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Abstract     

      Red mud (RM) is a caustic waste product of alumina industry. A laboratory study was 

conducted to investigate the removal of hydrogen sulfide (H2S) gas using RM at ambient 

conditions. Red mud was characterized before reaction and after reaction by using XRD, BET, 

SEM/EDX, TG-DSC, FT-IR, and CHNS. The XRD and EDX data confirmed that the H2S was 

removed in the form of FeS2, FeS, CaSO4·2H2O, sulfur, sulfide and bisulfide of Na. During the 

sulfidation reaction, the color of some RM changes from red to black, indicating that iron oxide 

was converted to iron sulfide. The black color in this case was an indicator of mineral sulfide 

compounds which indicated that some H2S sorption and removal were occurred. The removal 

capacity of sulfidic filtrate was more as compared to the sulfidic red mud as revealed by 

thermogravimetric and EDX analysis. 

 
Keywords: Red mud; Hydrogen sulfide; Iron oxide; Energy dispersive X-ray 
 

 

 

 

 



2 
 

1.  Introduction 

      Red mud is a caustic waste material of bauxite ore processing for alumina extraction. Bayer 

process is commonly used for digestion of bauxite ore in a solution of conc. NaOH at a 

temperature of 150–230˚C under pressure. During the digestion process, aluminum reacts with 

NaOH to form soluble sodium aluminate leaving red mud slurry [1]. Red mud slurry is highly 

caustic having pH > 13, due to presence of NaOH and Na2CO3 (1−6%, w/w), these are expressed 

in terms of Na2O [2,3]. The main constituents of red mud (% w/w) are: Fe2O3 (30−60%), Al2O3 

(10−20%), SiO2 (3−50%), Na2O (2−10%), CaO (2−8%), and TiO2 (trace−10%) [4].  

        Coal gasification generates large amounts of hydrogen sulfide gas which is responsible for a 

serious environmental problem [5,6]. H2S gas is very corrosive, and highly toxic for the living 

organisms at relatively high concentration [7]. Furthermore, it is a constituent of sulfate aerosol 

which decreases droplet radius in cloud. The increase of aerosol concentration weakens rain fall 

and hydrological cycle in polluted cloud [8]. Several commercial techniques are available for the 

removal of H2S, including aqueous NaCl [9], iron-based sorbents [10,11], activated carbon [12], 

FeOOH [13], Fe2O3, metal oxides [14], sewage sludge [15,16], and aqueous solutions [17]. 

However, there is always research for the development of effective and low-cost method.  

      Utilization of industrial wastes as a resource to solve the problem of another wastes provide 

economic benefit. Therefore, the removal of H2S using red mud is one of the promising options 

for the reduction of industrial air pollution.  

      Removal of H2S using aqueous RM takes place by the following reactions [7,17–21]:    

 

H2S(aq) + H2O  ↔  HS−(aq) + H3O+                                                                                          (1)       
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H2S(aq) + NaOH(aq) ↔ NaHS(aq) + H2O(l)                                              (2)                                                      

H2S(aq) + 2NaOH(aq) ↔ Na2S + 2H2O                                                       (3) 

Fe2O3 + 2H2S + H2 → 2FeS + 3H2O                                                            (4) 

[FeS] + H2S → [Fe−S→SH2] → FeS2 + H2                                                  (5)      

FeOOH(s) + 3HS–(aq) + 3H–(aq) → FeS (s) + S0(s) + 4H2O (l)                  (6) 

CaCO3(s) + H2S (g) → CaS (s) +H2O (l) + CO2 (g)                                     (7) 

CaS(s) + 2CO2(g) +2H2O(l)  → CaSO4·2H2O(s)  + 2C(s)                           (8) 

 

The main objective of this study was to investigate the removal of H2S using aqueous red 

mud at ambient conditions. In this work, red mud, sulfidic red mud, and sulfidic filtrate were 

characterized using the X-ray diffraction, scanning electron microscope, energy dispersive X-

ray, thermogravimetric analysis, differential scanning calorimetric techniques, CHNS, FT-IR, 

etc.  

