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Efficient utilization of red 
mud waste via stepwise 
leaching to obtain α‑hematite 
and mesoporous γ‑alumina
Zahra Karimi  & Ahmad Rahbar‑Kelishami *

Utilizing the red mud sustainably is now a challenging issue. Red mud due to its wide production, 
presence of some radioactive elements, high alkalinity, and salinity, has a dramatic potential to 
contaminate soil and groundwater. Notwithstanding its drawbacks, Red mud consists several 
elements, including Ca, Al, Ti, Si, and Fe, in various mineral forms. In this study, stepwise leaching 
was applied as a proper method to separate and purify the main valuable elements using available 
and affordable HCl. The pre-leaching step under optimized conditions using HCl (0.2 M) at room 
temperature for 2 h removed 89% of the calcium content from red mud. To selectively remove the solid 
silica, the residue was treated with concentrated HCl (3.0 M, L/S of 20 mL/g) at 95 °C, resulting in the 
dissolution of iron and aluminum content with up to 90% efficiency. After precipitation of the Fe3+ and 
Al3+, they were characterized using FT-IR, BET, EDS, XRD, SEM and TEM monographs, confirming the 
formation of nanosized hematite (α-Fe2O3) and mesoporous gamma alumina (γ-Al2O3). Consequently, 
inexpensive red mud was converted into highly valuable nano-sized metal oxides using simple, 
sustainable techniques and cheap reagents. Moreover, this technique generates the lowest amounts 
of waste during the leaching process and all reagents can be recycled for further uses, making this 
method a sustainable utilization.

Red mud, also referred to as bauxite residue, is the largest process waste produced during alumina production 
from bauxite ore by the Bayer method. Approximately 1–2 tons of red mud are produced for every ton of alumina 
produced1. Global red mud manufacturing is anticipated to be 200 million tons annually. Red mud accumulation 
has surpassed 4.6 billion tons, and the world’s red mud stockpile is steadily expanding2,3. Red mud is considered 
a significant environmental threat due to its high alkalinity (pH 10–13), high salinity, and the existence of certain 
radioactive elements, including scandium, gallium, uranium, and thorium. These factors increase the likelihood 
of soil and groundwater contamination, which can harm both the local population and the ecosystem as a whole4.

In the years ahead, there will likely be a global increase in the demand for aluminum, which will boost the 
production of red mud. This will impede the alumina industry’s ability to grow sustainably5. Furthermore, red 
mud production is predicted to rise in the future as the grade of bauxite ore declines as a result of early extrac-
tion of the highest-quality bauxite sources, resulting in a higher ratio of red mud production to bauxite6. The 
most pressing issue facing the global aluminum industry is how to properly dispose of red mud. A wide range of 
disposal methods are available, including dry stacking, seawater discharge, lagooning, and the like. These ways 
are not only harmful, but they also end up wasting precious resources7.

Red mud has been the subject of extensive research in a variety of areas to find a sustainable method for the 
usage of red mud, including its application in soil improvement, metal recovery and steel making, catalytic reac-
tions, low-cost adsorbents for pollutant removal, the production of tiles, ceramics, and bricks, the production of 
pigments and paints, and slag additives1.

Metal recovery from red mud has been considered noteworthy since this substance is a potential alternative 
source of Fe2O3, Al2O3, CaO, and SiO2, and some valuable metal oxides, such as rare-earth oxides8. Studies are 
predominantly based on hydrometallurgical (leaching, solvent extraction and precipitation) and pyro-metallur-
gical/mechanical operations (magnetic separation and sintering, reductive smelting, roasting), or combinations 
thereof. While hydrometallurgical processes are still promising owing to their potential for selective metals recov-
ery, the high efficiency and desirable environmental aspects, pyro-metallurgical processes are still problematic 
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due to their high energy consumption, production of toxic gases, and worthless residues9–11. Recent studies have 
shown that hydrometallurgical treatment using various acids brings about different results for the extraction of 
different elements. In this regard, metals recovery from red mud by selective leaching has been reported mostly 
by sulfuric acid11–17, hydrochloric acid9,18–20, nitric acid11,21, phosphoric acid11,22,23, and oxalic acid24–27. Pepper 
et al.11 examined the selectivity of HCl, HNO3, H2SO4, and H3PO4 in red mud extraction experiments. The 
acquired results revealed that nitric acid has an acceptable efficiency in extracting aluminum and silica from 
red mud. In contrast, phosphoric and hydrochloric acids represented the higher recovery efficiencies for Fe and 
Ti. Iron extraction as high as 47% was obtained using refluxing H2SO4 (8 N) at 100 °C with a solid-to-liquid 
ratio of 0.05 g/mL during 24 h28. The removals of 97.46% iron and 64.40% aluminum were reported by Uzun 
and Gülfen29 using 6 M sulphuric acid from red mud calcined at 600 °C. In another study30, the maximum SiO2 
recovery of 80% from red mud has been accomplished based on a two-step leaching process with dilute HCl 
and concentrated H2SO4. The results displayed that the maximum Fe2O3 and Al2O3 recovery of 95.4% and 66.7% 
could be obtained respectively, upon leaching with HCl (3 M) with a solid–liquid ratio of 1:16 g/mL, refluxing at 
90 °C for 90 min. Wang et al.31 leached red mud with HCl (3 M) at 100 °C for 2.0 h. The leaching process resulted 
in high content of iron and also low content of other elements.

Most of the applicable methods are based on the recovery of only one metal oxide that constitutes the largest 
percentage of red mud, while multi-element recovery from red mud would have more potential for industrial 
application and provide more benefits. In this research, we focused on a stepwise method for the recovery of 
alumina, hematite, calcium, and silica from red mud. This method includes a pre-leaching step using HCl (0.2 M) 
to exclude calcium contents, a leaching step using HCl (3 M) to exclude silica content, treatment with ammonia 
followed by NaOH to extract iron content, and finally treatment with HCl (3.0 M) to give alumina. The developed 
method led to the formation of γ-Al2O3 and α-Fe2O3, both of which are valuable minerals. γ-Al2O3 is widely 
applied as adsorbent, catalyst, catalyst support, and coating. In addition, hematite is a valuable commercial 
product in the cosmetic and pigment industries32,33.

