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1. INTRODUCTION  AND OBJECTIVES 

1.1. Background 

Bauxite residue, also commonly referred to in the literature as red mud, Bayer process tailings-, 

or bauxite process tailings (Gräfe et al., 2011), is the slurry by-product generated during the 

treatment of bauxite ores using the Bayer process to produce alumina. Bauxite residue is strongly 

alkaline, has a high salt content, bulk density, electrical conductivity dominated by sodium, its 

trace metal content may exceed regulatory levels in certain circumstances (Batley et al., 2003; 

Goldstein and Reimers, 1999).  

Currently, the global production of bauxite residue is 150 million tonnes (Evans, 2016) and 

the total inventory is 2.7 billion tonnes of bauxite residues (Binnemans et al., 2015). Storing 

bauxite residues either in dry or wet form bears some inherent risk (dust formation, tailing failures) 

(Gomes et al., 2016; Gruiz et al., 2013). As demonstrated the catastrophic release of bauxite 

residue slurry from a bauxite waste (tailings) settling pond occurred at MAL Co Ltd. (MAL 

Hungarian Aluminum Production Company) processing plant at Ajka, north-western Hungary in 

October 2010. Failure of the dam wall in an active tailings pond led to the release of approximately 

800,000 m3 bauxite residue slurry (Szépvölgyi, 2010b) covering 1017 ha of agricultural land 

(Uzinger et al., 2015). The immediate emergency management measures focused on the removal 

of bauxite residue from residential areas where the average thickness of the bauxite residue layer 

on soil surfaces was 5−10 cm (min. 3 cm; max. 45 cm) (Anton et al., 2012). The removal of the 

bauxite residue from the soil surfaces in inhabited areas begun after the spill, but in the agricultural 

areas the bauxite residue had covered the soil for more than 3 months before removal (Uzinger et 

al., 2015). The removed bauxite residue mixed with the agricultural soil from the area (BRSM) 

(estimated 530,000 m3) was collected and disposed of in the dams at MAL Co. Ltd.  

Due to the high volumes generated as well as the impacts and risks resulting from the disposal, 

the management of bauxite residue continues to be a global concern. In consequence, there is an 

immediate need for re-utilization as well as safe storage of this residues (Power et al., 2011). A 

major factor which hinders the environmentally friendly methods of storage and utilization, is the 

residue’s high pH (>13) and the high soda content (Wang et al., 2008). Despite this, bauxite residue 

has still a long international history of being utilised with the aim to reduce the amount disposed 

and stored.  
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Bauxite residue utilization alternatives were classified by Klauber et al. (2011) into three 

valuable opportunities studied by several researchers: construction and chemical applications 

(Dimas et al., 2009; Kalkan, 2006; Zhang et al., 2010), environmental and agronomic applications 

(Barrow, 1982; Snars et al., 2004; Snars and Gilkes, 2009; Li et al., 2010; Lombi et al., 2002a, 

2002b; Summers et al.,1993, 1996; Summers and Pech, 1997; Feigl et al., 2012) and metallurgic 

applications (Smirnov and Molchanova, 1997; Zhang et al., 2011; Liu and Li, 2015). 

In this PhD research two utilization techniques were evaluated for Hungarian bauxite residue. 

In the first-part soil improvement studies were carried out to reveal the opportunity of the 

utilization of wastes in soil supported by a risk based approach. In the other part a state-of-the-art 

technology was developed for recovery of critical raw materials (CRM) from bauxite residue. 

Soils provide essential ecosystem services for supporting both the ecosystem and the human 

needs. But the intensification and expansion of human activities have placed increasing pressure 

on land resources, resulting in soil quality deterioration. Soil degradation and soil contamination 

have reduced the nutrient content, buffering capacity and detoxification ability of our soils. Thus, 

protecting soil and preserving its health and overall quality becomes a key goal nowadays. Besides 

the protection of the soil, another important task for mankind is to manage and utilize waste 

generated in increasing quantities. 

Linked to these two issues some attempts have been made to use bauxite residue for soil 

improvement. It has been used in agriculture to increase the phosphorus retention of sandy soil 

(Summers et al., 1993; Summers and Pech, 1997) and to increase the low pH of acidic sandy soil 

(Summers et al., 2001; Snars et al., 2004). Due to the combined presence of ferric, aluminium, 

and tectosilicate like compounds in bauxite residue, it is capable of immobilizing toxic metals from 

polluted soils (Gadepalle et al., 2007) or removing toxic metals from waste waters (Castaldi et al., 

2010 a, b; Garau et al., 2011; Santona et al., 2006) or to reduce the leaching of soil nutrients 

(Phillips, 1998). 

Risk based approach combined with a value based evaluation of wastes makes possible the 

matching of certain wastes (e.g. bauxite residue) with degraded or low quality soils to find a 

technology for utilising the waste in soil improvement. The same waste can pose no risk in one 

land use, but high risk in another one. In every single case the risk scenario should be created for 

proper risk calculation of the waste to be placed into the soil. Considering the values in addition 

to risk, the use value of the waste may overweight its risk in the same use (Gruiz et al., 2010). 

Therefore, environmental monitoring during waste utilization in soil, including physico-chemical, 

biological and environmental toxicity testing is of particular importance. 
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Wastes and side streams coming from industrial sources for example from mining industry 

often contain valuable metals. The recovery of these metals from these waste materials may be 

environmentally favourable and economically viable. Due to the annually generated high bauxite 

residue amounts it may thus represent an important, untapped secondary source of CRM (and 

further valuable elements). These are defined as materials with high supply risk and above average 

economic importance compared to other raw materials (Hennebel et al., 2015). The search for 

alternative sources got immediacy, when China – producing more than 95% of the annual world 

supply of rare earth elements (REEs) – had pushed global rare earth prices sharply higher in 2010 

when it slashed its export quota on the 17 elements by 40% from the preceding year. Extraction of 

such metals from bauxite residue can be economically feasible (Qu and Lian, 2013). However, a 

detailed inventory of the economic value in bauxite residues of different origin has not been 

prepared so far. 

 

1.2. Scope and objectives of the research 

The scope of this PhD thesis is to establish and provide state-of-the-art technologies that could 

reuse bauxite residue to highlight its value when being utilised. This thesis aimed at evaluating on 

the one hand – related to the outstanding issue of soil protection and waste utilization – the 

efficiency of a Hungarian bauxite residue as soil ameliorant, and on the other hand as secondary 

source of critical raw materials. The main objectives of this thesis are the following: 

1. To predict the amount of bauxite residue that poses no risk to the environment when mixed 

into the soil. 

2. To reveal the beneficial effects of the bauxite residue, as soil ameliorant, on a specific acidic 

sandy soil in Eastern Hungary. 

3. To characterize and evaluate the applicability of the BRSM as additive to the surface layer of 

the landfill cover system at a municipal solid waste deposit in Hungary. 

4. To create an inventory of valuable elements (CRM including REEs; further valuable metals 

such as Ni and V) in Hungarian bauxite residue. 

5. To develop a technology to recover CRM from Hungarian bauxite residue with combined acid 

leaching and liquid-liquid extraction (LLE). 
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To achieve these aims the following approaches have been applied. 

Linked to waste utilization for soil improvement, a microcosm level laboratory scale study was 

firstly carried out to understand the effect of bauxite residue on the bauxite residue flooded soil 

environment. Secondly, a soil improvement microcosm level laboratory scale study was performed 

to reveal the beneficial effects of bauxite residue as ameliorant of an acidic sandy soil. The research 

supported the development of a technology for utilization of BRSM as soil additive. Therefore, a 

field scale study at a landfill site was carried out to study the beneficial effects of BRSM when 

applied as landfill surface cover aiming at re-utilizing waste, decreasing cost of waste disposal and 

providing a value-added product. 

For the recovery of valuable elements from Hungarian bauxite residue, an extensive inventory 

of critical raw materials was created including rare earth elements based on the results of both X-

ray fluorescence spectroscopy (XRF) as well as microwave assisted aqua regia digestion with 

subsequent inductively coupled plasma–mass spectrometry (ICP-MS) analysis. Next, a number of 

conventional extracting agents were evaluated for their REE recovery potential. Then, 

extractability of the REEs by selective acid leaching was also explored in this PhD research.  
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2. LITERATURE  REVIEW  

2.1. General review of bauxite residue 

2.1.1. Background on bauxite ore formation and bauxite resources 

Bauxite ore is formed from the intense lateritic weathering of residual clays, which accumulate 

in topographic lows on continental surfaces (Deady et al., 2014). Bauxite deposits can be classified 

according their geological formation into lateritic, karst and Tikhvin-type (Bárdossy, 1982). 

Approximately 89% of the world’s bauxite resource belong to the lateritic type, 10% to the karst 

type and less than 1% to the Tikhvin-type (Fig. 2.1) (Bárdossy, 1982). There are three types of 

bauxite deposites according to their mineralogy: trihydrate, monohydrate and mixed bauxite. 

Trihydrate is comprised of mainly gibbsite, monohydrate consisting chiefly of boehmite and mixed 

bauxite consisting of both gibbsite and boehmite (Patterson, 1967). Based on morphology, 

composition and geographical-paleogeographical criteria, the bauxite deposits are classified into 

the following groups: Mediterranean-type, Timan-type, Kazakhstan-type, Ariege-type, Salento-

type and Tulks-type (Gianfagna, 2013). The Mediterranean-type karst bauxite deposits formed on 

both the European and Adriatic Mesozoic carbonate shelves in the Neotethys realm during the 

Mesozoic to Early Cenozoic Era (Mameli et al., 2007; Valeton, 1994). Trace elements, including 

REE, Ga, Ti, Cr, Zr, etc. can be adsorbed onto the surfaces of the clay residues. During lateritic 

weathering of the residual clays these elements get concentrated with depth in the resulting bauxite 

deposits (Maksimović, 1976; Maksimović and Roaldset, 1976). 

Bauxite resources are estimated to be 55 to 75 billion tons worldwide with the following 

distribution: 32% in Africa, 23% in Oceania, 21% in South America and the Caribbean, 18% in 

Asia and 6% elsewhere (Senyuta et al., 2013). The major bauxite deposits of the world were 

grouped into a series of provinces. Bauxite provinces are vast territories (from a few hundred to a 

few million square kilometres) related to a particular tectonic unit (shield, platform, fold region, 

etc.) where several bauxite districts and deposits are localized (Bogatyrev and Zhukov, 2009). 

Provinces were identified for eight sections: Caribbean Province, Mediterranean Province, Central 

Urals – Kazakhstan Province, China Province, African Province, South Asia – Australian 

Province, North American Province and South American Province (Kogel, 2006). The map in 

Figure 2.1, shows the distribution of the predominant bauxite types – lateritic or karst- worldwide 

at–province, subprovince and district level. 
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Figure 2.1 Different types of bauxite resources worldwide (Source of data: EC, 2014, Kogel, 2006) 
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2.1.2. Aluminium industry and generation of bauxite residue 

2.1.2.1. History  of bauxite residue 

The history has started when Karl Josef Bayern (4 March 1847 – 4 October 1904) an Austrian 

chemist moved to St. Petersburg in 1885 to join the Tentelev Chemical Plant to work on the dying 

of cotton fabrics using pure aluminium hydroxide. At that time, he had discovered that aluminium 

hydroxide could be precipitated in crystalline form from a cold sodium aluminate solution, if a 

seed of aluminium hydroxide was used. A few years later two Bayer's patents were issued by the 

Imperial Patent Office of Germany (Patent number 43977 in July 1887 and 65604 January 1892) 

which formed the basis of the industrial process of extracting and synthesizing gibbsite (Power et 

al., 2011). 

The Bayer process is the most economic means of obtaining alumina from bauxite where 

aluminium-containing bauxite ores gibbsite, böhmite and diaspore are the basic raw material for 

alumina production. Alumina, a white powder, is the final product of the Bayer process, ready for 

shipment to aluminium smelters or the chemical industry. Alumina is used for the production of 

aluminium metal, through the Hall–Héroult electrochemical smelting process. 

The first Bayer plants had been established in England, France, Italy and Germany to provide 

alumina with Bayer process and more plants were built in the USA, Germany, Great Britain, Japan 

and the Soviet Union in the next 30 years. Of these early plants, only the plant at Gardanne (France) 

is still operating today (Power et al., 2011). 

The aluminium production grew rapidly in the last century: 6800 tonnes aluminium metal was 

produced in 1900 and it reached the 1 million tonnes per annum rate in 1940 (Power et al., 2011). 

The global inventory of bauxite residue at that time can be estimated to have been approximately 

22 million tonnes. Today Alunorte (Barcarena, Brazil) is targeting a production of 6 million tonnes 

per annum. Currently, the global production of bauxite residue is 150 million tonnes (Evans, 2016) 

and the total inventory is 2.7 billion tonnes of bauxite residues (Binnemans et al., 2015). The 

production of 1 ton of alumina generates between 0.8 and 1.5 tons of bauxite residue (Liu and 

Zhang, 2011). 

Alumina refineries tend to be located close to bauxite mines and/or ports for efficient transport 

of raw materials and of the final product (Fig. 2.2). The 1970s saw a major expansion of the 

alumina industry in response to growth in primary aluminium production, resulting in a rapid 

growth in the production rate and global inventory of bauxite residue (Power et al., 2011). Nearly 

half of the global alumina production is in China and their capacity increases with 19% (66 million 

metric tons) per year (USGS, 2016). 

https://en.wikipedia.org/wiki/Austria
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Figure 2.2 World map showing the distribution of alumina refineries (Source of data: Power et al., 2011) 
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2.1.2.2. Bauxite residue production 

The aluminium production consists of two key stages. The first is alumina refining (Bayer 

process), which involves the generation of alumina from bauxite ore, and the second stage is 

aluminium smelting (Hall–Héroult), which is the process of alumina being transformed into 

aluminium. 

The Bayer process is often referred to as the “red side”. It is composed of a series of process 

steps that affect the properties of the residue produced. The red side starts with bauxite and finishes 

with bauxite residue and generally includes the steps of bauxite milling, pre-desilication, digestion, 

colling, clarification, and washing. A schematic of these basic steps is shown in Figure 2.3. The 

next steps in the Bayer process are precipitation (the alumina is recovered by crystallisation from 

the pregnant liquor), classification (aluminium hydroxide crystals are classified into size ranges) 

and calcinations (crystals are roasted at temperatures of up to 1100 °C to producing alumina) (IAI, 

2012). 

 

Figure 2.3 Schematic of a general Bayer process red side (Source of data: Power et al., 2009) 

 

In the red side of the Bayer Process, the bauxite reclaimed from a bauxite stockpile is 

introduced into the bauxite mill and spent liquor (caustic soda returned from the precipitation 

stage) is added to the grinding mill to produce a pumpable slurry (IAI, 2012).  



18 

 

Bauxites that have high levels of silica go through an impurity removal process because silica may 

cause problems with scale formation and affect the quality of the final product (IAI, 2012). 

A hot caustic soda is used to dissolve aluminium-bearing minerals in the bauxite at a 

temperature above 100 °C, allowing gibbsite and boehmite to dissolve and produce aluminate ions 

to supersaturated solution or “pregnant liquor” (Cablik, 2007). Following this, the first stage of 

clarification is to separate the solids (bauxite residue) from the pregnant liquor via sedimentation 

and progressively wash to remove sodium hydroxide, aluminate and carbonate (IAI, 2012). During 

the washing process, flocculants are added to settle the residue and clarify the solution for return 

to the pregnant liquor circuit. Depending on the requirements of the residue storage facility, further 

filtration step and amendments are added prior to residue disposal follows these process steps 

(Power et al., 2011). 

Bauxite residue is also known as red mud, Bayer process tailings or bauxite process tailings 

(Evans, 2015) and it may be split further into two fractions. The fine fraction, ‘red mud’ and the 

coarse fraction ‘process sand’ (>106μm or >150μm) (Courtney and Timpson, 2005). The amount 

of process sand ranges from < 1% to as high as 50% in different digestion residues, but its quantity 

is normally about 5%. In several cases the process sand is separated before the clarification and is 

transferred to washing in a separate system (Bánvölgyi and Huan, 2010). 

 

2.1.2.3. Bauxite residue disposal options and problems 

Topography, availability of land and rainfall are three of the key determinants when choosing 

the correct method of disposal (Power et al., 2011). Up until the 1970’s marine discharge and 

lagooning were the two methods used, with “dry stacking” (residue is not dry on disposal) and dry 

cake disposal, the two newest methods of disposal. There is an evolution of bauxite residue 

disposal strategies as there is a shift from low to high density disposal techniques i.e. from direct 

disposal into the sea (25–30 w/w %), mud lakes (25–30 w/w %), to dry stacking (45–65 w/w %) and 

dry storage (70–80 w/w %) (Fig. 2.4) (Avery and Wilson, 2013). Dry stacking involves the bauxite 

residue being thickened to a thick paste and allowed to flow down a sloped pipeline, and to de-

water and air dry before the next thin layer is released (Power et al., 2011). On the other hand, dry 

cake disposal involves using thickening and pressure filtration to remove as much of the water as 

possible from the bauxite residue, before using dump trucks to move it onto the storage area (Power 

et al., 2011). With the exception of dry cake disposal, the bauxite residue with a pH greater than 

eleven, high proportion of fine, silt to clay sized particles, with high sodium content is emitted as 

a slurry type paste (Dodoo-Arhin et al., 2013). For this reason, the handling and storing of the 

residue poses major difficulties (Palmer and Frost, 2009). 
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Figure 2.4 Evolution of disposal strategies from low to high density disposal strategies (Avery 

and Wilson, 2013) 

 

2.1.3. General information on the characteristics of bauxite residue 

2.1.3.1. Mineralogy of bauxite residue 

As described earlier by Cablik (2007), the origin of the bauxite ore, the addition of sodium 

hydroxide, along with heat and pressure, and the lime and other chemical additives play a huge 

role in the mineralogical composition of bauxite residue produced by the refinery. The bauxite 

includes as primary minerals, quartz, zircon and ilmenite and as secondary minerals, gibbsite, 

boehmite, diaspora, haematite, goethite, kaolinite, anatase and rutile, (Boni et al., 2013). Factors 

influencing the composition of bauxite ore are the parent material, climate, age and topography 

(Bárdossy and Aleva, 1990). 

The identity and quantity of mineral phases in bauxite residue are important to the overall 

behaviour of residue alkalinity since these provide information about the buffering capacity of the 

bauxite residues as the contained minerals dissolve in acid (Gräfe et al., 2011). Roughly 70% of 

bauxite residue is in crystalline phase, with the remaining 30% amorphous material (Gräfe et al., 

2009). Hematite is present in all bauxite residues with a concentration range of 7% to 29% while 

goethite is particularly prevalent in bauxite residues generated from Jamaican and Darling Range 

bauxites (Li, 1998; Li and Rutherford, 1996). Boehmite, gibbsite, anatase, rutile, ilmenite, 

perovskite and quartz are the other minerals commonly present in bauxite residues (Gräfe et al., 

2011).  
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Bauxite residue that has been produced from ‘low grade’, high silicon concentration ore differs 

slightly due to the amount of lime that is added in the Bayer process during causticization therefore 

the major mineral types present are calcite, perovskite, illite, hematite and magnetite (Liu et al., 

2007b). 

 

2.1.3.2. Physical characteristics of bauxite residue 

Physical parameters such as particle size distribution, specific surface area (SSA) and bulk 

density are relevant with respect to the reactivity of the solids (Gräfe et al., 2011). For example, 

SSA influences the rates of dissolution reactions and bulk density relates to the packing density 

and hence to hydraulic conductivity (Gräfe et al., 2011). 

The particle size of the bauxite residue averages 2 to 100 μm with a typical range of 100 nm 

to 200 μm (Pradhan et al., 1996; Roach et al., 2001). It is therefore on average in the silt to fine 

sand textural class (Gee and Bauder, 1986). The texture of the residue can be dependent on the 

location within the bauxite residue disposal area (BRDA) (Fuller et al., 1982). The average bulk 

density of bauxite residue is reported as 2.5 gcm−3 (Table 2.1). Bulk densities exceeding 1.5 gcm−3 

impede root penetration, therefore, healthy plant growth is unlikely above 1.6 gcm−3 (Gräfe et al., 

2011). The average SSA of bauxite residue is 32.7 m2g−1 (Table 2.1), which is consistent with the 

approx. size/distribution and textural class of the residue (Gräfe et al., 2011). 

 

Table 2.1 Summary of chemical and physical characteristic of bauxite residue (Grªfe et al., 

2011) 

Properties Average Max Min  Units 

pH 11.3 12.8 9.2 – 

EC 7.4 28.4 1.4 mS cm-1 

[Na+] 101.4 225.8 8.9 mmol+ L-1 

SAR 307.2 673.0 31.5 – 

ESP 68.9 91.0 32.1 – 

ANC, 7.0 0.9 1.6 0.7 – 

ANC, 5.5 4.6 – – – 

PZC 6.9 8.2 5.1 (pH) 

BD 2.5 3.5 1.6 g cm-3 

SSA 32.7 58.0 15.0 m2 g-1 

EC: electrical conductivity. SAR: adsorption ratio of sodium to that of calcium and magnesium combined 

SAR=[Na+]/{([Ca2+]+[Mg2+])/2}1/2 note that [Na+, Ca2+, Mg2+] must be mmol+L-1. ESP: exchangeable sodium percentage is the 

availability of sodium in residue expressed as a percentage of the overall exchangeable cations [ESP/(100−ESP)]=0.015*SAR. 

ANC: acid neutralization capacity normalized to the weight of the residue to a given pH endpoint (e.g. to reach a pH value of 5.5 

or 7) using a strong mineral acid. PZC: point of zero charge for a given slurry and background electrolyte is the pH value at which 

particulates have no net surface charge. BD: Bulk density (ρ), generally this is the overall dry packed solids density as would be 

relevant in (for example) transport of the solids or definition of soil properties. SSA: specific surface area using BET/N2 method. 
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2.1.3.3. Chemical characteristics of bauxite residue 

Bauxite residues are highly alkaline, have a high sodium (Na+) content and electrical 

conductivity (EC) owing to the digestion step of the Bayer process. The pH in untreated bauxite 

residue ranges over 9.2–12.8 with an average value of 11.3 (Table 2.1). The alkaline anions in 

bauxite residue solution are OH−, CO3
2−/HCO3

−, Al(OH)4
−/Al(OH)3(aq) and H2SiO4

2−/H3SiO4
− 

(Gräfe et al., 2011). In the bauxite residue, the high EC is due to high Na+ concentration (average 

101.4 mmol+ L-1) (Table 2.1). Ca, Mg and other cations do not contribute significantly to the EC 

as their concentrations are negligible in solution at pH above 10. Anions of relevance in solution 

are OH− and SO4
2− (Gräfe et al., 2011). The EC of bauxite residue in deionized water averages 7.4 

mS cm−1 (Table 2.1). Bauxite residue has the ability to neutralize acid (Thornber and Binet, 1999; 

Fuller et al., 1982; Meecham and Bell, 1977a). The neutralization capacity (ANC) measures the 

amount of mineral acid required to reach a specific pH endpoint (Table 2.1) (Carter et al., 2008; 

Lin et al., 2004; Liu et al., 2007b; Snars et al., 2004). The sodium adsorption ratio (SAR) is 

frequently used in agriculture to delineate whether a soil is sodic or non-sodic where a SAR of >15 

is indicative of the soil to be sodic (Gräfe et al., 2011). The SAR is related to the exchangeable 

sodium percentage (ESP) by soils with an ESP >30 are impermeable and would restrict plant 

growth and root penetration considerably (Gräfe et al., 2011). The point of zero charge (PZC) of 

bauxite residue has been addressed by only a few studies (Atun and Hisarli, 2000; Chevdov et al., 

2001; Lopez et al., 1998; Zhang et al., 2008) and it ranges between 5.1–8.2. 

Some bauxite residues may emit ionizing radiation above natural background rates due to the 

presence of naturally occurring radioactive materials: 238U and/or 232Th and members of their 

decay chains (Gräfe at el., 2011). 

Chemical composition of bauxite residue strongly depends on the chemical composition of 

bauxite ore since the alumina is recovered by Bayer process in the refinery, all other metals 

originally presented in the bauxite are partly disposed into undigested sand and finally into bauxite 

residue (Mohapatra et al., 2012). Moreover, the composition of disposed bauxite residue strongly 

depends on the process steps and can be dependent on the location within the BRDA (Fuller et al., 

1982). The first reject from the refinery, which is referred to as process sand, is found to be very 

rich in iron (~ 70% Fe2O3) and titanium (~ 14% TiO2) metals (Mohapatra et al., 2012). Some 

amounts of alumina (~ 8% Al2O3) also get released into process sand (Mohapatra et al., 2012). 

The bulk bauxite residue contains mainly six metal ions expressed as oxides: Al2O3, CaO, Fe2O3, 

Na2O, TiO2, and SiO2 (Table 2.2). Table 2.2 summarizes the major elemental compositions 

respectively of a range of bauxite residues that have been collected from literature data.  
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Bauxite residues are solid-solution mixtures ranging in initial solids content from 20 to 80% 

by weight (depending on the disposal method of the refinery) with a typical order of elemental 

abundance of Fe>Si~Ti>Al>Ca>Na (Gräfe at el., 2011) (Table 2.2). 

 

Table 2.2 Major elemental composition of bauxite residues of different origin, determined by 

XRF 

Company Country 

Component 

References Al 2O3 

[%]  

CaO 

[%]  

Fe2O3 

[%]  

Na2O 

[%]  

TiO 2 

[%]  

SiO2 

[%]  

Seydisehir 

Alumina 

Plant 

Turkey 21 2 41 1 5 17 
Cakici et al. 

(2004) 

Aluminum 

of Greece 
Greece 25 9 43 2 5 5 

Davris et al. 

(2016) 

Eurallumina Italy 18 8 31 12 9 10 
Bertocchi et 

al. (2006) 

Alumina-

Aluminio 
Spain 20 5 38 5 23 6 

Lopez et al. 

(1998) 

Birac 

Alumina 

Industry 

Bosnia 14 4 49 8 5 12 
Cablik 

(2007) 

Aughinish 

Alumina 

Ltd. 

Ireland 16 6 44 5 9 9 

Jones and 

Haynes 

(2011) 

MAL Ltd. Hungary 17 9 41 5 9 10 
Ujaczki et 

al. (2015) 

Unknown Germany 16 5 45 4 12 5 

Snars and 

Gilkes 

(2009) 

Unknown UK 23 4 36 12 6 18 
Newson et 

al. (2006) 

Nalco Brazil 7 3 72 0 8 1 
Gräfe et al. 

(2011) 

Shandong China 7 46 13 2 3 19 
Gräfe et al. 

(2011) 

Renukoot India 22 10 28 5 16 8 
Gräfe et al. 

(2011) 

Kirkvine Jamaica 13 9 49 4 7 3 
Gräfe et al. 

(2011) 

Rusal Guinea 24 6 30 5 18 10 
Gräfe et al. 

(2011) 
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The high Fe content in bauxite residue is ascribed to iron enrichment of the leached residue 

after digestion of alumina into solution (Mohapatra et al., 2012). The high Ca is due to the addition 

of lime into the settler as flocculant (Mohapatra et al., 2012). 

Very little data and extremely limited studies are available on the economically valuable 

elements in bauxite residue. Bauxite residues could be rich in valuable elements (Ni, V, Zn, Zr, 

Cr, Ga, REEs) depending on the initial chemical composition of the bauxite ore (Binnemans et al., 

2015; Deady et al., 2014; Liu and Naidu, 2014). Mohapatra et al. (2012) reported that the amount 

of Sc, Ni and Cr detected in the bauxite ore showed a rising trend in the plant sand, while reaching 

maximum concentration in the bauxite residue. However, the Ga concentration had a different 

trend: it decreased from bauxite ore to plant sand and then it increased in the bauxite residue 

(Mohapatra et al., 2012). Moreover, Mohapatra et al., 2012 observed a rise from the bauxite ore 

to plant sand and then a decrease in the bauxite residue with respect to the concentration of other 

valuable elements such as Co, Y, Zr, V, Zn and Nb. 

 

2.1.4. General review of bauxite residue reuse 

Enormous quantity of bauxite residue is generated worldwide every year, the global production 

of bauxite residue is 150 million tonnes (Evans, 2016) and the total inventory is 2.7 billion tonnes 

of bauxite residues (Binnemans et al., 2015). There is an over 50 years of research and hundreds 

of publications and patents on what to do with the disposed bauxite residue. All options of bauxite 

residue reuse are considered, but emphasis is on the few highest volume uses at lowest risk. 

Utilization is defined as taking the residue in some non-hazardous form (as a by-product) from the 

alumina refinery site and then using it as feedstock for another distinct application (Klauber et al., 

2011). Any application must be competitive with the alternatives in relation to quality, cost and 

risk. Each technical proposition needs to come with an economic analysis that demonstrates 

viability. For any given application, it must be demonstrated that the associated risk is less than 

the risk associated with continued storage (Klauber et al., 2011).  

These risks include health, safety and environmental issues associated with transport, 

processing and application, and business risks associated with economic costs, product quality and 

various liabilities (Klauber et al., 2011). Bauxite residue utilization has been organized into three 

different areas of value opportunities covering nine key areas (KA) of application (Klauber et al., 

2011). 

1. Construction and chemical applications: 

KA 1: Civil and building construction; 
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KA 2: Catalysts and adsorbents; 

KA 3: Ceramics, plastics, coatings and pigments; 

2. Environmental and agronomic applications: 

KA 4: Waste water and effluent treatment; 

KA 5: Waste gas treatment; 

KA 6: Agronomic applications; 

3. Metallurgical applications: 

KA 7: Recovery of major metals; 

KA 8: Steel making and slag additive; 

KA 9: Recovery of minor metals. 

 

Klauber et al. (2011) summarized the key knowledge gaps in bauxite residue utilization as follows: 

ü The development of environmental and agronomic applications of bauxite residues depends 

on a detailed knowledge of the speciation and physico-chemical behaviour of metal ions and 

complexes as a function of composition and environment. 