2.  Materials and methods 

2.1. Materials 

      Red mud used in this study was obtained from R&D Laboratory of NALCO, Damanjodi, 

Orissa, India, in the form of dried–clay. Hydrochloric acid (HCl) used in this study was obtained 

from Merck and nitric acid (HNO3) from Rankem. The H2S gas (200 ppm) balanced by He gas 

was purchased from SKP Corporative Service Rourkela.  

2.2. Materials preparation     

      The RM samples were air–dried, grounded in a mortar and pestle and stored in vacuum 

desiccators until used. The red mud suspension was prepared by mixing 5.0 g of red mud with 75 
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mL of distilled water in different plastic bottles of 150 mL to obtain a sufficient volume of 

slurry. The suspension was stirred through a magnetic stirrer for 24 h at constant speed ∼5 s–1 for 

standard solid–liquid contact.  

2.3. Materials characterization  

      The samples were oven-dried at a temperature of 110 ºC for 2 h before their analyses.  The 

XRD pattern of the material and mineral composition were determined by using Philips X’Pert 

X-ray diffractometer with a Cu Kα radiation source in a 2θ range of 10° to 80º at a scanning rate 

of 2º min–1 and was analyzed using standard software provided with the instrument. The surface 

micro-morphology of materials was investigated using a scanning electron microscope (SEM) 

and element composition was analyzed using energy dispersive X-ray (EDX) by JOEL model 

JSM-6480LV (Japan). The pH measurements were made using a calibrated Orion 2 Star Bench 

top pH meter and electrical conductivity was measured using CM 138, EC-TDS analyzer. The 

pH and electrical conductivity were measured after centrifugation of suspensions (as prepared in 

Section 2.2) for 15 min at 3000 rpm and filtration were done using Whatman 42 filter paper. The 

parameters were measured by adding distilled water to the red mud at a solid to liquid ratio of 

1:2.5 standard methods.  

     The thermogravimetric analysis and differential scanning calorimetry (TGA/DSC) analysis of 

air dried samples were carried out using NETZSCH STA 409C (Germany). In this analysis, 24–

30 mg of sample was used. The sample was heated in an Al2O3 crucible at a heating rate of 10.0 

ºC min–1 from 30 to 910 ºC. Sulfur content was determined by using varioELcube CHNS 

Elemental Analyzer, Germany. The O2 gas was used as fuel, Helium gas was used as carrier gas 

and to provide inert atmosphere. The operating temperature of combustion tube and reduction 

tube were 1150 °C and 850 °C, respectively. The BET surface area of the sample was measured 
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at liquid nitrogen temperature using BET surface area analyzer (Quantachrome AUTOSORB–1, 

USA). Particle size of the red mud was measured using Master Sizer 33370-45 (Malverns, UK).  

The FT-IR spectra of the samples were obtained by using PerkinElmer FT-IR Spectrometer 

Spectrum RX-I. The spectrum was scanned from 4000 to 400 cm–1.  Samples were 

homogeneously crushed with anhydrous KBr in a ratio of 1:50. The powder was pressed at 10 

tons cm–2 to make a translucent tablet for recording FT-IR spectra.  

2.4. Batch experiments  

      Batch experiments were carried out at room temperature (25±2 ºC) using suspensions of 

different bottles as described in Section 2.2. The H2S gas was passed through a rotameter at a gas 

flow rate of 50 mL min–1, subsequently through a micro bubbles stone for 5, 10, 20, 30, 60 min 

into the suspensions of different bottles with an inlet and an outlet to vent the pressure. This 

experiment is referred as sulfidic reaction.    

            The suspension was stirred through a magnetic stirrer to increase their solubility at constant 

speed of ∼5 s–1 for all the experimental tests reported here. After the reaction the suspension was 

centrifuged for 15 min at 3000 rpm and was air dried. It is referred as sulfided red mud (SRM). 

The filtrate was filtered through Whatman 42 filter paper and is referred as sulfidic filtrate (SF).  