The two-stage extraction process developed in the present work provides several advantages and innovations, 
including: (1) It operates at a low temperature, under atmospheric pressure, resulting in safe and cost-effective 
conditions. (2) It generates considerably fewer environmental hazards in comparison to the conventional method, 
which is due to the low concentrations of the leachate and precipitation. (3) HCl, as a cheap acid, is manufac-
tured on a large scale as a by-product of many chemical industries and can be neutralized as a safe waste. (4) 
The products, including γ-Al2O3 and α-Fe2O3, have a noticeably higher economic value than the low-cost red 
mud and reagents. (5) The four main elements of red mud that constitute the highest percentages are separated 
step by step, generating the lowest level of waste and no contaminated waste, is produced during this process.

Materials and methods
Materials.  Chemical reagents.  Hydrochloric acid (HCl, analytical grade), ammonia (NH4OH, analytical 
grade), sodium hydroxide pellets (NaOH, analytical grade), and ferrous sulfate (FeSO4, analytical grade) were 
purchased from Merck Company and used with no further purification.

Red mud.  The red mud used in this study was obtained as a solid residue from the Iran Alumina Company, 
located in Jajarm, northeast of Iran. The chemical composition of the as-received red mud was determined using 
XRF, as shown in Table 1. The as-received red mud contains majorly iron oxide, calcium oxide, aluminum oxide, 
silicon, and sodium oxide. Moreover, there are small amounts of titanium, and magnesium oxides and much 
less zirconium.

The mineralogical phases of Jajarm Red Mud were examined using X-ray powder diffractometry. Results of 
the XRD pattern in Fig. 1a show the existence of hematite, andradite, katoite, hibschite, ilmenite, and xonotlite 
in the initial red mud. Figure 1b shows the nitrogen sorptometry curve of the as received red mud. As can be 
seen, the red mud has a small mesopore volume. From matching the nitrogen sorptometry data with the BET 
isotherm, the total pore volume and specific surface area values were 0.08 cm3/g and 12.3 m2/g, respectively, 
indicating that the red mud is relatively non-porous. As shown in Fig. 1c, the red mud has a dense and nonporous 
microstructure. According to the particle size distribution of the red mud of the Iran Alumina Company, all the 
particles have a size below 24 µm, and half of them have a size less than 2.94 µm1.

Methods.  Experimental procedure.  The study was carried out in a 500  mL glass reactor connected to a 
40  cm glass Graham condenser and placed on a heater with a magnetic stirring system. The stirring speed 
was maintained constant during experiments to ensure that the particles remained suspended. Moreover, the 
magnetic stirrer was equipped with a temperature probe. Water bath was used in terms of homogenization of 
reaction temperature.

The stirring speed was maintained constant at 500 rpm during experiments to ensure that the particles 
remained suspended. The following Eq. (1) was applied to calculate the efficiency of dissolution:

Table 1.   The Chemical composition of as received red mud determined by XRF.

Composition Al2O3 SiO2 Fe2O3 TiO2 CaO MgO Na2O K2O SO3 P2O5 Cl Zr

Mass % 19.21 16.79 23.55 5.38 21.17 1.45 9.90 0.59 0.69 0.15 0.98 0.14
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where DE is dissolution efficiency and Wi and Wr are mass of initial red mud and mass of solid residue, 
respectively.

Sampling was accomplished using the coning and quartering method34. Having enough dried samples in 
hand, they were passed through a standard sieve with a hole diameter of less than 710 μm using dry method. The 
experimental procedure includes 3 parts: Pre-leaching, main leaching and co-precipitation. Figure 2 illustrates 
the flowchart of the proposed process. It must be noted that the metal contents of samples were determined by 
XRF after each leaching step.

Pre‑leaching.  In this step, separately a specified amount of hydrochloric acid of known concentration (0.2 M, 
100 mL) was poured into the flask. At ambient temperature, a certain amount of completely dried red mud 
(5.0 g) was added and stirred well for 2 h under refluxing conditions. Upon completion of the pre-leaching 
experiment, the resulting suspension was filtered under vacuum condition to separate the solid residue from the 
leachate. The acquired solid residue was well washed several times with distilled water, then dried at 110 °C for 
12 h and finally weighed. The HCl-washing led to the removal of 89% calcium content and from red mud due to 
the occurrence of the following reaction between acid and calcium oxide Eq. (2):

(1)DE = [(Wi −Wr)/Wi] ∗ 100

(2)CaO + 2HCl → CaCl2
(

aq.
)

+ H2O

Figure 1.   (a) XRD pattern of red mud, (b) N2 sorptometry of red mud, (c) FE-SEM images of red mud.
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Main leaching.  In a three-neck round-bottom glass reactor, HCl (3 M, L/S ratio of 20 mL/g) was added to 
the obtained solid from pre leaching step and stirred well for 2 h at 95 °C under refluxing conditions. This HCl 
treatment dissolves all metal cations leaving a greenish yellow silica gel residue that can be filtered. The filtrate 
contained a high concentration of Fe and Al.

Figure 2.   The flowchart of alumina and iron oxide extraction from red mud.
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Co‑precipitation.  The obtained filtrate was titrated with ammonia (25%) at room temperature. An unstable gel 
was formed at pH 4. The titration was continued until a brownish, stable gel with a large amounts of Al(OH)3 
and Fe(OH)3, and a minor amount of Ti(OH)4 and Ca(OH)2 was formed at pH 9.

To separate Al from Fe and other metals, NaOH (3 M) was added to the mixture of metal hydroxides until its 
pH reached 14. At this point, the Al(OH)3 is converted to a brownish, soluble NaAlO2, while other hydroxides 
remain insoluble. Subsequently, the mixture was filtered.

