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Abstract 

This paper investigates the composition, properties and reactivity of a red mud waste 

generated in Saudi Arabia with a view to find alternative materials to replace construction 

binders of high environmental impact. The phase transformation triggered by the sintering of 

the RM up to 1000°C is determined with thermal and X-Ray Diffraction analyses. Reactivity is 

investigated with chemical and physical methods including the Chapelle test, setting times, 

mechanical index and microscopy. The RM is clearly pozzolanic, and its activity is mainly due 

to the reaction of feldespathoids and the formation of zeolitic and feldspathoid-based 

hydrates. The positive effects of the thermal treatment are seen below 750°C, and include the 

loss of water in the zeolite/feldespathoids, and the destruction of the crystal structures of the 

clay minerals inherited form the parent bauxite. The negative effects of the thermal treatment 

are evidenced over 750°C, with a decrease in specific surface area, devitrification and crystal 

formation, whereby the active transition aluminas and the fedespathoids/zeolites (mainly 

cancrinite) transform into nepheline, tricalcium aluminate (C3A) and gehlenite. Despite the 

occurrence of nepheline, C3A and gehlenite in the RM sintered at 1000°C, the formation of 

pozzolanic hydrates that cause setting and strength development are greater at lower 

temperature. The optimum thermal treatment that enhances pozzolanic activity lies at 
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c.400°C, as evidenced by the highest lime combination, the greatest mechanical index and the 

fastest set. The RM consists of gibbsite and boehmite, inherited from the bauxite, and 

cancrinite, chantalite and sodalite formed during the Bayer process. Feldespathoids have 

formed, instead of zeolites, due to the available silica and the high alkali content of the RM. 

The quick lime -CaO -, added twice during the refining process, has transformed the original 

goethite into hematite, and produced cancrinite. The Saudi RM has high SiO2 and high 

alkalinity, and an abundant specific surface area available for reaction. The chloride and 

carbon contents are low, and no environmental toxicity is inferred from its chemistry.  

Keywords  

Red mud; pozzolanic activity; thermal activation; zeolites; feldspathoids 

 

1. Introduction 

Red mud (RM) waste is produced in large volumes when refining bauxite for the production of 

aluminium. Between 1 and 1.5 tons of RM waste are generated to obtain 1 ton of aluminum oxide 

[1]. Annually, 150 million tons of red mud are produced [1-3] and it is estimated that 30 billion 

metric tons are already accumulated worldwide [4]. 

The high alkalinity of the RM can pollute water, land and air, and high costs are associated with 

the large areas required for the storage of the residue. The management of this residue can pose a 

complex environmental impact and requires the development of technological solutions that use 

the residue at large scale. The disposal of RM represents a significant proportion of the overall 

alumina production cost, and it has been a concern for alumina refiners worldwide for years [5]. 

The Ma’aden Mining Industries of the Kingdom of Saudi Arabia are one of the main world producers. 

They generate circa 6,000 tonnes of RM per day (over 2 Mtpa) which results in disposal problems 

and high land decommissioning costs for landfill disposal. This paper intends to establish the 

potential of this RM waste for sustainable binder production. 

Due to its composition, RM can be used in the cement and ceramic industries. When fired, it 

becomes a viable ceramic material which can be used to manufacture tiles, bricks and insulating 

materials [5]. The use of RM in Portland cement (PC) production has attracted the attention of 

researchers since the 1970s. Pontikes and Angelopoulos [6] reviewed existing literature where 

various authors used RM (as a source of Fe and Al oxide) in cement manufacturing, concluding that 

the majority of iron and alumina-rich phases in the RM, participate in the production of hydraulic 

phases C3A and C4AF; and that the addition of 2-10 wt.% of RM improved the burnability of the 

clinker, reducing the temperature at which melt formation occurred by 200◦C. RM was also used in 

calcium sulfoaluminate cement production [6]. However, the alkalinity of RM limits its application 

as PC clinker replacement. RM has also been used to neutralise acidic soils, as a treatment for iron 

deficient soils and to remove toxic heavy metals from solutions [5]. 

The recovery of alumina and soda, iron, titanium dioxide and other minor elements such as 

vanadium and rare earths from bauxite residues has been attempted without commercial success 

[5]. In Ma’aden, to recover alumina and soda from RM through sintering and hydrothermal routes 

involve billion-dollar capital costs, hence these are not realistic options. According to the Ma’aden 
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Mining Industries, an economically viable disposal option has not yet been found, and at least 5-

10% RM recycling needs to be achieved to make a disposal option economically viable. To date, due 

to its high alkalinity, only small quantities RM (3 wt.%) have been incorporated into PC. The 

pozzolanic activity of the Saudi RM has not yet been studied. This paper explores the properties, 

composition and reactivity of the Saudi RM with a view to replace traditional non-sustainable 

binders in construction.  

The composition of the RM residue depends on the composition of the parent bauxite and the 

conditions of the alumina refining (Bayer) process.  

Bauxite is mainly a mixture of hydrated aluminium oxides and iron phases. The Bayer process 

involves the digestion of crushed bauxite in a concentrated, caustic, sodium hydroxide solution at 

temperatures up to 270°C. Under these conditions, the majority of the aluminium containing 

species in the bauxite - such as gibbsite and boehmite- dissolve, leaving an insoluble residue (RM) 

composed of iron oxides, quartz, sodium aluminosilicates, calcium carbonate/ aluminate and, 

generally traces of titanium dioxide [5]. According to previous authors [5, 7, 8] during the refining 

process, silica can dissolve to form silicate as follows:  

2 𝑁𝑎𝑂𝐻 +  𝑆𝑖𝑂2  →  𝑁𝑎2𝑆𝑖𝑂3  +  𝐻2𝑂 

RM typically includes sodalite, cancrinite, dawsonite and calcium-containing phases resulting from 

the Bayer process, and gibbsite (Al (OH)3) and boehmite (γ-AlOOH) as undigested material inherited 

from the bauxite [8]. The organic compounds present in RM can form sodium oxalate- Na2C2O4 - in 

the alkaline (pH=14), high ionic strength (6-7 M [Na+]) liquors typical of the Bayer process [5]. 

