Most researches focus on recovering
metals from the highly alkaline waste by pure acid leaching or
stabilization by dealkalization. In this research study, according
to the strong alkalinity of RM and strong acidity of titanium
dioxide waste acid, RM was leached with titanium dioxide waste
acid for dealkalization. The effects of leaching temperature,
reaction time, the concentration of waste acid, L/S, and stirring
rate on the dealkalization of RMwere investigated, and the main
elements (aluminum, silicon, iron, calcium) in the dealkalization
solution were analyzed. The results show that the leaching ratio
of sodium can reach 92.3591% when the leaching temperature is
30 °C, the reaction time is 10 min, the L/S is 4:1, the H2SO4
concentration of waste acid is 0.6238mol/L, and the stirring rate
is 300 rpm. Under this condition, the residual alkali content in
the RM is 0.2674%, which is a reduction to less than 1%. RMwas
treated with acid leaching with titanium white waste acid, which
could meet the requirements of bulk building materials,
consume the waste acid, and realize the reuse of its value by
waste control. Compared with the direct use of strong acid
leaching for the dealkalization of RM and recovery of precious
metals, the cost of dealkalization of RM by waste acid leaching is
lower and the treatment speed and capacity are more excellent
and more conducive to the healthy development of the alumina
industry.

4. MATERIALS AND METHODS

4.1. Samples and Reagents. RM and titanium white waste
acid were sampled from an alumina plant and a titanium white
powder plant in Chongqing, respectively. The main chemical

Figure 7. XRD of primary mineral analysis of raw RM and RM after dealkalization.

Table 1. Main Chemical Composition of RM

composition Fe2O3 Al2O3 SiO2 CaO TiO2 Na2O

mass fraction (wt %) 43.00 23.22 7.77 4.40 4.83 3.50
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components were analyzed and detected by ICP-5000 OES/
AES (Focused Photonics (Hangzhou), Inc., ICP-5000), and the
results are shown in Tables 1 and 2, respectively.
The standard solutions of Na, Al, Ca, Si, and Fe (1000 mg/

mL) were purchased from the National Nonferrous Metals and
Electronic Materials Analysis and Testing Center of the national
standard samples. Distilled water was made by a Pure Water
system (Beijing Purkay General Instrument Co., Ltd., GWA-
UN2-F40).
4.2. Dealkalization by Acid Leaching. The raw RM was

dried in a blast drying oven at 105 °C (SK-101, Shanghai
Shengke Instruments & Equipment Co., Ltd.) for 12 h, then
ground with a mortar through a 100-mesh sieve, and stored in a
sealed bag. The waste acid prepared with a specific
concentration was added into a beaker containing 5 g of RM
sample at a certain L/S. Then, the RM mixture was heated in a
50 mL beaker under a magnetic stirrer (DF-101S China) at a
certain stirring speed, L/S, and reaction temperature for a period
of reaction time. The specific experimental design parameters
are shown in Table 3.

After the reaction, the mixture was vacuum filtered. Then, the
dealkalized RM was dried in a blast drying oven (105 °C, 12 h).

4.3. Analytical Methods. The particle size distribution of
the raw RM was determined using a BetterSize 2000 (Dandong
Baxter Instrument Ltd) laser particle size analyzer before the
screening. ICP-5000 OES/AES was used to analyze the sodium
content in RM after alkali removal and the concentration of Al,
Si, Ca, and Fe ions in the dealkalization solution. The chemical
analysis of Na was performed by a melting method (heating
Li2B4O7/KNO3 mixture at 1000 °C for 1 h, followed by
dissolving directly in 10% HNO3 solution).

55 The dissolution
efficiency of Na ion (X) is calculated by eq 8

= − ×X
M
M

1 100%1

2

i
k
jjjjj

y
{
zzzzz (8)

where X is the dissolution efficiency of Na ions in %, M1 is the
content of the Na element in the digestion solution of RM after
alkali removal in ppm, andM2 is the content of the Na element in
the digestion solution of raw RM in ppm.
The composition of RM after alkali removal was analyzed by

an X-ray fluorescence spectrometer (XRF EDX4500H, Skyray
Instrument).53 In addition, the RM samples before and after
dealkalization were analyzed by an X-ray diffractometer (XRD-
7000, Shimadzu).54,56 The copper target generated an X-ray
with the scanning speed of 5°/min, the scanning angle of 10−80,
the tube current of 100 mA, and the tube voltage of 40 kV).
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Table 2. Main Chemical Constituents of Titanium White Waste Acid

composition H2SO4 Fe Al total Ti soluble Ti Mn Mg Ca

content (g/L) 270.05 46.00 2.30 3.90 3.70 1.86 8.02 0.28

Table 3. Parameter Design of Dealkalization of RM with
Titanium Dioxide Waste Acid

number

leaching
time
(min)

temperature
(°C) L/S (mL/g)

acid
concentration
(mol/L)

stirring
speed
(rpm)

1 3 40 4 1.2448 300
2 5 40 4 1.2448 300
3 8 40 4 1.2448 300
4 10 40 4 1.2448 300
5 20 40 4 1.2448 300
6 40 40 4 1.2448 300
7 60 40 4 1.2448 300
8 90 40 4 1.2448 300
9 120 40 4 1.2448 300
10 150 40 4 1.2448 300
11 180 40 4 1.2448 300
12 60 40 1 1.2448 300
13 60 40 2 1.2448 300
14 60 40 3 1.2448 300
15 60 40 4 1.2448 300
16 60 40 5 1.2448 300
17 60 40 6 1.2448 300
18 120 30 4 1.2448 300
19 120 40 4 1.2448 300
20 120 50 4 1.2448 300
21 120 60 4 1.2448 300
22 120 70 4 1.2448 300
23 120 40 4 0.0000 300
24 120 40 4 0.3119 300
25 120 40 4 0.6238 300
26 120 40 4 0.9336 300
27 120 40 4 1.2448 300
28 120 40 4 1.5559 300
29 10 40 4 0.6238 100
30 10 40 4 0.6238 200
31 10 40 4 0.6238 300
32 10 40 4 0.6238 400
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