The solid comprising iron hydroxide in high percentage and trace amounts of Ca(OH)2 and Ti(OH)4 was 
thoroughly washed with freshly distilled water to remove the Cl ions, before being dried and calcined at 500 °C 
to produce Fe2O3. Subsequently, the clear, colorless filtrate containing sodium aluminate, was then titrated with 
HCl (3.0 M) at 25 °C until the solution pH reached 9, resulting in the formation of the Al(OH)3 gel, according 
to the Eq. (5).

To remove chloride ions, the filtered gel of Al(OH)3 was well washed with deionized water until the output 
water doesn’t show the presence of chlorine. To test this, after every cycle of washing, one drop of AgNO3 was 
added to the output water; we stopped washing when silver chloride precipitate did not form. Then it was dried in 
an oven at 105 °C, and finally calcined with heating rate of 10 °C/min in air up to 650 °C. After reaching this tem-
perature, the sample left to cool down naturally in the closed furnace to obtain alumina according to the Eq. (6).

Characterization techniques.  The analysis of red mud’s composition was carried out by X-ray fluorescence 
(XRF) spectrometer (Philips, Netherland) based on ISO/IEC 17025:2005 standard. Philips Expert System X-ray 
diffractometer (XRD) was employed for the mineralogical study with CuKa radiation and Ni-filter at 40 kV and 
30 mA, at 2Ɵ range of 5°–80° with a scanning rate of 2°/min, an anti-scatter and receiving slit of 1° and 0.01 mm, 
respectively. Dynamic light scattering (DLS) technique was employed to find the distribution of particle size of 
red mud, using a scatteroscope I device (DLS, Nanotrac Wave from Microtrac Company). To study the morphol-
ogy of samples, FESEM (SIGMA VP-500, ZEISS, Germany) was applied at an accelerating voltage of 15 kV. The 
elemental mapping and energy-dispersive X-ray spectroscopy (EDX) spectra were accomplished using Energy 
Dispersive X-ray Spectroscopy probe (Oxford Instruments, England). Transmission electron microscopy (TEM, 
Tecnai F30, Philips, Netherland) and scanning electron microscopy (SEM, TESCAN MIRA3 Microscope, Neth-
erland) were utilized to investigate the morphology. The specific surface area and porosity of red mud, γ-Al2O3 
and α-Fe2O3 were determined by nitrogen sorptometry analysis at 77 K performed with the BELSORP MINI II, 
Japan. Before any nitrogen sorptometry test, the samples were degassed at 180 °C for 3 h.

Results and discussion
The necessity of two‑stage extraction.  As shown in Table 2, a literature survey reveals a wide variety of 
chemical compositions reported for red mud, whereas the highest percentages are attributed to iron, aluminum, 
silicon, and calcium The proportion of iron varies from 4.52 to 50.06% depending on the texture of the bauxite 
utilized35. The adoption of a standard extraction procedure is complicated by changes in the phase compositions 
and crystallography of various red mud s. Stepwise leaching seems to be a good choice to overcome this chal-
lenge that was first accomplished in this research to separate the Al and Fe oxides from the texture of red mud. 
The main aim of leaching was to remove the silica and calcium step by step. Selective leaching is not applicable 
via a one-step process, because it causes to the dissolution of other valuable metal ions together with the calcium 
ions. In this study, it was discovered that about 89% of the calcium content can be removed via mild acidic leach-
ing by dissolving Ca2+ ions in the aqueous phase. Subsequently, more than 95% of the silica content was removed 
as a solid precipitation in the aqueous solution of metal ions. Finally, the iron and alumina were separated by 
successive precipitation.

The effect of various factors on the pre‑leaching step.  Four components, including Fe2O3, CaO, 
Al2O3, and SiO2, constitute the major part of red mud. One of the most challenging steps was to choose a method 
to separate calcium from the mixture. In this regard, a comprehensive study was conducted on the impacts of 
pre-leaching time and temperature, HCl concentration, and liquid to solid (L/S) ration through a One-Factor-
At-a Time (OFAT) approach46. As Table 3 depicts, various ranges of the mentioned factors were examined to 
optimize the calcium separation from red mud.

The effect of temperature.  It was truly predicted that concentrated HCl would dissolve more cations. Therefore, 
this study was started with the addition of 100 mL of the very diluted HCl (0.1 M) to 5.0 g of red mud to be 
refluxed at various temperatures for 2 h (Fig. 3a). It was found that at 25 °C, more than 60% of calcium content 
can be removed, while less than 5% of Al and iron leach into the solution. The higher the temperature, the more 
leaching of Fe and Al, and the less leaching of calcium. The amounts of leached Fe, Al, and Ca oxides at 85 °C 

(3)MCly + yNH4OH → M(OH)y ↓ + yNH4Cl (M = metal cation)

(4)Al(OH)3 + NaOH → NaAlO2

(

aq.
)

+ 2H2O

(5)NaAlO2 + HCl + H2O → Al(OH)3 ↓ + NaCl
(

aq.
)

(6)2Al(OH)3 → Al2O3 + 3H2O
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are approximately 20, 30, and 40%, respectively. As a result, 25 °C was found to be the best temperature for the 
most efficient calcium separation.

The effect of time.  To evaluate the efficiency of leaching time on the calcium separation, 100 mL of the very 
diluted HCl (0.1 M) was added to red mud (5.0 g) under refluxing condition at 25 °C (Fig. 3b). By increasing 
the leaching time up to 2 h, the separation efficiency of calcium increases. Thereafter it decreases. The reason for 
efficiency drop is that Al and Fe would react with HCl, leading to competition between metal cations. Therefore, 
a leaching time of 2 h was selected for the remaining examinations.

The effect of HCl concentration.  This study was performed by varying the HCl concentration while the tem-
perature was adjusted at 25 °C for 2 h. Regarding the results depicted in Fig. 3c, by increasing the acid concentra-
tion from 0.1 to 0.5 M, the efficiency of the calcium separation initially increases, then drops considerably. As 
mentioned above, a higher concentration of HCl can dissolve other species, leading to a competition between 
cations to attract chloride ions, which results in the lower release of calcium into the solution. Therefore, the 
proper concentration of HCl was 0.2 M to examine further studies.