RM waste from different bauxite refineries in the world has been compared indiscriminately by 

previous authors. However, some of these RM residues are distinctively cementitious, they differ 

widely from their pozzolanic counterparts and should not be directly compared. This is the case of 

the Chinese Shandong Aluminium Plant, where the RM waste includes highly reactive minerals, C3A 

and C2S, hence having significant hydraulic properties. The Chinese process of sintering alumina is 

different from the Bayer process which is applied in most bauxite refining plants. Here, due to the 

low Al2O3/SiO2 of the Chinese bauxite ore (average 5-6), the bauxite is calcined at 1200°C before 

extracting the alumina with caustic soda, and reactive hydraulic phases C3A and C2S form as a result 

of the high temperature of the refining process. The presence of 50 and 56 wt.% β-C2S has been 

reported due to the special processing of this Chinese bauxite [9]. As it is well known in cement 

technology, β-C2S is the most hydraulic belite polymorph. Liu et al [10], also found a strong 

cementitious activity in the Shandong RM: Besides the high amount of C2S initially present, 

additional poorly-crystallised C2S is formed with the CaO derived from the decomposition of 

aragonite (500-600°C) and SiO2 derived from the decomposition of amorphous aluminosilicates, a 

metastable phase that transforms into highly crystallised, less active, Ca2SiO4 by increasing the 

temperature from 700°C to 900°C. Similarly, Yalcin and Sevinc [11] report the formation of sodium 

ferrite (NaFeO2) in Turkish red mud at 500°C. 

However, most of the RM residues worldwide are pozzolanic. Previous authors attempted to 

increase pozzolanic activity through heat treatment, but the results disagree, probably because the 

composition of the parent bauxite and the conditions of the Bayer process differ in alumina plants 

over the world. Pera et al [12] found that RMs calcined at 600-800°C were pozzolanic but their 

activity was low, and the reaction started at 3 days. They claim that the aluminium hydroxides 



Recent Progress in Materials 2021; 3(4), doi:10.21926/rpm.2104047 

 

Page 4/26 

(boehmite and gibbsite) develop pozzolanic behaviour when calcined between 600 and 800°C, and 

that RM reactivity increases over 700°C. Manfroi et al [13] account that RM calcined at 600°C has 

high pozzolanic activity, while Shi et al [14] obtained eminent pozzolanic activity by heating a RM of 

high kaolinite content at 750°C. However, RM can be inert up to 900°C. According to Sglavo et al 

[15], up to 900°C, the main components (Fe2O3 and TiO2 - which account for 50% of the original 

mass) maintain their original state, and nepheline and Na2Si2O5 form in the 900-1100°C interval. 

This paper studies the pozzolanic and cementing activity of raw and sintered, Saudi RM. It 

explores the evolution of crystalline phases and their reactivity with increasing temperature. 

Reactivity indicates how quickly a pozzolanic material would combine lime (calcium hydroxide) to 

form cementing hydrates that provoke setting and eventually hardening. Measuring reactivity is 

complex and dependent on the methodology. In this research, reactivity was determined with 

chemical and physical methods. These include setting times, the Chapelle method, and strength 

development of standard mortars and pastes. The mechanical index (which measures reactivity by 

monitoring the compressive strength development of lime: RM mixes in relation to a standard lime 

mix) was also calculated and compared with other pozzolanic materials.  

2. Materials and Methods 

RM waste and the parent bauxite, from the Ma’aden Mining Industries, were studied. The RM 

was studied both raw and sintered at several temperatures to enhance reactivity. As 

aforementioned, the composition of the RM depends on conditions of the Bayer process such as 

the addition of lime and the washing efficiency. Lime addition is determined by the type of bauxite 

ore. The washing efficiency dictates the amount of soluble soda remaining in the RM and hence its 

alkalinity. In Ma’adem, temperatures between 260 and 270 °C are used, and quick lime -CaO - is 

added twice during the process. The lime transforms the iron compounds from goethite (which 

interferes with the separation of Al) into hematite, and helps transform the unstable Al oxides in 

solution, in the high-temperature digestion units, into stable phases. Lime is also added in the 

clarification stage, to separate the solid phase (RM) from the liquid phase [16]. 

2.1 Chemical, Mineral Composition and Physical Properties of the RM  

The chemical composition was determined by XRF elemental quantitative analysis, with a 

ThermoFisher Scientific and Edwards Analytical using a Quant’X EDX Spectrometer and UniQuant 

analysis package. The results were expressed as a % by weight in oxide form. The carbon content 

was estimated by measuring the loss on ignition (LOI). The mineral composition of the bauxite and 

the raw and pyro-processed RM were studied with X-Ray diffraction (XRD), using a Phillips PW1720 

XRD with a PW1050/80 goniometer and a PW3313/20 Cu k-alpha anode tube at 40kV and 20mA. 

All measurements were taken from 3 to 60 degrees (2θ) at a step size of 0.02 degrees/second. The 

particle size was analysed with a laser system using a Malvern Mastersizer 2000 based on laser 

diffraction. The specific surface area (SSA) was measured using a Quantachrome Nova 4200e 

apparatus and the Brunauer-Emmett-Teller BET theory, which relates the physical adsorption of gas 

molecules on the RM particles surface with their specific surface area. The variation of the SSA on 

pyro-processing was also determined. A known mass of solid sample was purified of all adsorbed 

gases and water by degassing under vacuum. The samples were then cryogenically cooled, with 

liquid nitrogen, and the amount of gas adsorbed at varying pressures used to construct an isotherm 
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from which the SSA was calculated. Thermal analyses of the raw RM were performed using 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). Refractory aluminum 

crucibles were used for the TGA and DSC analyses. They were filled manually and calcined, at the 

aforementioned temperatures, in a fibre-chamber, 10L furnace (1300°C).  