3.  Results and discussion    

3.1. Change of mineral composition  

     Particle size of the red mud was in the range of 0.1–160 µm.  The BET-N2 surface area, pore 

volume, pore diameter of RM were found to be 31.7 m2 g–1, 0.015 cm3 g–1,   18.20 Å, 

respectively (Table 1).  Fig.1 shows the X-ray diffraction patterns of RM and SRM. From the 

XRD peaks of RM the following mineral phases were identified: hematite (α-Fe2O3), goethite 

(α-FeO(OH)), gibbsite(γ-Al(OH)3), rutile/anatase (TiO2), calcite (CaCO3), sodalite: zeolite (I) 



6 
 

(1.08Na2OAl2O31.68SiO21.8H2O), quartz (SiO2), sodium aluminum silicate (Na(AlSiO4)), and 

magnetite (Fe3O4). However, a single weak peak of sodalite (labelled S) was showed by XRD. 

This may be due to the presence of less amount of sodalite in RM as compared to the other 

dominant crystalline mineral phases [1,3], which depends on the origin of RM. The XRD pattern 

of SRM confirmed the formation of iron pyrite (FeS2) and iron sulfide (FeS), as referred from 

JCPDS file (42-1340, 76-0961) of X’Pert High Score software. But, most peaks that are assigned 

to FeS and FeS2 in SRM seem to correspond almost exactly to peaks assigned to other 

components in RM. By using peak broadening technique of X’Pert High Score software of XRD 

analysis one can clearly differentiate among these peaks. However, in the compressed form of 

the graph (Fig. 1) they seem to be in exact position. FeS is extremely air sensitive and 

decomposes readily to FeS2 and α-Fe2O3 even at room temperature. Therefore, no stoichiometric 

FeS was clearly detected by XRD [18]. The dominant crystal phase for calcined RM is α-Fe2O3. 

Furthermore, when H2S concentration is low, only surface sulfide species will be formed because 

bulk sulfide is not thermally stable [19]. 

    During the reaction brownish black precipitate of FeS was formed, due to the reaction between 

aqueous S(−II) and Fe(II). However, the rate of pyrite formation is slow relative to the rate of 

dissociation of FeS. Thus, FeS acts as continuous source for FeS2 formation Eq. (5). In this 

reaction, H2S acts as oxidizing agent with respect to [FeS] [20]. This reaction is possible, due to 

the attractive non-covalent interactions and the activation cost of bond rearrangement [21]. 

However, minimal changes are observed between the parent mineralogical species present in RM 

and SRM. Meanwhile, during the sulfidation reaction, the color of RM changes significantly 

from red to black, indicating that iron oxides (red) are converted to iron sulfide (black).  The 

black color in this case is an indicator of mineral sulfide compounds which indicated that some 
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H2S sorption and conversion did occur. The particle size of the material also plays crucial role. 

Since H2S removal also depends on the available surface area.   

3.2. Change of physical characteristics and chemical composition  

    The SRM and SF was oven dried at 60°C for 2 h before their SEM/EDX analysis. The SEM 

images of Fig. 2a (before reaction) and Fig. 2b (after reaction) show that the particles of RM 

have poorly-crystallized or amorphous forms, while the SRM contained smaller particles. This 

indicates that some mineral phase mainly calcite, sodalite contained in the RM are soluble in 

acidic environment. This may be responsible for decrease of rounded shape of aggregate in SRM 

[1]. However, RM is a mixture of fine and coarse particles. And some silicates often react with 

sodium aluminate in caustic suspension to form silicate mineral such as hydroxysodalite [1,22]. 

Furthermore, SEM analysis of SF (Fig. 2c) shows some long tubular particles, due to formation 

of CaSO4·2H2O [23,24] and several spots of unreacted NaOH.       

     Similarly, ~0.79%, and ~1.75% of S was accumulated in SRM and SF, respectively, as 

showed by the EDX analysis. The major elements such as Fe, Na, S, O, Ca, Si, and C were also 

present in SF (Fig. 2d, Table 2). This confirmed that H2S could be removed by red mud, as sulfur 

is well dispersed in its surface. Furthermore, the oxides of red mud are acting as catalyst for the 

conversion of H2S [7]. 