The effect of liquid to solid ratio.  After optimizing the treatment conditions, including the addition of HCl 
(0.2 M) at 25 °C for 2 h, the optimized ratio of acid volume to the grams of red mud must be obtained. Fig-
ure 3d shows that by increasing the L/S ratio up to 50 mL per gram of red mud, the efficiency of calcium oxide 
separation rises, then falls precipitously. This descent arises from the increase in the numbers of proton and 
chloride ions, resulting in an increase in the reaction rate, a decrease in selectivity, and an increase in competi-
tion between cations. Hence, the best L/S ratio is 20 mL of HCl (0.2 M) per gram of solid. As a result, leaching 
5.0 g of red mud in 100 mL of HCl (0.2 M) at 25 °C for 2 h removes 89% of the calcium content, while releasing 
negligible amounts of alumina and iron oxides.

The effect of various factors on the main leaching step.  Another OFAT study was also accomplished 
to optimize the leaching process. In this step, all the remaining contents must be dissolved in HCl, but Si. To find 
the best conditions for dissolution of both alumina and iron oxide contents in their maximum amounts, similar 
factors mentioned above with different ranges were examined (Table 4).

Table 2.   Major compositions of various red mud sources worldwide (in wt%).

Entry Country

The Contents (%)

ReferencesAl2O3 SiO2 Fe2O3 TiO2 CaO Na2O

1 Iran 19.21 16.79 23.55 5.38 21.17 9.90 Present study

2 Hungary 14.8 13.5 42.1 5.2 6.1 8.2 36

3 Russia 11.20 8.72 50.00 4.05 10.76 7.09 37

4 Germany 16.20 5.40 44.80 12.33 5.22 4.00 38

5 Brazil 15.10 15.60 45.60 4.29 1.16 7.50 38

6 Greece 16.26 6.97 42.34 4.27 11.64 3.83 20

7 USA 18.4 8.5 35.5 18.4 7.7 6.1 39

8 India 16.58 8.32 36.26 17.10 1.43 6.00 40

9 Turkey 20.24 15.27 39.84 4.15 1.8 9.43 39

10 Jamaica 13.2 3 49.4 7.3 9.4 4 36

11 Australia 23.53 14.88 36.48 6.84 1.83 9.41 41

12 China, Guizhou 20.73 17.19 20.74 5.29 15.85 6.39 42

13 China, Guangxi 24.03 26.80 6.96 3.42 15.58 7.15 41

14 South Korea 18.34 6.04 42.52 7.05 9.13 7.07 14

15 Ghana 51.07 2.75 7.15 1.77 1.07 2.84 43

16 Italy, Sardinia 17.91 9.58 30.45 8.61 7.77 12.06 44

17 Bosnia and Herzegovina 16.9 21.9 37.9 - 10.0 7.2 45

Table 3.   The ranges of factors to optimize the pre-leaching step.

Factor Range

Leaching time 0.5–3 h

Leaching temperature 25–85 °C

HCl concentration 0.1–0.5 M

L/S ratio 10–50 mL/g
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The effect of time.  To evaluate the efficiency of leaching time on the dissolution of Al3+ and Fe3+, HCl (3.0 M) 
with a L/S ratio of 20 mL/g was added to the mixture at 25 °C (Fig. 4). By increasing the leaching time up to 2 h, 
the dissolution efficiency of both metals increases. Thereafter it decreases. Therefore, a leaching time of 2 h was 
selected for the remaining examinations.

The effect of HCl concentration.  Literature survey shows that high amounts of HCl can dissolve all the remain-
ing cations but silica47,48. In this study, HCl (20 mL) was added to 1.0 g of the obtained, dried solid and refluxed 
at 25 °C for 2 h (Fig. 5). By increasing the acid concentration from 1.0 to 3.0 M, the dissolution efficiency for Al3+ 
and Fe3+ increases up to 75 and 30%, respectively. While efficiency slightly drops in higher acid concentrations, 
this is likely due to three factors49,50: (a) Higher acid concentrations contain less ionized species51, which has an 
adverse effect on cations leaching. (b) At higher HCl concentration, a burst leaching causes an instant increase 
in cation concentrations around the solid, reducing the leaching rate due to the blockage of proton penetration. 
(c) Although lower amounts of competitive metal oxides are present in the current solid, they can still react with 
concentrated HCl to be leached into the solution, resulting in a lower release of Al3+ and Fe3+.

The effect of liquid to solid ratio.  Figure 6 shows the optimization of the L/S ratio for leaching the Al and Fe 
cations in HCl (3.0 M). By increasing the L/S ratio up to 20 mL per gram of solid, the leaching efficiency of iron 
and Al species rises up to 30 and 75%, respectively. The higher L/S ratio, the lower the leaching efficiency. This 
descent arises due to the facts mentioned above. Moreover, an increase in the numbers of proton and chloride 

Figure 3.   The effect of various factors on the dissolution of Ca, Fe, Al, and Si in HCl (100 mL): (a) the 
temperature (2 h, HCl 0.1 M); (b) the time (at 25 °C, HCl 0.1 M); (c) the HCl concentration (at 25 °C, 2 h); (d) 
the L/S ratio (at 25 °C, HCl 0.1 M, 2 h).

Table 4.   The ranges of factors to optimize the pre-leaching step.

Factor Range

Leaching time 0.5–3 h

Leaching temperature 25–95 °C

HCl concentration 1–7 M

L/S ratio 5–40 mL/g
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ions in comparison with the present metal species in the solid, resulting in an increase in the reaction rate, a 
decrease in selectivity, and an increase in competition between the desired and unwanted cations. Hence, the 
best L/S ratio is 20 mL of HCl (3.0 M) per gram of solid.

The effect of temperature.  To increase the efficiency of leaching of Fe along with the Al, the leaching tempera-
ture was optimized as shown in Fig. 7. By increasing the temperature from 25 to 95 °C, the leaching efficiency 

Figure 4.   The effect of time on the Fe and Al leaching; HCl (3.0 M, L/S of 20 mL/g), at 25 °C.