2.2 Water Demand and Setting Times  

The water demand of the raw and the sintered RM was assessed by measuring the water 

required by lime/RM pastes to reach a specific flow diameter which was fixed at 170 ± 5 mm because 

it provided a good workability. This water content was used for the mechanical strength tests. The 

initial flow was measured in accordance with EN 459-2 for 1:1 (lime: RM) pastes. 

The rate of stiffening of the RM/lime pastes was measured by dropping a needle from a fixed 

height and measuring its penetration using the Vicat test. The method in EN 459-2 was followed 

so that the initial and final setting times are standard references which provide comparative 

data. The setting (or initial loss of plasticity) of the RM/lime pastes is determined by the evaporation 

of the mixing water, the carbonation of the lime, and the formation of hydrates. The setting time 

test was carried out using lime: RM specimens at 1:1 ratio.  

2.3 Reactivity by the Activity Index or Mechanical Method  

Reactivity indicates how quickly a pozzolanic material would combine lime (calcium hydroxide) 

to form cementing hydrates that would induce setting and eventually hardening. The mechanical 

method measures reactivity by monitoring the compressive strength of a lime: pozzolan mix in 

relation to a standard lime mix, at constant water content, over 28 days. However, a fixed water 

content was not possible as the water demand slightly varied with the sintering temperature. 

Therefore, the RMs were mixed to flow as explained above. The prisms 160 x 40 x 40mm were 

demoulded after 1 day and stored in a curing room at a temperature 20°C ± H3°C under damp 

hessian to maintain humidity at c.95%. For all the strength tests and mechanical indices, six 

specimens of each mix were tested for compressive strength and three for flexural strength. 

2.4 Reactivity by the Chapelle Method  

This estimates the pozzolanic activity by measuring the amount of calcium hydroxide fixed by the 

pozzolanic material (pozzolanic index). Other well know pozzolanic (FA) and cementitious materials 

(GGBS) previously studied by the authors were also included in the test in order to compare the 

results. The measurements were performed, in both the raw and the pyroprocessed RM, according 

to the methods in Berenguer et al [17]; Filho et al [18]; NBR 15895 [19]. The RM was mixed with 

lime and distilled water, and a blank test containing only calcium oxide was also included. Sucrose 

is added and stirred into this solution. The resultant solution is titrated with 0.1 M HCl and the HCl 

volume consumed in titration (V2) noted. The same procedure was performed with blank assay, 

noting the volume spent (V3). The pozzolanic activity index (I Ca(OH)2) is calculated with equation (1), 

as the amount of calcium hydroxide (mg) fixed per gram of pozzolanic material:  

𝐼𝐶𝑎(𝑂𝐻)2
=  

28 (𝑉3 − 𝑉2) 𝐹𝑐

𝑚2
𝑒𝑞(1) 
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where: m2 is the mass of R M(g), V2 is HCl 0.1 M volume consumed by titration (ml), V3 is the HCl 0.1 
M volume consumed in the blank test, Fc is a correction factor (Fc = 1.32 - for a HCl concentration 
of 0.1 M). 

2.5 Phase Transformation and Specific Surface Area Transformation on Pyro-Processing of the 

RM  

The RM was calcined in an electric furnace at temperatures ranging from 200 to 1000°C. The 

calcination was undertaken in small batches and the sintering time was kept constant at 3 hours. 

The crystalline phases produced as a result of the pyro-processing of the RM were determined with 

XRD analysis. The variation of the specific surface area with raising temperature was measured with 

the Brunauer-Emmett-Teller BET theory as explained above for the raw RM. 

2.6 Microstructure and Hydrate Formation by Scanning Electron Microscopy (SEM) and Energy 

Dispersive X-Ray Analysis (EDXRA)  

A SEM system was used to investigate the microstructure of the lime/RM pastes and the 

presence of hydrates. The elemental composition of the newformed hydrates was determined with 

EDXRA. The qualitative nature of the microscopic study did not provide enough resolution to 

establish clear differences in the nature of the phases formed upon hydration or the quality and 

distribution of the hydrates in the different RM pastes. However, some trends could be established, 

and representative hydrates are shown in the SEM micrographs in the results. 

3. Results 

3.1 Chemical Composition of the RM 

As noted by previous authors, the chemical composition of the RM is auspicious for the formation 

of cementing materials, having high silica and alumina contents (table 1). The Saudi RM has a high 

SiO2 when compared with other RMs (table 2), and the content of chloride is low despite the use of 

sea water. The calcium content is high when compared with the parent bauxite due to the use of 

lime during the refining process. The USA does not approve of the use of RM waste because the 

Environmental Protection Agency identified high levels of arsenic and chromium in some RM 

samples [20]. However, as it can be seen from Table 1, the levels of arsenic and chromium or any 

heavy metals in the Saudi RM are low, and hence no environmental toxicity is inferred from the 

chemistry of the Saudi RM. The only downside of the Saudi RM chemistry seems to be its high 

alkalinity when compared with other alumina plants where Na2O usually varies between 3 and 11% 

wt% (tables 1 and 2). This is probably due to the use of sea water for dust control. 
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Table 1 Chemical composition of the red mud and the parent bauxite as a % by wt oxide.  