ü The actual cost (on-going and future) of current bauxite residue storage practices is unknown. 

ü Accurate information on historical and current storage utilization (types and rates of 

deposition) on a site-by-site basis is not available. 

ü The manufacture of geopolymers based on bauxite residue has been identified as an area of 

major potential, but the technology has not been fully developed. 

ü The potential for high volume utilization exists in civil construction areas for residue and/or 

residue components. Local industrial synergies are the key driver but technical gaps exist. 

ü A number of processes have been proposed, but never implemented, for the simultaneous 

recovery of the major metals from bauxite residue (towards “zero waste” objective). 

 

Figure 2.5 illustrates a methodology for complete utilization of bauxite residue. Complex 

characterization of the bauxite residue and selection of the utilization process were integrated into 

the developed strategy.  

During the complex usage of bauxite residue valuable metals are recovered and meanwhile 

major materials are gained such as iron, aluminium and alkali aiming to reduce the costs and the 

amount of waste. A number of studies have been reviewed and the identification of many technical 

options has been investigated, which showed that simultaneous recovery of critical elements from 

bauxite residue (towards “zero waste” objective) has never been implemented so far. Therefore, a 

detailed cost/benefit analysis is needed to demonstrate technical and economic viability.  
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Figure 2.5 Illustration of complete utilization of bauxite residue procedure towards zero waste 

objectives (Liu and Naidu, 2014) 

 

2.1.5. Hungarian bauxite residue 

2.1.5.1. Bauxite residue disposal sites in Hungary 

There is only one operating alumina plant in Hungary at Ajka with a bauxite residue deposit 

linked to the plant. In addition, there are two BRDA (Almásfüzitő and Mosonmagyaróvár) 

associated with decommissioned alumina plants.  

Approximately 39.8 million tonnes of bauxite residue in Hungary are stored in bauxite residue 

lakes (slurries at low densities, 25–30 w/w %), of which 6.4 million tonnes in Mosonmagyaróvár, 

14.4 million tonnes in Almásfüzitő and 19.0 million tonnes in Ajka (Szépvölgyi, 2010a). The 

alumina plant in Mosonmagyaróvár (Hungary) operated from 1934 to 2002 (Szépvölgyi, 2010a; 

TKV Zrt.). The surface area of the impoundment containing the bauxite residue is approx. 73 ha 

and the storage depth is 7 m (the height of the dam wall) (Környezetvédelem, 2016).  

The impoundment was sealed on top with clay lining to reduce the threat of the residue to the 

environment and it was overlain with soil for revegetation of the surface (Környezetvédelem, 

2016). The Hungarian Institute for Geological and Geochemical Research planted sea buckthorn 

(Hippophae rhamnoides ssp. carpatica) into the soil (Fig. 2.6). 
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Figure 2.6 Sea buckthorn (Hippophae rhamnoides ssp. carpatica) at the top of the 

recultivated BRDA in Mosonmagyar·v§r (Hungary), (Source of picture: Institute for Geological 

and Geochemical Research) 

 

The closed refinery in Almásfüzitő (Hungary) was operating from 1950 to 1997. It was the 

largest alumina plant in Central Europe at that time. The produced 6.4 million tonnes of bauxite 

residue were stored in 8 tailings storage reservoirs covering 172 ha, located at 10 m distance from 

the flood plane of the Danube river (Szépvölgyi, 2010b) (Fig. 2.7). The 7th
 reservoir contains the 

greatest bauxite residue amount. Its remediation started in the ‘90s. As a remediation measure the 

surface of the bauxite residue deposit was covered with an artificial soil layer. According to 

Almásfüzitő TKV (2016), this material had similar characteristics to the natural soil, being suitable 

for the settlement and growth of plants. The artificial soil material was prepared from wastes 

(organic and inorganic) (Almásfüzitő TKV, 2016). 

 

 

Figure 2.7 BRDA in Alm§sf¿zitŖ (Hungary) (Source of picture: TKV Zrt.) 
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The only operating refinery founded in 1942 by the Hungarian government is in Ajka. The 

MAL Hungarian Aluminum Production Company (MAL Co. Ltd.) has produced approx. 19 

million tonnes of bauxite residue during this period. The bauxite residue was stored in cassettes at 

BRDA. 

On October 4, the wall of a bauxite residue storage facility (10th reservoir) broke and more 

than 800,000 m3
 of toxic (highly alkaline, pH=13) bauxite residue slurry flooded the environment 

(Szépvölgyi, 2010b) covering 1017 ha of agricultural land (Uzinger et al., 2015). At the time after 

the Ajka spill the highly caustic bauxite residue suspension engulfed the downstream villages of 

Kolontár, Devecser, Somlóvásárhely in Western Hungary and contaminated the Torna Creek and 

Rába system to the Danube (Gruiz et al., 2013; Mayes et al., 2011). After the tragic accident, the 

Ajka refinery had changed its disposal technology to dry disposal (filter pressed residue, 70 w/w 

%) (Fig. 2.8) producing dry by-products to eliminate the risk of spills. 

 

  

Figure 2.8 The stored bauxite residue slurry flowing through the bauxite residue on embankment 

in Ajka (Hungary) (bauxite residue slurry from pond) and after the accident (high-solid filter 

press cake), (Source of pictures: Avery and Wilson, 2013) 

 

2.1.5.2. The effects of the Hungarian bauxite residue catastrophe 

The immediate emergency management measures after the accident focused on the removal of 

bauxite residue from residential areas where the average thickness of the bauxite residue layer on 

soil surfaces was 5–10 cm (min. 3 cm; max. 45 cm) (Anton et al., 2012). The removal of the 

bauxite residue layer from the soil surfaces in inhabited areas begun after the spill, but in the 

agricultural areas the bauxite residue had covered the soil for more than 3 months before removal 

(Uzinger et al., 2015). The removed bauxite residue-soil mixture (BRSM) (estimated 530,000 m3) 

was collected and disposed of in the dams at MAL Co. Ltd. 

The decisions were based mainly on human health and socio economic aspects in this phase.   
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The measures were protection of human life and exclusion of life threatening hazards, 

displacement of people from endangered or deteriorated parts of the villages, isolation of the dyke, 

neutralizing the alkaline flux (gypsum was added in large quantities to adjust pH to 9.5) to protect 

aquatic ecosystem of the rivers downstream (Mayes et al., 2011), cleaning residential areas, open 

surfaces, removing deteriorated buildings, bauxite residue and cleaning river bed. 

Gruiz et al. (2013) established the conceptual risk model (Fig. 2.9) and assessed the current 

and future risks, taking into consideration natural attenuation and laboratory simulation test results. 

The conceptual risk model illustrates the primary and secondary sources, the transport pathways, 

the impacted environmental compartments and the users of the atmosphere, waters and soils, 

namely the ecosystem members and human receptors. 

The targets of the problem-specific risk characterization methodology – developed by Gruiz et 

al., 2013 – were to quantify the risk posed to human health and ecosystem, to estimate the 

maximum permissible red-mud proportion to be mixed into local agricultural soil and to enable 

the comparison of the recommended risk mitigation measures as well as to prevent long term soil 

quality deterioration.  

The repeated sampling campaigns and the results of the integrated monitoring (physico-

chemical analyses and environmental toxicity testing including simulation microcosms) confirmed 

the prognosis of the risk assessment, providing additional information on the maximum 

incorporable bauxite residue and its effect on the soil ecosystem, sodification and plant production. 
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Figure 2.9 Conceptual risk model showing primary and secondary sources, transport routes and the exposure of the receptors (Gruiz et al., 

2013)
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Several authors investigated the effects of Hungarian bauxite residue on soil after the bauxite 

residue spill in 2010. Some studies focused on the growth of plants on the Ajka bauxite residue 

spill affected soils as a remediation option: energy plant cultivation for revitalisation of the arable 

areas (Gyuricza et al., 2011) or giant reed plant growth to remediate the bauxite residue affected 

soil, decreasing plant toxicity, trace metal availability and increasing biomass production (Alshaal 

et al., 2013). Ruyters et al. (2011) monitored in microcosms the short and potential long-term 

effects of bauxite residue on plant (barley) growth, plant composition, trace metal uptake in 

mixtures of uncontaminated soil and increasing bauxite residue doses with or without leaching 

with artificial rainwater. Winkler (2013) has analysed the collembolan community structure and 

species abundance distributions in the bauxite residue polluted areas in Western Hungary. Mišík 

et al. (2014) investigated the genotoxic properties of bauxite residue in two plant bioassays, 

namely in the micronucleus (MN) test with tetrads of Tradescantia (Trad-MN assay) and with root 

tip cells of Allium cepa (A-MN assay). 

An integrated assessment of biological activity and ecotoxicity of fluvial sediments following 

the accidental spill of bauxite residue in Ajka, Hungary was conducted by Klebercz et al. (2012). 

In addition, the mobility of bauxite residue associated trace metals in the wider environment was 

also studied (Mayes et al., 2011; Anton et al., 2012; Burke et al., 2012; Lehoux et al., 2013; 

Lockwood et al., 2015). Rékási et al. (2013) investigated the effect of bauxite residue from Ajka 

on a typical soil profile from the affected area assessing the effect of chemical changes on soil 

organisms. 

The beneficial attributes of bauxite residue are made use of in soil improvement. In particular, 

sandy soils, with little or no nutrient or water holding capacity could benefit from the uses of 

bauxite residue as soil ameliorant (McPharlin et al., 1994; Barrow, 1982). Therefore, this literature 

review continues with an overview of the soil. 

 

2.2. Soil and soil protection 

2.2.1. General review on concepts, components and textural classes of soils 

Soil as the “biological engine of the Earth” is one of the most diverse habitats and contains the 

most diverse collections of living organisms. Scientists have defined soil in different ways because 

they think of soils in different ways, or they use soils for different purposes. 
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Soil is the outermost solid layer of the Earth which serves terroir of plants. Basic property of 

the soil is its fertility i.e. soil is able to supply its own living vegetation with water and nutrients at 

appropriate time and in appropriate amount allowing thus primary biomass production (Stefanovits 

et al., 1999). 

According to USDA, NRCS (2003) soil is a natural body comprised of solids (minerals and 

organic matter), liquid, and gases that occurs on the land surface, occupies space, and is 

characterized by one or both of the following: horizons or layers, that are distinguishable from the 

initial material as a result of additions, losses, transfers, and transformations of energy and matter 

or the ability to support rooted plants in a natural environment. 

Often land is used synonymously with soil, but the two are not the same. Land is the non-water 

part of the earth’s surface, while soil occupies only a thin upper part of some land (Osman, 2013). 

Land refers not just to soil, but to the combined resources of soil, water, vegetation and terrain that 

provide the basis for land use (Arshad and Martin, 2002). 

The soil is a component of all terrestrial ecosystems. However, the soil is itself an ecosystem 

in that it harbours a large number of organisms which interact among them and with the physical 

and chemical soil environment (Osman, 2013). The materials from which the soils are formed are 

called parent materials. Parent materials may be organic and inorganic, although most soils (more 

than 99% of world soils) develop from inorganic or mineral parent materials (Osman, 2013). Soil 

is a great recycler of materials and also has a huge storage of organic matter. Therefore, soil acts 

as an environmental buffer. Inorganic substances are also transformed by chemical or biological 

processes and are rendered soluble/insoluble, mobile/immobile, and active/inactive (Osman, 

2013). Soil is made of minerals, water, organic matter, sol biota and air; however, the volume 

composition of these basic components highly varies with soil types (DeGomez et al., 2015; 

Várallyay, 2013). 

1. Minerals 

The largest component of soil is the mineral portion, which makes up approximately 45% 

to 49% of the volume. Soil minerals are derived from two principal mineral types. Primary 

minerals are those soil materials that are similar to the parent material from which they 

formed. Secondary minerals result from the weathering of the primary minerals. The 

mineral components of soil are chlorides, sulfides, sulfates, nitrates, phosphates, borates, 

carbonates, oxides, hydroxides and silicates. Most soil minerals contain silica as their 

major structural constituent (silicates), while non-silicates are composed mainly of oxides, 

carbonates and sulphates (Stefanovits et al., 1999). 
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2. Water 

Water can make up approximately 2% to 50% of the soil volume. Soil water availability is 

the capacity of a particular soil to hold water that is available for plant use. Water holding 

capacity (WHC) is largely dependent on soil texture.  

Soils with smaller particles (silt and clay) have a larger surface area than those with larger 

sand particles, and a large surface area allows a soil to hold more water. Additionally, 

organic matter also influences the WHC of soils because of the high affinity of organic 

matter to water. The addition of organic matter to the soil usually increases the water 

holding capacity of the soil. This is because the addition of organic matter increases the 

number of micropores and macropores in the soil either by “gluing” soil particles together 

or by creating favourable living conditions for soil organisms (Bot and Benites, 2005). 

3. Organic matter 

Organic matter is a keystone component of soil, which has many attributes that influence 

important soil characteristics. Most mineral soils contain <5% by weight organic matter, 

but some soils (for example Histosols) contain high organic matter, even more than 80% 

by weight. Carbon (50–58%) is the most abundant constituent of soil organic matter, 

therefore it provides the congruence between soil organic carbon and soil organic matter. 

Organic matter is derived from dead plants and animals and as such has a high capacity to 

hold onto and/or provide the essential elements and water for plant growth. These residues 

may be at various stages of decomposition, ranging from fresh undecomposed materials 

through partially decomposed and short-lived products of decomposition to well-

decomposed humus (Osman, 2013). 

4. Soil biota 

The soil biota consists of the microorganisms, soil animals (protozoa, nematodes, mites, 

springtails, spiders, insects, and earthworms) and plants (plant roots) living all or part of 

their lives in or on the soil or pedosphere, and performing a variety of functions for their 

growth and reproduction. Microorganisms are found in the soil in very high numbers but 

make up much less than 1% of the soil volume. A common estimate is that one thimble full 

of topsoil may hold more than 20,000 organisms. The largest of these organisms are 

earthworms and nematodes and the smallest are bacteria, actinomycetes, algae, and fungi. 

Microorganisms are the primary decomposers of raw organic matter. Decomposers 

consume organic matter, water, and air to recycle raw organic matter into humus, which is 

rich in readily available plant nutrients. 
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5. Air/Gases 

Gases or air can make up approximately 2% to 50% of the soil volume. Oxygen is essential 

for root and microbe respiration, which helps support plant growth. Carbon dioxide and 

nitrogen also are important for belowground plant functions such as for nitrogen-fixing 

bacteria. 

The ideal loam-textured surface mineral soil contains 45% mineral matter, 5% organic matter, 

25% water, and 25% air by volume (Osman, 2013). Air and water contents in soils are more 

variable. The porous component divided between water and air will vary with the moisture 

conditions of the soil (Murphy, 2014). 

 

Soil texture and structure are also very 

important features, as determine the pore-size 

distribution, soil water holding capacity and the 

amount of water to air-filled pore space in soil 

aggregates that provide habitat for soil 

organisms. Soil textural classes can be 

determined on particle size distribution data, 

using the triangular diagram, shown in Figure 

2.10. On the basis of the directly measured 

percent of sand (the sum of all single grain 

fractions with the size of 0.05–2.0 mm), silt 

(0.002–0.05 mm) and clay (< 0.002 mm) the 

textural class can be read from the triangle 

(Várallyay, 2013). 

 

Figure 2.10 Soil texture triangle 

(nrcs.usda.gov) 
 

Some simple methods and indices can be also used to determine textural class instead of the 

particle size distribution analysis. These are as follows: finger test, upper limit of plasticity 

according to Arany (K(A)), hygroscopic moisture content (hy1) and simplified mechanical analysis 

(L). Limit values of these simple tests are summarized in Table 2.3 (Várallyay, 2013). 
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Table 2.3 Limit values for various soil textural classes (V§rallyay, 2013) 

Textural class L %  K (A) hy1 

Coarse sand <10 <25 <0.5 

Sand 10–20 25–30 0.5–1.0 

Sandy loam 25–30 30–37 1.0–2.0 

Loam 30–60 37–42 2.0–3.5 

Clay loam 60–70 42–50 3.5–5.0 

Clay 70–80 50–60 5.0–6.0 

Heavy clay >80 >60 >6.0 

Simplified mechanical analysis (L): determination of only the sum of soil fine fraction (<0.02 mm) after a 

distilled water disintegration. Upper limit of plasticity according to Arany (K(A)): the quantity of water (cm³) that 

is necessary for preparing a fully water saturated “aggregate free” soil paste from 100 g oven-dry soil sample to 

reach the “endpoint indicator”, which is the “sticky point”. Hygroscopic moisture content (hy1): The weight-

percentage moisture content of soil, equilibauxite residueated with the air of certain relative humidity: “air-dry”. 

 

2.2.2. Soil quality and their significance in connection with soil functions 

The definition of soil quality proposed by Karlen et al. (1997) is as follows: “the fitness of a 

specific kind of soil, to function within its capacity and within natural or managed ecosystem 

boundaries, to sustain plant and animal productivity, maintain or enhance water and air quality, 

and support human health and habitation”. 

Soil health has been defined as the "the continued capacity of soil to function as a vital living 

system, within ecosystem and land-use boundaries, to sustain biological productivity, promote the 

quality of air and water environments, and maintain plant, animal, and human health" (Pankhurst 

et al., 1997).  

Soil quality characterizes an integral value of the compositional structures and natural 

functions of soil in connection with soil use and environmental conditions (Filip, 2002). The proper 

soil functioning is a key life support function, so the maintenance of soil quality is critical to 

environmental sustainability, consequently there is a growing interest in the assessment of the 

quality and performance of soils that are or may be influenced and degraded by anthropogenic 

activities. The quality and health of soil determine agricultural sustainability and environmental 

quality, which jointly determine plant, animal and human health (Haberern, 1992, Doran, 2002). 

Soil functions are general capabilities of soils that are important for various agricultural, 

environmental, nature protection, landscape architecture and urban applications. Soils deliver 

ecosystem services that enable life on Earth (FAO, 2017): climate regulation, nutrient cycling, 

habitat for organism, food regulation, source of pharmaceuticals and genetic resources, foundation 

for human infrastructure, provision of construction materials, cultural heritage, provision of food, 

fibre and fuel, carbon sequestration.  
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Soil quality indicators refer to measurable soil attributes (e.g. soil-depth, organic matter, 

respiration, aggregation, texture, bulk density, infiltration, nutrient availability and retention 

capacity) that influence the capacity of soil to perform crop production or environmental functions. 

Attributes that are most sensitive to management are most desirable as indicators. A minimum 

number of indicators need to be measured to evaluate changes in soil quality resulting from various 

management systems (Arshad and Martin, 2002). 

Several studies have dealt with the selection of suitable criteria for the assessment of soil 

quality (Arshad and Coen, 1992; Carter et al., 1997; Doran and Parkin, 1994; Filip, 2002; 

Gregorich et al., 1994; Karlen et al., 1997; Larson and Pierce, 1994; Legaz et al., 2017; Martin et 

al., 1998). These studies aimed at selecting the key indicators (Table 2.4) and their threshold 

values, which must be maintained for normal functioning of the soil. 

The key indicators are required to monitor changes (direction, rate, magnitude, extent, etc.), 

and determine trends in the improvement or deterioration of soil quality for various ecosystems 

(Arshad and Martin, 2002). 

 

Table 2.4 Key soil indicators for soil quality assessment (Arshad and Coen, 1992; Carter et al., 

1997; Doran and Parkin, 1994; Gregorich et al., 1994; Karlen et al., 1997; Larson and Pierce, 

1994; Martin et al., 1998) 

Selected indicator Reason for selection 

Organic matter 
Defines soil fertility and soil structure, pesticide and water retention, and 

use in process models 

Topsoil-depth Estimate rooting volume for crop production and erosion 

Aggregation 
Soil structure, erosion resistance, crop emergence and early indicator of 

soil management effect 

Texture Retention and transport of water and chemicals, modelling use 

Bulk density Plant root penetration, porosity, adjust analyses to volumetric basis 

Infiltration Runoff, leaching and erosion potential 

pH Nutrient availability, pesticide absorption and mobility, process models 

Electrical conductivity 
Defines crop growth, soil structure, water infiltration; presently lacking 

in most process models 

Suspected pollutants Plant quality, and human and animal health 

Soil respiration 
Biological activity, process modelling; estimate of biomass activity, early 

warning of management effect on organic matter 

Forms of N 
Availability to crops, leaching potential, mineralization/ immobilization 

rates, process modelling 

Extractable N, P and K Capacity to support plant growth, environmental quality indicator 

 



36 

 

Critical limit is the desirable range of values for a selected soil indicator that must be 

maintained for normal functioning of the soil ecosystem health. Within this critical range, the soil 

performs its specific functions in natural ecosystems (Arshad and Martin, 2002). 

A critical limit of a soil indicator can be determined by limits of other soil properties and the 

interactions among soil quality indicators (Table 2.5). The critical limits would vary depending on 

the goal of management within an ecoregion. Critical limit of a soil indicator can be ameliorated 

or exacerbated by limits of other soil properties and the interactions among soil quality indicators 

(Arshad and Martin 2002). 

 

Table 2.5 Interrelationship of soil indicators (Arshad and Martin, 2002) 

Selected indicator 
Other soil quality indicators which are affecting the selected 

indicator 

Aggregation Organic matter, microbial (especially fungal) activity, texture 

Infiltration 
Organic matter, aggregation, electrical conductivity, exchangeable 

sodium percentage (ESP) 

Bulk density Organic matter, aggregation, topsoil-depth, ESP, biological activity 

Microbial biomass and/or 

respiration 
Organic matter, aggregation, bulk density, pH, texture, ESP 

Available nutrients 
Organic matter, pH, topsoil-depth, texture, microbial parameters 

(mineralization and immobilization rates) 

 

The loss or reduction of any of the vital processes in soil function can be harmful and 

detrimental to the entire soil ecosystem. However, different human activities or environmental 

factors strongly influences soil functions and biodiversity, cause shifts in habitat quality and in 

substrate availability, resulting in changes in abundance of individual species. 

 

2.2.3. Soil degradation 

The increased and extended human activities by growing pressure on land resources resulted 

in soil quality degradation, particularly linked to land use and land use change (MEA, 2005). The 

FAO report on the status of world's soil resources (FAO, 2017) demonstrates that the majority of 

soils are in fair, poor, or very poor conditions. 

Soil degradation is defined as a change in the soil health status resulting in a diminished 

capacity of the ecosystem to provide goods and services for its beneficiaries (FAO, 2017). Soil 

degradation caused by human activities, has been a major global issue during the 20th century and 

will remain high on the international agenda in the 21st century.  
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The importance of soil degradation among global issues is enhanced because of its impact on world 

food security and quality of the environment. Human induced soil degradation can be defined by 

the type of soil degradation (the process that causes degradation) and by the degree of degradation 

(the present state of the degradation process) (Oldeman et al., 1994). 

The types of soil degradation are physical degradation (erosion, compaction, sealing), chemical 

degradation (humus degradation, acidification, salinization, sodification, nutrient depletion, 

microelement depletion, contamination) and biological, ecological degradation (reduced 

biodiversity and ecological function) (Gruiz, 2016). 

ü Erosion is the loss of soil. When raindrops reach the soil, they detach soil particles. The 

detached soil particles are subsequently transported by overland water flow. Some particles fill 

up soil voids, sealing the soil surface. Erosion occurs when the precipitation rate exceeds the 

infiltration rate of the soil (Gruiz, 2014). 

ü Compaction takes place when pressure is applied to the soil surface. Pores become 

disconnected and gas and water movement through soil is impeded, leading to reduced 

availability of water and oxygen (Gruiz, 2014). 

ü Soil sealing is the covering of the soil surface with impervious materials as a result of urban 

development and infrastructure construction (Gruiz, 2014). 

ü Acidification of soil is a process by which the pH of the soil continuously decreases. The direct 

cause of acidification is the dominance of H+ ions on the negatively charged binding sites in 

soil. Protons are derived from proton-donor compounds such as the ammonium ion from 

nitrogen fertilizers (Gruiz, 2014). 

ü Salinization is the accumulation of water-soluble salts in the soil specifically those containing 

the ions K+, Ca2+, Cl–, SO4
2-, CO3

2-, HCO3
– and Na+. Salts are dissolved and transported by 

water. When water evaporates, salts precipitate in a crystalline form. The accumulation of 

sodium in soil is also called sodification (Gruiz, 2014). 

ü Organic matter decline in soil is caused by the unbalance of three properties of soil: organic 

matter input, the activity of degrading, mineralizing organisms and the rate of humus formation 

(Gruiz, 2014). 

 

The degree to which the soil is presently degraded is related in a qualitative manner to the 

agricultural suitability of the soil, to its declined productivity, to its possibilities for restoration to 

full productivity and in relation to its original biotic functions. The following four degrees of soil 

degradation were specified (Oldeman et al., 1994): 
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1. Light. The terrain has a somewhat reduced agricultural suitability, but is suitable in local 

farming systems. Restoration to full productivity is possible by modifications of the 

management. Original biotic functions are largely intact. 

2. Moderate. The terrain has a greatly reduced productivity, but is still suitable for use in local 

farming systems. Major improvements are required to restore the terrain to full 

productivity. Original biotic functions are partially destroyed. 

3. Strong. The terrain has virtually lost its productive capacity and is not suitable for use in 

local farming systems.  

Major investments and/or engineering works are required to rehabilitate the terrain, which 

are often beyond the means of national governments in developing countries. Original 

biotic functions are largely destroyed. 

4. Extreme. The terrain is unreclaimable and beyond restoration. It has become human-

induced wasteland. Original biotic functions are fully destroyed. 

The concept of human-induced soil degradation implies by definition a social problem and 

distinguishes the following types of causative factors: deforestation or removal of the natural 

vegetation; overgrazing; agricultural activities e.g. insufficient or excessive use of fertilizers, use 

of poor quality irrigation water, improperly timed use of heavy machinery, absence of anti-erosion 

measures on land susceptible to water and wind erosion; overexploitation of the vegetation for 

domestic use e.g. for fuel needs, fencing; bio-industrial and industrial activities (Oldeman et al., 

1994). 

UNEP's (United Nations Environment Programme) project 'Global Assessment of Soil 

Degradation (GLASOD)' was implemented to produce a scientifically credible global assessment 

of soil degradation in 1987–1990. In 1990, the world map of the status of human-induced soil 

degradation was published (Fig. 2.11) (Oldeman et al., 1990). The GLASOD assessment includes 

all the types of soil degradation. Two categories of soil degradation processes are recognized. The 

first group relates to displacement of soil material. The two major soil degradation types in this 

category are soil erosion by water forces or by wind forces. The second group deals with soil 

deterioration in situ. This can either be a chemical or physical soil degradation process (Oldeman 

et al., 1994). 
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Figure 2.11 Human-induced soil degradation around the world (Source: 

http://www.fao.org/docrep/003/w2612e/w2612eMap12-e.pdf) 

 

Extensive information on soil types and characteristics in Hungary are available in thematic 

soil maps as a result of long-term observations, various soil surveys, analyses and mapping 

activities during the last seventy years. Figure 2.12 shows land degradation types in Hungary. The 

most important degradation types are: physical degradation (large-scale soil erosion) and chemical 

degradation. 

 

 
Figure 2.12 Land degradation map of Hungary (Source: 

http://www.mtafki.hu/konyvtar/HIM/fejezet8.pdf) 

http://www.fao.org/docrep/003/w2612e/w2612eMap12-e.pdf
http://www.mtafki.hu/konyvtar/HIM/fejezet8.pdf
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Soil amelioration is the process of modifying soils to provide what the native or existing soils 

do not naturally provide. The amelioration required can vary depending upon the existing soil and 

the traits of the soil that require alteration e.g. increasing the nutrient holding capacity of a highly 

sandy soil. 

One option is using wastes as soil amendments because wastes able to amend soil texture will 

increase soil quality and prevent low stability, compaction, or erodability. Most wastes contain 

large amounts of nutrient, which has no benefit or is even disadvantageous at the wrong place (i.e., 

in surface waters), but beneficial if streamed to agricultural land. Some wastes provide meso- and 

micronutrients satisfying special plant needs (Gruiz and Klebercz, 2014). Therefore, an overview 

of waste utilization in soil will be provided in the next part of the thesis. 

 

2.3. Waste utilization in soil 

2.3.1. Background and options 

The development of industry, agriculture and world-wide living standards have given birth to 

a waste problem. According to the 2006 World Waste Survey (Lacoste & Chalmin, 2006), the 

earth’s population produces 2.5–4 billion metric tonnes of waste per year, of which 1.6 billion 

tonnes per year is municipal waste and about 200 million is recognized as hazardous waste. 

Traditional waste management is the control of the collection, treatment, and disposal of wastes 

to reduce the negative impacts waste has on the environment and society. Waste must be better 

appreciated considering its intrinsic value as material resource, the depletion of raw materials, 

rising costs of mining and chemical production as well as the increasing expectation of consumers. 

On the other hand, the high cost of waste disposal, particularly of hazardous wastes, increases the 

value of waste and encourages its reuse instead of disposal (Gruiz and Klebercz, 2014). 

Directive on Waste (2008) establishes a legal framework for the management and treatment of 

waste within the community. It aims at protecting the environment and human health through the 

prevention of the harmful effects of waste generation and waste management. Waste legislation 

and policy of the EU Member States shall apply as a priority order the following waste 

management hierarchy (Fig. 2.13). 
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Figure 2.13 The waste hierarchy (Source: 

http://calderdale.objective.co.uk/events/15207/popimage_d912602e540.html) 

 

Recovering and recycling wastes may help to conserve the normal element cycles in the global 

ecosystem and thus avoid unacceptable deficiencies or surpluses in the regular element flows 

(Gruiz and Klebercz, 2014). 