3.3. Thermogravimetric analysis (TGA)  

     The thermal decomposition behaviors of RM (Fig. 3a) show five steps for the weight loss. 

The first step occurs at 30–180 ºC (weight loss was about 3.34% of the total weight), due to the 

evaporation of water; the second one occur in the range of 180–390 ºC (6.75%), due to the loss 

of H2O and also removal of H2O from Al(OH)3; third one occurred in the range of 390–900 ºC 

(1.86%), due to the release of CO2 during decomposition of CaCO3 to CaO. The DSC curve 
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shows two broad peaks centered at around 65 ºC and 291.5 ºC, corresponding to the physically 

adsorbed water and chemically adsorbed water, respectively [25,26].  

The TG–DSC diagram of SRM (Fig. 3b) shows similar pattern to that of the RM. The weight 

loss in the region 30–180 ºC and 180–390 ºC was 2.35%, and 8.19%, respectively, due to the 

decomposition of water, and sulfur, respectively [15]. There is another step of weight loss in the 

region 390–900 ºC (0.95%), which may be due to the removal of some calcite [27]. Whereas, the 

decomposition of Fe2S, FeS, and CaS occur at more than 1000 °C. 

 The TG–DSC diagram of sulfidic filtrate (Fig. 3c) shows different peaks to that of RM and 

SRM. The weight loss in the region 30–95 ºC and 95–150 ºC was 1.31%, and  23.78%, 

respectively, due to the loss of physically adsorbed  H2O and loss of H2O from CaSO4·2H2O, 

respectively [28]. The weight loss in the regions 150–775 ºC, 775–860 ºC, and 860–900 ºC was 

4.66%, 1.45%, and 0.72%, respectively. The DSC curve shows two sharp peaks centered at 

128.7 ºC and 844.8 ºC corresponding to the loss of H2O from CaSO4·2H2O and decomposition of 

CaCO3, respectively [27,28].  

      The total calculated amount of hydrogen sulphide retained in the SRM and SF were 1.7 and 

0.4g/100g RM, respectively, as determined by CHNS analyzer at 1150°C. The H2S removal at 

low temperatures (20–200°C) mainly occurs due to gas–solid reactions in a thin hydrated lattice 

of metal oxides (Eqs.4–8). Presence of iron selectively oxidizes the H2S. As a result, H2S is 

immobilized mainly in the form of sulfur compounds resulting from interactions of H2S with iron 

oxides. 

       The removal capacity of red mud is comparable with the previously used materials by 

researchers shows the calculated result as: 1.31, 1.61, 1.63 and 1.83 g sulfur/100 g red soils 

Dadusan, Houli, Pingchen and Loupi, respectively [5], 1.44 g-S/100g activated carbon fiber [12], 



9 
 

456 mg H2S/g sludge-based adsorbent and ~300–330 mg H2S/g activated carbon when mixed 

with NaOH [16], whereas this study shows 2.1g H2S/100g RM. The direct comparison with 

activated carbon and sludge-based adsorbent is difficult because the mechanism of absorption 

differs from adsorption. The removal capacity of H2S depends on reaction conditions and 

materials used. Red mud should be used for removal of H2S because it is an industrial waste and 

available with free of cost. So this is a low-cost material for removal of H2S.  

3.4. Variation of pH and electrical conductivity 

      Fig. 4a and c shows that the rapid decrease of pH of RM suspension from ~11.8 to ~7 is 

accompanied by decrease in electrical conductivity from ~7.2 to ~4.8 mS cm–1  for first 20 min 

of H2S treatment, after that they slowly increases. Because, the reaction of H2S with H2O and 

HO− in aqueous medium is very rapid, due to a permanent dipole moment and water like shape 

of H2S, which acidify the RM suspension [15–17], Eqs. (1), (2), and (3). As a result, large 

amount of Ca– and Na–hydroxides/oxides were rapidly converted to sulfide and bisulfide 

species. Moreover, formation of sodium hydrogen sulphide is preferred over Na2S when less 

amount of residual NaOH is available [16,17].  