 
SiO2 Al2O3 CaO Fe2O3 Na2O K2O MgO P2O5 SO3 Cl TiO2 MnO CuO SrO ZrO2 

Red 

Mud** 

19.66 29.79 5.09 12.97 24.05 0.09 0.40 0.29 1.65 0.32 5.12 0.02 0.00 0.14 - 

bauxite 26.82 54.03 2.48 6.02 0.00 0.23 0.00 0.59 2.89 0.26 5.63 0.01 0.03 0.16 0.38 

bauxitea 14.85 52.53 1.15 4.00 0.19 0.06 0.13 0.13 1.57 - 4.78 <0.01 - - - 

** traces of V2O5=0.138%; Cr2O3=0.074%; NiO=0.003%; ZnO=0.002%; Ga2O3=0.005%; 

As2O3=0.005%; Y2O3=0.006%. 

Table 2 Composition of the Saudi RM subject to study compared with other RMs 

generated from different alumina plants in various countries [10, 21]. 

Country Producer Major composition (wt.%) 

Fe2O3 Al2O3 TiO2 SiO2 Na2O CaO 

KSA MA’ADEM 12.9 29.7 5.1 19.6 24.0 5.1 

India HINDALCO 33.1 18.2 19.6 8.8 5.8 2.7 

India NARCO 51.0 18.0 9.8 4.6 5.3 1.8 

Italy Eurallumina 35.2 20.0 9.2 11.6 7.5 6.7 

Turkey Seydisehir 36.9 20.3 4.9 15.7 10.1 2.2 

Greece Al de Grece 40.8 19.9 5.8 6.8 2.7 12.6 

Canada ALCAN 31.6 20.6 6.2 8.8 10.2 1.6 

China - 27.9 22.0 2.3 20.9 10.5 6.2 

China Henan 11.7 25.4 4.1 20.0 6.5 13.9 

China Shandong  13.6 7.02 2.1 18.1 2.3 42.2 

Australia AWAAK 28.5 24.0 3.1 18.8 3.4 5.2 

Australia QAL 30.7 18.6 7.0 16.0 8.6 2.5 

Germany AOSG 44.8 16.2 12.3 5.4 4.0 5.2 

Spain Alcoa 37.5 21.2 11.4 4.4 3.6 5.5 

Spain San Ciprián 39.2 19.8 10.0 8.7 5.0 4.0 

Brazil Alunorte  38.0 19.0 3.8 19.9 8.5 0.8 

Brazil São Paulo 27.0 22.8 2.9 19.1 8.0 2.1 

USA RMC 35.5 18.4 6.3 8.5 6.1 7.7 

3.2 Physical Properties 

According to the results (Table 3), the RM presents abundant specific surface area (SSA) 

available for reaction, superior to commercial Portland cement (CEM II) and other pozzolanic and 

supplementary cements such as FA (fly ash) and GGBS (ground granulated blast-furnace slag). The 

superior SSA of the RM is an outstanding quality with respect to reactivity, as it is widely accepted 

that reactivity increases proportionally to the specific surface available for reaction. 
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Table 3 Specific surface area and particle size distribution of the RM compared with PC 

(CEM II) and other supplementary cementitious materials including GGBS and FA 

 specific 

surface 

area (SSA) 

m2/g 

specific 

surface 

area (SSA)  

m2/kg 

particle 

density 

mg/m3 

Particle Size Distribution LOI % 

A.mean μm D90 μm D50 μm D10 μm 450°C 1000°C 

RM 9.35 9357 2.94  8.42 3.80 0.40 5.04 11.51 

GGBS 1.95 1950 1.80 18 31.62 11.67 2.35 0.41 -0.77 

FA 6.50 6500 2.28 15 100.63 14.96 1.95 1.67 4.92 

CEM II 1.88 1880 - - 82.58 24.90 2.56 - - 

The carbon content of the Saudi RM is either comparable or lower than others previously studied 

(Table 4). This constitutes a good quality with respect to reactivity, as it is well known that a high 

LOI (carbon content) adversely affects reactivity and increases water demand, and that it is 

associated to lowering strength and enhancing fracturing which could accelerate carbonation, 

chemical attack and the corrosion of embedded steel reinforcement. The negative value indicates 

that the GGBS absorbed some moisture during testing. 

Table 4 Carbon content of the Saudi RM compared with others previously studied. 

Country Reference LOI 

Belgium [22]  10.20 

France [23]  10.77 

Canada [24]  10.51 

China [25]  17.42 

Minas Gerais [13]  13.00 

China [10]  20.07 

Korea [26]  9.10 

China [27]  13.74 

3.3 Mineral Composition 

The mineralogical composition of the parent bauxite is included in Table 5. According to the XRD 

results, the bauxite consists of kaolinite, boehmite and gibbsite (major phases: 40-15%) while 

gypsum, rutile/anatase and magnetite are minor components (15-7%), and there are traces of 

goethite. The mineral composition of the RM appears in Table 5 and Figure 1. It is evident that 

gibbsite, boehmite and rutile are inherited from the bauxite ore, and that cancrinite, sodalite, 

chantalite, hematite and calcite have formed during the Bayer process. 
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Table 5 Mineral composition of the bauxite ore and the RM residue determined with 

XRD. 

Material Mineral composition by XRD 

major phases (40-15%)   subsidiary (15-7%)   traces <7% 

Bauxite Kaolinite - Al₂Si₂O₅(OH)₄ 

Gibbsite - Al (OH)3 

Boehmite - ϒ- AlO(OH) 

Gypsum - CaSO₄·2H₂O 

Rutile/anatase - TiO2  

Magnetite - Fe₂O₄ 

Goethite Fe₂O3.H₂O 

RM Hematite - Fe₂O3 

Cancrinite - 

Na₆ Ca₂[(CO₃)₂|Al₆Si₆O₂₄]·2H₂O 

Gibbsite - Al (OH)3 

Sodalite Na 4 Si3Al3 O12Cl 

Boehmite - ϒ- AlO(OH) 

Calcite CaCO3 

Quartz SiO2 

Rutile TiO2  

Goethite α-FeOOH  

Chantalite - CaAl2(SiO4)(OH)4 
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Figure 1 Phase transformation on pyro-processing of the RM. 