Figure 5.   The effect of HCl concentrations (20 mL) on the Fe and Al leaching; L/S of 20 mL/g at 25 °C for 2 h.

Figure 6.   The effect of L/S ratio on the Fe and Al leaching; HCl (3.0 M), at 25 °C for 2 h.
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of Fe increases meaningfully, while it has a small effect on the dissolution of Al. This shows that the dissolution 
rate of iron is controlled by the interface chemical reaction47,52,53. In general, leaching the solid in concentrated 
HCl (3.0 M, L/S of 20 mL/g) at 95 °C under refluxing conditions for 2 h dissolves Al and Fe cations with up to 
90% efficiency.

It must be noted that at higher temperatures, the dissolved HCl molecules in water are released as gaseous 
HCl molecules, penetrating the pores of solids due to the increasing pressure. This leads to the acidic decom-
position of the solid into the finer particles. Consequently, the increased contact surface of particles with acid 
is increased, reaching to the untreated core (Fig. 8)54. Moreover, it is known that at high temperatures, the acid 
molecules are broken down into energetic, reactive radical species, entering the mineral lattice55 that can improve 
the dissolution of Al3+ and Fe3+ during the acid-leaching process.

Characterization.  Fourier transform infrared spectroscopy.  Figure 9 shows the FT-IR spectra of as-synthe-
sized alumina and iron oxide. A broad band around 3441 and 3431/cm is assigned to the O–H stretch vibrations 
on the surfaces of Fe2O3 and Al2O3, respectively. The absorbance bands at 584, 528, and 445/cm correspond to 
the stretching and bending vibrations of Fe–O in hematite (α-Fe2O3)56. The observed bands at 811 and 565/cm 
are attributed to the stretching vibrations of Al–O–Al, confirming the presence of γ-Al2O3

57.

XRD patterns.  Figure 10 depicts the XRD patterns of the as-synthesized alumina and iron oxide with widened 
diffraction lines caused by the extremely small particle size. XRD pattern is the best way to confirm the struc-
ture and phase of chemical products. Based on the standard pattern of γ-Al2O3 (JCPDS No. 10-425), the peaks 
appeared at 2θ = 19.5°, 32.5°, 37.6°, 39.6°, 52.5°, 45.9°, 61.1°, and 67.1°, which can be indexed to the (111), (220), 
(311), (222), (400), (440), and (444) lattice planes, respectively, confirming the formation of γ-Al2O3

58,59. Fur-
thermore, the XRD pattern of as-synthesized iron oxide is observed in the standard patter (JCPDS No. 33-0664) 
of hematite, indicating it is α-Fe2O3

59.

Figure 7.   The effect temperature on the Fe and Al leaching, HCl (3.0 M, L/S of 20 mL/g) for 2 h.

Figure 8.   Dissolution of pretreated red mud at temperatures higher than 50 °C under acidic conditions.



10

Vol:.(1234567890)

Scientific Reports |         (2023) 13:8527  | https://doi.org/10.1038/s41598-023-35753-w

www.nature.com/scientificreports/

Morphology and characteristics.  The N2 adsorption–desorption isotherm (Fig. 11) of the as-synthesized γ-Al2O3 
is a typical irreversible IV-type isotherm with an IUPAC defined hysteresis loop of H1. Therefore, this γ-Al2O3 is 
a mesoporous material with a BET surface area of 183.4 ± 0.5 m2/g, and its pore volume and pore diameters were 
obtained by the BJH technique, as summarized in Table 5. The obtained results are comparable with the reported 
analyses60. This confirms that the synthesized alumina is a quasi-ordered γ-Al2O3, resulting in the broad peaks 

Figure 9.   FT-IR spectra of as-synthesized Al2O3 and Fe2O3.

Figure 10.   XRD patterns of as-synthesized γ-Al2O3 and α-Fe2O3 and their standard patterns.
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in its XRD as mentioned before61,62. BJH adsorption pore distribution was calculated to confirm the mesoporous 
characteristics of alumina, showing pore width range from 1.7 to 300 nm. The isotherm of α-Fe2O3 confirms that 
this synthesized oxide is non-porous with a BET surface area of 108.6 ± 0.5 m2/g.

The morphological and elemental characteristics of γ-Al2O3 and α-Fe2O3 were provided by FESEM and EDS 
analyses. Figure 12a and c shows the FESEM micrographs of the as-synthesized γ-Al2O3 and α-Fe2O3 and their 
respective EDS analyses. Figure 12a depicts agglomerated particles of alumina with different sizes which are 
composed of very fine particles smaller than 30 nm. The EDS elemental analyses show the extra high purity of 
the as-synthesized metal oxides (Fig. 12b and d).

Moreover, the TEM image of alumina (Fig. 12e and f) illustrates the agglomerated grain-like particles with an 
average size of 30 nm. The reported TEM images of gamma alumina confirm that the as-synthesized alumina by 
our successive leaching method is a gamma mesoporous alumina, confirming its mesoporous structure obtained 
by BET63,64. It is worth noting to say that this studies’method is simple and uses inexpensive reagents to obtain 
expensive nanosized γ-Al2O3 while the reported methods for the preparation of such compounds rely on the 
use of special costly techniques and reagents65,66.

Conclusion
Iron, aluminum, calcium, and silica constitute about 80% of the red mud obtained from the Iran Alumina 
Company located in Jajarm. This study was able to approach a simple, cheap, and stepwise leaching method for 
the separation of the main composition of the red mud. Initially, diluted HCl was used to pre-leach the CaO 
content. Then, concentrated HCl dissolved the iron and aluminum content to separate the solid silica. The 
characterization of the formed iron oxide and alumina revealed that this simple, successive method leads to 
the formation of nano-sized α-Fe2O3 and mesoporous γ-Al2O3 with particle sizes lower than 30 nm. Hematite 
is a highly demanded form of iron oxide in the cosmetic and pigment industries. Moreover, gamma alumina is 
an expensive kind of alumina that is widely utilized in the production of ceramics, hybrid and phosphorescent 
pigments, and industrial catalysts. It is noteworthy to mention that the common methods for the preparation of 
gamma alumina need costly reagents and complicated equipment, whereas this method converts the discounted 
red mud, obtained from alumina industry waste, into the invaluable γ-Al2O3 using affordable HCl.