    Furthermore, after centrifugation of H2S treated RM suspension at pH ~7, the resultant pH of 

SRM was ~9.0.  Similarly, pH of SF was ~10.1, due to the presence of large amount of basic 

element Na, Ca, Fe, and S (Fig. 4b). The pH of SRM was remained at ~9.0 instead of ~7.0 (Fig. 

4a,b). This reversion of pH is due to the formation of FeS2 and presence of unreacted OH– ions, 

as Na+ ion is a counter ion for H2S gas to maintain the pH of suspension [20]. Since, silicates are 

able to exchange Na+ ions with the suspension [2]. However, all this H2S storage is not stable, 

depending on the reaction, produces OH– and causing pH reversion. Also, due to more partial 



10 
 

pressure of hydrogen sulfide in situ than atmosphere and desilication reactions of treated RM are 

highly responsible.  

3.5 Spectroscopy studies 

Fig.5 shows the FT-IR spectra of H2S-RM and RM. In both the spectra, the positions of the 

absorption bands are nearly similar. The relative intensities are more intense in the case of RM. 

The FT-IR absorption by RM showed a broad band at ~3140 cm–1 and a weak peak at ~1640 cm–

1 due to the stretching vibrations of O–H bonds and H–O–H bending vibrations of interlayer 

adsorbed H2O molecule, respectively. This reveals that by increasing the H2S-RM sample 

temperature to 60 °C leads to the disappearance of all of the FT-IR bands due to H2S absorption. 

It is also interesting to know that the characteristic S–H stretching vibration at 2562 cm–1, 

because this band generally exhibits a very weak IR intensity and can sometimes be missed [29]. 

The absorption bands at ~1476 and ~1489 cm–1 are due to the stretching vibrations of C=O, 

confirmed the presence of carbonate groups. It confirmed that the fresh red mud was absorbed 

CO2 from the atmosphere. Characteristic bands correspond to Si–O vibration were detected at 

~993 cm–1 and for O–Si–O at ~803 cm–1 proved the presence of silicate groups. Peaks at ~544 

and ~466 cm–1 are due to the bending vibration of Si–O–Al and stretching vibrations of Fe–O 

bonds respectively [30].  

      H2S can react with alkaline materials and be removed from the gas phase. As a gas molecule 

diffuses through a porous media, gas molecules adsorbed to the surfaces of red mud materials by 

physisorption and chemisorptions. Because of their alkaline nature, iron oxide, NaOH, Ca(OH)2 

can react with H2S and subsequently converted to sulfide minerals through reactions Eqs. (1–6). 

Alkaline fine red mud has greater capabilities in conversion of H2S as compared to the clay and 
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sandy soils [31]. In liquid phases, absorption of H2S is more by NaOH as compared to FeOOH, 

Fe2O3 [32,33], through dissolution and precipitation [34]. 

4.  Conclusions 

      In this preliminary study, H2S gas was removed by using aqueous red mud at ambient 

conditions. The XRD, EDX analysis results showed that the hydrogen sulfide was removed in 

the form of FeS2, FeS, S, and sulfide minerals. During the sulfidation reaction, RM changes from 

red to black, indicating that some iron oxide was converted to iron sulfide. Furthermore, the red 

mud used here is produced as a by-product in the alumina industry and currently have no 

economic value. They could be used directly, therefore no additional manufacturing cost. Hence, 

the waste red mud can be used for the removal of air pollutant H2S from industrial emission.  
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SBET                                       31.7 m2 g–1 

Particle size                            0.1–160 µm 

Pore volume                           0.015 cm3 g–1 

Pore diameter                       18.20 Å 
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Table 2.  

                                          
 
 Major elements      RM                        SRM                             SF 
                                                              

C                      1.97                        1.03                            18.38 

O                    31.86                      35.81                            59.55 

Na                    4.30                        0.95                            14.32 

Al                     5.86                        4.27                              --- 

Si                     3.83                        1.08                              1.00 

Ca                    0.74                         ---                                3.75 

Ti                     1.82                        0.75                               --- 

Fe                   47.62                      53.01                             1.25 

Zr                     2.00                        2.31                              --- 

S                        ---                         0.79                              1.75 

  Total                 100.00                    100.00                         100.00         

 
 
 