In the RM, the kaolinite from the parent bauxite has reacted with the NaOH and carbonated with 

the lime in the refining process, transforming into feldespathoids cancrinite and sodalite. This 

agrees with previous literature stating that kaolinite is not stable under highly alkaline conditions 

and various zeolite and feldspathoids can form [28]. The transformation of kaolinite into cancrinite 

during the Bayer process agrees with Zhao et al [29], who obtained feldespathoids cancrinite and 

sodalite by reacting kaolinite with alkali solutions. Cancrinite is considered a feldspathoid rather 

than a zeolite due to the difficulty of molecular diffusion in its framework [29]. Similarly, sodalite is 

a tectosilicate without zeolitic water. The identification of cancrinite and sodalite in RM can be 

difficult. They have several common peaks located at 6.32, 3.65, 2.59 and 2.11 Å, but cancrinite can 

be identified by its characteristic diffraction peaks at 3.24, 2.74, 4.69 and 4.15 Å [29]. In the Saudi 
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RM, sodalite’s unique peak at 2.84 Å and other characteristic peaks at 4.46 and 4.00 Å are concealed, 

but other characteristic and intense peaks such as 3.52 and 6.39 Å are evident.  

The mineral composition of the Saudi RM also agrees with Castaldi et al. [30] who reported the 

presence of cancrinite, hematite and sodalite making up 78% wt of the RM (with cancrinite and 

sodalite accounting for c.50%) and amorphous oxides accounting for 15-20% wt. However, the halo 

and the lifting of the trace indicating the presence of amorphous phases is minor in the Saudi RM 

indicating a higher crystallinity (Figure 1). The composition also agrees with Klauber et al [8] who 

found cancrinite, sodalite, dawsonite, and calcium-containing phases resulting from the Bayer 

process. The gibbsite (Al(OH)3) and boehmite (γ-AlOOH) in the Saudi RM are undigested bauxite 

material, and the original goethite has been converted to hematite as previously highlighted by 

Klauber et al [8]. The use of lime (twice) in the Maa’dem refining process, has facilitated the 

occurrence of cancrinite, chantalite and calcite in the Saudi RM, and has also assisted the 

transformation of the original bauxite iron compounds (goethite and magnetite) into hematite. 

3.4 Phase Transformation on Pyro-Processing 

The mineral phases produced when the RM was sintered at increasing temperature were 

determined with XRD analysis and are included in Table 6 and Figure 1. The main phase changes are 

as follows:  

Table 6 Phase evolution and mineralogical changes on pyro-processing of the RM 

determined with XRD.  

Material Mineral composition by XRD 

major phases (40-15%)   subsidiary (15-7%)  traces<7% 

Phase changes  

RM 0°C- 

200°C 

Hematite - Fe₂O3 

Cancrinite 

Na₆Ca₂[(CO₃)₂|Al₆Si₆O₂₄]·2H₂O 

Gibbsite - Al (OH)3 

Sodalite - Na 4 Si3Al3 O12Cl 

Boehmite - ϒ- AlO(OH) 

Calcite - CaCO3 

Quartz - SiO2 

Rutile TiO2  

Goethite 

α-FeOOH  

Chantalite 

CaAl2(SiO4)(OH)4 

-No appreciable 

changes in mineral 

composition 

between 0 and 200 

degrees. 

-Cancrinite increases 

up to 400°C, then it 

lowers. 

 

RM 

300°C 

Hematite  

Fe₂O3 

Cancrinite 

Na₆Ca₂[(CO₃)₂|Al₆Si₆O₂₄]·2H₂O 

Sodalite - Na 4 Si3Al3 O12Cl 

 

Boehmite - ϒ- AlO(OH) 

Calcite- CaCO3 

Chantalite  

CaAl2(SiO4)(OH)4 

-Gibbsite has 

disappeared. 

Likely turned into 

boehmite. 

RM 

400°C 

Hematite Fe₂O3 

Cancrinite 

Na₆Ca₂[(CO₃)₂|Al₆Si₆O₂₄]·2H₂O 

Sodalite - Na 4 Si3Al3 O12Cl 

Boehmite ϒ- AlO(OH) 

Calcite CaCO3 

Chantalite  

CaAl2(SiO4)(OH)4 

-Maximum 

cancrinite content. 

-Chantalite slightly 

increases. 
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RM 

750°C 

Hematite Fe₂O3 

Cancrinite 

Na₆Ca₂[(CO₃)₂|Al₆Si₆O₂₄]·2H₂O 

Sodalite - Na 4 Si3Al3 O12Cl 

Perovskite - Ca Ti O3 Chantalite 

CaAl2(SiO4)(OH)4 

-Boehmite, sodalite 

and calcite 

disappear. 

- Chantalite lowers. 

- Significant 

cancrinite.  

 

RM 

1000°C 

Hematite Fe2O3 

Sodalite - Na 4 Si3Al3 O12Cl 

Nepheline Na Al SiO4 

C3A-Tricalcium 

aluminate-Ca3 Al2O4 

Gehlenite-

Ca₂Al2SiO7 

- Cancrinite and 

chantalite disappear. 

