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ABSTRACT 
 

Red mud coming from different sampling points of an abandoned disposal site was investigated in 

this research. We examined the physical and chemical properties of red mud in terms of 

environmental effects especially for the subsurface environment. Their particle size, consistency, 

compressibility, shear strength and hydraulic characteristics were measured. The compositions, pH 

and cation exchange capacity also had been analyzed and special leaching tests were performed to 

characterize its behavior in the subsurface environment. Horizontal and vertical inhomogenity in the 

material of the disposal site and the evidence of secondary mineral precipitation was found based on 

the main properties of the samples. Differences between the rates of basic minerals were found in 

some samples, but overall the red mud has a lot of hazardous elements such as As, Pb, Cr and Hg. 

The red mud has very fine particles, high water content, and it is hard to compact. Some samples 

showed thixotropic behavior during the compression and shear tests. At the same time it has low 

hydraulic conductivity, and high cation exchange capacity, but even with these favorable properties 

there is the potential environmental risk in long-term storage of red mud. 

 

INTRODUCTION 
 

Red mud is the largest amount of industrial waste generated during the production of 

alumina. Depending on the amount of bauxite and the type of process, during the 

production of each 1 t alumina 1.2–1.3 t dry red mud is generated (MTA, 2006). 

In the investigated site during operation of alumina industry more than 10 Mm
3
 total 

amount of red mud was accumulated in the disposals. The recultivation process is in 

progress with covering the surface of the disposals, which has primary importance not only 

because of the dusting of red mud, but also to decrease the infiltration of precipitation and 

the amount of leachate. As there is a great amount of alkali, sulfate, fluoride, heavy metals 

and other potential pollutants in red mud, its storage can pollute the subsurface 

environment. In addition, in case of operating alumina plants the continuous increasing of 

storaged amount may lead to potential human and environmental disasters. Studies on the 

physical and chemical properties of red mud have become a focus within science and 

engineering fields (Loa Pez et al. 1998, Yalxin & Sevic, 2000, Sglavo et al. 2000, 

Paramguru et al. 2005, Gray et al. 2006, Felix et al. 2006, Wang & Liu, 2012), but the 

main goal of these studies usually theutilizationof related materials. But it does matter what 

purpose we examine the properties of a material: we want to use it or to estimate the 

environmental risks. In our research we plan a series of measurements that is aimed to 

exactly know the behavior of red mud body in the subsurface environment, the 

inhomogenity of its properties in the disposal site, and the effect on the soil and 

groundwater. 
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SAMPLING 
 

The red mud samples were taken from an abandoned disposal site, where the process of 

alumina refining was finished for almost 20 years. The samples were taken totally from 30 

different points in horizontal and vertical direction. The largest sampling depth was 2 m 

from the 10 m total depth of the disposal. In each point a mass of 5–30 liter was collected to 

be enough material for every laboratory tests. In the laboratory before taking the portion for 

testing a mixturing of the material (if it was possible) was realized. 

In the site we found the red mud in several different states, with different particle sizes, 

and water contents. The very dry and fine material on the surface is shown in the left part of 

Figure 1, while the red mud with high water content in silty, jelly consistency is in the 

centre of Figure 1. In the middle of the disposal site a smaller or larger pond is always 

present, which only disappears after long dry periods. In some parts of the disposal we 

found a very hard, thin material, like tiles (right part of Figure 1). In these areas green 

vegetation was observed and there were much higher water content of the red mud under 

this thin layer than elsewhere. 

 

 

Figure 1. The red mud in different points of the disposal 

 
MINERAL AND CHEMICAL COMPOSITION 

 

The composition of red mud is varying with the type of the bauxite and the alumina 

production process. At the investigated site the Bayer's process was used for production. 

We measured the mineral and chemical constituents of such samples, which showed 

different physical characteristics. The mineral composition determined by XRD analyzer. 

The results show that except some samples – which obviously created both due to some 

secondary mineral precipitation – the red mud contains non-crystalline materials in about 

70 percent. In addition, the presence of cancrinite and hematite minerals is the most typical. 