 

2.3.2. Application of bauxite residue to soil 

2.3.2.1. Physical and chemical effects of bauxite residue on soil 

One of the most sustainable approaches for the future of bauxite residue management besides 

the in situ rehabilitation of bauxite residue impoundments, as discussed by Gräfe and Klauber 

(2011) and studied by several researchers (Benjamin et al., 2010; Courtney and Timpson, 2005; 

Courtney at al., 2009; Glenister and Thornber, 1985; Wehr et al., 2006), is its use in 

environmentally beneficial applications (Glenister and Thornber, 1985; Lombi et al., 2002a; 

Summers et al., 1996) more specifically in soil remediation and improvement. Bauxite residue 

may be soil ameliorant to degraded soils (Summers and Pech, 1997) or chemical stabiliser of metal 

polluted soils (Gray et al., 2006, Castaldi et al, 2009, Feigl et al, 2012). 

Bauxite residue is an effective amendment in reducing metal mobility in contaminated soils 

and it stimulates microbial abundance, diversity and activity (Lombi et al., 2002; Gray et al., 2006; 

Bertocchi et al., 2006; Castaldi et al., 2009; Garau et al., 2007, 2011; Feigl et al., 2012; Sprocati 

et al., 2014). Due to the combined presence of ferric, aluminium and tectosilicate-like compounds 

in bauxite residue it is capable of immobilizing toxic metals from polluted soils (Gadepalle et al., 

2007) or removing toxic metals from wastewaters (Castaldi et al., 2010a, 2010b; Garau et al., 

2011; Santona et al., 2006) or reducing the leaching of soil nutrients (Phillips, 1998).  
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The liming potential, phosphate retention and heavy metal precipitation capabilities of bauxite 

residue make it suitable as ameliorant for acidic soils, however its properties and interactions with 

environmental contaminants are largely dependent on the origin of the bauxite, the conditions used 

in the Bayer process and any further treatment of the residue influencing the mineralogy and 

chemistry of the bauxite residue (Snars and Gilkes, 2009). 

The studies published so far have investigated only one bauxite residue or various bauxite 

residue types from certain areas, such as Australia (Snars and Gilkes, 2009), thus it is uncertain 

whether published results are representative of most bauxite residue. To provide further knowledge 

on the integrated effect of bauxite residue on the functions of degraded soils there is a need for 

studies under various soil and climatic conditions using bauxite residue from different sources. 

The first reported case for agricultural use of bauxite residue was in Arkansas, USA, in 1955 

(Whittaker et al., 1955), where it was used as a replacement for crushed limestone. In the 1980s 

Barrow (1982) investigated the improvements in nutrient and water retention of a bauxite residue 

amended soil in Western Australia. Further on, several benefits of bauxite residue utilization in 

acidic sandy soil were demonstrated mostly in Western Australia, focusing on the changes of the 

soil physical and chemical characteristics and on the effect of bauxite residue on the crop yields 

(Gyuricza et al., 2011; Li et al., 2010; Snars et al., 2004; Summers et al., 1993, 1996; Summers 

and Pech, 1997). Summers et al. (1993) treated sandy soil with 80 t/ha of bauxite residue 

neutralized with waste gypsum and reduced phosphorous losses by 70%.  

Ward and Summers (1993) concluded that neutralization with gypsum is unnecessary for 

application to pasture land at less than 100 t/ha. Summers et al. (1996) recommended an optimal 

bauxite residue application rate (without gypsum) of 10–20 t/ha to reduce phosphorus leaching 

and noted that the improved nutrient retention continues for at least 5 years after fertilizer 

application. Snars et al. (2004) performed soil incubation experiments with sandy soil and 

compared bauxite residue from several Australian and overseas refineries to estimate its liming 

effect relative to lime (CaCO3). Each bauxite residue added to soil had different acid buffering 

effect and the CaCO3 had a much larger liming capacity than bauxite residue.  

Thus, according to Snars et al. (2004) bauxite residue may not be an economical alternative to 

lime except where other benefits are associated with its use (e.g. lower cost, decreased P leaching, 

reduced water repellence). A short-term incubation study performed by Li et al. (2010) confirmed 

the capacity of bauxite residue to alleviate acidity of soils from a tea plantation in China, showing 

that bauxite residue increased exchangeable Ca, Mg, K and Na as well as the EC, thus decreasing 

the Al saturation in the studied acid soils.  
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However, studies evaluating the complex effect of bauxite residue not only on the physical-

chemical but also on the biological and ecotoxicological characteristics of acidic sandy soils are 

scarce.  

 

2.3.2.2. Biological effects of bauxite residue on soil 

Bauxite residue proved to be in several studies an effective amendment in reducing metal 

mobility in contaminated soils and stimulating microbial abundance, diversity and activity (Lombi 

et al., 2002a; Gray et al., 2006; Bertocchi et al., 2006; Castaldi et al., 2009; Garau et al., 2007, 

2011; Feigl et al., 2012; Sprocati et al., 2014).  

After the bauxite residue accident in Ajka (Hungary), only a few studies investigated the effect 

of the spilled bauxite residue on the soil microflora after the flood (Rékási et al., 2013; Alshaal et 

al., 2013). In these short-term laboratory and field studies the effect of bauxite residue solely and 

in combination with various organic and inorganic amendments on the microbiological parameters 

(the activity of selected enzymes, cell numbers, microbial abundance) and on the structure of 

microbial communities of the treated contaminated soil was associated with the reduction of metal 

mobility. 

Lombi et al. (2002a) reported on the responses of a suite of biological indicators to bauxite 

residue in two Cd, Pb, Cu, Ni and Zn polluted soils. 13 months after the application of bauxite 

residue at 2 w/w %, the microbial biomass in the soil was significantly greater in the treated soils 

in comparison with the untreated control. Lombi et al. (2002a) explained this increase firstly by 

the fact that bauxite residue reduced the toxicity of metals to microorganisms directly and secondly 

the amendments improved plant growth likely resulting in a larger amount of root exudates and 

root residuals compared with the untreated control where plants did not grow successfully.  

Garau et al. (2007) assessed the efficiency of bauxite residue to reduce the solubility of heavy 

metals in a Pb, Cd and Zn contaminated acidic soil. The effects of bauxite residue on selected soil 

microbiological parameters were also investigated by Biolog EcoPlate method. The microbial 

population from the 4 w/w % bauxite residue amended soil showed higher richness compared to the 

control soil while bauxite residue decreased significantly the solubility of Pb, Cd and Zn. Using 

sub-samples of treated and untreated soils deriving from Garau et al. (2007) work, Castaldi et al. 

(2009) demonstrated in a pot experiment that 4 w/w % bauxite residue treatment caused significant 

increase in fast-growing heterotrophic bacterial cell number in pea and wheat plated pots and the 

decreased solubility of Pb, Cd, and Zn concentration was likely responsible for the promotion of 

bacterial abundance.  
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Sprocati et al. (2014) assessed different treatments used singly or in combination to a soil, poor 

in nutrients and organic matter, but rich in toxic heavy metals, partially in bioavailable form. The 

treatments consisted of bioaugmentation with bacterial consortia, mycorrhizae and a commercial 

mineral amendment (Viromine™) obtained from bauxite residue, after adequate neutralization. In 

the treatments with the bauxite residue (10% Viromine™) which had originally a negative effect 

on microbial activity, the metabolic profile of soil gained a high functional diversity, both in the 

presence or absence of the bacterial inoculum (87 and 84%, respectively) as well combined with 

mycorrhizae (84%). 

These findings confirm that bauxite residue applied at up to 4–5% may have positive effects 

on the soil microflora, but the reasons for the microbial abundance increase as suggested by these 

authors cannot be fully extrapolated to my work. 

 

2.3.3. Management framework of waste utilization in soil 

It is obvious that the hidden values of wastes should be utilised, however the practical 

implementation is problematic and scarce. There is a large gap between the opportunities and real 

achievements nowadays. Due to the lack of waste inventory, as well as the limits of the waste 

processing industry, waste exploitation is far behind the possibilities. Wastes are managed based 

on “default” characteristics, not the real values and risks. (Gruiz et al., 2010).  

The short and long term risk resulted from non-appropriate handling and storing of wastes and 

from soil degradation can be quantified and compared with the utilization of waste in soil. The 

values and advantages can also be quantitatively evaluated by technological and socio-economic 

evaluation tools.  

The two together could serve as a basis for a good decision making on the proper utilization of 

wastes for soil-improvement (Gruiz, 2009). The risk scenario (Fig. 2.14) should be created in every 

single case for proper risk calculation of the waste (Gruiz et al., 2010). 
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Figure 2.14 Scheme of the risk management concept of waste utilization for soil improvement 

(Gruiz et al., 2010) 

 

The first step of the process is information collection on the waste e.g. its origin and 

composition, on the land and soil use at the place of application including the waste treatment and 

utilization technology as well as the possible alternative options. The next step is the creation of 

the risk scenario for risk calculation. The hazard of the chemical substances or of other hazardous 

components of the waste should be assessed based on the known adverse effects of the substance, 

of the mixture of substances or components of a product. The result of the hazard assessment is 

the “no effect” value, which is the predicted concentration or level, which does not pose risk to the 

environment (PNEC=Predicted No Effect Concentration for the ecosystem) and on humans 

(DNEL=Derived No Effect Level). The calculated “no effect” value should be compared to the 

predicted concentration in the soil and the connected environmental compartments after waste 

utilization (PEC=Predicted Environmental Concentration). To calculate this value, we have to take 

into consideration the fate, the behaviour and the transport, such as partition between soil phases, 

biodegradation and bioaccumulation of the waste components in soil. The ratio of PEC and 

PNEC/DNEL is the Risk Quotient (RQ). This is an iterative process within which, data precision 

and calculation can be increased if the conservative estimates do not fulfil the RQ<1 criteria.  

When managing the risk of waste utilization in soil we have to understand that the hazard 

associated with the waste differs from the land-use specific risk of waste utilization in soil. Even 

if there is some risk it can be fully controlled and, the value-based benefits may overcompensate 

the risks.  
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Smart, risk-based compromise may lead to the acceptance of a low-risk utilization of waste in 

soil compared to a high risk or very high cost waste disposal or other physico-chemical waste 

treatments. (Gruiz et al., 2010). The ratio (weight) of the risk and benefit (Fig. 2.15) of waste 

utilization in soil can be calculated only on the basis of quantitative “risk” and “benefit” data. 

 

 
Figure 2.15 Risks and benefits of bauxite residue utilization on soil 

 

2.3.4. Risk-based evaluation of waste utilization and soil amelioration 

Gruiz et al. (2008) developed a science-based technology-verification system which is 

restricted to the evaluation of the efficiency of the technology itself, and can be integrated into the 

administrative verification protocol with a wider scope. A complex assessment/verification tool 

for the evaluation of the innovative waste utilization technologies has been developed and applied 

with the aim to support decision-making, mainly in the selection of the suitable technology-

alternatives, finding the best available technology or – in case of innovative technologies, that have 

not entered the market yet, – a better technology, than the best available one (Gruiz et al., 2008). 

Figure 2.16 shows the uniform elements of the comparative evaluation of the alternatives and 

verification of the selected waste management option.  

After implementing the selected waste utilizing technology, it should be verified based on 

monitoring data.  

Monitoring, which is critical to verification of soil treatment and amelioration technologies should 

cover the following: 
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ü Technological parameters (temperature, pressure, material fluxes, mass of additives, produced 

product quantity and quality, etc.); 

ü Environmental parameters (emissions into air and water, residues and their treatment, 

ecological impact parameters, etc.); 

ü Socio-economic parameters (used energy, cost of additives, price of the product, number of 

employees, satisfaction of local population, etc.) (Gruiz and Klebercz, 2014). 

 

Figure 2.16 Evaluation of waste management options and waste treatment technologies (Gruiz 

and Klebercz, 2014) 

 

The optimal assessment tool battery for the characterization and evaluation of innovative soil 

treatment technologies needs integrated approach and methodology. The integrated risk based 

approach is needed to obtain a realistic view of the values and risks: complementary 

physicochemical, biological and ecotoxicological methodology should be applied and the results 

should be evaluated together (Gruiz et al., 2008). This Soil Testing Triad (STT, i.e. the combined 

physicochemical, biological, ecotoxicological assessment methods) represents also a versatile tool 

in the case of soil amelioration by waste utilization. STT can be used for planning and monitoring 

the soil treatment technology as well as for quality control of the treated site and improved soil, 

since the evaluation and verification of the developed technology rely on the results of STT.  

 

The next sub-chapters present a general review of the critical raw materials and their recovery 

from secondary sources as part of the extraction study of this thesis. 
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2.4. Critical raw materials  

2.4.1. Background and concerns over raw materials 

„Raw materials are fundamental to Europe’s economy, growth and jobs and they are essential 

for maintaining and improving our quality of life” (EC, 2014). The Raw Materials Initiative was 

initiated to manage responses to raw materials issues at an EU level. The first criticality analysis 

was published in 2010 and extended in 2013. Within the framework of the European Innovation 

Partnership on Raw Materials, a list of twenty critical materials was defined, including REEs. The 

twenty materials on the list are antimony, beryllium, borates, chromium, cobalt, coking coal, 

fluorspar, gallium, germanium, indium, magnesite, magnesium, natural graphite, niobium, 

platinum group metals, phosphate rock, heavy rare earths, light rare earths, silicon and tungsten 

(EC, 2014). 

Rare earth elements (REE) are a collection of 16 chemical elements (excluding promethium; 

Pm, which has no stable or even long- life isotope), in the periodic table, specifically light REE 

(LREE; La, Ce, Pr, Nd, Sm) and heavy REE (HREE; Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, 

including Y) plus Sc (Wall, 2014; Rollat et al., 2016). These critical raw materials (CRM) have a 

high economic importance to the EU combined with a high risk associated with their supply (Fig. 

2.17). 

Figure 2.17 Economic importance of CRM combined with a high risk associated with their 

supply (EC, 2014) 

 

As the world’s population increases the people use more high-tech products therefore not only 

has the population and energy demand exploded, but so has the demand for materials.  
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Demand for CRM including REEs is increasing due to the increased usage of green energy 

technologies, e.g. wind turbines and consumer electronics sectors (Bloodworth, 2014; Deady et 

al., 2014; Hatch, 2012; Wall, 2014) (Fig. 2.18). 

Figure 2.18 Elements widely used in energy pathways (Zepf et al., 2014) 

 

The supply risk of CRM is due to the production concentration both on country and company 

level [e.g. 99% of heavy REEs are produced in China], political and economic stability, potential 

for substitution and recycling rate (EC, 2014; Glöser et al., 2015). The supply risk can thus be 

reduced, if so far untapped sources (primary, secondary) can be exploited in the future. 

 

2.4.2. Prospecting critical raw materials from bauxite residue 

The challenge related to the CRM can be addressed in a variety of ways, depending on the 

specific material. In some cases, additional supply might be available through new mining projects 

or recycling efforts. In contrast to this, demand for materials can be reduced through the 

development of new processes to recover manufacturing scrap and to allow for the use of 

substitutes (Ku and Hung, 2014).  

Supply risk for materials can be reduced by exploitation of secondary (i.e. not ore related) 

sources of critical materials in the frame of urban mining. Prominent secondary sources are for 

instance incineration ashes, demolition waste or e-waste (Hennebel et al., 2015).  

One of so far untapped secondary source for CRM is bauxite residue (Binnemans et al., 2015; 

Deady et al., 2014; Liu and Naidu, 2014; Paramguru et al., 2005; Snars and Gilkes, 2009).  
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Depending on their geological origin, bauxite residues may have metal content of high 

economic value that may be extracted. Whereas the major metal content is well known (see Table 

2.2), only a few studies investigated the concentration of minor constituents such as REEs in 

bauxite residues. 

Amongst those studies, almost all exclusively focused on highly abundant REEs like La and 

Ce (Abhilash et al., 2014; Borra et al., 2015; Fulford et al., 1991; Ochsenkühn-Petropoulou et al., 

1996; Qu and Lian, 2013; Sugita et al., 2015), only some also included Sc (Ochsenkühn-

Petropoulou et al., 2002; Smirnov and Molchanova, 1997; Wang et al., 2013). However, recovery 

of V, Zr and Ga from bauxite residue is of increasing economic interest (Liu and Naidu, 2014). 

Bauxite residue may contain further CRMs not considered so far (e.g. Co, Cr, In) but which should 

be considered as well. The concentrations of valuable elements in bauxite residues of different 

origin are shown in Table 2.6. 

The economic value for recycling single elements was evaluated based on the quantity of 

metal(loid)s in bauxite residue and its market price (USGS, 2016). The economically feasible 

element composition of bauxite residues from Greece, Hungary and India are in the same range. 

Higher concentrations of valuable elements were reported in the Chinese bauxite residue compared 

to the others although the Chinese, Greek and Hungarian are similar bauxite ore deposit types 

(karst type) (see Fig. 2.1).  

The difference might be primarily due to the different digestion and to the detection or process 

parameters and disposal techniques. Ga provided the highest potential in the bauxite residues. The 

CRM in bauxite residue could be ordered as follows based on their strategic metal value: Ga, V or 

Cr, Ni and Co. In contrast, sorting the REE is difficult as only mischmetal price is available for 

most of the REE (USGS, 2016). 
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Table 2.6 Concentration of valuable elements in bauxite residues of different origin with the maximum potential economic value of metal(loid)s 

*Chemical analysis was performed after total digestion according to US EPA SW 846 Method 3050B method (nitric acid (HNO3) and hydrogen peroxide (H2O2)) by ICP-MS. 

**Chemical analysis was performed after complete dissolution by alkali fusion and acid digestion in a 1:1 (v/v) HCl solution by ICP-MS. 

***Chemical analysis was performed after aqua regia assisted microwave digestion with ICP-MS. 

****Chemical analysis was performed after acid digestion (HNO3 and HF (1:1)) based on Balram et al., (1990) method by ICP-MS. 

*****Chemical analysis was performed by XRF. 

Elements 

Market 

price 

[t -1 US $] 

China Greece Hungary India Turkey 

Content* 

[mg kg-1] 

Overall 

economic 

value 

[t -1 US] 

Content** 

[mg kg-1] 

Overall 

economic 

value 
[t -1 US $] 

Content*** 

[mg kg-1] 

Overall 

economic 

value 
[t -1 US $] 

Content**** 

[mg kg-1] 

Overall 

economic 

value 
[t -1 US $] 

Content***** 

[mg kg-1] 

Overall 

economic 

value 
[t -1 US $] 

Cr 10,866 848 9.21 1500 16.30 497 5.40 740 8.04 n.a. ï 

Co 31,747 n.a. – n.a. – 97 3.08 24 0.76 n.a. ï 

Ga 295,000 570 168.15 n.a. – 89 26.26 91 26.85 25 7.38 

Ni 16,863 169 2.85 700 11.80 292 4.92 53 0.89 n.a. ï 

V 11,200 4220 47.26 800 8.96 730 8.18 517 5.79 112 1.25 

Zr 1,106 2070 2.29 n.a. – 1230 1.36 279 0.31 n.a. ï 

REE 

Ce 2,000 842 1.68 386 0.77 368 0.74 191 0.38 n.a. ï 

Dy 275,000 48 13.20 17 4.68 n.a. – 4 1.10 n.a. ï 

Er 12,500 28 0.35 14 0.18 n.a. – 1 0.01 n.a. ï 

Eu 152,500 110 16.78 5 0.76 n.a. – 2 0.31 n.a. ï 

Gd 12,500 56 0.70 22 0.28 n.a. ï 7 0.09 n.a. ï 

Ho 12,500 25 0.31 4 0.05 n.a. ï <1 ï n.a. ï 

La 2,000 416 0.83 114 0.23 144 0.29 112 0.22 n.a. ï 

Lu 12,500 14 0.18 2 0.03 n.a. ï <1 ï n.a. ï 

Nd 39,500 341 13.47 98 3.87 99 3.91 48 1.90 n.a. ï 

Pr 12,500 95 1.19 28 0.35 n.a. ï 18 0.23 n.a. ï 

Sc 155,000 158 24.49 121 18.76 54 8.37 58 8.99 n.a. ï 

Sm 12,500 64 0.80 21 0.26 n.a. ï 9 0.11 n.a. ï 

Tb 450,000 184 82.80 4 1.80 n.a. ï <1 ï n.a. ï 

Tm 12,500 14 0.18 2 0.03 n.a. ï <1 ï n.a. ï 

Y 12,500 266 3.33 76 0.95 68 0.85 13 0.16 n.a. ï 

Yb 12,500 28 0.35 14 0.18 n.a. ï 2 0.03 n.a. ï 

References 
USGS 

(2016) 
Qu and Lian (2013) 

Borra et al. (2015); Gamaletsos 

et al. (2013); Laskou and 

Economou-Eliopoulos (2012) 

Ujaczki et al. (2015); Mayes et 

al. (2011) 
Mohapatra et al. (2012) Abdulvaliyev et al. (2015) 
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2.4.3. Techniques for extraction of critical raw materials from bauxite 

 residues 

Bauxite residues represent a secondary (not ore related sources) source for CRM that is high 

in volume (multi-million-ton scale per year), yet comparatively low in CRM (ppm level, see Table 

2.6). Therefore, hydrometallurgical methods appear promising as having lower energy 

consumption, when compared to pyrometallurgical processes (Virolainen 2013), if CRM recovery 

is the primary driver (for re-use options of major metals using pyrometallurgy see; (Erçağ and 

Apak 1997; Guo et al., 2013; Jayasankar et al., 2012; Kumar and Premchand 1998; Li et al., 2009; 

Liu et al., 2009, 2012; Zhu et al., 2012). However, metal recovery from bauxite residue is 

technically challenging as the metals can be locked up in complex mineral phases. Well-known 

hydrometallurgical processes make use of acid leaching with H2SO4, HCl or HNO3, for instance 

of primary ore minerals of bastnaesite and monazite (two largest sources of REEs) (Peelman et al., 

2014). Few studies (Table 2.7) are available regarding acidic leaching of CRMs from bauxite 

residue. Ochsenkühn-Petropoulou et al. (1996) investigated different acids (HCl, HNO3 and 

H2SO4) to find a rapid and selective method for the recovery of REE. Several parameters such as 

leaching agents, contact time, temperature, pressure and solid to liquid ratio were varied in order 

to achieve the optimum recovery. They observed that 0.5 M HNO3 leaching (25 °C; 24 h; solid to 

liquid ratio of 2%) recovered 80% Sc, 90% Y, 30% La, Ce and Pr; 50% Nd, Sm, Eu, Gd and 70% 

Dy, Er, Yb with the highest selectivity, i.e. the lowest dissolved Fe (3%) co-extracted 

(Ochsenkühn-Petropoulou et al., 1996). According to Borra et al. (2015) 70–80% recovery 

efficiency of REE was achieved with 6 M HCl (24 h; 25 °C) but the leaching of Fe was also high 

(80%). Abhilash et al. (2014) observed high efficiency with 3 M H2SO4 (35 °C and 75 °C; 1h; 

solid to liquid ratio of 1%) for La and Ce recovery. Abdulvaliyev et al. 2015 developed a 

technology for recovery of Ga and V with high-temperature leaching in autoclave at 20 atm using 

a high-modulus solution (240 g/L Na2O in the presence of Ca(OH)2 with a solid to liquid ratio of 

17%) for 90 min at 240 °С with 56% and 66% recovery efficiency for Ga and V2O5. 

Two studies have investigated bioleaching for CRMs recovery from bauxite residue (Qu et al., 

2013, 2015). Here, Penicillium tricolour and Aspergillus niger were used in a one-step and 

continuous bioleaching process. The maximum leaching ratios of REE were achieved at 2% (w/v) 

pulp density with P. tricolour (Qu et al., 2013). Based on Qu et al. (2015) calculation the 

continuous leaching mode (feed continuously flowed into the reactor) A. niger showed almost the 

same metal leaching efficiencies as citric acid leaching but the estimated cost of continuous 

leaching was only half of that of citric acid leaching, and it was also lower than that of oxalic and 

HCl leaching. 
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Table 2.7 Summary of techniques for extraction of CRM from bauxite residue 

Bauxite 

residue 

source 

Metals 

recovered 

Recovery 

technique 

Extraction 

conditions 

Recovery 

efficiency* 

Separation 

selectivity**  
Reference 

Greece REE Extraction using HCl 
0.5 M HCl; 25 °C; 24h; solid to 

liquid ratio of 2%; 700 rpm 

33% La; 32% Ce; 25% Pr; 55% Nd; 57% 

Sm; 50% Eu; 37% Gd; 45% Dy; 43% Er; 

60% Yb; 79% Y; 68% Sc 

89% Fe 

Ochsenkühn-

Petropoulou et al. 

(1996) 

Greece REE Extraction using HNO3 
0.5 M HNO3; 25 °C; 24h; solid to 

liquid ratio of 2%; 700 rpm 

35% La; 29% Ce; 35% Pr; 52% Nd; 49% 

Sm; 53% Eu; 49% Gd; 52% Dy; 60% Er; 

70% Yb; 96% Y; 80% Sc 

97% Fe 

Ochsenkühn-

Petropoulou et al. 

(1996) 

Greece REE Extraction using H2SO4 
0.5 M H2SO4; 25 °C; 24h; solid 

to liquid ratio of 2%; 700 rpm 

28% La; 24% Ce; 29% Pr; 21% Nd; 33% 

Sm; 37% Eu; 32% Gd; 43% Dy; 34% Er; 

52% Yb; 77% Y 

 

Ochsenkühn-

Petropoulou et al. 

(1996) 

Greece REE Extraction using HCl 
6 M HCl; 25 °C; 24h; solid to 

liquid ratio of 2%; 160 rpm 

63% Sc; 85% Dy; 80% Nd; 80% Y; 70% 

Ce; 70% La 
20% Fe Borra et al. (2015) 

India La Extraction using H2SO4 
La: 3 M H2SO4; 35 °C; 1h; solid 

to liquid ratio of 1%; 200 rpm 
100%  

Abhilash et al. 

(2014) 

India Ce Extraction using H2SO4 
Ce: 3 M H2SO4; 75 °C; 1h; solid 

to liquid ratio of 1%; 200 rpm 
100%  

Abhilash et al. 

(2014) 

Turkey Ga, V 
High-temperature leaching using 

a high-modulus solution 

240 g/L Na2O in the presence of 

Ca(OH)2; 90 min; 240 °С; solid 

to liquid ratio of 17%; 20 atm in 

autoclave 

56% Ga; 66% V2O5  
Abdulvaliyev et al. 

(2015) 

China 
REE, Ga, 

V 

Bioleaching by filamentous fungi 

(A. niger) 
2% pulp density; 30 °C; 120 rpm 

47% Ga; 61%; 30% V; 40% Sc; 25% La; 

35% Eu; 55% Yb 
 Qu et al. (2015) 

China 
Cr, Ni, Zn, 

Zr 

Bioleaching by filamentous fungi 

(A. niger) 
1% pulp density; 30 °C; 120 rpm 25% Cr; 50% Ni; 80% Zn; 11% Zr  Qu et al. (2013) 

China REE 
Bioleaching by filamentous fungi 

(P. tri colour) 

RM-10; 2% pulp density; 30 °C; 

120 rpm 

28% La; 26% Ce; 33% Pr; 32% Nd; 40% 

Sm; 40% Eu; 51% Gd; 60% Tb; 57% Dy; 

65% Ho; 62% Er; 64% Tm; 67% Yb; 

68% Lu; 80% Y; 73% Sc 

 Qu et al. (2013) 

*Recovery efficiency shows the percentage of metal recovered. 

**Separation efficiency shows the percentage of metal separated. 
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In addition to direct extraction, pre-treatment (by pyrometallurgy) may result in more 

efficient / selective extraction of CRM from bauxite residues. For instance, Fe removal by smelting 

reduction was shown to be beneficial for selective leaching of REEs (Binnemans et al., 2015; 

Borra et al., 2016a; Logomerac 1979; Sargic and Logomerac 1974). Borra et al. (2016b) 

investigated a combined sulfation–roasting–leaching process to selectively leach REEs while 

leaving Fe undissolved in the residue. They reported about 60% Sc and 80% other REEs extracted 

while the dissolution of other major elements was <1% (Fe), (Ti) and < 20% for Al (using H2SO4 

leaching). Similar procedures were developed for selective extraction of Ni and Co from Fe rich 

lateritic ores (Guo et al., 2009; Kar and Swamy 2000; Swamy et al., 2003) and also applied for 

selective extraction of Nd from Nd–Fe–B magnets (Önal et al., 2015). 

 

2.4.4. Techniques for concentration of critical raw materials from bauxite 

 residues 

After dissolution (extraction), dissolved metals are generally separated / concentrated using 

solvent extraction, ion exchange, carbon adsorption, precipitation, ionic liquids or 

ultra/nanofiltration. Liquid/liquid extraction (solvent extraction) is based on the partitioning of the 

dissolved metal into a non-miscible organic phase (extract), followed by regeneration (stripping) 

of the solvent phase (Free 2013). Optimally, a selective transfer from one phase to the other takes 

place before the two phases are let to separate again. However, the leach solution will contain 

dissolved impurities such as Fe that impair solvent extraction, and are usually removed by 

precipitation (Xie et al., 2014). Multi-stage solvent extraction is for instance used to win REE from 

bastnäsite at Mountain Pass (CA, USA; (Wall 2014)). 

Few studies (Table 2.8) are available regarding concentration of CRMs from bauxite residue 

where LLE has mainly been tested using D2EHPA (di-(2-ethylhexyl)phosphoric acid) as 

extractant. With the organic system consisting of 0.05 M D2EHPA (di-(2-ethylhexyl)phosphoric 

acid) and 0.05 M TBP (tri-n-butyl phosphate) in Shellsol D70 (inert hydrocarbon solvent) under 

an O/A (organic to aqueous) ratio of 0.2 at pH 0.25 and 40  C, over 99% Sc was extracted and 

almost no Fe and Al were co-extracted. Further, the Sc extracted could be stripped from the 

D2EHPA/TBP system with 5 M NaOH (Wang et al., 2013).  