• At 300°C. Gibbsite has disappeared turning into boehmite, and likely amorphous alumina 

polymorphs. Only boehmite was clearly detected, however, some amorphous alumina 

polymorphs are probably present because the evolution of the XRD trace halo and the slight 

lifting of the base-line roughly indicate that the RM is most amorphous at 300°C. These changes 

agree with previous authors reporting the decomposition of gibbsite and the beginning and 

evolution of gibbsite dehydroxilation to form both boehmite and amorphous alumina 

polymorphs [31-33]. However, the temperature at which gibbsite disappears is lower in the Saudi 

RM. Sglavo et al [15] state that the transformation of aluminium hydroxide phases (Bayerite, 

Gibbsite and Boehmite) into alumina polymorphs is the most important phenomenon up to 

800°C, but in the Saudi RM, the decomposition of gibbsite takes place at a significantly lower 

temperature (<300°C). 

• At 400°C, the maximum cancrinite is recorded. 

• At 750°C boehmite, sodalite and calcite have disappeared and chantalite lowers, but there 

is still significant cancrinite. 

• At 1000°C cancrinite and chantalite disappear forming nepheline, C3A and gehlenite. This 

agrees with Sglavo et al [15] who also found nepheline in RM samples sintered between 900 and 

1200°C. However, the authors report that the decomposition of chantalite and cancrinite 

produces alkaline oxides which in turn produce incipient nepheline at a slightly lower 

temperature (c.800°C). 

3.5 Thermal Analyses 

The thermogravimetric analysis (TGA- Figure 2) shows a continuous weight loss as the 

temperature raises up to 1000°C. The total mass loss of the RM is 12% at 1000°C, it is slow and 

steady because the samples were previously dried at 100°C, and as expected, it coincides with the 

loss on ignition. 
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Figure 2 Thermogravimetric and differential scanning calorimetry analyses of the red 

mud. 

The differential scanning calorimetry (DSC- Figure 2) curve shows two marked endothermic 

peaks at 280 and 737°C where the samples take in heat to decompose. The endothermic peak at 

280 °C is usually attributed to the decomposition of gibbsite and the beginning and evolution of 

gibbsite dehydroxilation (to form both boehmite and χ-alumina according with Atasoy [31]).  

The endothermic peak at 737 °C corresponds to the decomposition of boehmite, sodalite and 

calcite because, according to the XRD results, at 750°C, they have disappeared. This agrees with 

Sglavo et al [15] who claim that the endothermic peak at around 800°C is due to the transformation 

of low temperature aluminium hydroxide phases (bayerite, gibbsite and boehmite) into η-, χ- and 

γ-Al2O3. It also agrees with Rivas Mercury et al [34] who attributed this peak and the final descending 

(endothermic) branch to sodalite decomposition at c.700°C (965-1523K). The endothermic DSC 

peaks are mirrored by two episodes of mass loss which are related to the evaporation of the water 

mechanically held, the gibbsite dehydroxilation, and the evolution of CO2. These weight losses can 

also be related to the loss of water molecules located in the channels and cages of cancrinite 

and sodalite [35]. 

3.6 Variation of Specific Surface Area, Water Demand and Setting with Pyro-Processing 

As it can be seen from the results (Table 7), the specific surface area of the RM particles increases 

as the calcination temperature raises up to c.700°C, but after this threshold the surface area lowers. 

According to the XRD results, the main phase change above 750°C is the disappearance cancrinite. 

Therefore, the lowering of the SSA after 700°C is due to the melting and agglomeration of cancrinite. 
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Table 7 Variation of specific surface area, water demand and setting times with pyro-

processing. Setting times for 1:1 (RM: Lime) pastes to produce an initial flow of 170 ± 

5 mm. 

RM 

T oC W/b  SSA (m2/g) Initial Setting Time (min) Final Setting Time (min)  

0 0.73 9.03 170 180 

200 0.70 8.87 150 130 

300 0.85 9.91 240 260 

400 0.83 11.47 140 150 

750 0.85 14.08 130 160 

1000 0.75 2.75 110 140 

Lime * 0.52 - 360 370 

* Hydrated lime of European designation CL90s. 

An increase of fineness or surface area raises the water demand to reach a specific consistency. 

The water demand results agree with the variation of specific surface area, as the water demand 

increases with the calcination temperature up to 750°C, and lowers at 1000°C. These results agree 

with the mineral composition results placing the maximum content of the cancrinite (a 

feldspatoid/zeolite characterized by its open microstructure) between 400 and 700°C.  

As it can be seen from Table 7, all the RMs speed up the initial and the final set of the lime 

significantly. All the RMs reduced final setting time of the lime paste by over 50% except for the 300 

RM where the reduction is less substantial. The slow set of the RM burned at 300 °C is inconsistent 

and it is due to the water content being too high for its SSA. The fastest set is achieved by the RM 

sintered at 400 and 750°C. This is consistent with the results above as these RMs have the greatest 

SSAs. It has been stated that the iron phases control the setting properties and the colour of RMs 

[10]. This paper disagrees, because the Saudi RM is a pozzolanic material, and the main iron phase 

(hematite) remains unchanged during the pyro-processing. Therefore, in the RM, the setting (or 

initial loss of plasticity) is not determined by the iron phases but by the evaporation of the mixing 

water, the carbonation of the lime, and the formation of pozzolanic hydrates. 

3.7 Reactivity by the Chapelle Test 

According to the Chapelle test results (Table 8), the RM combines the most lime when burned at 

400 0C, closely followed by 300 0C. The pozzolanic index values of the RM burned at 400 0C, compare 

well with some reactive, low-Ca (c.3%), class F [36], fly ashes (FA) previously studied [37, 38]. As 

expected, the GGBS pozzolanic index is low, as it is a cementitious material that needs less lime than 

pozzolans to activate and releases lime on hydration. 

Table 8 Pozzolanic index or mg of lime fixed per gram of pozzolanic material (I Ca(OH)2) 

for the raw and thermally treated RM compared with GGBS and FA.  