The white precipitates were identified in 100% to calcite, and the hard, thin plates from the 

surface of the disposal are almost entirely of alumina - hydroxide minerals. 

The chemical constituents measured by XRF analyzer are summarized in Table 1. 
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Table 1 

The main chemical constituents (%) and trace elements (ppm) 

 of red mud 

SiO2 12,2 Cu 39 

Al2O3 10,5 Zn 55 

MgO 0,53 Pb 128 

CaO 11,66 Sr 585 

Na2O 6,09 As 85 

Fe2O3 31,63 Cr 506 

TiO2 5,9 Co 38 

P2O5 0,55 Ni 122 

MnO 0,34 Ga 22 

K2O 0,05 Sc 48 

– – Y 28 

 

It can be seen in Table 1, that the main chemical compositions of red mud are Fe2O3, 

CaO, Al2O3, SiO2, Na2O, TiO2. In addition to the major elements the strontium, chrome, 

lead and nickel are present in the greatest quantity, and other hazardous trace elements 

including As, Hg, Cu, and rare earth elements were also detected by the XRF analysis. 

 

SOIL MECHANICAL MEASUREMENTS 
 

The long-term disposal of alkaline red mud easily leads to pollution of the surrounding 

soil, air and groundwater. Therefore, the physical and mechanical characteristics of red mud 

- which determine the hydrodynamic behavior – are needed to know exactly. We 

determined water content, particle size distributions, plasticity index, hydraulic 

conductivity, shear strength parameters, and other parameters (water suction for example) 

which are not presented in this paper. 

The particle size distribution of samples were measured by laser diffraction because of 

difficulties occurred during hydrometer analysis. It was interesting to see that although 

samples contain very fine particles, in the results the ratio of them was too small. The 

phenomena caused by the behavior of particles to create aggregates very easy. In this way 

we cannot see the "clay" fraction in the samples if laser diffraction is used without any kind 

of modification. First we added dispersant, and the resulted finest particle size distribution 

is shown in Figure 2, with solid line. After that we applied UV-ray during the measurement 

to prevent aggregation. The result is presented in Figure 2 with dashed line. 

In addition to most of the samples, some samples contain coarser particles, mainly 

which coming from the upper part of the disposal or next to the dam. This inhomogenity of 

particle size is very well correlated with water content: finer the particle size more water 

content of the samples.   
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Figure 2. The typical particle size distribution of red mud 

 

We measured water content of almost 30 samples taking from different points of the 

disposal site. The water content of red mud increases with depth, but horizontal changing 

are also recognized. At the same depth the red mud contain much more water at centre of 

the disposal than along the dam. The vertical and horizontal change in particle size and 

water content can be explained by the way of spreading the material into the disposal. As it 

is abandoned from more than 10 years, sedimentation was also happened. The left part of 

Figure 3 shows the water content in depth of the sampling. 

The hydraulic conductivity of samples was measured by flexible-wall permeameter with 

changing the pressure of testing. The consolidation pressure of the sample preparation was 

also varied from 1 to 3 bars, and the measurements were repeated. The results of 2 samples 

are presented in the right part of Figure 3. The red mud shows very low hydraulic 

conductivity, which can be compared to the permeability of clay soils. Based on the results 

of more than 10 samples, the minimum value is 1·10
–9

m/s, while the maximum is 2·10
–8

 

m/s. At the same time we also performed in-situ infiltration tests, which results are in good 

agreement with the lab results. In some points of the disposal very rapid water filtration was 

experienced, which caused by presence of fissures in the red mud body.  

We determined the plasticity index based on the liquid and plastic limits to provide 

information regarding the effect of water content on the consistency of red mud. Certain 

clay minerals have the ability to hold water molecules and electrically bind them to their 

surface. Therefore, they can exist in a plastic state over a relatively wide range of water 

content, and have high swell potential. The plasticity index of red mud samples are in the 

range of 4 to 27.The smaller values are related to the coarser, while larger values are 

resulted for finer samples. It shows the water sensitivity of red mud means, that relatively 

small changes in water content results higher changes in consistency. 
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Figure 3. Water content and hydraulic conductivity results 

 

Before shear testing one-dimensional consolidation of red mud samples were realized. 

