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ABSTRACT  

Bauxite residue (BR) is the aluminosilicate waste generated by the alumina industry. Its disposal has become a 

global industrial problem. Preliminary study has recognized its potential as synergistic filler in intumescent system. In this 

work, the effect of percent weight of the residue on the heat shielding performance of the system was investigated. 

Different formulations were prepared by varying filler loading from 0 to 5%. Performance characterization of the coatings 

were done by using Furnace test to determine the char expansion at 500 °C and Bunsen burner test to determine insulative 

capacity at 900 + 100 °C. Thermogravimetric analysis was used as analytical tool. The presence of hydrated minerals in BR 

and early dehydroxylation of layered silicates were found to have a marked effect on heat shielding and flame spread. The 

effect of dehydroxylation appeared optimal at 2% BR influencing the melt rheology, improving insulative efficiency and 

reducing the flame spread. A steel back temperature of 172 °C was recorded compared to that of the unfilled with 267 °C. 

Excessive dehydroxylation at 4% BR led to high mass loss and early oxidation of char. The combined endothermic action 

of the hydrates and calcites and physical thermal barrier of the ceramic metal phosphates resulted in improved heat 

shielding performance and flame retardation of the BR-filled epoxy intumescent systems.  

 
Keywords: bauxite residue, synergistic filler, intumescent coating, dehydroxylation, heat shielding efficiency. 

 

INTRODUCTION  

Bauxite residue (BR) commonly referred to as 

red mud (RM) is the alumino-silicate waste of the alumina 

refinery. For every tone of alumina produced, almost twice 

that amount of red mud is generated. With an annual 

generation of 120 million tonnes, global accumulation is 

said to be about 2.7 billion tonnes. Its sheer bulk, slurry 

nature and high caustic content make the disposal of red 

mud difficult and expensive. In a bid to create a 

sustainable disposal outlet for the residue, studies into BR 

utilization has evolved into a major research field in waste 

utilization [1, 2]. 

Due to its pozzolanic property and mineralogy, 

red mud has witnessed much research interest in the 

construction industry as cement additives, aggregates 

substitutes, bricks and sand. Its metal hydroxyl surface 

gives it high potentials as an adsorbent in the treatment of 

waste effluents, acid mine drains, soil remediation and gas 

scrubbing. It has also been studied as filler for anti-wear in 

plastics, and anti-corrosion in steel coatings [3-6].   

The thermal analysis of red mud is well reported 

and shows three main endotherms at which heat is 

absorbed with the release of water or carbon dioxide [7, 

8]. The release of water of hydration and other diluents 

gases is a major mechanism driving the performance of 

fire retardants and intumescent coatings. Fire retardants 

and intumescent coatings are passive fire safety devices 

which by their chemical and physical properties act to 

prevent the propagation of fire and sometimes smoke [9, 

10]. 

Several workers have investigated the use of 

waste materials as alternative fillers in intumescent 

coatings. Estevao et al [11] investigated the effect of spent 

oil catalyst in an ammonium polyphosphate-

pentaerythritol intumescent system and found the zeolitic 

component of the waste to play a major role in fire 

retardation of the host material. Yew et al [12] 

incorporated egg shell into an acrylic based composite and 

reported high intumescence and good heat shielding 

property partly contributed by the CaCO3 component of 

the animal waste. It is interesting to note that BR not only 

possess endotherms which may act in the gaseous state to 

provide some level of heat sink, but its heterogeneous 

composition of metal oxides such as iron oxide, titanium 

oxide, calcium carbonate and zeolitic aluminosilicate 

minerals may also act in the condensed state as insulative 

shield. These aforementioned minerals have been reported 

in numerous works for their synergistic actions on 

intumescent fire retardant systems [13-15]. In this work 

therefore, TGA was employed as analytical tool to study 

the heat shielding performance of BR at different loading 

in an ammonium polyphosphate-expandable graphite 

based epoxy intumescent system.     

 

EXPERIMENTATION 

 

Materials 

Bauxite residue (BR) was obtained from Virotec, 

Australia. It had a BET surface area of 31.3258 m
2
/g and a 

pore size of 9.474nm. Ammonium polyphosphate was 

purchased from Clariant (Malaysia) Sdn Bhd. The binder, 

bisphenol A epoxy resin BE-188 (BPA) and ACR 

Hardener H-2310 polyamide amine were purchased from 

Mc Growth Chemical Sdn Bhd. Malaysia. Expandable 

graphite (EG), melamine (MEL) and boric acid (BA) were 

supplied by Sigma-Aldrich, Sdn Bhd, Malaysia. Table-1 
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shows the oxide composition of the BR used in this study as analyzed by a Bruker X-ray Florescence Spectrometer. 