Materials RM RM200 RM300 RM400 RM750 RM1000 GGBS** FA* SCBA+ FA+ MK+ 

mg Ca(OH)2/g  251 277 406 457 254 280 209 572 - - - 

mg CaO/g  190 209 308 346 192 212 158 433 - - - 
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I Ca(OH)2 125 138 203 229 127 140 104 286 
293-

337 
382 1194 

* Alelweet and S. Pavia [38]; ** Alelweet and Pavia [37, 39]; + Berenguer et al [17]. MK - 

metakaolin. SCBA-sugar cane bagasse ash. 

3.8 Reactivity by Strength Development (Mechanical Method) 

As it can be seen from the results in Table 9, the RM sintered at 300°C reached the highest 

mechanical index, closely followed by the RMs sintered at 400, 750 and 1000 °C. The reactivity of 

the RM (measured as the mechanical index at 28 days) is superior to other pozzolanic materials 

previously studied including Leca (4.6), FA (3.4) and ceramic dusts (1-3), and slightly inferior to 

microsilica (12.5) and rice husk ash (RHA=12) [40, 41]. 

Table 9 Compressive and flexural strengths and mechanical indices at 28 days. SD- 

standard deviation. 

RM 
Flexural 

strength (MPa) 
SD 

Compressive 

strength (MPa) 
SD 

Mechanical 

index-MI 
SD 

RM 0 0.73 0.10 2.02 0.25 6 0.15 

RM 200 0.62 0.05 1.96 0.30 6 0.18 

RM 300 0.86 0.06 2.50 0.19 8 0.12 

RM 400 0.87 0.14 2.09 0.20 7 0.12 

RM 750 0.85 0.09 2.02 0.20 7 0.13 

RM 1000 0.88 0.01 2.18 0.10 7 0.08 

From the long-term strength development results (Table 10) it can be stated that RM completes 

the pozzolanic reaction earlier that other pozzolans such as FA. The ultimate strength values of the 

GGBS materials are higher as expected from their cementitious nature.  

Table 10 Ultimate strengths and mechanical indices of the RM sintered at 750°C 

compared with FA and GGBS. Standard deviation = 0.13-0.17. MI- mechanical index. 

Material 
Compressive strength (MPa) Flexural strength (MPa) 

4 month 5 month MI 4 month 5 month MI 

RM 750 1.80 1.48 7.00 0.87 2.23 9.09 

FA 3.43 4.55 18.56 1.82 1.93 7.88 

GGBS 6.02 8.37 34.18 2.63 2.22 9.06 

3.9 Microstructure and Presence of Hydrates 

The SEM was used to investigate the quality and distribution of the hydrates in the lime/red mud 

pastes. The elemental composition of the hydrates was determined with EDXRA. The background 

search didn’t reveal research work to which the results could be compared. The qualitative nature 

of the SEM analyses did not allow to determine clear differences in the microstructure of the type 
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of hydrates produced by the different pastes. However, some trends could be established, and well-

defined and representative hydrates are shown in the SEM micrograph results. 

At 28 days, the general structure of the 1:1, RM: Lime paste shows abundant hydrates in the RM 

sintered at 300°C (Figure 3 and Figure 4). The chemical composition indicates that these are 

pozzolanic hydrates resulting from the RM’s cancrinite phase (Figure 5 and Figure 6). The 

morphology and composition of the hydrates is consistent (Figure 7 and Figure 8), and further 

investigation evidenced fan-shaped sprays of cancrinite crystals and hexagonal plates (Figure 9 and 

Figure 10). After 3 months of curing, there seems to be a shift toward cubic hydrates (Figures 12-

14), probably due to the transformation of the metastable hexagonal hydrates. Manfroi et al [13] 

found calcium silicate hydrate (C-S-H) and C-A-H gel and AFm phase in RM pastes. AFm phases are 

also found upon pozzolanic reaction in the Saudi RM, however, the main pozzolanic hydrates seem 

to be of a zeolitic nature. Therefore, the reaction products of the Saudi RM can be better compared 

with those of natural pozzolans of zeolitic nature [42]. 

 

Figure 3 General structure of the 1:1, RM: Lime paste at 28 days showing abundant 

hydrates (RM sintered at 300°C). 
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Figure 4 General structure of the 1:1, RM: Lime paste at 28 days showing abundant 

hydrates (RM sintered at 300°C). 

 

Figure 5 Representative morphology of the hydrates in the RM/lime paste in Figure 4. 
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Figure 6 The chemical composition of the hydrates in Figure 5 indicates that these are 

pozzolanic hydrates derived from the RM’s cancrinite phase 

(Na₆Ca₂[(CO₃)₂|Al₆Si₆O₂₄]·2H₂O). 

 

Figure 7 Further detail of the most abundant pozzolanic hydrates found in the RM/lime 

pastes. 
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Figure 8 Their chemical composition is consistent, and evidences that they are derived 

from the original cancrinite phase in the RM. 

 

Figure 9 Hydrates formed in the RM /lime paste at 1 month, including fan-shaped sprays 

of cancrinite crystals and hexagonal plates. The elemental composition of these 

hydrates appears in Figure 10 and Figure 11. 

2 
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Figure 10 The main pozzolanic hydrates, marked as spectrum 1 in Figure 9, are fan-

shaped sprays of cancrinite crystals. 

 

Figure 11 Hexagonal plates also appear. These are likely of the AFm type of hydrates 

(C4AH13 / C2AH8). However, their composition shows the presence of Na picked up by 

the scattered X-Rays from the background and surroundings. 
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Figure 12 Detail of hydrates in the RM /lime pastes at 3 months. The elemental 

composition of the hydrates appears in Figures 13-14. 

 

Figure 13 Elemental composition of the cubic hydrate phases (marked as spectrum 1 in 

Figure 12). These become more common over time, probably due to the transformation 

of the hexagonal hydrates. 

3 
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Figure 14 Elemental composition of the hydrates marked as 2-3 in Figure 12. 