The ion exchange consists of the interchange of ions between two phases. In the ion-exchange 

resins, the resin is a cross-linked polymer network and the insoluble phase to which an ion is 

electrostatically bound when contacted with a solution containing ions of the same charge.  
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After contact with the ion-containing solution, the resin can be separated by filtration 

(Alexandratos, 2009). Roosen et al. (2016) investigated hybrid materials (functionalised chitosan-

silica particles with ethyleneglycol tetraacetic acid (EGTA) and diethylenetriamine pentaacetic 

acid (DTPA) groups) to separate Sc from acidic leachate after an acid, pre-selective leaching step 

of Greek bauxite residue. They observed that the adsorption affinity for Sc was remarkably high 

with EGTA groups and it was also higher than with DTPA groups. 

Biosorption is a process applied for the separation of metals from aquatic environment using 

biological materials such as bacteria, fungi, algae and agricultural waste through chemical 

bounding between groups of adsorbent surface and metal ions or ion exchange due to ion exchange 

capacity of the adsorbent e.g. activated carbon (Farahmand, 2016). Zhou et al. (2008) investigated 

activated carbon modified by TBP for selective extraction of Sc from acidic solution of bauxite 

residue. In this study, Sc was extracted with 6 M HCl (60 °C; 4h; solid to liquid ratio of 25%) and 

then the maximum adsorption capacity of Sc were achieved by 6.25 g/l adsorbent dosage at 35 °C 

for 40 min. 

The most widely used process for removal of heavy metals from solutions is chemical 

precipitation using hydroxide, carbonate or sulfide treatment or some combination of these 

treatments (SenGupta, 2001). Non-aqueous solvents can be an alternative to the current acid media 

in hydrometallurgy e.g. ionic liquids, salts in the liquid state, are able to replace conventional water 

or organic solvents. Ionic liquids have been introduced to leaching and solvent extraction processes 

in the extraction of various metals, and they can be directly used as electrolyte for the 

electrowinning of dissolved metal ions (Park et al., 2014). Davris et al. (2016) studied ionic liquids 

(IL betaine bis(trifluoromethylsulfonyl)imide (Hbt f2N)) to recover REE, Cr and V from bauxite 

residue and they reported that 50% v/v Hbt f2N extracted 30% of Dy, 38% La, 35% Nd, 45% Y, 

20% Ce, 30% Sc, 18% Cr and 43% V under the following conditions 60 °C; 24h; solid to liquid 

ratio of 10%. 

Acid-resistant nano-filtration is a pressure-driven process which makes use of fixed charges in 

and on the membrane material, thus the separation efficiency is not only determined by steric 

effects, that is, the size of ions or molecules, but also by the charge (Pontalier et al., 1997; 

Yaroshchuk et al., 2009). Acid-resistant nano-filtration has been shown to be suitable as the first 

separation step in to recover CRM from complex leachates (e.g. photovoltaics, (Zimmermann et 

al., 2014)), yet has not been applied yet to bauxite residue leachates.  

Figure 2.19 shows a schematic overview of potential combinations following extraction to 

separate groups of metals from the target CRM. 

 



56 

 

Table 2.8 Summary of techniques for concentration of CRM from bauxite residue 

Bauxite 

residue source 

Metals 

recovered 

Recovery 

technique 

Extraction  

conditions 

Recovery 

efficiency*  

Separation 

selectivity**  
Reference 

Australia Sc 

Combined LLE with 

D2EHPA/TBP in 

Shellsol D70 

Leaching parameters: 1 M H2SO4; 50 °C 2h; 

solid to liquid 10%; 

LLE parameters: 0.05 M D2EHPA; 0.05 M 

TBP in Shellsol D70; O/A of 0.25; pH 0.25; 

40  C 

48% for leaching 

99% for LLE 
99% Fe 

Wang et al. 

(2013) 

Greece Sc 

Ion exchange with 

hybrid materials 

(functionalised 

chitosan-silica 

particles with EGTA 

and DTPA) 

Leaching parameters: 0.2 M HNO3 25 °C; 

24h; solid to liquid ratio of 2%; 160 rpm; 

Column experiment: 8.3 mL bed volume 

containing EGTA–chitosan–silica; elution 

with aqueous solutions of HNO3 (at a flow 

rate of 40 mL/h at pH 0.5) 

100% Sc 100% 
Roosen et al. 

(2016) 

China Sc 

Extraction by 

modified activated 

carbon 

Activated carbon was modified by TBP; 6.2 

g/L optimum adsorbent dosage; 35 °C; 40 

min 

  
Zhou et al. 

(2008) 

Greece REE, Cr, V 
Solvent extraction 

using ionic liquids 

50% v/v IL betaine 

bis(trifluoromethylsulfonyl)imide (Hbt f2N); 

60 °C; 24h; solid to liquid ratio of 10% 

30% Dy; 38% La; 35% Nd; 45% 

Y; 20% Ce; 30% Sc; 18% Cr; 

43% V 

80% Al; 

< 95% Fe 

Davris et al. 

(2016) 

*Recovery efficiency shows the percentage of metal recovered. 

** Separation efficiency shows the percentage of metal separated
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Figure 2.19 Schematic overview of potential combinations following extraction to separate 

groups of metals from the target CRM 

 

2.4.5. Primary and secondary benefits of CRM recovery from bauxite 

 residues 

As mentioned above, CRM recovery may be economically feasible on itself depending on the 

specific setting (CRM content, extractability, investment / operating costs etc.). As a result, some 

first pilot installations are currently being planned / commissioned (JBI 2017; Balomnenos et al., 

2014). In particular, the high costs for disposal (see above) may justify CRM extraction even from 

more depleted bauxite residues. To avoid disposal costs, however, a simultaneous recovery / re-

use of major metals next to CRM is needed (towards “zero waste” objective). First attempts to a 

complete re-use have been made, still without recovering CRM. Erçağ and Apak (1997) developed 

a procedure for the recovery of TiO2, Al2O3 and pig Fe from Turkish bauxite residue. In this study, 

bauxite residue was mixed with dolomite and coke, pelletized, sintered at 1100 °C and smelted at 

1550 °C to produce pig Fe and slag. Following the slag was leached with 30% H2SO4 at 90 °C 

then ferric iron was reduced with SO2 and extracted with 5% D2EHPA in kerosene. Silica and 

Al2O3 were recovered from the raffinate, while Ti was stripped from the organic extract with 10% 

Na2CO3, finally hydrolysed and calcined to produce pigment-grade TiO2. 

A little considered fact that argues for CRM recovery in the frame of a zero-waste attempt is 

the mitigation of the considerate risks to the environment and human / animal heath associated 

with the current practise of tailing storage.  
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There have been numerous scientific studies assessing the key risks and impacts associated 

with the largest single release of bauxite residue to the environment (see in Chap. 2.1.5). The Ajka 

bauxite residue spill in western Hungary in October 2010 was the largest documented release of 

alumina industry when more than 800,000 m3 of toxic (highly alkaline, pH = 13) bauxite residue 

slurry flooded the environment. The immediate risks after the spill were associated with the highly 

caustic nature of the bauxite residue and fine particle size, which once desiccated, could generate 

fugitive dust. The longer-term environmental risks were related to the saline nature of the spill 

material and the release of oxyanion-forming metals and metalloids (e.g., Al, As, Cr, Mo, and V) 

in the soil–water environment (Mayes et al., 2016). 

Admittedly, it is challenging to assign an economic value to an environmental / health risk that 

has been mitigated (if not through avoidance of future liabilities). Life Cycle Assessments may be 

one tool to account for these, and be a mean to communicate this to responsible decision makers. 
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3. MATERIALS  AND METHODS 

The experimental setups and the R&D methodology corresponded to the objectives of the 

dissertation (see also in Chap. 1.3). The overall objective was developing techniques for utilization 

of bauxite residue with two different aspects and implementations. This study evaluated the 

efficiency of a Hungarian bauxite residue as a soil ameliorant on the one hand, and as a secondary 

source of CRM on the other hand, therefore, this chapter consists of two separated parts. 

Figure 3.1 shows the aim and key questions in the first part of the thesis. In the first part, a soil 

improvement study was carried out including three different experiments. All experiments were 

monitored by an integrated methodology combining physical, chemical, biological and 

ecotoxicological methods. 

 

 

Figure 3.1 The aim and key questions in the first part of the thesis to evaluate the efficiency of a 

Hungarian bauxite residue as a soil ameliorant 

 

Figure 3.2 shows the aim and key questions in the second part of the thesis. In the second part, 

an extraction study was carried out including the following three parts. 

•Microcosm level in laboratory-scalefor 8 months

•Aim: estimate bauxite residue amount with no adverse 

effects on the soil as natural habitat

•Questions: How much bauxite residue can be mixed into 

the soil without adverse effects on soil habitat? What will 

be the response of the soil microbiota to bauxite residue?

Microcosm incubation 
study – I.

•Microcosm level in laboratory-scalefor 10 months

•Aim: reveal the beneficial and soil improvement effects 

of bauxite residue on a specific acidic sandy soil in 

Hungary

•Questions: How much bauxite residue can be mixed into 

the specific acidic sandy soil without adverse effects? 

What will be the beneficial and soil improvement effects 

of bauxite residue on specific sandy soil?

Microcosm incubation 
study – II.

•Field-scale at landfill site for 10 months

•Aim: study the beneficial effects of BRSM when applied 

as landfill surface cover system

•Questions: How much BRSM can be mixed into the 

landfill surface cover system without adverse effects? Is 

the BRSM applicable as additive to the surface layer of 

the landfill?

Field-scale soil 
restoration study
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Figure 3.2 The aim and key questions in the second part of the thesis to investigate bauxite 

residue as a source of CRM 

 

3.1. Soil improvement study 

Related to bauxite residue utilization for soil improvement, different levels of technological 

experiments were carried out from laboratory to field demonstration. 

 

3.1.1. Experimental set-up 

3.1.1.1. Origin of the bauxite residue 

Bauxite residue samples for the laboratory microcosm experiments were collected from an area 

flooded by bauxite residue along the Torna-creak (47° 6' 53.1072"N, 17° 23' 5.1792"E), 

approximately 15 km West from the source of the spill 4 months after the catastrophe in Ajka. By 

the time of sampling the pH of the spilled bauxite residue had already decreased to 10.2 from 13.0 

which was the average pH of bauxite residue in the Ajka bauxite residue storage facility (Table 

3.1). Table 3.4 shows the total (aqua regia digestible) and water soluble metal content of bauxite 

residue. 

  

•Aim: create an extensive inventory of CRM in 

Hungarian bauxite residues of different origin

•Questions: Which CRM are in the Hungarian bauxite 

residues? What are the most valuable elements in bauxite 

residue?  

Inventory of CRM

•Aim: investigate the extractability of valuable elements 

with conventional extractants (HCl, HNO3, H2SO4) and 

small molecular weight complexing acids (citric, oxalic)

•Questions: Which is the most efficient acid to extract 

CRM from bauxite residue? What are the optimal 

conditions for CRM extraction?

Extraction study

•Aim: purify elements of interest from the leachate by 

LLE

•Questions: What are the optimal conditions for CRM 

extraction by LLE? How much economic value can be 

achieved by the technology developed?

Purification study
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Table 3.1 Chemical properties of the soil and bauxite residue used in the microcosm 

experiments 

Description pH (H2O) 
EC 

[µS cm-1] 

Water 

soluble 

salt 

content 

[%] 

CaCO3 

% 

[w/w] 

K (A)
 

Humus 

%  

[w/w]  

Total N 

[mg kg-1] 

Total P 

[mg kg-1] 

Al -K 2O 

[mg kg-1] 

Al -P2O5 

[mg kg-

1] 

Untreated 

soil (S) 

from Ajka 

7.5 – 0.05 0.27 22 1.28 790 – – – 

Reference 

soil 

from Ajka 

(R) 

6.0 – 0.01 0.01 20 1.22 770 – – – 

Untreated 

acidic 

sandy soil 

(ASS) 

5.7 496 0.04 0.04 26 0.56 550 363 240 140 

Bauxite 

residue (BR) 
10.5 876 1.60 11.3 59 0.37 140 704 418 660 

pH and EC was determined in a 1:2.5 soil:water suspension according to the Hungarian Standard (HS) 21470-2:1981. Water 

soluble salts: HS 08-0012-3:1979 according to specific conductivity in DV 1/10. CaCO3: HS 08-0206-2:1978. K(A) is upper 

limit of plasticity according to Arany: HS 21470-51:1983. Humus: HS 21470-52:1983. Total N content: HS 08-0012-10:1987. 

Al-K2O and Al-P2O5: ammonium-lactate extractable, HS 20135:1999. 

- not measured 

 

3.1.1.2. Microcosm for estimation of the beneficial bauxite residue amount 

in soil – microcosm incubation study I 

As the first step of the soil improvement study an 8-month-long laboratory-scale microcosm 

experiment was done with mixing of various bauxite residue proportions into sandy soil from the 

Ajka site. The aim of this experiment was to estimate the bauxite residue amount with no adverse 

effects on the soil as natural habitat further to its incorporation into the soil and to assess not only 

the short-term, but as a novel aspect also the long-term (8 months) environmental effect of bauxite 

residue mixed into the soil. Bauxite residue ratio mixed into the soil microcosms ranged between 

0–40 w/w %. 

The soil sample for the experiment was taken from the bauxite residue flooded grassland 

between Somlóvásárhely and Devecser (47° 6' 48.2178", 17° 24' 20.3112") 4 months after the 

accident once bauxite residue had been removed from its surface and, the alkalinity had already 

been washed off by snowmelt and rain as shown in Table 3.1 (Gruiz et al., 2013). The soil is 

characteristically of light texture (pebbly sand, sand or loamy sand) (USDA, 2015), though silty 

or clayey intrusions occur in places (Anton et al., 2012).  
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The experimental setup included also a reference (R), uncontaminated soil, collected from a grass-

land nearby Ajka (47° 6' 43.4448", 17° 23' 35.3646"), not affected by the 2010 bauxite residue 

spill (see properties in Table 3.1). Table 3.4 shows the total (aqua regia digestible) and water 

soluble metal content of the untreated (S) and reference (R) soil. 

Bauxite residue was mixed with sandy soil at 0 w/w % (S: soil from Ajka), 5 w/w %, 10 w/w %, 

20 w/w %, 30 w/w % and 40 w/w %, respectively (Table 3.2). The soil / bauxite residue mixtures and 

the untreated and reference soils were placed into 2 kg flowerpots (static soil microcosms) as 

shown on Figure 3.3 in triplicates. The microcosms were open and their moisture content was set 

and maintained to 60% of their maximum water holding capacity. The soil microcosms were 

maintained at room temperature (25 °C ± 2 °C) for 8 months. Samples were taken and 

investigated/analysed from the static solid phase microcosms after the 1st, the 2nd and the 8th month. 

 

Table 3.2 The composition of the microcosms in the microcosm incubation study I 

Description Notation 

Reference soil R 

Untreated soil S 

5 w/w % bauxite residue in untreated soil S+5% BR 

10 w/w % bauxite residue in untreated soil S+10% BR 

20 w/w % bauxite residue in untreated soil S+20% BR 

30 w/w % bauxite residue in untreated soil S+30% BR 

40 w/w % bauxite residue in untreated soil S+40% BR 

 

 

Figure 3.3 Pots in the lab-scale microcosm 
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3.1.1.3. Microcosm experiment to evaluate the bauxite residue as soil 

ameliorant – microcosm incubation study II 

The second 10-month-long laboratory-scale soil microcosm experiment aimed to reveal the 

beneficial and soil improving effects of bauxite residue on a specific acidic sandy soil (ASS) in 

Eastern Hungary applied as soil ameliorant in different concentrations. Bauxite residue ratio mixed 

into the ASS ranged between 0–50 w/w %. 

The ASS originated from Nyírlugos, Eastern Hungary. The soil has a light, sandy texture 

(USDA, 2015) (sand: 87.1 w/w % silt: 9.6 w/w % clay: 3.3 w/w %) and acidic pH (pH 5.7) as shown 

in Table 3.1. Table 3.4 shows the total (aqua regia digestible) and water soluble metal content of 

the ASS. The ASS was mixed with bauxite residue at 0 w/w %, 5 w/w %, 10 w/w %, 20 w/w %, 30 w/w 

%, 40 w/w % and 50 w/w % (Table 3.3). 

The soil / bauxite residue mixtures and the reference soil (ASS) were placed into 2 kg 

microcosms. The pots were irrigated with tap water to 60% of their maximum water holding 

capacity every second week and were homogenized every 2 months. The microcosms were 

maintained at room temperature (25 °C ± 2 °C) and were kept open to ensure aerobic conditions. 

Samples were taken in the 3rd, the 5th and the 10th month of the study. 

 

Table 3.3 The composition of the microcosms in the microcosm incubation study II  

Description Notation 

Untreated acidic sandy soil ASS 

5 w/w % bauxite residue in acidic sandy soil ASS+5% BR 

10 w/w % bauxite residue in acidic sandy soil ASS+10% BR 

20 w/w % bauxite residue in acidic sandy soil ASS+20% BR 

30 w/w % bauxite residue in acidic sandy soil ASS+30% BR 

40 w/w % bauxite residue in acidic sandy soil ASS+40% BR 

50 w/w % bauxite residue in acidic sandy soil  ASS+50% BR 
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Table 3.4 Total (aqua regia digestible) and water soluble metal content of bauxite residue and soils in the laboratory-scale microcosm experiments 

Element 

HLV for 

soil 

HLV for 

sewage 

sludge 

Bauxite residue (BR) 

(average) 

Untreated soil (S) in the 

microcosm incubation study I  

Reference soil (R) from Ajka 

in the microcosm incubation 

study I  

Untreated acidic sandy soil 

(ASS) in the microcosm 

incubation study II  

Total 

(Aqua regia 

digestible) 

Water soluble 

Total 

(Aqua regia 

digestible) 

Water soluble 

Total 

(Aqua regia 

digestible) 

Water soluble 

Total 

(Aqua regia 

digestible) 

Water soluble 

[mg kg-1] [mg kg-1] [mg kg-1] [mg kg-1] [mg kg-1] [mg kg-1] [mg kg-1] [mg kg-1] [mg kg-1] [mg kg-1] 

As 15 75 32.3 ± 0.1 0.309 ± 0.021 4.23 ± 0.5 0.312 ± 0.02 4.20 ± 0.7 <DL 3.45 ± 0.1 <DL 

Cd 1 10 1.21 ± 0.01 <DL 0.125 ± 0.01 <DL 0.165 ±0.02 <DL 0.055 ± 0.01 <DL 

Co 30 50 27.7 ± 0.3 0.009 ± 0.001 4.29 ± 0.2 0.036 ± 0.002 4.38 ± 0.02 <DL 2.82 ± 0.05 0.022 ± 0.001 

Cr 75 1000 464 ± 39 0.053 ± 0.003 15.9 ± 2.9 0.138 ± 0.01 20.6 ± 1.1 0.073 ± 0.01 9.01 ± 0.6 <DL 

Cu 75 1000 16.6 ± 1.5 0.645 ± 0.2 10.7 ± 3.4 0.612 ± 0.004 6.83 ± 0.7 0.110 ± 0.03 3.50 ± 0.2 0.201 ± 0.05 

Hg 0.5 10 0.930 ± 0.1 <DL <DL 0.050 ± 0.003 <DL 0.040 ± 0.01 <DL <DL 

Mo 7 20 4.09 ± 0.9 0.523 ± 0.02 1.45 ± 0.1 0.246 ± 0.02 0.171 ± 0.08 <DL 0.129 ± 0.1 0.025 ± 0.01 

Na 900* - 31286 ± 2880 958 ± 60 642 ± 82 32.8 ± 15 142 ± 13 40.0 ± 15 144 ± 7 10.5 ± 0.3 

Ni 40 200 199 ± 7.8 <DL 8.33 ± 2.3 0.143 ± 0.01 8.55 ± 0.5 0.053 ± 0.01 6.42 ± 0.2 0.048 ± 0.0004 

Pb 100 750 113 ± 11.3 <DL 10.3 ± 0.4 0.229 ± 0.03 10.1 ± 0.3 0.066 ± 0.01 7.75 ± 0.1 <DL 

Se 1 100 <DL <DL <DL 0.370 ± 0.1 <DL 0.196 ± 0.02 <DL <DL 

Zn 200 2500 45.6 ± 5.9 <DL 26.0 ± 1.5 0.510 ± 0.03 30.4 ± 0.7 0.199 ± 0.05 18.4 ± 0.8 0.229 ± 0.1 

pH   10.4 7.5 6.0 5.7 

<DL below detection limit. Detection limits: DL(As): 0.08 mg kg-1; DL(Cd): 0.004 mg kg-1; DL(Co): 0.008 mg kg-1; DL(Cr): 0.02 mg kg-1; DL(Hg): 0.03 mg kg-1; DL(Mo): 0.008 mg kg-

1; DL(Ni): 0.04 mg kg-1; DL(Pb ): 0.06 mg kg-1; DL(Se): 0.12 mg kg-1; DL(Zn): 0.06 mg kg-1. Hungarian Limit Value (HLV) for soil based on KvVM-EüM-FVM Joint Decree No. 6/2009. 

HLV for sewage sludge from waste water treatment for agricultural applications based on Government Decree No. 50/2001. Total (aqua regia digestible) metal content: according to 

Hungarian Standard (HS) 21470-50:2006 by ICP-AES. Water soluble metal content: according to HS 21978-9:1998 by ICP-AES. 

*Risk based site specific screening value at Ajka, indicates increased sodification potential (Gruiz et al., 2013). 
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3.1.1.4. Field study to evaluate the bauxite residue-soil mixture as 

component of a cover system 

Finally, a 10-month-long field study investigated the applicability of BRSM (bauxite residue-

soil mixture) as surface layer component of landfill cover systems. The field study was carried out 

in two steps with different concepts: in lysimeters and in field plots. The BRSM was mixed at 

ratios ranging between 0–50 w/w % with low quality subsoil (LQS) originally used as surface layer 

of an interim landfill cover. 

The landfill surface cover system in the field study was made up of two components. The first 

component was a borrow LQS material excavated from the underground construction of the metro 

line No. 4 in Budapest, originally used as surface layer of the interim landfill cover system in the 

study area. The LQS had clay loam texture (USDA, 2015), contained 17.1 w/w % CaCO3 and had 

a pH of 8.5. The second component of the landfill surface cover system was the bauxite residue 

and soil mixture (BRSM) obtained from the temporary storage facility at Ajka 2 years after the 

bauxite residue spill (2012) as an immediate remediation measure when more than 5 cm thick 

bauxite residue layer was removed from the flooded soil surface. The bauxite residue contained in 

the BRSM mixture got carbonated (i.e. neutralised through atmospheric contact) having pH 10.2. 

Due to the soil input the pH of BRSM is 8.3 (Table 3.5). Table 3.6 shows the total (aqua regia 

digestible) and water soluble metal content of BRSM and LQS. The experiments for the potential 

utilization of BRSM were performed at the .A.S.A. Hungary municipal landfill site at Gyál (47° 

21' 55.9476" N, 19° 14' 25.4868" E). 

 

Table 3.5 Chemical properties of the soil and BRSM used in the field study 

Description 
pH 

(H2O) 

EC 

[µS cm-1] 

Water 

soluble 

salt 

content 

[%] 

CaCO3 

% 

[w/w] 

K (A)
 

Humus 

%  

[w/w]  

Total N 

[mg kg-1] 

Total P 

[mg kg-1] 

Al -K 2O 

[mg kg-1] 

Al -P2O5 

[mg kg-1] 

Low quality 

subsoil 

(LQS) 

8.5 1161 0.15 17.1 44 1.23 1070 51.3 214 308 

Bauxite 

residue-soil 

mixture 

(BRSM) 

8.3 1567 0.19 13.7 56 3.17 2570 248 51 248 

pH and EC was determined in a 1:2.5 soil:water suspension according to the Hungarian Standard (HS) 21470-2:1981. Water 

soluble salts: HS 08-0012-3:1979 according to specific conductivity in DV 1/10. CaCO3: HS 08-0206-2:1978. K(A) is upper 

limit of plasticity according to Arany: HS 21470-51:1983. Humus: HS 21470-52:1983. Total N content: HS 08-0012-10:1987. 

Al-K2O and Al-P2O5: ammonium-lactate extractable, HS 20135:1999. 

- not measured 
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Table 3.6 Total (aqua regia digestible) and water soluble metal content of the BRSM and the 

LQS in the field study 

Element 
HLV for soil  

[mg kg-1] 

BRSM 
Low quality subsoil (LQS) from 

the landfill in the field study 

Total 

(Aqua regia 

digestible) 

[mg kg-1] 

Water soluble 

[mg kg-1] 

Total 

(Aqua regia 

digestible) 

[mg kg-1] 

Water soluble 

[mg kg-1] 

As 15 19.5 ± 1.7 <DL 11.3 ± 1.2 <DL 

Cd 1 0.626 ± 0.1 <DL 0.114 ± 0.04 <DL 

Co 30 23.4 ± 2.0 0.012 ± 0.001 11.9 ± 1.1 0.012 ± 0.002 

Cr 75 69.6 ± 2.2 0.04 ± 0.003 45.4 ± 2.9 <DL 

Cu 75 18.0 ± 0.8 0.158 ± 0.03 22.5 ± 0.3 0.062 ± 0.01 

Hg 0.5 <DL <DL <DL <DL 

Mo 7 2.31 ± 0.2 0.295 ± 0.08 0.293 ± 0.1 0.050 ± 0.001 

Na 900* 2485 ± 208 0.729 ± 0.4 509 ± 31 0.137 ± 0.01 

Ni 40 43.5 ± 1.9 0.044 ± 0.01 32.0 ± 0.5 <DL 

Pb 100 38.5 ± 6.9 <DL 18.3 ± 2.8 <DL 

Se 1 2.20 ± 0.1 <DL 0.905 ± 0.4 <DL 

Zn 200 54.9 ± 3.7 0.238 ± 0.03 75.5 ± 5.8 <DL 

pH 8.3 8.0 

<DL below detection limit. Detection limits: DL(As): 0.08 mg kg-1; DL(Cd): 0.004 mg kg-1; DL(Cr): 0.02 mg kg-1; DL(Hg): 

0.03 mg kg-1; DL(Ni): 0.04 mg kg-1; DL(Pb ): 0.06 mg kg-1; DL(Se): 0.12 mg kg-1; DL(Zn): 0.06 mg kg-1. Hungarian Limit 

Value (HLV) for soil based on KvVM-EüM-FVM Joint Decree No. 6/2009. Total (aqua regia digestible) metal content: 

according to Hungarian Standard (HS) 21470-50:2006 by ICP-AES. Water soluble metal content: according to HS 21978-

9:1998 by ICP-AES. 

*Risk based site specific screening value at Ajka, indicates increased sodification potential (Gruiz et al., 2013). 

 

3.1.1.4.1. Lysimeter study 

In the field study, lysimeters were set up near the landfill to monitor and compare the toxicity 

of the leachates and the average leaching of metals from the BRSM and the soil mixture lysimeters. 

Special plastic barrels (0.86 m3) functioned as lysimeters (Fig. 3.4). Four lysimeter setups were 

constructed: one containing only subsoil, one only BRSM and two lysimeters containing the 

subsoil and BRSM mixtures (LQS+20% BRSM and LQS+40% BRSM) as shown in Table 3.7. 

The lysimeters had a 5 cm thick gravel layer at the bottom as filter layer, followed by geo foil 

overlain by the 80 cm thick LQS+BRSM mixtures. Each lysimeter was irrigated with 9 liter of 

water (from a well) three times a week, except for rainy days. During the field experiment the 

precipitation was mostly near average (NOAA, 2015) characterized by 699 mm total annual 

rainfall based on data from the Hungarian Meteorological Service (2015). 
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Lysimeter leachate samples were collected into plastic bottles without any filtration on four 

occasions (in the 1st, 2nd, 4th and 7th month of the study) and the samples were stored in the fridge 

at 4 °C prior to analysis. 

 

Table 3.7 The composition of the lysimeters in the field study 

Description Notation 

Untreated low quality subsoil LQS 

20 w/w % bauxite residue and soil mixture in subsoil LQS+20% BRSM 

40 w/w % bauxite residue soil mixture in subsoil LQS+40% BRSM 

Bauxite residue and soil mixture BRSM 

 

 

Figure 3.4 Lysimeters (left: plastic barrels and lysimeter filled with bauxite residue; right: 

plastic bottles for collec leachate from lysimeter and lysimeter with growing plants) in the field 

study at the .A.S.A. Hungary municipal landfill site at Gy§l  

 

3.1.1.4.2. Field plot study 

The field plot study’s aim was to characterize and evaluate the applicability of the BRSM as 

additive to the surface layer of the landfill cover system. Therefore, 10 m2 plots of land were 

isolated on a flat part of the landfill (Fig. 3.5). The plots were randomly arranged to decrease the 

effect of inhomogenity. The subsoil was mixed with 5 w/w %, 10 w/w %, 20 w/w % and 50 w/w % 

BRSM by weight at 0.2 m depth as shown in the Table 3.8.  
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One plot contained only LQS and another one only BRSM at 0.2 m depth. The plots were irrigated 

during dry days for one hour/day. Samples were taken in 1st, 5th and 10th month of the study. 

 

Table 3.8 The composition of the field plots in the field study 

Description Notation 

Untreated low quality subsoil LQS 

5 w/w % bauxite residue and soil mixture in subsoil LQS+5% BRSM 

10 w/w % bauxite residue and soil mixture in subsoil LQS+10% BRSM 

20 w/w % bauxite residue and soil mixture in subsoil LQS+20% BRSM 

50 w/w % bauxite residue and soil mixture in subsoil LQS+50% BRSM 

Bauxite residue and soil mixture BRSM 

 

 

Figure 3.5 Plots in the field study at the .A.S.A. Hungary municipal landfill site at Gy§l 

 

3.1.2. Integrated methodology for characterization of treated and  

untreated soils and leachate and monitoring 

We developed a complex methodology including specific combinations of the methods 

depending on the aim of the experiment (SI, Fig. 8.1–8.4).  
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We monitored the effects of different bauxite residue and BRSM doses on the soil and the soil 

habitat with a complex methodology that integrates physical, chemical, biological analysis and 

direct contact ecotoxicity testing with standardized methods as well as newly developed and 

modified ones (Gruiz et al., 2005; Gruiz et al., 2009). 