 

Table-1. Oxide Composition of bauxite residue [16]. 
 

Components (wt %) 

Fe2O3 Al2O3 SiO2 CaO TiO2 Na2O P2O5 Cl 

50.8 11.5 11.4 10.1 9.58 2.42 1.11 0.765 

 

Sample preparation and characterization 

The BR was used without washing. After light 

grinding with mortar and pestle, certain quantity was dried 

in a Carbolite 450 Oven at 105 °C for 24 hours to remove 

physically bonded water and prevent clogging of holes 

during sieving. This was passed through a set of sieves to 

obtain an even size distribution.  The material retained in 

the 63 μm sieve and the pan was used for the coating. The 

microscopic structure of the mud was studied using a Field 

emission scanning electron spectrometer. Phase analysis 

was carried out on a Bruker type Xray Diffractometer. Its 

thermal properties were analysed on an Exstar TG/DTA 

6300, S11 Model at the SIRIM Bhd. Sdn. in the 

temperature range of 30°C to 1000°C.  

 

Preparation of intumescent coatings (IC) 

Several bauxite residue intumescent coatings 

(BR-IC) were prepared in an epoxy matrix by varying the 

mass of BR in the base formulation. The base formulation 

was made up of ammonium polyphosphate-melamine-

boric acid-expandable graphite (APP-MEL-BA-EG) in the 

ratio 3:1:3:1 [17]. Coatings were applied on 100 x 100 x 3 

mm steel plates for Bunsen burner test and on 50 x 50 x 3 

mm steel plates for char expansion test. Filler percent 

loadings of 0-5% were used and the coatings were referred 

to as BR-IC0 to BR-IC5 respectively.   

 

Furnace test 

The coated plates were fired in a Carbolite muffle 

furnace from 30 °C to 500 °C at 45 minutes ramp and 60 

minutes dwell time. Film thickness was measured using a 

PosiTector 6000 Coating thickness gauge. Char thickness 

was determined by calculating the average of four 

readings taken at each side of the char with a meter rule. 

Degree of expansion was calculated as a ratio of char 

expansion to film thickness. The test was repeated three 

times and the average of the readings taken. 

 

Fire Test 

The Bunsen burner test was conducted to 

determine the heat shielding efficiency. The heat curve 

was maintained at 900 + 100 °C following closely the 

ASTM E 119 Standard Fire Curve for building structures. 

An impacting hydrocarbon flame from a butane gas was 

applied to 100 x 100 x 3mm coated steel plates for 60 

minutes. Three K-type thermocouples were attached to the 

uncoated face. Readings were recorded using an Anritsu 

AM-800K data logger. Average steel back temperature 

was plotted against time. 

 

 

Thermogravimetric analysis (TGA) 

The residual mass and thermal behaviour of each 

formulation were determined on a Perkin Elmer Pyris 

Thermogravimetric Analyzer at 10 °C/min from 30 °C to 

800 °C in inert environment with nitrogen. 

 

RESULTS AND DISCUSSION 

 

Fire retarding properties of BR 

The Xray analysis of BR in Figure 1 revealed a 

crystalline mixture of several metal oxides and hydroxide 

minerals. Anatase (TiO2), silica (SiO2) and hematite 

(Fe2O3) are resident impurities in the parent bauxite ore, 

while calcite (CaCO3), and sodium aluminium silicate 

hydrates (Na6(Al6Si6O24)2NaF.xH2O) are precipitation 

products of the hydrothermal processing of bauxite to 

alumina. Residual aluminium hydroxides, gibbsite and 

boehmite were also identified. XRD showed a significant 

percent of amorphous presence. The presence of semi 

crystalline layered hydroxides in BR has also been 

reported [18, 19]. FESEM micrographs of the residue in 

Figure 2 revealed nano-sized aggregates of platy silicates, 

cubic calcites, rod-like constituents suspected to be 

zeolitic sodalite, and a cementing amorphous layer of 

probably ferrihydrites. 
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Figure-1. Diffractogram of the bauxite residue (BR). 
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Figure-2. Micrograph of bauxite residue [16]. 

 

Thermal analysis of the residue in Figure 3 

revealed 3 endotherms. The first endotherm occurred 

within the first 100 °C due to surface water, the second is 

located between 270-300 °C from the dehydration of the 

interlattice water of the layered silicates. The third main 

endotherm exists between 650-750 °C due to 

decarbonation of calcite with release of carbon dioxide. 

These endothermic reactions are responsible for the three 

major mass losses as depicted in Figure-4. The release of 

diluent gases such as water and CO2 as represented in 

equations 2 and 3 is a major mechanism responsible for 

fire retardation in the gas phase. The mass loss of 18% 

spread over 1000 °C as shown in Figure 5 indicates the 

high thermal stability of BR. The barrier action of the 

resulting oxides and the formation of glassy ceramics 

around 850-1350 °C [20]  would also act in the condensed 

phase to contribute to the insulative capacity of BR 

intumescent coatings. 