Certain samples showed thixotropic behavior and started to act as liquid during 

consolidation. So the material was pushed out from gaps of the consolidation cell. Because 

we cannot consolidate all samples for direct shear strength tests, instrument for torsion 

shear measurements (TORSHEAR 27-WF2202) were applied. During the torsion shear, the 

failure occurs by rotating the shear boxes on each other. In this way the shear distance is 

increased to quasi infinite long, and you have the possibility to determine not only the 

maximal, but also the residual shear strength parameters. The resulted graph of two samples 

is presented in Figure 4. The samples with higher water content have lower cohesion. 

 

SOIL CHEMICAL MEASUREMENTS 
 

In chemical analysis first the cation exchange capacity and the pH was determined. The 

cation exchange capacity gives information about the total amount of cations can be adsorb 

by a soil (for 100 g of soil under conventional pH) (Stefanovics, 1992). Several methods 

exist to determine, after a series of testing finally sodium - acetate, as exchange solution 

was applied. The range of resulted values is summarized in Table 2, where the typical 

values of some soils are also presented. The red mud showed very good adsorbent 

properties, its cation exchange capacity is in the range of clayey soils. 
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Figure 4. The results of shear tests for red mud samples 

 

Table 2 

The cation exchange capacity of red mud and different soils  

(Stefanovics, 1992) 

Soil type Cation exchange capacity (T) [mgeqv/100 g] 

Red mud 43.2–75 

Kaolinite 5–15 

Illite 15–40 

Smektite 60–120 

Vermikulite 120–200 

Chlorite 10–40 

Humus 150–300 

 

The measured pH of red mud is in the range of 9.5–10, which means that it is a very 

alkaline material. The high pH is caused by composition of the red mud and as a result it is 

a very good neutralizing material. Because of this capability, researches are aimed to use 

red mud in the treatment of acid mine drainage, and contaminated soil as well (Gray et al. 

2005, Felix et al. 2006), where its main task is rising up the pH. It is interesting for our 

research, because most of the toxic heavy metals are not mobile in neutral and in slightly 

alkaline environment, so metal content of the leachate and its human risk maybe lower. 
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During the permeameter tests we continuously measured the pH of water filtrated 

through the samples, and also collected the leachate to analyze for some cations and anions. 

The left part of Figure 5. shows the changing pH of the distilled water filtrated through a 

sample. The pH does not drop below 9 even after 10 days measurement, that's why in case 

of heavy metals concentrations we didn't recognize any changing in time. 

In another laboratory testing to see more intensive changing in shorter time, we tried to 

increase the flow velocity, means to decrease the measurement's time, and also wanted to 

lower pH of the initial solution. To reach these circumstances, a mixture of red mud and 

wood chips was filled into a 1 m long plexiglass tube, and a strongly acidic (pH = 2.9) 

solution was applied for leaching. The changing of pH during the test is shown in the right 

part of Figure 5. In the end of testing the pH was near neutral without clogging of the 

column.   

Finally we perform a multi-stage acidic leaching of heavy metals from red mud samples 

according to the Hungarian standard of waste mobilization process. During the test a small 

amount of the material is added to the different, stronger and stronger extracting solution. 

 

 

Figure 5.  pH changing of leachate filtrated through the material   

 

After 6 or 10 days extraction time heavy metals concentration of the solution was analyzed 

by AAS. In each step the stronger acid can solute the more strongly bounded metals, so we 

can distinguish the mobile and less mobile phases. Figure 6 shows for some metals after 10 

days the percentage of the amount extracted by distilled water related to that by the 

strongest acid (KClO3). It can be seen that for Pb, and Cu just the distilled water can 

mobilize 35–50% of the total amount, despite high buffer capacity of red mud. Other 

metals, like arsenic and molybdenum also can be mobilized in a higher amount already 

among alkaline conditions.   
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Figure 6. Percentage of the metal amount extracted by distilled water related to that by the 

strongest acid (KClO3) 

 

CONCLUSIONS 
 

With a series of mechanical and chemical laboratory testing of large number of samples 

the characterization of red mud was performed related to a research project. The main goal 

of the project is the exact determination of the environmental risks of an abandoned 

disposal site in Hungary. 