 

3.1.3. Physico-chemical analysis 

The following Hungarian standardised tests were used to determine the physico-chemical 

properties by Institute for Soil Sciences and Agricultural Chemistry, Centre for Agricultural 

Research, Hungarian Academy of Science (ISSAC CAR HAS): 

ü HS 21470/2-81 (1982) for pH and EC in a 1:2.5 soil:water suspension (own measurement); 

ü HS-21470-51-83 (1993) for upper limit of plasticity according to Arany number (K(A)) (ISSAC 

CAR HAS); 

ü HS 08-08-0206-2 (1978) for water soluble salt content according to specific conductivity in 

DV 1/10 (ISSAC CAR HAS); 

ü HS 21470-2 (1981) for humus content (ISSAC CAR HAS); 

ü HS-08-0206-2 (1978) for CaCO3 content using the Scheibler gas-volumetric method (ISSAC 

CAR HAS); 

ü HS 08-0012-10 (1987) for micronutrient content and total nitrogen content (ISSAC CAR 

HAS); 

ü HS 21470-50 (2006) for total phosphorus and total potassium content determined after aqua 

regia digestion (ISSAC CAR HAS); 

ü HS 20135 (1999) for ammonium-lactate extractable Al-K2O and Al-P2O5 content. 

 

The metal concentration of the soil sample was measured by ISSAC CAR HAS. 

The total metal concentration was measured after aqua regia digestion (3:1 hydrochloric acid–

nitric acid ratio; 1:4 soil extractant ratio; 2 h at 25 °C; microwave digestion) by ICP-AES (Jobin-

Yvon Ultima 2 sequential instrument), according to Hungarian Standard 21470-50:2006. To 

predict the mobile (water-soluble) metal concentrations the distilled water extract of the samples 

were analysed (pH 7.0; 1:10 soil extractant ratio; agitation for 4 h at 25 °C, HS 21978-9:1998). 

(ISSAC CAR HAS) 

The metal content of the leachates from the lysimeters was determined by ICP-MS according 

to the HS EN ISO 17294-2:2005 by the Wessling Hungary Ltd. 
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WHC (water holding capacity) was measured as described by Öhlinger (1995) (own 

measurement). 

 

3.1.4. Biological methods 

Determination of aerobic heterotrophic bacteria and fungi concentration in soils 

The concentration of aerobic heterotrophic living cells in soil was determined in each soil 

sample by colony counting after cultivation of microorganisms occurring in soil suspensions (Alef 

and Nannipieri, 1995).  

Soil suspension was prepared as follows: 1 g fresh soil was placed into 9 mL sterilized tap 

water [sterilized in an autoclave (SYSTEC 3150EL, Budapest, Hungary)], 10 min at 121 ºC) and 

was shaken (GFL 3005 analogue orbital shaker, Budapest, Hungary) for 30 minutes at 200 rpm, 

then from the soil suspension decimal dilution series were prepared. Next, three consecutive 

dilution series were cultivated according to the expected concentration of aerobic heterotrophic 

living cells.  

For the cultivation 100 µL from each dilution was pipetted into Petri-dishes. The nutrient agar 

was peptone-glucose-meat extract (PGM) (SI, Table 8.1) for bacteria and malt extract agar for 

fungi (SI, Table 8.2) and it was sterilized for 10 min at 121 ºC. 10 mL agar was effused into each 

Petri-dish and was incubated (VELP FOC 225I cooled incubator, Budapest, Hungary) at 30 ºC for 

48 h. Finally, the number of developed colonies (Colony Forming Units –CFU) was counted and 

the cell-concentration in the soil was determined. (Fig. 3.6) 

 

 

Figure 3.6 Dilution series preparation (left) and Petri-dishes after incubation (right) 

 

Determination of microbial substrate utilization patterns by Biolog EcoPlate method  

The Biolog EcoPlate method was used to study the substrate utilization patterns of the soils’ 

microbial community.  
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The Biolog Eco microplate (Biolog Cat. No. 1506, Budapest, Hungary) contains 31 different, 

ecologically relevant carbon sources (hydrocarbons, amino acids, other nitrogen compounds, 

lipids, biological polymerics etc.) in three parallels for soil microbial community analysis (SI, 

Table 8.3). Incubating environmental samples on these multiwell microplates results in 

characteristic reaction patterns, called metabolic fingerprints. If certain microbes of the 

environmental samples can utilize the carbon source the respiration of these microbes reduces the 

tetrazolium dye, so the content of the wells becomes purple according to the rate of utilization. 

The measurement was carried out according to Nagy et al. (2013). 10–10 g fresh soil was shaken 

in 90 mL 0.85% steril NaCl (Spektrum-3D, Debrecen, Hungary) solution for 30 minutes at 

150 rpm. After 10 minutes settling, 1 ml of this supernatant was taken to 9 mL 0.85% NaCl 

solution. 125–125 µL of this suspension was pipetted into the wells, and then the plate was 

incubated at 25 ± 5 ºC in the dark. The absorbance was measured with DIALAB EL800 Microplate 

Reader at every 24 hours for 120 hours at 490 nm wavelength. The Biolog EcoPlate method usually 

measures optical density (OD) at 590 nm because the peak absorbance of the tetrazolium dye 

occurs at 590 nm (Garland, 1997; Muñiz et al., 2014; Garau et al., 2007).  

Nevertheless, we used absorbance values at 490 nm because our microplate reader was 

equipped with 405, 450, 490 and 630 nm filters, but the optimal OD values were provided at 490 

nm (Nagy et al., 2013). Others have also used different wavelengths for OD measurement (Zak et 

al., 1994, Boshoff et al., 2014). All measurements were done in three replicates as the 96 well 

system contains three times the 31 carbon sources and three times the control well (blank) (Fig. 

3.7). The OD values were subjected to data corrections prior to evaluation: first substraction of the 

control well OD value (it contains only water for reading of the net absorption value) from each 

OD value of the substrate containing wells, second substraction of the initial OD value of each 

well (measured right after filling the wells with the soil suspension to eliminate the effect of soil 

particles on the optical density values) from the previously corrected OD values of each well. 

Negative values were set to 0. The OD values for data evaluation were applied at 120 h since these 

represented the optimal range of OD readings (Frąc et al., 2012, Nagy et al., 2013, Gryta et al., 

2014) and were best suited for comparison with other experiments with bauxite residue as soil 

amendment (Garau et al., 2007, 2011). The endpoints calculated from the corrected data were the 

following: average well colour development (AWCD), substrate average well colour development 

(SAWCD), Shannon-index (H), substrate richness (SR) and Shannon evenness (E). Average well 

colour development (AWCD) was calculated for all carbon sources with the following equation, 

according to Gryta et al. (2014): AWCD=∑ODi/N, where ODi is the corrected OD value of each 

substrate containing well and N is the number of substrates, in this case N=31.  
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To analyse AWCD of all carbon sources the substrates were grouped into six categories 

representing different substrate guilds according to Sala et al. (2010): amino acids (L-arginine, L-

asparagine, L-phenylalanine, L-serine, glycyl-L-glutamic acid, L-theronine,), amines 

(phenylethylamine, putrescine), carbohydrates (D-mannitol, glucose-1-phosphate, D,L-alpha-

glycerol phosphate, beta-methyl-D-glucoside, D-galactonic acid-gamma-lactone, i-erythritol,  D-

xylose, N-acetyl-D-glucosamine, D-cellobiose, alpha-D-lactose), carboxylic acids (D-

glucosaminic acid, D-malic acid, itaconic acid, pyruvic acid methyl ester, D-galactouronic acid, 

alpha-ketobutiryc acid, gamma-hydroxybutyric acid), phenolic compound (2-hydroxy benzoic 

acid, 4-hydroxy benzoic acid) and polymers (Tween 40, Tween 80, alpha-cyclodextrine, 

glycogen).  

Substrate average well colour development (SAWCD) values for each substrate categories 

were calculated with the same equation: SAWCD=∑ODi/N, where ODi is the corrected OD value 

of the substrates within the substrate category and N is the number of substrates in the category 

(Kenarova et al., 2014). The Shannon index (H) resulted from H= - ΣPi ln(Pi), where Pi=ODi/ 

ΣODi, which is the proportional colour development of the well over total colour development of 

all wells of a plate (Garland and Mills, 1991, Tam et al., 2001, Muñiz et al., 2014). The number 

of substrates oxidized (substrate richness, SR) was calculated as the sum of the number of cells 

where ODi value reached 0.15 after 120 h (Garau et al., 2007). The Shannon evenness (E) was 

calculated from the Shannon index divided by the substrate richness as E=H/lnSR (Gryta et al., 

2014). 

  

Figure 3.7 Biolog microplate (left) and microplate in the microplate reader (right) 
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3.1.5. Ecotoxicological measurements 

Aliivibrio fischeri bioluminescence inhibition test 

The Aliivibrio fischeri bioluminescence inhibition test was carried out by the modification of 

the ISO 11348-3 protocol described by Leitgib et al. (2007). The applied bacterium strain (Cat. 

No. NRRL B-111 77, Budapest, Hungary) was cultured and maintained in the laboratory.  

2 g of dry powdered soil (ground and sieved through a 2 mm sieve) was suspended in 2 mL 

2% NaCl solution, and then a five-step dilution series was prepared with 2% NaCl. The 

luminescence intensity of the 200 µL bacterial inoculum was measured with a luminometer 

(Lumac Biocounter M 15001, Budapest, Hungary) at the beginning of the test (t=0 min), then 50 

µL of the soil dilution series was added to the inoculums. The luminescence was measured after 

30 minutes of contact time. The inhibition percentage (H %) of luminescence intensity were 

calculated compared to reference soil.  

The inhibition percentage (H%) values were plotted against the soil doses and then the 

effective dose values (ED20 and ED50 – Effective Dose 20 and Effective Dose 50, dose causing 

20% and 50% inhibition) were determined from the dose-response curve with OriginLab 8.5 

software (Budapest, Hungary) applying Logistic Dose Response Function fitting: y = A2 + (A1-

A2)/(1 + (x/x0)^p).  

For better interpretation of the results we developed the “Copper Equivalent Method” for the 

soil sample containing toxic metals (Gruiz et al., 2015). The 20% inhibition of soil is given in Cu 

equivalent (∑Cu20 (mg Cu kg−1 soil)), which means the Cu concentration that would cause the 

same toxicity as the actual pollution in the soil. The concentration of Cu equivalent is determined 

from the Cu-calibration curve considering the same percentage of inhibition of the soil. 

 

  

Figure 3.8 Image of the Hawaiian Bobtail Squid showing bioluminescence produced by A. 

fischeri (Source: https://featuredcreature.com/wp-

content/uploads/2012/10/51fb4cd584d7a2ce200809fee3d34d8b2.png)(left) and A. fischeri 

bacterial inoculum in Erlenmeyer (right)(Source: www.enfo.hu) 

 

  

https://featuredcreature.com/wp-content/uploads/2012/10/51fb4cd584d7a2ce200809fee3d34d8b2.png)(left)
https://featuredcreature.com/wp-content/uploads/2012/10/51fb4cd584d7a2ce200809fee3d34d8b2.png)(left)
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Tetrahymena pyriformis reproduction inhibition test 

The Tetrahymena pyriformis reproduction inhibition test was carried out based on the protocol 

described by Leitgib et al. (2007). T. pyriformis A-759-b (Semmelweis University, Budapest, 

Hungary) was grown in proteose peptone yeast extract medium (PPY) (SI, Table 8.4). The test 

tubes containing 0.25 g of sterile soil were supplemented with 5 mL of PPY medium and with 

Penicillin- (Sigma-Aldrich, Budapest Hungary), Streptomycin- (Sigma-Aldrich, Budapest 

Hungary), and Nystatin (Sigma-Aldrich, Budapest Hungary) solutions at final concentration 0.01 

mg mL-1, 0.1 mg mL-1, 0.005%, respectively. After vigorous mixing 100 µL of six-day-old 

inoculum (about 1000 cells/mL) were added to the tubes. During incubation period (20 ± 2 ºC, 250 

rpm) sampling was carried out four times (24, 42, 48, and 65 h). The actual cell concentration was 

determined by direct counting in Bürker counting chamber. 

 

  

Figure 3.9 T. pyriformis (Source: http://www.enfo.hu/drupal/node/5294) (left); 

http://www.diark.org/diark/species_list/tetrahymena (right)) 

 

Plant root and shoot growth inhibition test 

The Sinapis alba (white mustard) (Herbária, Budapest, Hungary) and Triticum aestivum 

(common wheat) (Biorganik, Budapest, Hungary) root and shoot growth inhibition test was carried 

out according to the Hungarian Standard 21976-17:1993 modified to direct contact with soil as 

described by Leitgib et al. (2007) in two parallels.  

S. alba seeds (20–20 pieces) and Triticum aestivum (16–16 pieces) were placed onto 5 g dry 

powdered soil (ground and sieved through a 2 mm sieve) in a Petri-dish, wetted with 2–4 mL water 

(depends on WHC capacity of soil) and incubated at 20 °C for 3 days in darkness. For the 

determination of the percentage inhibition effect of soil samples the lengths of roots and shoots 

was measured and compared to control. 

 

http://www.enfo.hu/drupal/node/5294
http://www.diark.org/diark/species_list/tetrahymena
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Figure 3.10 S. alba (left) and T. aestivum (right) in Petri-dish after 3 days  

 

Folsomia candida mortality test 

The Folsomia candida (laboratory culture) mortality test is an international standardized test 

method (ISO/TC 190SC4, WG2; Wiles and Krogh, 1998). The test was carried out in a 200 cm3 

of volume closed glass container in two parallels.  

We used from synchronized culture 10–12 days old juveniles. To carry out the test 20 animals 

(Hungarian Academy of Science, Budapest, Hungary) were placed onto 10 g of dry powdered 

(ground and sieved through a 2 mm sieve) soil and incubated at room temperature for 7 days in 

darkness. The food and water supplying were 5 mL water and dried yeast powder added at the 

beginning of the test. At the end of the period of exposure to the control and treated soils, water 

was added and following thorough stirring, the animals floated to the top of the suspension, where 

they were counted. The percentage inhibition effect of soil samples was determined and compared 

to control. 

 

  

Figure 3.11 F. candida (left) and suspension where they were counted (right) 
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3.1.6. Statistical analysis 

To determine if the applied treatment had a significant effect on the measured physical, 

chemical, biological or ecotoxicological parameters, we performed an analysis of variance 

(ANOVA) using StatSoft® Statistica 11. We established the level of significance at p<0.05. We 

used Fisher’s Least Significant Difference (LSD) test or Newman Keul’s test (when the criteria 

for the homogeneity of variances were not fulfilled) for the comparison of the effects of various 

amendment amounts. Values followed by the same letter indicate no significant differences in the 

calculated values at the level of p<0.05 at each sampling.  

Pearson Product Moment Correlation Analysis was performed by StatSoft® Statistica 13.1 to 

examine the relationship between Biolog Ecoplate method variables and soil parameters (e.g. pH, 

EC, NO3-N, Total N and BR% or BRSM%). The level of significance was p<0.05. Correlation 

was considered strong when the correlation coefficient (r) was higher than 0.60 and very strong at 

r>0.85. 

 

3.2. Recovery study 

Since the bauxite residue may contain considerable amounts of CRM, its use as secondary 

source should be investigated. We propose the development of a technology that does not only 

recover the economically interesting elements in bauxite residue, yet also provides an option for 

the mitigation of alkalinity related risks after disposal. More specifically, this study focuses on the 

possibilities to recover REEs from Hungarian bauxite residue with combined acid leaching and 

liquid/liquid extraction (LLE) (Fig. 3.12). In addition, we explore the possibility for heterotrophic 

bioleaching by benchmarking mineral acids versus small molecular weight organic chelators. 

 

3.2.1. Chemicals 

The following chemicals were used (all from Sigma-Aldrich GmbH, Buchs, Switzerland if not 

mentioned otherwise): hydrochloric acid (32% semiconductor grade,), nitric acid (65% 

semiconductor grade,), sulphuric acid (95.0–98.0% ACS reagent,), citric acid (≥99.5% anhydrous, 

Carl Roth GmbH, Arlesheim, Switzerland) and oxalic acid (≥99.5% anhydrous,). Nanopure water 

used for all experiments and solutions, if not stated otherwise, was purified with a BarnsteadTM 

NanopureTM system (Thermo Scientific, Reinach, Switzerland). Certified reference material BCR-

667 (estuarine sediment, Sigma-Aldrich GmbH, Buchs, Switzerland) was used as a standard for 

the aqua regia recovery efficiency (Kramer et al., 2001). 
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Figure 3.12 Flow scheme of the overall process combination consisting of acidic leaching of 

bauxite residue, precipitation, liquidīliquid extraction and stripping 

 

3.2.2. Origin of bauxite residue 

One bauxite residue sample (BR1) was provided from a non-operating alumina plant in 

Western Hungary where the bauxite residue is stored in mud lakes with a moisture content of 50% 

at pH 9. Another bauxite residue sample (BR2) was provided from an operating alumina plant in 

Western Hungary. The latter uses dry residue storage (after filter press) with a moisture content of 

28% and pH 12. 

 

3.2.3. Elemental analysis 

The major chemical composition was measured by X-ray fluorescence (XRF) spectroscopy 

(Spectro Sepos III, Kleve, Germany). Pellets were prepared by homogenizing 4 g of dried bauxite 

residue with 0.9 g of CEREOX® Licowax C Micropowder (Fluxana, Bedburg-Hau, Germany) 

and pressed to a 32 mm pellet for 10 min at 0.1 MPa with a manual hydraulic press (Specac’s Atlas 

Series, Biel-Benken, Switzerland). The X-ray source was set to 40 kV and 1,250 mA. 

For determination of total metal(loid) concentrations bauxite residues and the reference 

material were chemically digested with aqua regia [HNO3 65% and HCl 32% (1/3 v/v)] at a S/L 

ratio of 1:10 in three parallels.  
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Chemical digestion was performed in an MLS 1’200 Mega closed vessel microwave digestion 

system (Milestone S.r.l., Sorisole, Italy) using high-pressure tight PTFE vessels.  

Resulting supernatant was collected, diluted 1:200 with a HNO3 1% solution, and filtered with 

0.45 µm PVDF syringe filter (Sigma-Aldrich GmbH, Buchs, Switzerland). The metal 

concentration was analysed by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS 

7’500cx, Agilent Technologies, Basel, Switzerland). The following isotopes were analysed: 27Al, 

45Sc, 44Ca, 47Ti, 51V, 53Cr, 56Fe, 59Co, 60Ni, 69Ga, 89Y, 90Zr, 115In, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 

153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb and 175Lu. The dwell time was set to 0.3 s per 

isotope and the argon plasma was operated at 1570 W with an argon flow of 15 L min-1. Argon 

was also used as carrier gas and make-up gas with a flow of 0.84 L min-1 and 0.33 L min-1, 

respectively.  

The octopole was pressurized for the analysis of all isotopes with a flow of 4.5 mL He min-1. 

Elements were quantified using multi element standards and REE mix (both Sigma-Aldrich 

GmbH, Buchs, Switzerland). A Rh standard (Sigma-Aldrich) was used as an internal standard. 

The bauxite residue leachate solutions were centrifuged for 10 min, at 21500 g and 15 °C (VWR-

Hitachi CT15RE, Dietikon, Switzerland), filtered and diluted in 1% HNO3 and analysed by ICP-

MS as described above. 

X-ray diffraction (XRD) was carried out on dried and powdered bauxite residue using the D2-

Phaser system (Bruker, Karlsruhe, Germany) equipped with a Co X-ray tube (Ka-radiation, k = 

1.78897 Å). The temperature during XRD measurements was about 30 °C. The patterns were 

collected in the angular range from 10 to 80 º 2ɵ with a step-size of 0.02 º 2ɵ. 

 

3.2.4. Leaching test procedures 

In leaching tests, bauxite residue samples were dried at room temperature and milled with an 

MM 301 ball mill (Retsch, Haan, Germany) with a frequency of 15 Hz for 10 min and leached 

with equivalent normality diluted acids in triplicates. All tests were carried out in 50 mL Falcon 

tubes and shaken on a KS 4000 ic control incubation shaker (IKA, Staufen, Germany) with 200 

rpm in three parallels. The leaching of metals with HCl was performed varying several parameters 

(Table 3.9). 
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Figure 3.13 Leaching experiments 

 

Table 3.9 Leaching experiments set up 

Parameters Experimental conditions 

HCl concentration (M) 0.5; 1; 2; 3; 4*; 5; 6 

H2SO4 concentration (M) 1 

HNO3 concentration (M) 2 

C6H8O7 concentration (M) 0.66 

H2C2O4 concentration (M) 1 

Slurry concentration (g L-1) 10*; 20; 30; 50; 100 

Temperature (°C) 22; 50; 60*; 70; 80 

Duration (h) 1; 2; 3; 4; 5;10; 20; 24* 

    *Constant value when the other parameters were changed. 

 

The contact time was extended to 24 h for every extraction step to ensure that the leaching 

equilibrium (i.e. plateau of the kinetic) was reached. The recovery efficiency percentage of metals 

was determined by calculating the mass balance based on the concentrations of metals in the initial 

feed (total metal content determined by aqua regia digestion). pH was measured with a pre-

calibrated 691 pH Meter (Metrohm, Zofingen, Switzerland). 

 

3.2.5. Precipitation of metals 

Prior to extraction pH of the leachates was adjusted to pH 3 by addition of 1M NaOH (Sigma-

Aldrich GmbH, Buchs, Switzerland) to precipitate the Fe and Al in three parallels. Afterward, the 

precipitate was separated from the supernatant by centrifugation for 10 min, 21500 rpm, 15 °C 

(VWR-Hitachi CT15RE, Dietikon, Switzerland). 
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Figure 3.14 From left to right: higher applied pH, higher extractability indicated by the colour 

of Fe in the leachate 

 

3.2.6. Liquid -liquid extraction of red REE 

6 mL leachate was extracted by LLE using an organic solvent phase composed of 13.5 mL 

Kerosene (purum, Sigma-Aldrich GmbH, Buchs, Switzerland) and 4.5 mL D2EHPA (Baysolvex, 

Kurt Obermeier GmbH, Bad Berleburg, Germany) as already described by Zimmermann et al. 

(2014). The extraction of metals was performed varying the O/A ratio (organic/aqueous ratio) and 

D2EHPA concentration in Kerosene (Table 3.10) in three parallels. 

 

Table 3.10 Liquid-liquid extraction experiments set up 

Parameters Experimental conditions 

O/A(extarction) ratio 0.1; 0.2; 0.5; 1; 2; 3*; 5; 10 

D2EHPA concentration in Kerosene (M) 0.01; 0.05; 0.1; 0.2; 0.4; 0.6; 0.8; 1* 

*Constant value when the other parameters were changed. 

 

 

Figure 3.15 Liquid-liquid extraction experiments 

 

All of the experiments were carried out in cylindrical glass flasks at room temperature and 

magnetic stirring (1000 rpm) for 60 min, and subsequently phase separation was taking place over 

24 h (Zimmermann et al., 2014).  
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The concentration of metals in organic phase was calculated from the difference between the 

concentration in the aqueous phase before and after extraction. The recovery efficiency percentage 

of metals was determined by calculating the mass balance based on the concentrations of metals 

in the leachate. 

 

3.2.7. Stripping procedure 

After separation of two phases, the organic phase was collected into cylindrical glass flasks to 

the following stripping experiments. Equal volumes of organic phase and aqueous were mixed by 

magnetic stirrer (1000 rpm) for 30 min at room temperature, and subsequently phase separation 

was taking place over 24 h (Khorfan et al., 1998). The stripping of metals was performed varying 

the O/A ratio and the HCl concentration (Table 3.11) in three parallels. The recovery efficiency 

percentage of metals was determined by calculating the mass balance based on the concentrations 

of metals in the leachate. 

 

Table 3.11 Stripping experiments set up 

Parameters Experimental conditions 

O/A(stripping) ratio 0.1; 0.2; 0.5; 1* 

HCl concentration (M) 0.5; 1; 1.5; 2; 2.5; 3*; 3.5; 4; 5; 6 

*Constant value when the other parameters were changed. 

 

 

Figure 3.16 Stripping experiments 

 

3.2.8. Statistical analysis 

To determine whether varied parameters in the leaching, D2EHPA extraction and stripping 

have a significant effect on the measured chemical parameters, an ANOVA using StatSoft® 

Statistica 11 was performed. The level of significance was established at p<0.05. Fisher’s least 

significant difference test was applied for the comparison of the effects of various parameters. 



82 

 

3.2.9. Experimental design analysis 

Design Expert 8 Software (Stat-Ease, Inc., Minneapolis) was used for development and 

analysis of experimental designs using response surface methodology. A quadratic model was 

fitted to the total economic potential that was recovered by extraction of all identified CRM, i.e., 

Sc, Cr, Co, Ga, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Er, and Yb. Total economic potential of 

extracted CRM was calculated as the sum of the products of elemental economic values times the 

amount extracted. Market prices for the corresponding elements were taken from USGS (2016). 

The effects of four factors were considered, i.e., HCl concentration, contact time, temperature, and 

S/L ratio by the leaching. The effects of four factors were considered, i.e., D2EHPA concentration 

in Kerosene, O/A ratio during the extraction, HCl concentration, O/A ratio during the stripping by 

the D2EHPA and stripping step. The model was subsequently reduced to only contain significant 

factors (p≤0.05) and factors necessary to maintain model hierarchy using the step-wise automatic 

model regression of the software. The proposed parameters for extraction of the highest total 

economic value were tested afterwards experimentally. The ANOVA results for the response 

surface reduced quadratic model and the final equation in terms of the actual factors are given in 

the supplementary information (SI, Table 8.5; Table 8.6; Equation 8.1; Equation 8.2). 
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4. RESULTS AND DISCUSSION 

The main objective of the dissertation was utilization of the Hungarian bauxite residue from 

two different aspects and implementation perspectives, therefore, the structure of this chapter 

consists of separated parts similarly to the previous content. Firstly, the results and discussion of 

the soil improvement study are presented including three different experiments. Secondly, the 

recovery study results will be evaluated aiming recovery of CRM from Hungarian bauxite residue. 

 

4.1. Soil improvement study 

4.1.1. Microcosm for estimation the beneficial bauxite residue amount in 

 soil – microcosm incubation study I 

The aim of the present 8-month-long lab-scale microcosm experiment was to estimate the 

bauxite residue amount with no adverse effects on the soil as natural habitat and to assess the long-

term (8 months) exposure in a low quality soil. The soil sample (S: soil from Ajka) for the 

experiment was taken from bauxite residue flooded grassland 4 months after the accident once 

bauxite residue had been removed from its surface. Moreover, a reference uncontaminated soil 

(R), not affected by the 2010 Ajka bauxite residue spill was also included in the microcosm study. 

The bauxite residue ratio mixed into soil (S) ranged between 0–40 w/w %. The experiment was 

monitored by an integrated methodology combining the physical and chemical methods with 

biological and ecotoxicological measurements. The adverse effects of bauxite residue were 

examined by ecotoxicity tests using test organisms from three trophic levels: A. fischeri 

(luminescent bacterium), S. alba (plant) and F. candida (animal). 

 

4.1.1.1. Influence of bauxite residue on soil pH and metal(loid) content in 

soil – microcosm incubation study I 

The pH of the untreated soil (S) was moderately alkaline (pH 7.5). Application of bauxite 

residue to soil at the below listed rates, increased soil pH with incremental bauxite residue doses: 

5 w/w % bauxite residue significantly increased the soil pH by 1.7 units; 10 w/w % by 2.1 units; 20 

w/w % by 2.3 units; 30 w/w % and 40 w/w % by 2.5 units (SI, Table 8.7). This is in accordance with 

the results of Lombi et al. (2002) who observed an approximately 1.4 units increase of the soil pH 

(from pH 6.4 to pH 7.8) after the addition of 2 w/w % bauxite residue. 

The aqua regia digestible and water soluble metal content of the reference (R) and of the 

untreated soil (S) samples was compared in the 8th months with the metal content of bauxite residue 

treated soil. The Mo and Na contents in the aqua regia digest of the untreated soil (S) were 

significantly higher than in the reference soil (R) (SI, Table 8.7). 
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This may be due to leaching of these metals into the soil from the bauxite residue deposit 

overlaying the soil surface (S) over the 4 months, as observed also by Rékási et al. (2013), in a 

column experiment modelling the leaching of metals into the soil from a 10 cm bauxite residue 

layer. 

The water soluble metal content of the reference (R) and untreated (S) soils in our experiment 

indicated a similar trend with significantly elevated As, Co, Cr, Cu, Mo, Na, Ni and Se 

concentrations in the untreated soil (S) compared to the reference soil (R). Rékási et al. (2013) 

observed an increase only in the water soluble Cu, Cr and Na concentrations and in the plant 

available (NH4-acetate + EDTA soluble) Cu, Pb, Na and Mo concentrations. 

The total metal content (aqua regia digestible) of the untreated (S) and of the reference soil (R) 

was below the Hungarian limit value (HLV) for soil [according to the Joint Decree 6/2009 (IV. 

14) of the Ministry for Environment, Health and Agriculture, respectively (KvVM-EüM-FVM)] 

(SI, Table 8.7). The aqua regia digestible metal content of bauxite residue was also below the HLV 

for sewage sludge (from wastewater for agricultural applications (according to Hungarian 50/2001 

(IV. 3.) Government Decree) (see in the Table 3.4 in Chap. 3.1.1.3). 