 

 
 

Figure-3. Endothermic peaks of bauxite residue. 

 

 
 

Figure-4. DTG showing the 3 major mass losses of 

bauxite residue. 

 2�� �� � � �  � +  � � �                         (1) 

 ���� � ��� � +  ��  �                                  (2) 

 

Where M represents Al or Fe 

 

 
 

Figure-5. Mass loss of bauxite residue spread over a 

wide temperature range. 

 

Expansion behavior of BR-ICs 

The expansion behaviour of BR-IC systems 

appeared inconsistent, probably due to the heterogeneous 

nature of the residue and uneven dispersion in the matrix. 

The average of three runs is presented in Figure-6. At 1% 

addition, the char expansion was not significantly affected, 

about 10.6 % reduction in the degree of char expansion 

occurred at 2% loading. Beyond 2% further addition 

resulted in increasing expansion. The general expansion 

with filler addition is attributed to the increased 

intumescence contributed by the released interlayer water. 

Reduction of char volume at 2% of BR occurred as a result 

of early dehydroxylation of the layered silicates at around 

300 °C. This conclusion is drawn from the result of the 

thermogravimetric analysis which is presented later in the 

paper. Layered silicates are known to undergo structural 

changes due to dehydration which may lead to collapse of 

the crystal structure and transition to an amorphous phase 

[21]. Such changes in the mid-temperature is not 

uncommon, especially for poorly crystalline alumina 

silicates [22]. This structural change at 2% BR had an 

effect on melt rheology leading to a more compact 

structure.  

 

 
 

Figure-6. Graph of char expansion against bauxite 

residue loading for BR-IC systems. 

 

Insulative efficiency of BR-IC 

Results of Bunsen burner test is presented in 

Figure-7. The fire behaviour of the different systems are 

explained using the TGA graph of Figure-8 and the 

pictures of the fired plates presented in Figure-9. The 

presence of the hydrated minerals has a marked effect on 

the fire performance of BR-IC systems. The filled systems 

had an initial lower rise in temperature compared to the 

unfilled due to the additional water of hydration and CO2 
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gas. The better performance of BR-IC2 at 172 °C in 60 

minutes is due in part to the early temperature plateau 

caused by the dehydroxylation of the layered silicates and 

in part to the ceramic metal phosphates. Excessive 

dehydroxylation in BR-IC4 at 300 °C led to a mass loss of 

50% with a drastic drop in insulative efficiency and a steel 

temperature of 290 °C at 60 minutes. The combined 

effects of the heat sink created by the endothermic reaction    

 

 
 

Figure-7. Temperature-time curves of BR-IC systems. 

 

and insulative barrier by the   high residual mass is seen at 

play in BR-IC5 and BR-IC3. For BR-IC1, the loading 

appeared insufficient for significant endothermic effect 

and this could be seen in the fast rise of the heat curve 

compared to the others. This caused reduced mass loss at 

around 450 °C resulting in a high residual mass of 46% at 

800 °C with increased oxidative performance compared to 

BR-IC4.  For BR-IC0, early oxidation of the carbonaceous 

char led to a second steep rise. This could not be 

adequately arrested by residual boron phosphates alone, 

resulting in a steel temperature of 267 °C at 60 minutes. 

The insulative action of boron phosphates is augmented in 

the BR-filled systems by the ceramic metal oxides and 

silicates.  

 

 
 

Figure-8. TGA pattern of BR-IC systems heated to 800 

°C. 

 

 
 

Figure-9. BR-IC plates at 60 minutes’ butane gas firing. 
 

CONCLUSIONS 

The thermal properties of bauxite residue have 

been analysed vis-à-vis its performance in an epoxy based 

intumescent system. The effect of percent filler loading on 

heat shielding performance was investigated using small 

scale fire test and thermogravimetric analysis. The 

presence of hydrated minerals is found to be responsible 

for an initial low rise in temperature. Early 

dehydroxylation of the layered silicates was found to have 

a marked effect on insulative performance. Early 

dehydroxylation gave improved performance while 

excessive dehydroxylation resulted in low residual mass 

and quick oxidation of the carbonaceous char. The 

heterogeneity of the residue and uneven dispersion might 

have contributed to the non-linear performance of the BR-

IC systems. At this stage, no direct correlation could be 

found between percent filler loading and the 

dehydroxylation process but the effect appeared optimal at 

2% BR and influenced the rheology of the system leading 

to formation of a more compact char, reduced flame 

spread and a steel back temperature of 172 °C compared to 

the unfilled with 267 °C.  
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