Figure 11.   N2 adsorption–desorption isotherms of (a) as-synthesized γ-Al2O3, (b) and α-Fe2O3.

Table 5.   The BET surface area and pore characteristics obtained from N2 adsorption–desorption.

Sample SBET (m2/g) Pore volume (cm3/g) Average particle size (nm) Average pore size (nm)

γ-Al2O3 183.4 0.24 32.7 5.2

α-Fe2O3 108.6 0.003 55.2 -
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Data availability
All data generated or analyzed data for the experimental part of this study are included in this published article. 
The data that support the findings of this study are available from the corresponding author, [Ahmad Rahbar-
Kelishami], upon reasonable request. Moreover, all other data that support the plots within this paper and other 
findings of this study are available from the corresponding author upon reasonable request.

Received: 23 January 2023; Accepted: 23 May 2023

Figure 12.   FESEM image and EDS analysis of γ-Al2O3 (a, b) and α-Fe2O3 (c, d); TEM of γ-Al2O3 (e, f).



13

Vol.:(0123456789)

Scientific Reports |         (2023) 13:8527  | https://doi.org/10.1038/s41598-023-35753-w

www.nature.com/scientificreports/

References
	 1.	 Mahinroosta, M., Karimi, Z. & Allahverdi, A. Recycling of red mud for value-added applications: A comprehensive review. Encycl. 

Renew. Sustain. Mater. https://​doi.​org/​10.​1016/​B978-0-​12-​803581-​8.​11474-2 (2020).
	 2.	 Li, Z., Gu, H., Hong, B., Wang, N. & Chen, M. An innovative process for dealkalization of red mud using leachate from Mn-

containing waste. J. Environ. Chem. Eng. 10, 107222 (2022).
	 3.	 Sheng-guo, X. U. E., Yu-jun, W. U., Yi-wei, L. I. & Xiang-feng, K. Industrial wastes applications for alkalinity regulation in bauxite 

residue: A comprehensive review. J. Cent. South Univ. 26, 268–288 (2019).
	 4.	 Das, S. et al. Solid waste management: Scope and the challenge of sustainability. J. Clean. Prod. https://​doi.​org/​10.​1016/j.​jclep​ro.​

2019.​04.​323 (2019).
	 5.	 Vigneshwaran, S., Uthayakumar, M. & Arumugaprabu, V. Development and sustainability of industrial waste-based red mud 

hybrid composites. J. Clean. Prod. 230, 862–868 (2019).
	 6.	 Hua, Y., Heal, K. V. & Friesl-hanl, W. The use of red mud as an immobiliser for metal/metalloid-contaminated soil: A review. J. 

Hazard. Mater. 325, 17–30 (2017).
	 7.	 Das, B. & Mohanty, K. A review on advances in sustainable energy production through various catalytic processes by using catalysts 

derived from waste red mud. Renew. Energy 143, 1791–1811 (2019).
	 8.	 Wang, S., Ang, H. M. & Tadé, M. O. Novel applications of red mud as coagulant, adsorbent and catalyst for environmentally benign 

processes. Chemosphere 72, 1621–1635 (2008).
	 9.	 Liu, Z. & Li, H. Metallurgical process for valuable elements recovery from red mud—a review. Hydrometallurgy 155, 29–43 (2015).
	10.	 Liu, X., Han, Y., He, F., Gao, P. & Yuan, S. Characteristic, hazard and iron recovery technology of red mud—a critical review. J. 

Hazard. Mater. 420, 126542 (2021).
	11.	 Pepper, R. A., Couperthwaite, S. J. & Millar, G. J. Comprehensive examination of acid leaching behaviour of mineral phases from 

red mud: Recovery of Fe, Al, Ti, and Si. Miner. Eng. 99, 8–18 (2016).
	12.	 Bayramoglu, M. Statistical modeling of sulfuric acid leaching of TiO2 from red mud. Hydrometallurgy 2000, 1–5 (2000).
	13.	 Oustadakis, P., Tsakiridis, P. E. & Markopoulos, C. Titanium leaching from red mud by diluted sulfuric acid at atmospheric pres-

sure. J. Hazard. Mater. 157, 579–586 (2008).
	14.	 Lim, K. & Shon, B. Metal components ( Fe, Al, and Ti ) recovery from red mud by sulfuric acid leaching assisted with ultrasonic 

waves. Int. J. Emerg. Technol. Adv. Eng. 5, 25–32 (2015).
	15.	 Loginova, I. V. & Kyrchikov, A. V. Complete processing of the high-iron content red mud. Mater. Sci. Forum 946, 569–574 (2019).
	16.	 Li, W., Li, Z., Wang, N. & Gu, H. Selective extraction of rare earth elements from red mud using oxalic and sulfuric acids. J. Environ. 

Chem. Eng. 10, 108650 (2022).
	17.	 Gu, H., Hargreaves, J. S. J., Jiang, J.-Q. & Rico, J. L. Potential routes to obtain value-added iron-containing compounds from red 

mud. J. Sustain. Metall. 3, 561–569 (2017).
	18.	 Alkan, G., Schier, C., Gronen, L., Stopic, S. & Friedrich, B. A mineralogical assessment on residues after acidic leaching of bauxite 

residue (red mud) for titanium recovery. Metals (Basel) https://​doi.​org/​10.​3390/​met71​10458 (2017).
	19.	 Marin, R., Ulenaers, B., Ounoughene, G., Binnemans, K. & VanGerven, T. Extraction of rare earths from bauxite residue (red mud) 

by dry digestion followed by water leaching. Miner. Eng. 119, 82–92 (2018).
	20.	 Alkan, G., Schier, C., Gronen, L., Stopic, S. & Friedrich, B. A mineralogical assessment on residues after acidic leaching of bauxite 

residue (Red mud) for titanium recovery. Metals (Basel) 7, 458 (2017).
	21.	 Rao, C., Pontikes, Y., Binnemans, K. & Van Gerven, T. Leaching of rare earths from bauxite residue (red mud). Miner. Eng. 76, 

20–27 (2015).
	22.	 Deng, B. et al. Selectively leaching the iron-removed bauxite residues with phosphoric acid for enrichment of rare earth elements. 