Since the untreated soil (S) had already significantly (p<0.05) higher water soluble Se content 

(~0.307 mg kg-1) in comparison to the reference soil (R) (~0.196 mg kg-1), further addition of 

bauxite residue did not influence significantly (p<0.05) the Se content of the soil (SI, Table 8.7). 

At 10 w/w % bauxite residue dose the total As, Cr and Ni concentration exceeded the HLV for 

soil (Fig. 4.1, see details in SI, Table 8.7), similarly to the findings of Ruyters et al. (2011) where 

4.9 w/w % and 16.5 w/w % bauxite residue dose in a similar soil type resulted that the aqua regia 

digestible Ni concentration exceeded the HLV, while 16.5 w/w % bauxite residue dose caused 

exceedance of the HLV for Cr. Based on the chemical analysis of the microcosm soil samples we 

found that at 5 w/w % bauxite residue dose the concentration of the examined toxic metalloids did 

not exceed the HLV for soil. 

The bauxite residue has high Na content, typical for bauxite residues of the Bayer process (Wang 

et al., 2008). High Na-concentration in the soil increases the risk of sodification. Gruiz et al. (2013) 

determined Na: 900 mg kg-1 as site specific screening value for the soil of the Ajka region. We 

found that this value had already been exceeded in the 5 w/w % bauxite residue containing soil 

(~3774 mg kg-1) (Fig. 4.1).
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Figure 4.1 As, Cr, Na and Ni total (aqua regia digestible) content of the microcosms in the 8th months, red line shows Hungarian limit value (HLV) 

for soil, (R: reference soil; S: untreated soil; BR: bauxite residue) 
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The bauxite residue loading in soil had significantly increased the total and the water soluble 

Na content compared to the untreated soil (SI, Table 8.7). The same pattern was found by Ruyters 

et al. (2011). They found that 16.5 w/w % bauxite residue application to soil increased the CaCl2 

extractable Na 70 fold compared to the control. 

 

4.1.1.2. Influence of bauxite residue on soil bacteria and ecotoxicity in soil 

– microcosm incubation study I 

The characterization of soil microbial activity and its quality as habitat was based on the 

determination of aerobic heterotrophic bacterial cell concentration (CFU) in the soil (Fig. 4.2). In 

the short experimental run (after 2 months) CFU increased compared to the reference soil (R) and 

untreated soil (S) in case of 10 w/w %, 20 w/w % and 30 w/w % bauxite residue dose. But CFU was 

already higher in untreated soil (S) compared to reference soil (R) due to the prior bauxite residue 

deposit on the soil surface (S) over the 4 months. CFU did not increase at 5 w/w % bauxite residue 

dose compared to the untreated soil (S), but a slight decrease was observed after 8 months.  

Bacterial cell concentration was significantly lower at 40 w/w % bauxite residue dose than in 

untreated soil (S) after 1 and 8 months, however in the latter case the cells adapted to the soil by 

the 2nd month. CFU decreased during the experiment in all microcosms after 8 months. Castaldi et 

al. (2009) treated Pb, Zn and Cd contaminated acidic soil with bauxite residue at rates of 10.4 w/w 

% in a pot experiment and found that 10.4 w/w % bauxite residue had significant positive effect on 

the CFU at the end of the experiment (5.2 months).  

Lombi et al. (2002) also observed a recovery of the substrate utilization pattern with Biolog system 

and therefore in the functional diversity of the microbial community in metal contaminated soil 

after 2 w/w % bauxite residue application in a 14-months long experiment.  

For instance, they reported 0.1 AWCD value in untreated soil and 0.23 value at 2 w/w % bauxite 

residue application at the end of the experiment. Examining the fluvial sediments in the Marcal 

river after the Ajka’s bauxite residue spill Klebercz et al. (2012) concluded that bauxite residue 

appears to stimulate aerobic heterotrophic microbial populations, resulting a 10–100 times increase 

in CFU in bauxite residue containing samples over reference samples. 
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Figure 4.2 The number of colonies (see details in SI, Table 8.8) formed by aerobic heterotrophic 

cells (Colony Forming Unit - CFU) in 1 g soil. Values followed by the same letter indicate no 

significant differences at the level of p=0.05 (S: untreated soil, R: reference soil, BR: bauxite 

residue) 

 

Soil toxicity was characterized by test organisms from three trophic levels using bacteria, plant 

and soil living animal. The result of A. fischeri bioluminescence inhibition test (Fig. 4.3) 

demonstrated increasing toxicity with the growing bauxite residue dose. The smaller ED20 values 

(Effective Soil Dose causing 20% inhibition) mean higher toxicity (Fig. 4.3). The reference soil 

(R) was the control for calculation of the inhibition percentage. The untreated soil (S) was not 

toxic, therefore no ED20 values could be determined, as the bioluminescence inhibition was below 

10% at the highest soil dose. Based on the ED20 values the soil containing 5 w/w % bauxite residue 

was the least toxic of all. The soil toxicity was also determined in copper equivalents as if copper 

caused the entire toxicity. The copper equivalent integrates the effects and the actual 

bioavailability of all contaminants present in the environmental sample, the interactions between 

the metals present and the partition of contaminants between soil phases, as well as interactions 

between metals and metal forms that influence effects and bioavailability. This method is able to 

handle the differences between bioassay methodologies and the sensitivity of the test organism to 

a contaminant (Gruiz et al., 2015). The inhibition expressed in Cu equivalent (ΣCu20) was 

calculated based on the ED20 values to ensure the comparability of data and it showed that the 

toxicity was very high at above 5 w/w % bauxite residue treatment. The 20% inhibition expressed 

in Cu equivalent at 5 w/w % bauxite residue dose was 1238 mg Cu kg−1 soil in the first month (very 

toxic), 144 in the second (slightly toxic) and 8 mg Cu kg−1 soil in the eighth month (non toxic). 
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The red borderline shows the dose causing tolerable level of toxicity to the test organism (Fig. 

4.3). 

Figure 4.3 ED20 (Effect Dose resulting in 20% inhibition of luminescence) by A. fischeri 

bioluminescence inhibition test (see details in SI, Table 8.9). Borderline indicates that dose 

which causes tolerable level of toxicity on the test organism (S: untreated soil, BR: bauxite 

residue) 

 

Within 20–40 w/w % bauxite residue dose range the samples showed approximately the same 

level of toxicity during the experiment. According to a soil column experiment performed by 

Rékási et al. (2013) who investigated the effect of precipitation on a 10 cm thick bauxite residue 

layer placed on top of the soil column, the bioluminescence inhibition did not change significantly 

after bauxite residue treatment of the soils. However, the untreated alkaline bauxite residue was 

toxic to A. fischeri similarly to our study. 

In the case of plant test with the increase of bauxite residue doses in most cases we found 

significant decrease in the S. alba root length in the 1st and 2nd month as compared to the untreated 

soil (S) (Fig. 4.4). At 5 w/w % and 10 w/w % bauxite residue dose the mustard root length decreased 

significantly during the 1st and the 2nd month, but after 8 months of incubation no toxicity was 

observed. Ruyters et al. (2011) found that low bauxite residue doses (<1%) in the uncontaminated 

topsoil from a non-flooded grassland (the same as reference soil (R)) stimulated the barley root 

elongation and barley plant yield for unknown reasons, but they also found significant decrease at 

4.9 w/w % and 16.9 w/w % bauxite residue doses in barley plant yield.  

In our experiment, there was no difference between 5 w/w % and 10 w/w % bauxite residue 

doses, neither between 20 w/w %; 30 w/w % and 40 w/w % doses (except for the 1st month, where 30 

w/w % and 40 w/w % bauxite residue dose caused 100% inhibition in root growth.).  
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These results are similar to those of the S. alba shoot lengths (Fig. 4.5). However, there was 

no significant difference in shoot length of the untreated and of the 5 w/w % bauxite residue treated 

soil in the 2nd and the 8th months. The 10 w/w % bauxite residue treatment resulted in a significant 

decrease in shoot length at each sampling time compared to the untreated soil (S). At 20 w/w %, 30 

w/w % and 40 w/w % bauxite residue dose there was no significant difference in the shoot length of 

the above doses during the 2nd and the 8th months. At 30 w/w % and 40 w/w % bauxite residue 

addition into the soil the S. alba root and shoot length decreased drastically during the 1st month. 

However, 20 w/w %, 30 w/w % and 40 w/w % bauxite residue dose resulted in significantly smaller 

root and shoot growth, compared to the untreated soil (S), and to the 5 w/w % and the 10 w/w % 

bauxite residue treatment. Assessing both the root and the shoot length we concluded that 5 w/w % 

bauxite residue application did not have any significant harmful effect on the soil on the long-term 

(8 months). Lombi et al. (2002) reported positive effect of bauxite residue on crops and they found 

that 2 w/w % bauxite residue addition reduced the toxic effect of Cd, Cu, Ni, Pb and Zn in the 

contaminated soil in the 14-months-long experiment. Rékási et al. (2013) also stated that the length 

of 3-day-old S. alba roots and shoots increased by 131% and 64% after 120 days when 10 cm thick 

bauxite residue layer was placed on top of the soil column. 

 

 
 

Figure 4.4 S. alba root length (see details in SI, Table 8.10). Values followed by the same 

letter indicate no significant differences at the level of p=0.05 (S: untreated soil, R: reference 

soil, BR: bauxite residue) 
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Figure 4.5 S. alba shoot length (see details in SI, Table 8.11). Values followed by the same 

letters, indicate no significant differences at the level of p=0.05 (S: untreated soil, R: reference 

soil, BR: bauxite residue) 

 

The F. candida (Collembola) lethality test (Fig. 4.6) results showed that bauxite residue 

loading in the soil did not cause any inhibition in the test organism compared to the untreated soil 

(S) except for 40 w/w % bauxite residue. At 40 w/w % bauxite residue loading of the soil the number 

of surviving animals decreased with 18% (in the 1st month), 47% (in the 2nd month) and 32% (in 

the 8th month). 

Figure 4.6 Number of surviving animals (F. candida) (see details in SI, Table 8.12). Values 

followed by the same letters, indicate no significant differences at the level of p=0.05 (S: 

untreated soil, R: reference soil, BR: bauxite residue) 
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Rékási et al. (2013) found that the mortality was 7% in the top soil layer (0–30 cm) and 13% 

in the 30–50 cm layer after 120 days when placing 10 cm thick bauxite residue layer on top of the 

soil column in their experiment. Winkler (2013) has analysed the Collembolan community 

structure and species abundance distributions in bauxite residue polluted areas in Western 

Hungary. His study demonstrated that there was no adverse effect in Collembola abundance on 

the soil fauna revitalisation and recolonization. 

The aim of the 8-month-long laboratory-scale microcosm experiment was to estimate the 

bauxite residue amount with no adverse effects on the soil as natural habitat further to its 

incorporation into the soil and to assess not only the short-term, but as a novel aspect also the long-

term (8 months) environmental risk of bauxite residue mixed into the soil. Mixing of 5 w/w % 

bauxite residue into the soil significantly increased the total As, Cr, Mo, Ni, Pb and Na content 

and the water soluble Mo and Na content of the soil. However, the total metal content of the soil 

did not exceed the Hungarian quality criteria for soil at 5 w/w % bauxite residue dose. At 10 w/w % 

bauxite residue dose the total As, Cr and Ni concentration exceeded the statutory limits. The soil 

microcosms containing 5 w/w % bauxite residue did not show any adverse effects on the test 

organisms on the long-term (8 months).  

However, a higher bauxite residue dose (>10 w/w %) was toxic to the test organisms based on the 

A. fischeri luminescence and the S. alba growth inhibition tests. F. candida was significantly 

inhibited on the long-term (8 months) only by 40 w/w % bauxite residue dose. Based on the results 

we concluded that up to 5 w/w % bauxite residue could be mixed into the investigated sandy soil 

from Ajka site without any long-term (8 months) adverse effects on the natural habitat of the soil. 

 

4.1.2. Microcosm experiment to evaluate the bauxite residue as soil 

 ameliorant – microcosm incubation study II  

This microcosm incubation study aims at contributing to the previous scientific findings on the 

effects of bauxite residue amendment on acidic sandy soil (ASS) and demonstrating that bauxite 

residue could be converted into an effective soil ameliorant when mixed into the soil at a certain 

ratio, supporting soil functions, providing an economical and environmentally efficient alternative 

to the traditional amendments (lime) for ASS due to the additional benefits of its use. In this 10-

month-long laboratory-scale soil microcosm experiment the bauxite residue ratio mixed into ASS 

ranged between 0–50 w/w %. The experiment was also monitored by an integrated methodology 

(see SI Fig. 8.2) combining the physical and chemical methods with biological and 

ecotoxicological measurements.  
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The adverse effects of bauxite residue were examined by ecotoxicity tests using test organisms 

from three trophic levels: A. fischeri (luminescent bacterium), S. alba (plant), T. aestivum (plant) 

and T. pyriformis (protozoon). 

 

4.1.2.1. Influ ence of bauxite residue on physico-chemical parameters in 

soil – microcosm incubation study II 

The alkaline bauxite residue (pH 10.2) significantly increased the pH of the ASS (pH 5.7) even 

at the lowest dose (5 w/w %) resulting a slightly alkaline soil pH (7.4) (Table 4.1). This is in 

accordance with others (Snars et al., 2014; Summers et al., 1996; Ruyters et al., 2011) since 

bauxite residue has been successfully used as soil liming material in several applications. Greater 

amounts of bauxite residue increased the pH significantly, reaching pH 8.4–8.5 at 30–50 w/w % 

bauxite residue in the soil. The pH of the soil was maintained within a narrow range (7.4–8.5) 

upon treatment with a wide range of bauxite residue doses (5–50 w/w %). This is possibly due to 

the diminished pH (10.2) of the applied carbonated bauxite residue as compared to the pH of fresh 

bauxite residue (13.0). According to Summers et al. (1996) the 40 ton ha-1 (about 5% w/w %) 

bauxite residue dose increased the soil pH of the Australian acid pastures by 1.0 unit from 3.5. 

Similarly, Ruyters et al. (2011) reported soil pH increase from 6.8 to 7.9 w/w % at 16.5 w/w % 

bauxite residue dose. In our case 5 w/w % bauxite residue resulted in 1.7 unit increase in pH. 

Table 4.1 Chemical properties of the microcosms in the 10th months  

Notation pH (H2O) 
CaCO3 % 

[w/w] 
K(A)  

Humus % 

[w/w] 

Total N 

[mg kg-1] 

Al -K 2O 

[mg kg-1] 

Al -P2O5 

[mg kg-1] 

ASS 5.7 ± 0.6 f 0.3 ± 0.1 g 
25.5 ± 1.4 

e 

0.5 ± 0.04 

b 
431 ± 62 a 240 ± 13 d 141 ± 5 f 

ASS+5% BR 7.4 ± 0.1 e 
0.3 ± 0.04 

g 

25.7 ± 1.3 

e 

0.4 ± 0.01 

bc 

398 ± 44 

ba 
231 ± 11 d 199 ± 9 e 

ASS+10% BR 7.8 ± 0.1 d 0.8 ± 0.1 fg 
26.5 ± 1.4 

cd 

0.4 ± 0.3 

bc 
341 ± 28 b 224 ± 5 d 213 ± 10 e 

ASS+20% BR 8.1 ± 0.1 c 1.9 ± 0.1 e 
27.1 ± 1.6 

cd 

0.6 ± 0.04 

a 
352 ± 13 b 179 ± 10 e 304 ± 16 d 

ASS+30% BR 
8.4 ± 0.05 

bc 
2.7 ± 0.3 d 

27.3 ± 1.6 

cd 

0.4 ± 0.05 

bc 
259 ± 24 c 

252 ± 14 

cd 
319 ± 12 d 

ASS+40% BR 8.5 ± 0.1 b 4.1 ± 0.4 c 
28.7 ± 1.6 

c 

0.3 ± 0.02 

d 

204 ± 30 

dc 

278 ± 19 

bc 
443 ± 25 c 

ASS+50% BR 8.5 ± 0.1 b 5.5 ± 0.1 b 
32.3 ± 0.3 

b 

0.3 ± 0.04 

d 
147 ± 17 d 291 ± 23 b 534 ± 16 b 

BR 
10.2 ± 0.1 

a 

11.3 ± 1.8 

a 

59.0 ± 3.0 

a 

0.4 ± 0.03 

bc 
140 ± 14 d 418 ± 21 a 660 ± 26 a 

Values followed by the same letters indicate no significant differences at the level of p<0.05. pH was determined in a 1:2.5 

soil:water suspension according to the Hungarian Standard (HS) 21470-2:1981. CaCO3: HS 08-0206-2:1978. K(A) is upper 

limit of plasticity according to Arany: HS 21470-51:1983. Humus: HS 21470-52:1983. Total N content: HS 08-0012-10:1987. 

Al-K2O and Al-P2O5: ammonium-lactate extractable, HS 20135:1999. 
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The CaCO3 content in the ASS (~ 0.1%) increased significantly to 0.8% at 10 w/w % bauxite 

residue addition (Table 4.1). The greater the added bauxite residue dose, the higher became the 

measured CaCO3 content (at 50 w/w % bauxite residue dose 5.5% CaCO3). The CaCO3 is one of 

the most important components of the soil’s buffering capacity to resist acidification. Most of the 

acid buffering of bauxite residue is due to calcite, sodalite and tricalcium aluminate (where present) 

which dissolve between pH values of 6 and 8 (Snars and Gilkes, 2009). Calcite along with sodalite, 

tricalcium aluminate, halite and gypsum in bauxite residue is usually produced in the Bayer process 

or by treatment of the bauxite residue after processing (Snars and Gilkes, 2009). 

The upper limit of plasticity according to Arany (K(A)) slightly increased with 10 w/w % (26.5), 

20 w/w % (27.1) and 30 w/w % (27.3) bauxite residue addition compared to the ASS (25.5) (Table 

4.1). The increase was significant at 40 w/w % (28.7) and 50 w/w % (32.3) bauxite residue mixing 

compared to ASS. K(A) number can be used to determine textural class (see in Chap. 2.2.1).  

Based on the defined number (Table 2.3 in Chap. 2.2.1), bauxite residue was in clay textural class 

in accordance with the other bauxite residues (Gräfe et al., 2011) and it might be a potential 

amendment to improve sand texture. 

The humus content of the bauxite residue (~ 0.4%) did not differ from the humus content of 

the ASS (~ 0.4%) (Table 4.1), although far-reaching conclusions can not be deduced from the 

results due to the measurement methods and their errors. The effect of bauxite residue on the 

availability of nutrients (i.e. available N, P and K) significantly varied in the microcosms (Table 

4.1). The available P-level significantly increased with increasing bauxite residue doses from 141 

mg kg-1 (ASS) to 199 mg kg-1 (5 w/w %) and to 534 mg kg-1 (50 w/w %). Bauxite residue addition 

did not influence the available N- and K level in the microcosms. 

The water holding capacity (WHC) of the soil increased also significantly at 5 w/w % bauxite 

residue addition, with incremental bauxite residue doses the WHC significantly increased (WHC 

of the bauxite residue was 59%) (Fig. 4.7). 10–50 w/w % bauxite residue in the soil increased the 

WHC by 9–38% reaching maximum 42% WHC upon 50 w/w % bauxite residue addition. 
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Figure 4.7 Effect of bauxite residue on water holding capacity (WHC) (see details in SI, Table 

8.13) in the 10th month. Values followed by the same letter indicate no significant differences at 

the level of p=0.05 (ASS: acidic sandy soil; BR: bauxite residue) 

 

The fine particles of bauxite residue can consolidate to form a solid mass which contains very 

few large pores and results in low hydraulic conductivity. The low hydraulic conductivity would 

inhibit drainage and favor waterlogging (Shengguo et al., 2014).  

These indices have particular importance to the future management and environmental legacy 

of bauxite residue. Next to re-use opportunities, one management option is to remediate residue in 

situ by establishing vegetation and developing a more ‘soil-like’ below ground ecology to drive 

microbially-mediated organic matter turnover and nutrient cycling for the long-term provision of 

plant nutrients (Banning et al., 2011).  

The primary limitations to vegetation establishment on bauxite residues include high alkalinity, 

sodicity and salinity coupled with a lack of organic matter, mineral nutrients and microorganisms. 

Further physical constraints may include high bulk density or low water retention capacity 

depending on the textural characteristics of the residue (Gräfe and Klauber, 2011). Successful 

rehabilitation of bauxite residues relies on amendments that can improve one or more of the 

physical, chemical or biological characteristics of the residue (Courtney et al., 2009). 

The total metal content (aqua regia digestible) and the water soluble metal content of the soils 

increased with bauxite residue loading regarding the analysed elements (SI, Table 8.14) similarly 

to the first microcosm experiment. The bauxite residue loading had a significant (p<0.05) effect 

on both the total and the water soluble As, Mo and Na content. It was also observed that the As, 

Cr and Ni concentrations in bauxite residue mixed soils (>10 w/w % bauxite residue addition) 

exceeded the Hungarian quality criteria for soil.  
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At 20 w/w % bauxite residue in the soil the total As, Cr and Ni content exceeded the quality 

criteria (~21.3 mg kg-1 As, ~ 97.9 mg kg-1 Cr and ~ 46 mg kg-1 Ni compared to 15 mg kg-1 As, 75 

mg kg-1 Cr and 40 mg kg-1 Ni as criteria). 

Similarly, Cd and Pb were not detectable in the water solution in contrast to the aqua regia 

digestible Cd and Pb content where bauxite residue addition resulted a significant (p<0.05) 

increase but the concentration did not exceed the Hungarian quality criteria. This was different to 

the first microcosm experiment when bauxite residue loading had a significant (p<0.05) effect only 

on the total Co, Cr, Cu, Ni and Zn content which might be due to the difference between the soils 

physico-chemical characteristics and the buffering capacity. 

The water soluble Mo and Na content of the microcosms increased also significantly with 

growing bauxite residue doses. The Mo could be the most mobile toxic metal in bauxite residue 

(Rékási et al., 2013). The water soluble As content in the microcosms was 0.089 mg kg-1 at 

30 w/w % and 0.139 mg kg-1 at 50 w/w % bauxite residue doses, while the water soluble As content 

in bauxite residue was 0.309 mg kg-1. The water soluble Zn content of the soil microcosms 

increased at 5 w/w % (~ 0.448 mg kg-1) and 10 w/w % (~ 0.360 mg kg-1) bauxite residue dose in 

comparison to the untreated sandy soil (ASS) (~ 0.229 mg kg-1) which effect may have been caused 

by the increased solubility of the formed metal–organic complexes due to the higher pH (Kabata-

Pendias and Pendias, 1992). However, Mo and Zn are essential plant micronutrients – which may 

mean there are additional benefits (Gupta et al., 2008). 

The total Na content of the treated soil became tenfold of the untreated soil (ASS) (~ 144 mg 

kg-1) upon the lowest bauxite residue concentration (5 w/w % ~ 1373 mg kg-1) and it increased 

proportionally with the added bauxite residue amount. At 40–50 w/w % bauxite residue addition 

aqua regia digestible Na concentration reached 100 times the Na level of the untreated soil.  

The water soluble Na content became fourfold of the untreated soil at 5 w/w % bauxite residue 

(~ 43.7 mg kg-1) dose increasing also proportionally with the added bauxite residue amount 

similarly to the aqua regia digestible content. 

The key implication of these results is that bauxite residue mixed into the ASS at low doses 

(5 w/w % and 10 w/w %) did not result in exceedance of the level of toxic metals in the mixture 

compared to the quality criteria. In turn, at higher proportions (>20 w/w %) the aqua regia digestible 

toxic metal content significantly increased in the microcosms with incremental bauxite residue 

doses. Further, at low bauxite residue (5 w/w %) dose the pH, the CaCO3 content and the soil water 

holding capacity (WHC) of the AAS increased significantly, resulting an improved soil structure which 

could be a benefit for soil biota. 
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4.1.2.2. Influence of bauxite residue on microbial activity  in soil – 

microcosm incubation study II 

The changes in soil microbial activity was studied and evaluated by the Biolog EcoPlate 

technique which is a promising tool for community level physiological profiling, moreover this 

technique can be used to assess the toxicological impacts too. The EcoPlate contains three replicate 

wells of 31 of the most useful carbon sources for soil community-level physiological profiling of 

heterotrophic bacterial assemblages (Insam, 1997; Stefanowicz, 2006). In this experiment, we 

focused on how bauxite residue influences the substrate utilization patterns of the microbial 

community in the soil applying the Biolog EcoPlate method (Garland, 1997). The endpoints 

calculated from the corrected data were the following: average well colour development (AWCD), 

substrate average well colour development (SAWCD), Shannon-index (H), substrate richness (SR) 

and Shannon evenness (E). 

Considering AWCD, 5 w/w % bauxite residue addition to the ASS significantly increased (by 

126% and 23%, respectively, from 0.13) the AWCD of the Biolog EcoPlates during the 3rd and 

the 5th months, but after the 10th month no significant difference was observed (Fig. 4.8). 

Generally, the AWCD was inhibited with the growing bauxite residue amount in the soil (except 

for the 2nd sampling of 40 w/w % bauxite residue amended soil). 10 w/w % and 20 w/w % bauxite 

residue addition resulted in 83% and 67% increase, respectively, after the 3rd month. However, 

this increase in the AWCD levels ceased by the 5th and 10th months showing a significant decrease 

compared to the untreated ASS. 40 w/w % and 50 w/w % bauxite residue resulted in 88–96% 

inhibition of AWCD at all sampling times (except for the 2nd sampling of 40% bauxite residue). 

AWCD in the untreated control (ASS) increased with 221% between the 3rd and 5th months, but to 

a smaller extent (15–75%) in other microcosms (except for the 40 w/w % and 50 w/w % bauxite 

residue treatment). The increase had stopped after 10 months. That reason may be the optimum 

pH for the alkalophiles is above pH 9, thus they cannot grow or they grow only slowly at the near-

neutral pH. The stimulating effect occurred only on the short term due to the slightly alkaline 

environment (pH was 7.4, 7.9 and 8.1 at 5 w/w %, 10 w/w % and 20 w/w % bauxite residue dose, 

respectively). Bauxite residue also contains its own alkalophile and halophile microflora (Agnew 

et al., 1995; Krishna et al., 2014) that may not survive in soil over the long term (10 months). 

However, with increasing bauxite residue dose other soil properties than pH have also changed: 

for example electrical conductivity (EC), salt content, CaCO3-content, plant-available P-content 

and water holding capacity increased, while nitrogen-content (total N, NH4-N and NO3-N) and 

humus-content decreased.  
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The results of the correlation analysis (SI, Table 8.15) showed that the AWCD values 

correlated with the bauxite residue dose, the pH (only at months 5 and 10), the electrical 

conductivity (EC) and the nitrogen content (NO3
- and total N) of the soil. Very strong correlation 

was found after 10 months for bauxite residue dose, pH and EC. 

 

 

Figure 4.8 Average well colour development (AWCD) at 120 h (see details in SI, Table 8.16) in 

the samples. Values followed by the same letter indicate no significant differences at the level of 

p=0.05 (ASS: acidic sandy soil; BR: bauxite residue) 

 

Substrate average well colour development (SAWCD) values generally increased at lower 

bauxite residue concentrations depending on the investigated substrate group and the time (SI, 

Table 8.17). After 3 months, all SAWCD values increased significantly compared to the untreated 

soil (ASS) at up to 20 w/w % bauxite residue amounts. However, after the 5th or 10th months amino 

acids, amines, carbohydrates and phenolic compounds SAWCD decreased significantly for nearly 

all treatments compared to the untreated soil. Amines and phenolic compound utilization in the 

untreated soil (ASS) increased by 33% and 55%, respectively, after 10 months. Carboxylic acid 

and polymer utilization was significantly higher in the 5–10 w/w % bauxite residue treated soil 

during the experiment as compared to the untreated soil. Correlation analysis (SI, Table 8.15) 

indicated that the AWCD value correlated strongly with the amino acid and carbohydrate SAWCD 

among the substrate guilds. Comparing the percent distribution of SAWCD for each treatment (SI, 

Table 8.17), one could see that with incremental bauxite residue doses the number of substrate 

groups utilizable by microbes is decreasing: the microbes utilized all six groups in the ASS, while 

only 3–5 groups were utilized in the bauxite residue treated soils after 10 months.  
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At 50 w/w % bauxite residue addition only amino acids, carboxylic acids and polymers were 

utilized. The SAWCD ratio by groups in the ASS did not change during the experiment and the 

highest utilization was measured for carbohydrates (25–36%), amino acids (21–33%) and 

polymers (11–25%). By the end of the 10 months at 5 w/w % and 10 w/w % bauxite residue dose 

polymers were utilized at most (50% and 63%, respectively), followed by carboxylic acids (24% 

and 25%, respectively).  

At 20 w/w % bauxite residue carboxylic acids (34%), amino acids (27%) and polymers (24%) 

were utilized, while at 30 w/w % bauxite residue the carboxylic acid utilization increased to 62% 

after 3 months, but the highest rate was found for amino acids (57%) and carbohydrates (26%) 

after 10 months. At 40 w/w % and 50 w/w % bauxite residue the carbohydrate utilization increased 

after 3 months to 69% and 100% respectively, but by the 10th months it decreased to 34% at 

40 w/w % bauxite residue rate (still the mostly utilized substrate group) and to 0 w/w % at 50 w/w % 

bauxite residue rate. At 50 w/w % bauxite residue the highest utilization rate was 43% for carboxylic 

acids and 37% for polymers after 10 months.  

The utilization of some substrate groups (carboxylic acids and polymers with the highest 

utilization percentage) was maintained at a higher level in the treated soils (at up to 20 w/w % 

bauxite residue and 10 w/w % bauxite residue, respectively) than in the ASS over the long term (10 

months), suggesting that bauxite residue addition created a more favourable environment for 

certain microbial groups in the soil to utilize specific substrates (Garau et al., 2011). 