3.10 Discussion: Pozzolanic Activity and Cementitious Properties 

As aforementioned, the pozzolanic properties of the RMs in the literature vary considerably. 

According to Sglavo et al. RM is substantially inert up to 900°C, while Pera et al [12] found that RMs 

calcined at 600-800°C were pozzolanic but their activity was low, and Shi et al [14] obtained a RM 

of high pozzolanic activity, by heating a RM of high kaolinite content at 750°C. Most authors 

attribute the pozzolanic activity of RMs to the transformation of the initial gibbsite into boehmite 

and transition aluminas (with reported pozzolanic behaviour) at 600-800°. However, as evidenced 

by the XRD and DSC results, gibbsite transforms much earlier in the Saudi RM (280-300°C), agreeing 

with the greater activity for this RM found at a lower temperature. 

The Saudi RM does not contain kaolinite. However, the Chapelle test and mechanical index 

results, and the comparison with other pozzolanic materials in the literature, indicate that the RM 

is moderately pozzolanic (Table 11). The SEM/EDXA and XRD analyses suggest that the main active 

phases are zeolites and feldespathoids. Therefore, the pozzolanic activity of the Saudi RM is mainly 

due to the presence and reaction of feldspathoids and zeolites, and the formation of zeolitic and 

feldspathoid-based hydrates. The SEM/EDXA evidenced that, at 300-400°C, cancrinite is clearly 

active and produces pozzolanic hydrates in the form of needle-shaped and fan-shaped sprays of 

crystals. The XRD results showed that the maximum cancrinite content is found at 400 °C. Therefore, 

the pozzolanic activity of the RM is mainly due to the presence and reaction of feldspathoids. 

Table 11 Summary of some of the principal physical properties and reactivity results. 

SD-standard deviation. 

RM 
SSA 

(m2/g) 

Chapelle 

test 

Ca(OH)2/g 

PH 

Setting times (min) Flexural 

strength 

(MPa) 

Compr. 

strength 

(MPa) 

Mechanical 

index 
Initial 

set 

Final set 

0 oC 9.03 251 10.64 170 180 0.73 2.02 6 

200 oC  8.87 277 10.23 150 130 0.62 1.96 6 
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300 oC 9.91 406 10.34 240 260 0.86 2.50 8 

400 oC  11.47 457 10.96 140 150 0.87 2.09 7 

750 oC 14.08 254 11.75 130 160 0.85 2.02 7 

1000oC  2.75 280 10.28 110 140 0.88 2.18 7 

The results also indicate that the Saudi RM shows the greatest activity when sintered at 400°C. 

The RMs sintered at 300 and 400°C combine the most lime in the Chapelle test, and they reached 

the greatest strengths and mechanical index (Table 11). In addition, the RM at 400°C sets the fastest, 

closely followed by the RM sintered at 750°C which reached a comparable mechanical index and 

the greatest SSAs. Hence, the optimum thermal treatment that enhances pozzolanic activity lies 

c.400°C as evidenced by the highest lime combination and greatest mechanical indices. 

At c.700°C, the specific surface area of the RM particles is still high, and the RM combines 

significant lime and has a mechanical index comparable to the lower temperature. According to the 

XRD and DSC results, at 750°C -boehmite, sodalite and calcite have disappeared but there is still 

significant cancrinite. This agrees with the main pozzolanic activity being driven by this mineral.  

Negative effects of the thermal treatment were evidenced over 750°C. These are the decrease 

in specific surface area (Table 11), due to the melting and agglomeration of cancrinite (DSC results 

in Figure 2), devitrification and crystallisation of nepheline, C3A and gehlenite (1000°C) at the 

expense of cancrinite and chantalite which disappear (Table 6 and Figure 1). 

4. Conclusions 

The Saudi RM is pozzolanic and not cementitious because, in Ma’adem, the Bayer process 

temperature (c.270°C) is not high enough for hydraulic calcium silicates to form. Thermal 

treatments enhanced reactivity. The heated RMs make hydrated lime set between two and three 

times faster than alone, hence they are pozzolanic. The RM is moderately pozzolanic, and its activity 

is mainly due to the presence and reaction of feldespathoids and the formation of zeolitic and 

feldspathoid-based hydrates. Cancrinite is active, and it produces pozzolanic hydrates in the form 

of needle-shaped and fan-shaped sprays of crystals. AFm phases were also found however, the main 

pozzolanic hydrates seem to be of a zeolitic nature. Despite the occurrence of nepheline, C3A and 

traces of gehlenite at 1000°C, the formation of pozzolanic hydrates that result in setting and 

strength development is greater at lower temperature (300-400°C). The RM sintered at 300 and 

400°C combines the most lime in the Chapelle test, and reached the greatest strengths and 

mechanical index. The (400°C) sets the fastest closely followed by the RM sintered at 750°C which 

reached a comparable mechanical index.  

The positive effects of the thermal treatment can be seen below 750°C (loss of water in the 

zeolite/feldespathoids, and destruction of the crystal structures of the clay minerals inherited form 

the parent bauxite). Negative effects are evidenced over 750°C including a decrease in specific 

surface area, devitrification and crystallisation. The optimum thermal treatment that enhances 

pozzolanic activity lies c.400°C as evidenced by the highest lime combination and greatest 

mechanical indices. 

The RM consists of gibbsite and boehmite, inherited from the bauxite, and cancrinite, chantalite 

and sodalite formed during the Bayer process. The CaO, added during refining, has transformed the 

original goethite into hematite, and caused the occurrence of cancrinite. The Saudi RM has high SiO2 
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content and high alkalinity, the chloride and carbon contents are low, and no toxic elements were 

found. It presents abundant specific surface area available for reaction, superior to commercial CEM 

II and other pozzolanic and cementitious materials such as FA and GGBS.  
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