Separ. Purif. Technol. https://​doi.​org/​10.​1016/j.​seppur.​2019.​115714 (2019).
	23.	 Deng, B. et al. Enrichment of Sc2O3 and TiO2 from bauxite ore residues. J. Hazard. Mater. https://​doi.​org/​10.​1016/j.​jhazm​at.​2017.​

02.​022 (2017).
	24.	 Yu, Z. L. et al. Red-mud treatment using oxalic acid by UV irradiation assistance. Trans. Nonferrous Met. Soc. China (Engl. Ed.) 

22, 456–460 (2012).
	25.	 Yang, Y., Wang, X., Wang, M., Wang, H. & Xian, P. Hydrometallurgy recovery of iron from red mud by selective leach with oxalic 

acid. Hydrometallurgy 157, 239–245 (2015).
	26.	 Huang, Y., Chai, W., Han, G., Wang, W. & Yang, S. A perspective of stepwise utilisation of Bayer red mud : Step two—extracting 

and recovering Ti from Ti-enriched tailing with acid leaching and precipitate flotation. J. Hazard. Mater. 307, 318–327 (2016).
	27.	 Narayanan, R. P., Kazantzis, N. K. & Emmert, M. H. Selective process steps for the recovery of scandium from jamaican bauxite 

residue (red mud). ACS Sustain. Chem. Eng. 6, 1478–1488 (2018).
	28.	 Debadatta, D. & Pramanik, K. A study on chemical leaching of iron from red mud using sulfuric acid. Res. J. Chem. Environ. 17, 

50–56 (2013).
	29.	 Uzun, D. Dissolution kinetics of iron and aluminium from red mud in sulphuric acid solution. Indian J. Chem. Technol. 14, 263–268 

(2007).
	30.	 Man, K., Zhu, Q., Li, L., Liu, C. & Xing, Z. Preparation and performance of ceramic fi lter material by recovered silicon dioxide as 

major leached component from red mud. Ceram. Int. https://​doi.​org/​10.​1016/j.​ceram​int.​2017.​03.​048 (2017).
	31.	 Wang, J. et al. Red mud derived facile hydrothermal synthesis of hierarchical porous α-Fe2O3 microspheres as efficient adsorbents 

for removal of Congo red. J. Phys. Chem. Solids 140, 109379. https://​doi.​org/​10.​1016/j.​jpcs.​2020.​109379 (2020).
	32.	 Prim, S. R., Folgueras, M. V., de Lima, M. A. & Hotza, D. Synthesis and characterization of hematite pigment obtained from a steel 

waste industry. J. Hazard. Mater. 192, 1307–1313 (2011).
	33.	 Mavrič, A., Valant, M., Cui, C. & Wang, Z. M. Advanced applications of amorphous alumina: From nano to bulk. J. Non. Cryst. 

Solids 521, 119493 (2019).
	34.	 Mahinroosta, M. & Allahverdi, A. A promising green process for synthesis of high purity activated-alumina nanopowder from 

secondary aluminum dross. J. Clean. Prod. 179, 93–102 (2018).
	35.	 Liu, Y. & Naidu, R. Hidden values in bauxite residue (red mud): Recovery of metals. Waste Manag. 34, 2662–2673 (2014).
	36.	 Binnemans, P. K., Jones, P. T., Blanpain, B., Gerven, T. V. & Pontikes, Y. Towards zero-waste valorisation of rare-earth-containing 

industrial process residues: A critical review. J. Clean. Prod. https://​doi.​org/​10.​1016/j.​jclep​ro.​2015.​02.​089 (2015).
	37.	 Raspopov, N. A. et al. Reduction of iron oxides during the pyrometallurgical processing of red mud. Russ. Metall. 2013, 33–37 

(2013).
	38.	 Snars, K. & Gilkes, R. J. Evaluation of bauxite residues (red muds) of different origins for environmental applications. Appl. Clay 

Sci. 46, 13–20 (2009).
	39.	 Khairul, M. A., Zanganeh, J. & Moghtaderi, B. The composition, recycling and utilisation of Bayer red mud. Resour. Conserv. Recycl. 

141, 483–498 (2019).
	40.	 Khanna, R. et al. Red mud as a secondary resource of low-grade iron: A global perspective. Sustainability 14, 1258 (2022).
	41.	 Wang, S., Jin, H., Deng, Y. & Xiao, Y. Comprehensive utilization status of red mud in China: A critical review. J. Clean. Prod. 289, 

125136 (2021).
	42.	 Lu, F. et al. Hydrometallurgy Recovery of gallium from Bayer red mud through acidic-leaching-ion- exchange process under 

normal atmospheric pressure. Hydrometallurgy 175, 124–132 (2018).

https://doi.org/10.1016/B978-0-12-803581-8.11474-2
https://doi.org/10.1016/j.jclepro.2019.04.323
https://doi.org/10.1016/j.jclepro.2019.04.323
https://doi.org/10.3390/met7110458
https://doi.org/10.1016/j.seppur.2019.115714
https://doi.org/10.1016/j.jhazmat.2017.02.022
https://doi.org/10.1016/j.jhazmat.2017.02.022
https://doi.org/10.1016/j.ceramint.2017.03.048
https://doi.org/10.1016/j.jpcs.2020.109379
https://doi.org/10.1016/j.jclepro.2015.02.089


14

Vol:.(1234567890)

Scientific Reports |         (2023) 13:8527  | https://doi.org/10.1038/s41598-023-35753-w

www.nature.com/scientificreports/

	43.	 Dodoo-Arhin, D. et al. Fabrication and characterisation of ghanaian bauxite red mud-clay composite bricks for construction 
applications. Am. J. Mater. Sci. 2013, 110–119 (2013).