Shannon diversity index (H) did not change significantly after the 3rd and 5th months at low 

bauxite residue amounts (5–20 w/w %), but it decreased significantly by 18–48% compared to the 

untreated soil (ASS) at 30–50 w/w % bauxite residue amount (Table 4.2). After 10 months H 

decreased significantly (29–52%, to 1.5–2.2) in all treatments compared to the untreated soil 

(ASS), but there was no significant difference between the treatments. 

Substrate richness (SR) showed similar pattern to H: it did not change significantly after the 

3rd and 5th months (except for 20 w/w % bauxite residue at the 5th month) at low bauxite residue 

amounts (5–20 w/w %), but it decreased significantly after the 10th month from 12–15 to 6–8. At 

30–50 w/w % bauxite residue amount significant decrease to 0–3 was observed after 3 months and 

it remained at this level until the end of the experiment (except for 40 w/w % bauxite residue at the 

5th month). 

Shannon evenness (E) was maintained during the experiment at around 1.0–1.2 for ASS and 

5–20 w/w % bauxite residue treated soils. However, E became significantly higher after the 3rd and 

5th months at 30 w/w % bauxite residue dose and after the 10th month at 40 w/w % bauxite residue, 

and decreased to zero in the 50 w/w % bauxite residue treated soil. 
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Shannon index (H) and substrate richness (SR) strongly and very strongly correlated with 

AWCD (SI, Table 8.15), however there was no correlation between Shannon evenness (E) and 

AWCD. H correlated with bauxite residue dose and SR strongly correlated with all tested soil 

parameters (bauxite residue %, pH, EC, NO3-N and Total N) (SI, Table 8.18). 

 

Table 4.2 Shannon diversity index (H), substrate richness (SR) and Shannon evenness (E) at 120 

h. Values followed by the same letter indicate no significant differences at the level of p=0.05  

Notation 

Shannon diversity index 

(H) 
Substrate richness (SR) Shannon evenness (E) 

3rd 

month 

5th 

month 

10th 

month 

3rd 

month 

5th 

month 

10th 

month 

3rd 

month 

5th 

month 

10th 

month 

ASS 2.90 a 2.64 a 3.11 a 12.5 a 15.0 a 15.0 a 1.15 b 0.99 b 1.16 b 

ASS+5% 

BR 
2.69 a 2.75 a 2.19 b 12.5 a 15.5 a 8.0 b 1.05 b 1.00 b 1.33 b 

ASS+10% 

BR 
2.38 ab 2.66 a 2.17 b 12.5 a 14.5 a 6.0 b 0.98 b 0.99 b 1.21 b 

ASS+20% 

BR 
2.60 ab 2.60 a 1.85 b 12.0 a 10.0 b 6.5 b 1.08 b 1.02 b 1.17 b 

ASS+30% 

BR 
2.06 b 1.63 c 1.48 b 3.0 b 3.5 d 1.5 c 1.88 a 1.30 a 0.00 c 

ASS+40% 

BR 
2.14 b 2.17 b 1.96 b 0.0 c 8.0 c 2.5 c 0.00 c 1.01 b 2.50 a 

ASS+50% 

BR 
1.98 b 1.70 c 1.81 b 0.0 c 1.0 e 1.5 c 0.00 c 0.00 c 0.00 c 

 

Other authors found similar intensification in the soil microbial activity when applying bauxite 

residue as chemical stabilizer in metal contaminated soil due to the metal immobilization 

capability. Lombi et al. (2002a) proved the decreased extractability of metals due to the red mud 

treatment. They explained that specific chemisorption, and possibly metal diffusion into oxide 

particles could also be the mechanisms responsible for the fixation of metals by red mud. Lombi 

et al. (2002) reported that 13 months after the application of bauxite residue at 2 w/w % in two Cd, 

Pb, Cu, Ni and Zn polluted soils, the microbial biomass in the soil was significantly greater in the 

treated soils in comparison with the untreated control. They explained this increase firstly by the 

fact that bauxite residue reduced the toxicity of metals to microorganisms directly and secondly 

the amendments improved plant growth likely resulting in a larger amount of root exudates and 

root residuals compared with the untreated control where plants did not grow successfully. 
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Garau et al. (2007) found that the microbial population from the 4 w/w % bauxite residue 

amended Pb, Cd and Zn polluted soil showed higher richness measured by Biolog EcoPlate 

compared to the control soil while bauxite residue decreased significantly the solubility of Pb, Cd 

and Zn, which was likely responsible for the promotion of bacterial abundance. Based on the 

sequencing of the 16S rDNA gene bauxite residue treated soils contained mostly Gram negative 

bacteria affiliated to Ralstonia, Flavobacterium and Pedobacter genera. While Arthrobacter 

isolates were numerically the most abundant in the control soil, the bauxite residue-soil largely 

dominated by ɓ-Proteobacteria. They suggested that AWCD value is mostly reflecting the 

potential metabolic activity of fast-growing r-selected bacterial populations and that the Gram 

negative bacteria are mostly responsible for colour development. In other studies it was confirmed 

that beyond Biolog EcoPlate derived values other microbial parameters, such as fast-growing 

heterotrophic bacterial cell number, microbial abundance, the activity of selected enzymes 

(dehydrogenase, urease) was also improved after bauxite residue treatment (Castaldi et al., 2009; 

Garau et al., 2011). Sprocati et al. (2014) explained the high functional diversity of the metabolic 

profile of toxic metal polluted soil gained after Viromine™ treatment related with the increase in 

pH caused by the addition of bauxite residue derived product. These findings confirm that bauxite 

residue may have positive effects on the soil microflora, but the reasons for the microbial 

abundance increase as suggested by these authors cannot be fully extrapolated to our study. 

Detailed assessment of the Biolog Ecoplate data allowed us to follow the effect of bauxite 

residue on the microbial community of the ASS in a microcosm experiment. Among the Biolog 

EcoPlate derived values only AWCD and SAWCD reflected the intensified microbial activity 

upon low bauxite residue doses over the short term. At 30–50 w/w % bauxite residue dose all values 

clearly indicated deteriorating effect on the microbial activity of the ASS. Changes induced in the 

soil microbial community by the low bauxite residue amounts (5 w/w %, 10 w/w % and 20 w/w % 

bauxite residue in the ASS) did not last during the 10 months of the experiment.  

The reduction indicated by all calculated Biolog EcoPlate derived indices may be attributed to the 

lack of organic amendments (both carbon and nitrogen source) and of various nitrogen sources. 

Thus, during the first month bauxite residue addition initially may have intensified the soil 

microbial activity. Therefore, combined addition of bauxite residue and organic matter could be 

recommended for improvement of ASS. 
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4.1.2.3. Influence of bauxite residue on ecotoxicity in soil – microcosm 

incubation study II  

The adverse effects of bauxite residue were examined by ecotoxicity tests using test organisms 

from three trophic levels similarly to the previous microcosm study: A. fischeri (luminescent 

bacterium), S. alba (plant), T. aestivum (plant) and T. pyriformis (unicellular animal). 

The endpoint applied for the bacterial (A. fischeri) test were the ED50 values. The ED50 values 

were determined from the dose-response curve (inhibition percent values of different dilutions) 

and further Cu equivalent (ΣCu50) was determined based on the ED50 values. The inhibition was 

compared to the ASS in the A. fischeri bioluminescence inhibition test (Table 4.3). While no 

adverse effect on A. fischeri was observed at 5 w/w % and 10 w/w % bauxite residue dose during 10 

months, 20–50 w/w % bauxite residue addition resulted in increased toxicity both with the increase 

of the bauxite residue dose and with time.  

The toxicity indicated in Cu-equivalent increased from 633 mg Cu kg-1 to 917 mg Cu kg-1 soil 

in the 10th month with incremental bauxite residue (20−50 w/w %) application rates to the ASS. 

The highest inhibition on the long term (10 months) was measured at 50 w/w % bauxite residue 

dose where the inhibition expressed in Cu equivalent was 917 mg kg-1 soil. The 5 w/w % bauxite 

residue dose was not toxic to A. fischeri as compared to the microcosm incubation study I. (see in 

Chap. 4.1.1) where at 5 w/w % bauxite residue dose the bioluminescence inhibition expressed in 

Cu equivalent was 1238 mg Cu kg−1 soil in the first month (very toxic), 144 mg Cu kg−1 in the 

second (slightly toxic) and 8 mg Cu kg−1 soil in the eighth month (non toxic).  

It should be noted that the untreated soil (S) applied in the microcosm incubation study I has 

different chemical properties (see Table 3.1 in Chap. 3.1.1) and metal content (see Table 3.4 in 

Chap. 3.1.1) in comparison to the specific acidic sandy soil (ASS) applied in the present 

microcosm incubation study II. 

 

Table 4.3 A. fischeri bioluminescence inhibition (ASS: acidic sandy soil; BR: bauxite residue) 

Notation 
SCu50 [mg kg-1] 

3rd month 5th month 10th month 

ASS+5% BR no inhibition no inhibition no inhibition 

ASS+10% BR no inhibition no inhibition no inhibition 

ASS+20% BR 256 468 633 

ASS+30% BR 343 542 765 

ASS+40% BR 434 554 873 

ASS+50% BR 762 594 917 
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The potential toxic effect of bauxite residue to plants was measured by S. alba (white mustard) 

and T. aestivum (common wheat) root and shoot growth inhibition tests. In case of both plants the 

increasing bauxite residue amount in the soil microcosms significantly inhibited the growth of 

roots and shoots (Fig. 4.9–4.12). Bauxite residue proportions in soil causing 50% inhibition - were 

as follows: 41%, 33% and 33% for S. alba roots, 20%, 25% and 30% for S. alba shoots, 19%, 20% 

and 22% for T. aestivum roots, 23%, 19% and 15% for T. aestivum shoots in the 3rd, 5th and 10th 

months, respectively.  

The ED50 values showed that the T. aestivum plant was more sensitive to bauxite residue 

compared to S. alba. On the long term (10 months) the growth inhibition was less than 15% at 

5 w/w % bauxite residue proportion for S. alba roots and shoots and T. aestivum roots. The 

inhibitory effect of 5 w/w % bauxite residue dose on plants is acceptable as long as it remains under 

15%. The highest inhibition on the long term (10 months) was measured at 50 w/w % bauxite 

residue proportion in the soil: 81% for S. alba roots, 85% for S. alba shoots, 90% for T. aestivum 

roots and 84% for T. aestivum shoots, respectively. 

The T. aestivum root length in the reference soil (ASS) decreased in time to similar extent than 

in the bauxite residue treated soils. However, the T. aestivum shoot length did not decrease with 

time in the reference soil in contrast to the bauxite residue amended soil (except for 5 w/w % bauxite 

residue). Therefore, the bauxite residue (in >10 w/w %) has adverse effect on the growth of the T. 

aestivum shoots. 

As confirmed in independent solution culture studies at alkaline pH by Fuller and Richardson 

(1986) the presence of high-soluble Al concentrations in the alkaline bauxite residue additionally 

affect plant growth. In their study a series of organic amendments to bauxite residue was tested in 

order to increase the growth of Distichlis spicatavar. stricta (desert saltgrass), an alkaline-tolerant 

rhizomatous grass.  

They reported that Al toxicity appears to be a major factor controlling plant growth in bauxite 

residue and sewage sludge may reduce the toxicity of bauxite residue by lowering pH, precipitating 

Al and increasing cation availability via complexation. According to Ruyters et al. (2011), low 

bauxite residue doses (<1 w/w %) stimulated the barley (H. vulgare) root elongation and barley 

plant yield for unknown reasons. At the 4.9 w/w % and 16.9 w/w % bauxite residue doses, barley 

plant yield decreased significantly and these effects did not disappear with leaching. 
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Figure 4.9 Average S. alba root length (see details in SI, Table 8.19) in the samples. Values 

followed by the same letter indicate no significant differences at the level of p=0.05 (ASS: 

acidic sandy soil; BR: bauxite residue) 

 

 

Figure 4.10 Average S. alba shoot length (see details in SI, Table 8.20) in the samples. Values 

followed by the same letter indicate no significant differences at the level of p=0.05 (ASS: acidic 

sandy soil; BR: bauxite residue) 
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Figure 4.11 Average T. aestivum root length (see details in SI, Table 8.21) in the samples. 

Values followed by the same letter indicate no significant differences at the level of p=0.05 (ASS: 

acidic sandy soil; BR: bauxite residue) 

 

 

Figure 4.12 Average T. aestivum shoot length (see details in SI, Table 8.22) in the samples. 

Values followed by the same letter indicate no significant differences at the level of p=0.05 (ASS: 

acidic sandy soil; BR: bauxite residue) 

 

The reproduction inhibition of T. pyriformis (protozoon) was measured at the end of the 

experiment (10th months). The growing bauxite residue amount increased the inhibition of the 

unicellular animal reproduction (Table 4.4).  
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The bauxite residue doses causing 20 and 50% inhibition on the long term (10 months) were 

10% and 26%, respectively. 5 w/w % bauxite residue did not inhibit reproduction of T. pyriformis 

compared to the reference sandy soil. The highest inhibition (82%) on the long term (10 months) 

was measured at 40 w/w % bauxite residue dose in the soil. 

In the literature, there are very few publications about the application of animals as test 

organisms to study the toxic effect of bauxite residue. Klebercz et al. (2012) reported that the Ajka 

bauxite residue affected sediments showed relatively low toxicity to freshwater ostracod 

Heterocypris incongruens in direct contact sediment tests. 

 

Table 4.4 T. pyriformis reproduction inhibition in the 10th months  

Notation 
Cell concentration 

[cell m L -1] 

Inhibition  

[%]  

ASS 2.96×105  

ASS+5% BR 3.07×105 – 

ASS+10% BR 2.36×105 20 

ASS+20% BR 1.16×105 61 

ASS+30% BR 1.51×105 49 

ASS+40% BR 0.53×105 82 

ASS+50% BR 0.80×105 73 

 

According to the ecotoxicological test results 5 w/w % bauxite residue had no significant adverse 

effects on the tested test organisms [A. fischeri (luminescent bacterium), S. alba (plant), T. 

aestivum (plant) and T. pyriformis (unicellular animal)]. A. fischeri test was the most sensitive 

direct contact test due to the sensitivity of the organism to alkalinity and heavy metals. T. 

pyriformis, S. alba and T. aestivum are sensitive to a wide range of toxic substances. Based on the 

results of this microcosm incubation study, the Ajka bauxite residue can be recommended at 

maximum 5 w/w % application rate as ameliorant to ASS in Eastern Hungary and to any other sandy 

soil with similar degradation problems after having assessed the site specific risk. 

The aim of this microcosm incubation study was to reveal the beneficial and soil improvement 

effects of bauxite residue on a specific ASS in Hungary. The results showed that bauxite residue 

applied at 5 w/w % had positive effects on the degraded ASS, significantly increasing soil pH, 

improving soil texture and water holding capacity with no adverse effects on tested test organisms. 

These findings are consistent with the first microcosm incubations study aiming to estimate the 

bauxite residue amount with no adverse effects on the soil as natural habitat.  
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Both studies demonstrated that the integrated monitoring supports the potential development of 

a soil amelioration technology using bauxite residue and it assists in the identification of the 

advantages and limitations of its application. 

 

4.1.3. Field study to evaluate the bauxite residue-soil mixture as 

component of a landfill cover system 

Since the disposal of the removed BRSM (bauxite residue-soil mixture) at Ajka involves 

considerable costs and potential risks, the aim of this research was to develop a technology for the 

re-utilization of the stored BRSM. The overall objective of the present study was to characterize 

and evaluate the applicability of the BRSM as additive to the surface layer of the landfill cover 

system at the municipal solid waste deposit in Gyál (.A.S.A. Hungary). 

In this experiment, a 10-month-long field scale soil restoration study investigated the 

applicability of BRSM as surface layer component of landfill cover systems. The field study was 

carried out in two steps following different concepts: in lysimeters and in field plots. The BRSM 

was mixed with LQS originally used as surface layer of an interim landfill cover at ratios ranging 

between 0–50 w/w %.  

The experiment was monitored by an integrated methodology (see Fig. 3.8 and 3.9 in Chap. 

3.1.2) combining the physical and chemical methods with biological and ecotoxicological 

measurements. The adverse effects of BRSM were examined by ecotoxicity tests using test 

organisms from three trophic levels: A. fischeri (luminescent bacterium), S. alba (plant) T. 

aestivum (plant) and F. candida (animal). 

 

4.1.3.1. Lysimeter study 

4.1.3.1.1. Toxic metal content and pH of leachate in the field scale soil 

restoration study 

To assess the effect of the LQS and BRSM containing landfill surface cover on the subsurface 

waters the pH and the toxic metal content of the leachate from lysimeters were analysed (Table 

4.5). The pH of the leachate from the mixtures did not differ significantly from the subsoil (LQS) 

and BRSM leachate pH. The metal content of the leachates was below the HLV for subsurface 

water (Hungarian 6/2009 (IV.14.) KvVM-EüM-FVM decree) except for the following seven 

elements: B, Mo, Na, Ni, Se, and Zn (Table 4.5). 
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Table 4.5 Observed element concentrations in leachates from the lysimeters in the 10th 

months (LQS: low quality subsoil; BRSM: bauxite residue-soil mixture) 

Elements LQS 
LQS+20% 

BRSM 

LQS+40% 

BRSM 
BRSM HLV  

As (µg L-1) 2.15 a 1.03 d 1.75 c 1.90 b 10 

B (µg L-1) 1610 d 2300 a 2050 b 1810 c 2000* 

Mo (µg L-1) 29.6 a 22.7 b 31.3 a 23.3 b 20 

Na (mg L-1) 1170 a 1223 a 1287 a 1203 a – 

Ni (µg L-1) 21.3 a 20.3 a 27.0 a 26.1 a 20 

Se (µg L-1) 128 a 13.0 b 84.0 a 129 a 10 

Zn (µg L-1) 2260 a 2130 a 2130 a 94.8 b 200 

pH 7.71 a 7.62 a 7.82 a 7.65 a – 

Values followed by the same letters, indicate no significant differences at the level of p<0.05. Hungarian limit value (HLV) for 

subsurface water based on KvVM-EüM-FVM Joint Decree No. 6/2009. The metal content of the leachates from the lysimeters was 

determined according to the Hungarian Standard (HS) EN ISO 17294-2:2005 by ICP-MS. 

*Essential to plant growth, but even tolerant plants may be damaged when boron exceeds 2.000 µg L-1. (U.S. Environmental 

Protection Agency 1986). 

 

Since the subsoil (LQS) has already had high B, Mo, Na, Ni, Se, and Zn content before mixed 

with BRSM, the addition of BRSM did not influence significantly the metal content of the 

leachates, except for B and Mo. The As content of the subsoil (LQS) did not exceeded the HLV 

but it was significantly higher in the subsoil (LQS) than in the BRSM or in the different mixtures. 

In our experiment the Cr was below the detection limit (0.5 µg L-1) in both the subsoil (LQS) and 

the BRSM in contrast to other studies (Rékási et al., 2013; Burke et al., 2012). Anton et al. (2012) 

modelled the effects of the Hungarian bauxite residue disaster in a soil column experiment 

focusing on element solubility concluding that bauxite residue affected the total Mo and Na 

concentrations of the topsoil layer due to leaching of bauxite residue particles. Rékási et al. (2013) 

investigated the chemical changes caused by bauxite residue leachate and the effects of these 

changes on living organisms after the Hungarian bauxite residue disaster in a soil column 

experiment. 

Their experiments showed that leaching from the bauxite residue layer increased the total, 

plant-available, exchangeable and water-soluble fractions of Na, Mo, Cu and Cr, and resulted in a 

rise of the pH and DOC (dissolved organic carbon) concentration. Therefore, the elevated Mo 

content of the LQS+BRSM landfill surface cover was attributed to the BRSM although the subsoil 

(LQS) has already had high Mo content. Mo in soils is associated with wet conditions, alkaline 

reactions and high concentrations of organic matter (Fleming, 1980; Gupta and Lipsett, 1981). In 

terms of Mo, there is a potential risk of metal transfer through soil down to ground water, aquifer 

or via plant – root uptake (bio available).  
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When the leachate is flowing through the soil, the heavy metals in leachate may be adsorbed or 

complexed to the soil particles (McBride et al., 1997; Sewwandi et al., 2011). On the other hand, 

usually in a landfill the leachate is collected by a leachate collection system, thus the risk of 

groundwater contamination by any leachate is decreased. 

 

4.1.3.1.2. Leachate toxicity in the field scale soil restoration study 

Addition of BRSM did not change the toxicity of the LQS+BRSM leachates as compared to 

subsoil (LQS) (Table 4.6). Moreover, none of the experimental setups did cause any toxic effect 

on the tested test organisms. Rékási et al. (2013) found that the leachate from the column 

experiment with bauxite residue contributed to a rise in the S. alba root and shoot growth in an 

ecotoxicity test. Based on the above findings the BRSM material may be applied as landfill surface 

cover at landfill sites, especially when considering that the key component of most of the modern 

landfills is a leachate collection system to avoid seepage of the leachate into the underlying soil. 

 

Table 4.6 Summary of environmental toxicity test results of the leachates from the lysimeters 

(see details in SI, Table 23), (LQS: low quality subsoil; BRSM: bauxite residue-soil mixture) 

Notation 

Aliivi brio fischeri 

bioluminescence inhibition 

Sinapis alba root 

growth inhibition  

Sinapis alba 

shoot growth 

inhibition  

[%] [%] [%] 

LQS+20% BRSM 10th month < 5 (non toxic) < 5 7 

LQS+40% BRSM 10th month < 5 (non toxic) < 5 7 

BRSM 10th month < 5 (non toxic) < 5 < 5 

In summary BRSM mixed into subsoil (LQS) at the examined concentration did not cause 

toxic effect on the tested test organisms. But mixing 20 w/w % BRSM into subsoil (LQS) to create 

a landfill surface cover caused an increase in the Mo, Na, Ni, Zn, B and Se and their concentrations 

exceeded the HLV for subsurface water, however due to the leachate collection system at landfill 

sites its harmful effect may be limited. 

 

4.1.3.2. Field plot study 

4.1.3.2.1. Influence of bauxite residue-soil mixture on physico-

chemical parameters in the field scale soil restoration study 

The 5 w/w %, 10 w/w % and 20 w/w % BRSM increased the slightly alkaline pH (7.99) of the 

subsoil (LQS) by 0.1 unit; 50 w/w % BRSM increased pH by 0.2 unit, but the effect was not 

significant (Table 4.7).  
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Similarly, to the microcosms experiments Lombi et al., (2002a) described an increase of the 

pH by 1.4 and 1.7 units after the addition of 2 w/w % and 5 w/w % bauxite residue to soil. The BRSM 

addition resulted in a much slighter pH increase than the bauxite residue in the above studies, 

because the BRSM had a pH of only 8.4 compared to pH 10.2 of the carbonated bauxite residue 

covering the agricultural soil. In addition, at the time of the spill the pH of the bauxite residue 

suspension was very caustic (pH 13) (Szépvölgyi, 2010b). 

The carbonation of the Ajka bauxite residue occurred as a result of atmospheric contact 

(Lockwood et al., 2014). According to previous studies an important issue is the greater mobility 

of oxyanionic trace elements such as As, Cr, Mo, and V at elevated pH (Langmuir, 1997; Klebercz 

et al., 2012). 

 

Table 4.7 Chemical properties of the plots in the 10th months (LQS: low quality subsoil; BRSM: 

bauxite residue-soil mixture) 

Notation pH (H2O) 
CaCO3 % 

[w/w]  
K(A)  

Humus % 

[w/w]  

Total N 

[mg kg-1] 

Al -K 2O 

[mg kg-1] 

Al -P2O5 

[mg kg-1] 

LQS 8.0 ± 0.2 a 
16.3 ± 0.1 

a 

45.1 ± 2.2 

a 
1.3 ± 0.1 d 711 ± 51 d 224 ± 33 b 37 ± 6 d 

LQS+5%  

BRSM 
8.1 ± 0.1 a 

15.1 ± 0.6 

ab 

42.1 ± 1.0 

a 
1.3 ± 0.1 d 611 ± 51 d 241 ± 30 b 54 ± 6 d 

LQS+10% 

BRSM 
8.1 ± 0.1 a 

16.0 ± 0.2 

a  

44.9 ± 1.1 

a 

1.7 ± 0.04 

c 
900 ± 58 c 209 ± 9 b 78 ± 12 c 

LQS+20% 

BRSM 
8.1 ± 0.1 a 

15.1 ± 0.6 

ab 

43.7 ± 1.4 

a 
1.9 ± 0.1 c 966 ± 94 c 241 ± 21 b 88 ± 15 c 

LQS+50% 

BRSM 
8.2 ± 0.1 a 

15.8 ± 0.4 

a 

44.3 ± 0.7 

a 
2.2 ± 0.1 b 

1216 ± 

118 b 
237 ± 20 b 121 ± 14 b 

BRSM 8.4 ± 0.3 a 
14.2 ± 0.4 

b 

44.6 ± 1.8 

a 
3.0 ± 0.2 a 

1711 ± 

102 a 
285 ± 25 a 203 ± 14 a 

Values followed by the same letters indicate no significant differences at the level of p<0.05. pH was determined in a 1:2.5 

soil:water suspension according to the Hungarian Standard (HS) 21470-2:1981. CaCO3: HS 08-0206-2:1978. K(A) is upper 

limit of plasticity according to Arany: HS 21470-51:1983. Humus: HS 21470-52:1983. Total N content: HS 08-0012-10:1987. 

Al-K2O and Al-P2O5: ammonium-lactate extractable, HS 20135:1999.  

 

Moreover, BRSM addition did not influence CaCO3 content and K(A) number in the field plots 

(Table 4.7). CaCO3 content of BRSM was significantly lower (14.2%) than LQS (16.3%) and 

BRSM amended LQS plots. Humus content of the plots significantly increased at 10 w/w % (1.7%), 

20 w/w % (1.9%) and 50 w/w % (2.2%) BRSM mixing compared to LQS (1.3%) due to the elevated 

humus content (3.0%) of the BRSM caused by the soil input during the removal process (see in 

Chap. 3.1.1.4).The available N- and K-level also increased with increasing BRSM doses in the 

plots due to the high proportion of BRSM (Table 4.7).  
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The available K-level was significantly higher in BRSM (285 mg kg-1) compared to LQS but 

BRSM mixing did not influence K-level in mixed plots. 

Due to the BRSM content, the planned landfill surface cover is able to store significantly more 

water (by 5 w/w % at 10 w/w % BRSM) than the subsoil (LQS) itself (Fig. 4.13), but the availability 

of this water will be determined by infiltration patterns and rooting depth (Van Gool et al., 2005). 

These changes in the water holding characteristics could be explained by changes in the porosity 

and the pore size distribution (Buchanan et al., 2010). 

 

Figure 4.13 Water holding capacity (WHC) (see details in SI, Table 8.24) in field plots in the 

10th month. Values followed by the same letter indicate no significant differences at the level of 

p=0.05 (LQS: subsoil; BRSM: bauxite-residue soil mixture) 

 

The total metal content of the subsoil (LQS) was below the HLV for soil (Hungarian 6/2009 

(IV.14.) decree) (Table 4.11). The metal content of BRSM was also below the HLV for soil except 

for two metalloids: As and Ni. The total concentration of As was 30% higher (~ 19.5 mg kg-1) than 

the limit value (15 mg kg-1), however the As was insoluble in water. The concentration of Ni (~ 

43.5 mg kg-1) was 9% higher than the limit value (40 mg kg-1), which is negligible. Nevertheless, 

the Na content (~ 2485 mg kg-1) was three times higher in the aqua regia extract than the risk based 

site specific screening value at Ajka based on the soil properties of the area (900 mg kg-1) (Kádár, 

2009; Gruiz et al., 2013), which indicates increased sodification potential, but might be too strict 

limit in case of a landfill site. 

Similarly, to the two previous microcosm experiments the total metal content (aqua regia 

digestible) of the amended soils increased with the bauxite residue loading.  
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The As concentration in the 50 w/w % BRSM mixture (~ 16.5 mg kg-1) (Table 4.11) exceeded 

the HLV for soil (15 mg kg-1). The BRSM loading had a significant (p<0.05) effect on both the 

total and the water soluble Na content. BRSM addition had significant (p<0.05) effect on As, Cd, 

Co, Cr, Cu, Mo, Ni, Pb, Se and Zn aqua regia digestible content. As, Cd, Pb and Se were not 

detectable in water in contrast to the previous microcosm experiments where only the Cd and Pb 

concentration were below the detection limit.  

The water soluble Co, Cr and Cu concentration did not increase significantly (p<0.05) with 

BRSM addition and the water soluble Zn and Ni were only in the BRSM. 

The metal analysis of the LQS+BRSM mixtures indicated that the BRSM is applicable as 

landfill surface cover component at up to 20 w/w % BRSM dose because the concentration of the 

examined toxic metals and metalloids did not exceed the HLV for soil. 

 

4.1.3.2.2. Influence of bauxite residue-soil mixture on microbial 

activity in the field scale soil restoration study 

In this experiment, we focused on how BRSM influences the substrate utilization patterns of 

the microbial community in soil applying the Biolog EcoPlate method (Garland, 1997). This 

method is a rapid and convenient tool for characterization of the microbial activity and for 

comparing functional diversity of microbial communities of treated and control areas (soil) in a 

soil remediation or soil improvement technology. The endpoints calculated from the corrected data 

were the following: average well colour development (AWCD), substrate average well colour 

development (SAWCD), Shannon-index (H), substrate richness (SR) and Shannon evenness (E). 

One month after the treatment at field conditions the BRSM addition to the LQS at 5–20 w/w 

% BRSM dose decreased the AWCD by 27–36% (from 0.49 in LQS) in the Biolog EcoPlates (Fig. 

4.14). As time went by the AWCD values for these treatments became higher than in LQS and the 

increase was significant after 10 months for all treatments (5 w/w %, 10 w/w % and 20 w/w % BRSM). 