In shear testing the consolidation of red mud was very hard and it was only possible 

with active dewatering. The contact between the particles is terminated because of the 

presence of solvation shell around them. During shear the particles can slide over each 

other easily. So the only way of increasing the stability with compaction is coupled 

dewatering. Huge amount of red mud found at the disposal site have high water content and 

is in the state near its liquid limit. 

Based on the chemical composition there is a high amount of hazardous elements in the 

red mud, but at the same time it contains a lot of such minerals, like hematite and 

aluminum- hydroxide, goethite etc, that have high active surface and high affinity to adsorb 

these elements. The low permeability of the material indicates that the phenomenon of 

leaching out is very slow, which is also a good property in the view of its environmental 

impact. It has high pH, as a result high buffer capacity, and the cation exchange capacity is 

comparable with some clay mineral's capacity. But based on results of the different 

leaching tests we applied, it was realized that already distilled water can mobilize the heavy 

metals from red mud in more or less quantity according to pH dependence of the metal's 

solubility. The high alkali content also gives the potential environmental risk of long-term 

accumulation of red mud. 

 

ACKNOWLEDGEMENT 
 

The research was carried out in the framework of the Sustainable Resource Management Centre 

of Excellence at the University of Miskolc, as part of the TÁMOP 4.2.2/A-11/1-KONV-2012-0049 

“WELL aHEAD” project in the framework of the New Széchenyi Plan, funded by the European 

Union, co-financed by the European Social Fund. 

The research of Nóra Gonda was supported by the European Union, co-financed by the European 

Social Fund in the framework of TÁMOP 4.2.4.A/ 2-11/1-2012-0001 „National Excellence Program” 

personal supporting system. 

 



Physical and Chemical Characterization of Red Mud in Terms of its Environmental Effects 137 

 

 

REFERENCES 

 
Felix L.–Kostas F.–David M.: Efficiency of BauxsolTM in Permeable Reactive Barriers to Treat Acid 

Rock Drainage; Mine Water and the Environment, vol. 25. 37–44. 2006. 

Gray, C. W.–S. J. Dunham–P. G. Dennis–F. J. Zhao–S. P. McGrath: Field evaluation of in situ 

remediation of a heavy metal contaminated soil using lime and red-mud; Environmental Pollution 

142, pp. 530–539, 2006. 

Loa Pez, E.–B. Soto–M. Arias–A. Nua Na ez–D. Rubinos–M. T. Barral: Adsorbent properties of red 

mud and its use for wastewater treatment; Water Research Vol. 32, No. 4, pp. 1314–1322, 1998. 

Magyar Tudományos Akadémia: A hazai Magyarországi vörösiszap tározók (mint potenciális diffúz 

szennyezőforrások) felmérése. Budapest, 2006. 

Paramguru, R. K.–P. C. Rath–V. N. Misra: Trends in red mud utilization–A review; Miner. Process. 

Extr. Metall. Rev. 26, pp. 1–29., 2005. 

Sglavo, V. M.–S. Maurina–A. Conci–A. Salviati–G. Carturan–G. Cocco: Bauxite “red mud” in the 

ceramic industry. Part 2. Production of clay-based ceramics. J. Eur. Ceram. Soc. 20, pp. 245–

252., 2000. 

Stefanovics Pál: Talajtan, Mezőgazda Kiadó, 1992 

Yalcin, N.–V. Sevinc: Utilization of bauxite waste in ceramic glazes; Ceram. Int. 26, pp. 485–493. 

2000. 

Wang, P.–Liu, D.-Y.: Physical and Chemical Properties of Sintering Red Mud and Bayer Red Mud 

and the Implications for Beneficial Utilization; Materials 2012. 

 



 

 

 