	44.	 Bertocchi, A. F., Ghiani, M., Peretti, R. & Zucca, A. Red mud and fly ash for remediation of mine sites contaminated with As, Cd, 
Cu, Pb and Zn. J. Hazard. Mater. 134, 112–119 (2006).

	45.	 Vladić Kancir, I. & Serdar, M. Contribution to understanding of synergy between red mud and common supplementary cementi-
tious materials. Mater. (Basel) 15, 1968 (2022).

	46.	 Wahid, Z. & Nadir, N. Improvement of one factor at a time through design of experiments. World Appl. Sci. J. 21, 56–61 (2013).
	47.	 Cui, L., Guo, Y., Wang, X., Du, Z. & Cheng, F. Dissolution kinetics of aluminum and iron from coal mining waste by hydrochloric 

acid. Chin. J. Chem. Eng. 23, 590–596 (2015).
	48.	 Schwertmann, U. Solubility and dissolution of iron oxides. Plant Soil 130, 1–25 (1991).
	49.	 Patermarakis, G. & Paspaliaris, Y. The leaching of iron oxides in boehmitic bauxite by hydrochloric acid. Hydrometallurgy 23, 

77–90 (1989).
	50.	 Olanipekun, E. O. Kinetics of leaching laterite. Int. J. Miner. Process. 60, 9–14 (2000).
	51.	 West, L. E. The apparent degree of ionization of hydrochloric, sulfuric, and acetic acids an electrolytic conductivity experiment 

for general chemistry. J. Chem. 19, 366–368 (1942).
	52.	 Gülfen, G., Gülfen, M. & Aydin, A. O. Dissolution kinetics of iron from diasporic bauxite in hydrochloric acid solution. Indian J. 

Chem. Technol. 13, 386–390 (2006).
	53.	 Reddy, B. R., Mishra, S. K. & Banerjee, G. N. Kinetics of leaching of a gibbsitic bauxite with hydrochloric acid. Hydrometallurgy 

51, 131–138 (1999).
	54.	 Zhao, Y., Zheng, Y., He, H., Sun, Z. & Li, A. Effective aluminum extraction using pressure leaching of bauxite reaction residue from 

coagulant industry and leaching kinetics study. J. Environ. Chem. Eng. 9, 104770 (2021).
	55.	 Anawati, J. & Azimi, G. Recovery of scandium from Canadian bauxite residue utilizing acid baking followed by water leaching. 

Waste Manag. 95, 549–559 (2019).
	56.	 Tadic, M., Trpkov, D., Kopanja, L., Vojnovic, S. & Panjan, M. Hydrothermal synthesis of hematite (α-Fe2O3) nanoparticle forms: 

Synthesis conditions, structure, particle shape analysis, cytotoxicity and magnetic properties. J. Alloys Compd. 792, 599–609 (2019).
	57.	 Atrak, K., Ramazani, A. & Taghavi-Fardood, S. Green synthesis of amorphous and gamma aluminum oxide nanoparticles by 

tragacanth gel and comparison of their photocatalytic activity for the degradation of organic dyes. J. Mater. Sci. Mater. Electron. 
29, 8347–8353 (2018).

	58.	 Krivoshapkin, P. V. et al. Mesoporous Fe-alumina films prepared via sol-gel route. Microporous Mesoporous Mater. 204, 276–281 
(2015).

	59.	 Cui, H., Liu, Y. & Ren, W. Structure switch between α-Fe2O3, γ-Fe2O3 and Fe3O4 during the large scale and low temperature 
sol-gel synthesis of nearly monodispersed iron oxide nanoparticles. Adv. Powder Technol. 24, 93–97 (2013).

	60.	 Huang, B., Bartholomew, C. H., Smith, S. J. & Woodfield, B. F. Facile solvent-deficient synthesis of mesoporous γ-alumina with 
controlled pore structures. Microporous Mesoporous Mater. 165, 70–78 (2013).

	61.	 Alothman, Z. A. A review: Fundamental aspects of silicate mesoporous materials. Mater. (Basel). 5, 2874–2902 (2012).
	62.	 Wefers, K. & Misra, C. Oxides and Hydroxides of Aluminum. In Alcoa Technical Paper vol. 19 (1987).
	63.	 Salahudeen, N. et al. Synthesis of gamma alumina from Kankara kaolin using a novel technique. Appl. Clay Sci. 105–106, 170–177 

(2015).
	64.	 Sinkler, W., Bradley, S., Ziese, U. & de-Jong, K. 3D-TEM study of gamma alumina catalyst supports. Microsc. Microanal. 12, 52–53 

(2006).
	65.	 Parida, K. M., Pradhan, A. C., Das, J. & Sahu, N. Synthesis and characterization of nano-sized porous gamma-alumina by control 

precipitation method. Mater. Chem. Phys. 113, 244–248 (2009).
	66.	 Cai, W. et al. Nanotubular gamma alumina with high-energy external surfaces: Synthesis and high performance for catalysis. ACS 

Catal. 7, 4083–4092 (2017).

Author contributions
Z.K.: experimental work, methodology, software, writing original draft.A.R.-K.: conceptualization, methodology, 
writing—review & editing, supervision.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.R.-K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Efficient utilization of red mud waste via stepwise leaching to obtain α-hematite and mesoporous γ-alumina
	Materials and methods
	Materials. 
	Chemical reagents. 
	Red mud. 

	Methods. 
	Experimental procedure. 
	Pre-leaching. 
	Main leaching. 
	Co-precipitation. 

	Characterization techniques. 


	Results and discussion
	The necessity of two-stage extraction. 
	The effect of various factors on the pre-leaching step. 
	The effect of temperature. 
	The effect of time. 
	The effect of HCl concentration. 
	The effect of liquid to solid ratio. 

	The effect of various factors on the main leaching step. 
	The effect of time. 
	The effect of HCl concentration. 
	The effect of liquid to solid ratio. 
	The effect of temperature. 

	Characterization. 
	Fourier transform infrared spectroscopy. 
	XRD patterns. 
	Morphology and characteristics. 


	Conclusion
	References