The best result was gained with 20 w/w % BRSM addition achieving a 61% increase reaching 0.97 

AWCD value. The AWCD in the BRSM itself was significantly higher with 50–78% than in the 

low quality subsoil (LQS) during the experiment (0.74–1.10). On the other hand, 50 w/w % BRSM 

caused a significant increase during the 1st and the 5th month compared to low quality subsoil 

(LQS), but by the 10th month at this BRSM dose 29% decrease was observed. AWCD correlated 

with BRSM dose and all the tested soil parameters only over the short term (1st and the 5th months) 

(SI, Table 8.26). 
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Figure 4.14 Average well colour development (AWCD) at 120 h (see details in SI, Table 8.27) in 

the samples. Values followed by the same letter indicate no significant differences at the level of 

p=0.05 (LQS: low quality subsoil; BRSM: bauxite residue-soil mixture) 

 

SAWCD generally increased with BRSM addition and with time irrespective of the substrate 

type (SI, Table 8.28). Significant increase was observed at 50 w/w % BRSM concentration in LQS 

and in the BRSM during the 1st and the 5th months for all substrates (except for amino acids, amines 

and carboxylic acids during the 1st month) compared to low quality subsoil (LQS). This increase 

was mantained only in the BRSM for all the substrates (except for phenolic compounds) until the 

10th month. As such, only the 50 w/w % BRSM treatment resulted a significant decrease of SAWCD 

values for carbohydrates (34%), carboxylic acids (19%) and phenolic compounds (89%) after 10 

months compared to LQS. For all substrate groups (except for phenolic compounds where 

SAWCD of LQS was 0.58) 5 w/w %, 10 w/w % and 20 w/w % BRSM addition resulted in a significant 

increase in SAWCD by the 10th month (except for amines and polymers at 10 w/w % BRSM). In 

this experiment, all SAWCDs correlated with the AWCD value (SI, Table 8.26). 

The SAWCD percent distribution in case of each substrate group changed only slightly with 

BRSM treatment and the differences were also slight with time (SI, Table 8.28). The microflora 

of all treatments was able to utilize all 6 substrate groups. The utilization rates at the 10th month 

were 14–18% for amino acids, 8–12% for amines (except for 18% at 5 w/w % BRSM), 19–26% for 

carbohydrates, 15–21% for carboxylic acids, 9–12% for phenolic compounds (except for 17% in 

LQS and 3% at 50 w/w % BRSM) and 19–20% for polymers (except for 31% in 50 w/w % BRSM).  

In LQS and in the 10 w/w % BRSM treated LQS amine utilization changed from 19% to 9% 

and 23% to 8%, respectively, between the 1st and the 10th months, similarly phenolic compound 

utilization in LQS and 50 w/w % BRSM treated LQS changed from 9% to 17% and 13% to 3%, 

respectively. 
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The Shannon diversity index (H) decreased significantly, but to a small extent (up to 8%) by 

all treatments and it was also lower in the BRSM after the 1st month compared to LQS (Table 4.8). 

H decreased with time in the LQS, so the 5 w/w % and 20 w/w % BRSM treatment and the BRSM 

itself had a significantly higher H index after 10 months, but the H was lower than in the LQS at 

the 1st month. 

Substrate richness (SR) decreased with time in LQS from 30 to 22, but it remained the same 

(25–27) during the experiment in BRSM. 5 w/w % BRSM treatment after the 1st and 5th months did 

not cause significant changes compared to LQS, but after the 10th month it was significantly higher 

reaching the original level. The SR ranged between 20 and 25 in the 10 w/w % and 20 w/w % BRSM 

treated LQS. Due to the 50 w/w % BRSM treatment SR decreased by the 10th month to 16. 

Shannon evenness (E) did not show major changes due to the treatments as it ranged between 

0.95 and 1.01 in all samples. At the end of the experiment 20 w/w % and 50 w/w % BRSM treatment 

resulted in significantly higher E compared to LQS.  

Shannon diversity (H) and substrate richness (SR) correlated with AWCD at the 5th and 10th 

months, while Shannon evenness (E) at the 1st month (SI, Table 8.26). H, SR and E did not 

correlate with the tested soil parameters at the 5th and 10th months (SI. Table 8.29). 

 

Table 4.8 Shannon diversity index (H), substrate richness (SR) and Shannon evenness (E) at 120 

h during field plot study. Values followed by the same letter indicate no significant differences at 

the level of p=0.05 (LQS: low quality subsoil; BRSM: bauxite residue-soil mixture) 

Notation 

Shannon diversity index 

(H) 
Substrate richness (SR) Shannon evenness (E) 

1st 

month 

5th 

month 

10th 

month 

1st 

month 

5th 

month 

10th 

month 

1st 

month 

5th 

month 

10th 

month 

LQS 3.35 a 3.10 ab 2.97 b 29.5 a 26.0 a 22.5 d 0.99 b 0.97 a 0.95 b 

LQS+5% 

BRSM 
3.26 ab 2.93 bc 3.20 a 29.5 a 24.5 a 29.0 a 0.98 bc 0.95 a 0.96 b 

LQS+10% 

BRSM 
3.21 ab 2.87 c 3.01 b 25.0 b 20.5 b 22.5 d 1.00 ab 0.96 a 0.97 b 

LQS+20% 

BRSM 
3.08 b 3.03 abc 3.12 a 21.0 c 21.0 b 24.0 c 1.01 a 0.97 a 0.98 a 

LQS+50% 

BRSM 
3.11 b 3.20 a 2.66 c 25.5 b 27.0 a 15.5 e 0.98 bc 0.97 a 0.99 a 

BRSM 3.07 b 3.15 a 3.12 a 25.0 b 27.0 a 26.5 b 0.96 c 0.96 a 0.96 b 

 

In summary mixing BRSM into LQS at up to 20 w/w % increased the AWCD values after 10 

months (Fig. 4.14).  
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Furthermore, AWCD values of BRSM were 2 times higher than of the LQS. Thus, BRSM 

contained an active and functioning microflora despite the bauxite residue in it (estimated between 

5–10 w/w % based on sodium and toxic metal content). The positive effect of BRSM treatment in 

this experiment lasted during the monitored 10 months. 50 w/w % BRSM dose was too high for the 

microbial community of the LQS, decreasing the AWCD values after 10 months.  

Similarly, to AWCD the SAWCD values have also increased in the 5 w/w %, 10 w/w % and 20 

w/w % BRSM treated LQS, and decreased in the 50 w/w % BRSM treated LQS by the end of the 

10th month (Table 4.8). However, the SAWCD % for each substrate group did not show differences 

per treatment and the H index revealed only minor changes in the microbial diversity of the treated 

LQS (SI, Table 8.28). While H decreased in the LQS during 8 months the BRSM treatment 

preserved the original microbial diversity of LQS. SR supported the results of AWCD and 

SAWCD values, but E showed only minor changes.  

The thorough assessment of Biolog data allowed us to analyse in detail the effect of BRSM on 

the microflora of the LQS. Altogether BRSM treatment at up to 20 w/w % under field conditions 

favored development of a more active microflora compared to LQS. 

 

4.1.3.2.3. Influence of bauxite residue-soil mixture on ecotoxicity in 

the field scale soil restoration study 

The ecotoxicity effects of the BRSM mixed into subsoil (LQS) were measured and compared 

to the effects on subsoil (LQS) as control (Table 4.9). The various bioassays showed different 

responses to the mixed BRSM due to their sensitivity to the contaminants (Leitgib et al., 2007). 

Direct contact tests with microbial test organism (A. fischeri) and plant test organisms (S. alba, T. 

aestivum) were the most sensitive to all mixtures. 
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Table 4.9 Summary of environmental toxicity test results for the BRSM and subsoil (LQS) 

mixtures from the field plots (inhibition % calculated compared to subsoil (LQS)), (see details in 

SI, Table 8.30ï8.34), (LQS: subsoil; BRSM: bauxite residue and soil mixture) 

Notation 

Aliivi brio 

fischeri 

inhibition in 

Cu equivalent 

∑Cu20 

[µg Cu g-1 soil] 

Sinapis alba 

root growth 

inhibition  

[%]  

Sinapis alba 

shoot 

growth 

inhibition  

[%]  

Triticum 

aestivum 

root growth 

inhibition  

[%]  

Triticum 

aestivum 

shoot 

growth 

inhibition  

[%]  

Folsomia 

candida 

mortality  

[%]  

LQS+5% 

BRSM 

1st 

month 
< 5 (non toxic) < 5 < 5 < 5 < 5 < 5 

10th 

month 
1 (non toxic) 11 13 7 15 < 5 

LQS+10

% BRSM 

1st 

month 
< 5 (non toxic) 32 14 6 < 5 < 5 

10th 

month 
9 (non toxic) 11 < 5 < 5 < 5 < 5 

LQS+20

% BRSM 

1st 

month 

204 (slightly 

toxic) 
21 < 5 12 12 < 5 

10th 

month 
5 (non toxic) 18 < 5 < 5 < 5 < 5 

LQS+50

% BRSM 

1st 

month 

81 (slightly 

toxic) 
3 1 < 5 < 5 < 5 

10th 

month 
10 (non toxic) 7 6 2 < 5 < 5 

BRSM 

1st 

month 

108 (slightly 

toxic) 
34 22 8 < 5 < 5 

10th 

month 
6 (non toxic) 15 11 37 39 < 5 

 

Based on the ∑Cu20 values (Cu-equivalent values) of the A. fischeri bioluminescence 

inhibition the LQS+20% BRSM mixture was the most toxic of all, but still in the slightly toxic 

category. However, the inhibiting effect of the BRSM shows a decreasing trend towards the non-

toxic category during the 10 months of the experiment, which is in accordance with the results of 

previous microcosm experiments where different bauxite residue doses were mixed with soil. 

Contrary to these results, Klebercz et al. (2012) reported that the bauxite residue contaminated 

sediment after the accident in Ajka was very toxic to A. fischeri according to the bioluminescence 

inhibition test. The toxic effect suggested that other background sources of pollution in the 

catchment may have contributed to the response (Klebercz et al., 2012). The highest inhibition 

percentage compared to the subsoil (LQS) was observed in case of the S. alba root growth in plots 

containing only BRSM.  
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In this case, the initial 34% inhibition decreased to 15% 9 months later. The root and shoot 

growth inhibition in case of T. aestivum after 10 months was 37% and 39%, respectively in the 

above plots. The other treatments did not show inhibition to the T. aestivum root and shoot growth. 

The toxic effect of BRSM might originate from its heavy metal content. Lombi et al. (2002) 

reported positive effect of bauxite residue on crops. Klebercz et al. (2012) also found that the 

inhibition of S. alba shoot and root growth by the bauxite residue contaminated sediment was 

relatively low and there were significant positive correlations between root inhibition percentage 

and exchangeable trace element concentrations. None of the BRSM and subsoil (LQS) mixtures 

showed inhibition in case of the F. candida (Collembola) compared to the subsoil (LQS). This 

finding was similar to Winkler (2013) who analysed the Collembolan community structure and 

species abundance in soils from open grassland and forest habitats following the bauxite residue 

disaster in Western Hungary and observed no adverse effect in the Collembola abundance. 

The implication of the present study is that despite the unprecedented environmental disaster 

that occurred in Hungary and the high toxicity risk associated with this accident, we may 

recommend the use of the removed BRSM as additive to the surface layer of landfill cover systems 

at landfill sites. The ecotoxicity test results of leachate and soil showed that 20 w/w % BRSM had 

no adverse effect on the following test organisms: S. alba, T. aestivum, A. fischeri and F. candida 

during the experiments (10 months). Assessing all the environmental toxicity test results we 

concluded that 20 w/w % BRSM application did not have any harmful effect on the subsoil (LQS). 

The applied integrated monitoring promoted the potential development of a soil improvement 

technology using bauxite residue and it assisted in the identification of the advantages and 

limitations of its application, besides supported efficient management of waste utilization on soil. 

 

4.1.3.2.4. BRSM application as surface layer component of a landfill 

system – environmental efficiency and SWOT analysis 

Application of BRSM as surface layer component of a landfill system is an innovative soil 

amelioration technology. For this reason, decision makers, owners and other stakeholders should 

be guided by a technology assessment tool to evaluate the technological and environmental, eco- 

and economic-efficiency of the technology (Gruiz et al., 2008). 

Technological efficiency can be measured in general by the quality and quantity of the 

products and it can be characterized by the removal, disposal, transformation, stabilization, or 

degradation of the contaminant (or waste), or in the case of amelioration technologies applied for 

degraded soil it can be characterized by improvement in soil characteristics. It can be measured in 

the course of technology application by chemical analysis or biotesting. (Gruiz et al., 2014). 
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Environmental efficiency calculation includes the decrease of the risk posed by the 

contaminant or waste in the local soil, but the risk by a water-soluble contaminant should also be 

evaluated in the surface water, maybe in the whole watershed downstream (Gruiz et al., 2014). 

EC Directive 75/442/EEC requires all Member States to take appropriate measures to establish 

an integrated and adequate network of waste disposal installations which will allow the 

Community to become self-sufficient as regards the disposal of waste. The use of cover material 

is an essential element of landfilling operations and performs a number of important functions to 

minimise the impact on the environment of the landfill. The type, quantity and method of 

application of the cover material used at each landfill must be appropriate to achieve the overall 

objective of controlling potential nuisances that may arise (EPA, 2014). Temporary and final 

capping requirements are specified in the landfill operator’s licence and in other EPA guidance 

issued, such as the Landfill Site Design manual (EPA, 2000). The primary objective of landfill site 

design is to provide effective control measures to prevent or reduce as far as possible negative 

effects on the environment (EPA, 2000).  

For general evaluation of the BRSM application as surface layer component of landfill system 

technological and environmental efficiency was carried out. The result of innovative technologies 

is thoroughly reviewed in the next chapter (see Chap. 4.1.4) from the perspective of technological 

efficiency. This short section is devoted to the preliminary environmental efficiency assessment 

and SWOT analysis. Aimed at evaluation of environmental efficiency three alternatives were 

reviewed. These three alternatives are the following: 

ü No treatment on the landfill cover system; 

ü Covering the landfill with humus-rich topsoil; 

ü 20% BRSM as additive to the surface layer of landfill cover systems. 

Environmental efficiency – risk assessment 

The risk based monitoring of the technology is planned on the basis of the conceptual model 

(contaminants and their sources, transport routes, receptors), the sensitivity and land uses of the 

site, as well as on the basis of the processes and additives of the in situ technology (Gruiz et al., 

2008). 

ü No treatment on the landfill cover system: 

The risk of no treatment is the lack of protective plant layer; the rate of erosion will be highest 

because the soil is not covered (Panagos et al., 2015). Furthermore, there is a human health risk 

due to the increasing emission of soil dust. 
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ü Covering the landfill with humus-rich topsoil: 

The technology has emissions from the energy production and from the transport which will 

cause increased pressure on the environment.  

ü 20% BRSM as additive to the surface layer of landfill cover systems: 

Similarly, to the previous technology, this technology also has energy requirement for transport 

and mixing. But the absence of the waste disposal will reduce the impact on the environment. 

Bauxite residue has a number of characteristics of environmental concern, the most immediate and 

apparent barrier to remediation and utilization (improved sustainability) is its high alkalinity and 

sodicity (Power and Klauber, 2011). The cost of disposal of bauxite residue is generally estimated 

to be between 1 and 3% of the total production cost (Evans, 2015). In addition, removing the 

BRSM from the bauxite residue disposal area (BRDA) cannot cause nutrient deficiency at the site. 

At last, but not least 20% BRSM application did not have any harmful effect on the subsoil based 

on the assessment of the environmental toxicity test results. 

 

SWOT analysis 

The SWOT analysis (Table 4.10) summarizes the strengths, weaknesses, opportunities and 

threats of the BRSM application as surface layer component of landfill system. The SWOT 

analysis was applied to identify and to review the positive and negative attributes and capabilities 

of the technology. 
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Table 4.10 SWOT analysis ï BRSM application as surface layer component of landfill system 

STRENGTHS WEAKNESSES 

 The amount (estimated 530,000 m3; Uzinger 

et al., 2015) of disposed waste is decreased. 

 BRSM improves soil fertility as the current 

cover has nutrient deficiency (see Table 4.7 

in Chap 4.1.3.2). 

 BRSM improves water holding capacity and 

microbial activity. 

 The demand for raw materials is minimized 

due to the waste utilization technology. 

 Plant can grow on the soil surfaces as BRSM 

is capable of forming a substrate which is 

capable of sustaining plant growth (see in 

Chap. 4.1.3.2.2). 

 The maintenance cost of the technology is 

negligible. 

 This technology could be combined with 

other waste utilization technology easily. 

 The technology is cost-efficient, due to the 

waste utilization, and reduction of waste 

disposal. 

 The covering of landfills with humus-rich soil 

can be replaced by the use of BRSM, thus 

reducing the costs and decreasing the demand 

of soil in landfill recovery process. 

 This is a recycling technology (see Fig. 2.13 

in Chap. 2.3.1). 

 Detailed characterization of waste 

composition is useful as a starting point for 

future data collection. 

 Have to move large amounts of soil. 

 Maximum capacity of landfills. 

 The variability of quality of waste is not 

homogenic. 

 Continuous technology monitoring is 

needed. 

 Low level of compliance with environmental 

regulation at landfills. 

 The popularization of the BRSM utilization 

is necessary. 

 Lack of efforts from the environmental 

authorities to carry out the assessment of new 

potential locations for application. 

 Legislation. 

OPPORTUNITIES THREATS 

 This may be a suitable technology to improve 

the quality of acidic soil in Hungary. 

 BRSM may be applicable as a soil ameliorant 

to improve the water holding capacity of 

acidic sandy soil in Hungary. 

 The value of the amended field can increase. 

 New alternative for disposal. 

 Widespread use of innovative approaches. 

 The application of BRSM on alkaline soil 

can increase the pH of the soil. 

 Licensing of the technology is difficult due 

to the application of waste. 

 Do not have to confront with an 

environmental risk after preliminary 

examination and appropriate application. 
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4.1.4. Summary of the bauxite residue and bauxite residue-soil mixture 

application 

In the last seven years since the 2010 Ajka bauxite residue spill (Hungary) there have been 

over 45 scientific studies assessing the key risks and impacts associated with the largest single 

release of bauxite processing residue (red mud) to the environment. The spill has also prompted 

efforts to find alternative solutions to disposal and encourage efforts for bauxite residue 

valorisation.  

This research contributes to the understanding of the effect of bauxite residue on the soil 

surfaces in the spilled environment and the study targets potential utilization of bauxite residue for 

soil improvement. The application of the removed BRSM after the spill is evaluated in a field 

study aiming at re-utilizing waste, decreasing cost of waste disposal and providing a value-added 

product. 

The experiments were monitored by an integrated approach, combining physical, chemical, 

microbiological and ecotoxicological methods. The aims of the experiments were to predict the 

bauxite residue amount that poses no risk to the environment when mixed into the soil in view of 

its potential utilization as soil ameliorant in the future. 

According to the pH analysis of the bauxite residue it had an initially high pH (>13) at the time 

of the spill (Szépvölgyi, 2010b), with a high Na content (~32 g kg-1). The pH of bauxite residue 

diminishes over time (pH 10) with carbonation and this, along with the buffering capacities of the 

affected soils, has a major bearing on controlling pH and subsequent trace element mobility 

(Lockwood et al., 2014). Since bauxite residue has been successfully used as soil liming material 

in several applications (Snars et al., 2004; Summers et al., 1996; Ruyters et al., 2011), we have 

also found that even the lowest Ajka bauxite residue addition rate (5 w/w %) has shifted the acidic 

sandy soil (ASS) pH (5.4) to the slightly alkaline domain (7.4) in the microcosm incubation study 

(see SI, Table 8.1). The BRSM addition resulted in a much slighter pH increase (see SI, Table 

4.25), because the BRSM had a pH of only 8.3 compared to pH 10.2 of the carbonated bauxite 

residue covering the agricultural soil. 

Soil water holding capacity (WHC) is a very important agronomic characteristic and it is 

controlled primarily by the soil texture and the soil organic matter content. Bauxite residue is on 

average in the silt to fine sand textural class (Gee and Bauder, 1986; Roach et al., 2001). Therefore, 

the bauxite residue input to the soil has significantly improved the WHC of the sandy soil in both 

the microcosm and field experiment (Fig. 4.7, 4.14). According to Gelencsér et al. (2011) the 

tested Ajka bauxite residue belongs to the silt class from textural point of view.  
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Thus, the WHC improvement is possibly due to the addition of the silt textural class to the 

sandy soil resulting changes in the porosity and the pore size distribution (Buchanan et al., 2011). 

Similar WHC improvements were reported in bauxite residue amended sandy soils by Anton et al. 

(2012); McPharlin et al. (1994); Barrow (1982). The bauxite residue can contain elevated 

concentrations of potentially toxic metals and metalloids, including As, Cr, Ni and Pb: (Ruyters et 

al., 2011) which were generally associated with residual hard-to-leach fractions of the bauxite 

residue-affected sediments (Mayes et al., 2011; Milačič et al., 2012). The studied bauxite residue 

had higher total As, Cd, Cr, Ni and Pb content (aqua regia digestible) than the HLV for soil 

(Hungarian 6/2009 (IV. 14.) KvVM-EüM-FVM decree) (SI, Table 8.7, 8.14). Similarly, Ruyters 

et al. (2011) detected aqua regia digestible toxic metal concentrations above the Hungarian soil 

limits for Co, Cr, Ni and Pb in the Ajka bauxite residue, whereas in the CaCl2 extracts these 

concentrations were low, except Cu that might be solubilised. 

The concentration of toxic metals and metalloids were in a same range as bauxite residues of 

different origin (e.g. China, Wang and Liu, 2012; Greece, Gamaletsos et al., 2016). 

The total metal (aqua regia digestible) and water soluble concentrations of bauxite residue 

amended soils show similar effect in the soil restoration experiments. The metal content of the 

soils increased with the bauxite residue loading. The most hazardous metals are As, Cr, Ni and Na 

based on both microcosms incubation studies. The As, Cr and Ni concentrations exceeded the 

HLV for soil (As: 15 mg kg-1; Cr: 75 mg kg-1; Ni: 40 mg kg-1) in the microcosms (>5 w/w % and 

>10 w/w % bauxite residue addition) (SI, Table 8.7, 8.14). The As was the single element the 

concentration of which exceeded the HLV for soil in mixed plots of the field study when the BRSM 

mixing was higher than 20 w/w %. The Ni concentration also exceeded the limit value but only in 

the BRSM (SI, Table 8.25). Bauxite residue loading in soil had significantly increased the total 

and the water soluble Na content compared to the untreated soil (SI, Table 8.7, 8.14, 8.25) due to 

the high Na content of the bauxite residue, typical for bauxite residues of the Bayer process (Wang 

et al., 2008). Gruiz et al. (2013) recommended Na: 900 mg kg-1 concentration as site specific 

screening value for the soil of the Ajka region. We found that this value had already been exceeded 

in the 5 w/w % bauxite residue containing soil in both microcosm experiments and in the 10 w/w % 

BRSM containing soil in the field study. 

Other authors also observed an increase of As, Ni, and Na in the aqua regia extract when 

mixing bauxite residue with soil (Gruiz et al., 2013; Rékási et al., 2013; Ruyters et al., 2011). 

Ruyters et al. (2011) reported that the Na concentration (CaCl2 extractable) of the bauxite residue 

amended soil increased considerable while the toxic metal content was not affected.  
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This suggests that most toxic metals and As were strongly fixed in the bauxite residue at 5 w/w 

% application rate. Since the environmental risk of the bauxite residue – soil mixture is not directly 

related to total metal concentrations but to the fraction of the metal that may be available for uptake 

by a receptor organism, i.e. the bioavailable fraction (Naidu et al., 2008), we may conclude that 

the elevated Na and pH were the main factors changing soil solution chemistry in the bauxite 

residue amended soils as confirmed by previous studies (Ruyters et al., 2011; Lombi et al., 2003). 

While the metal(loid) content covers a small number of elements, these are representative of the 

various types of trace elements that are apparent in bauxite residue so should offer a good appraisal 

of potential issues across a bauxite residue pH range (Lockwood et al., 2014). 

Information on the quality of leachates from bauxite residue and soil mixtures is relatively 

scarce in the published literature.  

In the immediate aftermath of the spill, analysis of residual leachate release from the Ajka 

bauxite residue disposal area was characterised by extreme pH (13.1) and alkalinity (up to 7000 

mg L-1 as CaCO3), and enrichment of a range of potential elements of concern (Mayes et al., 2011), 

which is including oxyanion-forming elements (soluble at high pH, such as Al, As, Cr, Mo and 

V). Anyway, the leachate pH of the removed BRSM did not differ significantly (p<0.05) from 

subsoil (LQS) and BRSM due to the mixing and in addition the bauxite residue contained in the 

BRSM mixture was carbonated (i.e. neutralised by atmospheric contact) (Table 4.8). Since the 

subsoil (LQS) has already had high B, Mo, Na, Ni, Se, and Zn content without being mixed with 

BRSM, the addition of the BRSM did not influence significantly the metal content of the leachates, 

except for B and Mo. Mo in soils is associated with wet conditions, alkaline reactions and high 

concentrations of organic matter (Fleming, 1980; Gupta and Lipsett, 1981). In terms of Mo, there 

is a potential risk of metal transfer through soil down to ground water, aquifer or via plant – root 

uptake (bio available). When the leachate is flowing through the soil, the heavy metals in leachate 

may be adsorbed or complexed to the soil particles (Mcbride et al., 1997; Sewwandi et al., 2011). 

On the other hand, usually in a landfill the leachates are collected by a leachate collection system, 

thus the risk of groundwater contamination by any leachate is decreased. 

The characterization of soil microbiological activity was based on the bacterial cell 

concentration in the soil (Fig. 4.2) in microcosm incubation study I to estimate the bauxite residue 

amount with no adverse effects on the soil as natural habitat. The Biolog EcoPlate system was 

applied to investigate the effect of bauxite residue on an acidic sandy soil (ASS, microcosm 

incubation study II) and of BRSM on a low quality subsoil (LQS, field scale soil restoration study).  
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The Biolog data were evaluated based on various calculated indices, such as average well 

colour development (AWCD), substrate average well colour development (SAWCD), Shannon 

diversity index (H), substrate richness (SR) and Shannon evenness (E). 

In the microcosm incubation study I average well colour development values indicated that 

bauxite residue addition at 5 w/w %, 10 w/w % and 20 w/w % increased the activity of the microflora 

in the ASS during the short term (5 months), but this effect did not last for 10 months (Fig. 4.8). 

According to the H values the microflora of the low dose bauxite residue treated soil (5–20 w/w %) 

was significantly not different in diversity from the untreated ASS over the short term, but by the 

end of the 10 months experiment bacterial diversity became significantly lower in all bauxite 

residue treated soils compared to the untreated ASS (Table 4.2). Only the AWCD and the SAWCD 

(SI, Table 8.17) demonstrated that bauxite residue addition at up to 20 w/w % may be beneficial for 

the soil microflora over the short term, but this effect was not long lasting. 

The addition of higher bauxite residue (30–50 w/w %) doses should be avoided due to their 

deteriorating effects on the soil microflora indicated by all calculated indices. 

In this study, the maximum bauxite residue dose still tolerable by the soil ecosystem in the 

tested ASS was only 5 w/w %, therefore this amount should not be exceeded. This is an accordance 

with the microcosm incubation study I results where the bacterial cell concentration in soil was 

determined and the number of aerobic heterotrophic living cells did not increase at 5 w/w % bauxite 

residue dose compared to the untreated soil. 

BRSM addition to LQS in field scale soil restoration study at up to 20 w/w % was beneficial 

for the microbial activity based on AWCD results (Fig. 4.14). In turn 50 w/w % BRSM addition 

decreased the microbial activity (AWCD and SAWCD values, Fig. 4.14 and SI, Table 8.28) and 

the diversity (based on H, Table 4.8). The microbial activity enhancing effect of BRSM addition 

lasted until the end of the monitored 10 months, as opposed to the short-term effect of bauxite 

residue in the microcosm incubation study I. The recommended BRSM dose is 20 w/w % based on 

the biological results. 

These studies reflect both the negative and the positive effects of bauxite residue and BRSM 

as soil additive, enhancing the microbial activity but meanwhile posing also threats to the terrestrial 

ecosystem functions provided by microbial communities. Overall, the two case studies showed us 

that detailed analysis of the Biolog EcoPlate data provides a more thorough picture about the soil 

microflora after bauxite residue and BRSM amendment, since in addition to the microbial activity 

characterised by the calculated AWCD values other indices proved to be also valuable and 

informative.  
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SAWCD showed the substrate guild utilization pattern of the soil microflora and the 

contribution of the various substrate types to AWCD, the Shannon diversity index (H) warned us 

on the changes in microbial diversity upon bauxite residue addition and substrate richness (SR) 

supported the results of the AWCD values. The Shannon evenness (E) did not exhibit changes by 

treatments in these case studies. 

The potential toxic effect of bauxite residue on test organisms was measured by A. fischeri 

(luminescent bacteria), T. pyriformis (unicellular animal), S. alba (plant) and T. aestivum (plant) 

and F. candida (animal) tests. 

The 5 w/w % bauxite residue dose was not toxic to A. fischeri in the microcosm incubation study 

II (Table 4.3) as compared to the microcosm incubation study I (Fig. 4.3) where at 5 w/w % bauxite 

residue dose the bioluminescence inhibition expressed in Cu equivalent was 1238 mg Cu kg−1 soil 

in the first month (very toxic). 

Nevertheless, the 20 w/w % BRSM application was the most toxic to A. fischeri causing 

bioluminescence inhibition in the field plot study, but still in the slightly toxic category (Table 

4.9). However, the inhibiting effect of the BRSM shows a decreasing trend towards the non-toxic 

category during the 10 months of the experiment which is in accordance with the results of the 

microcosm incubation studies. Contrary to these results but similarly to the microcosm experiment, 

Klebercz et al. (2012) reported that the bauxite residue contaminated sediment after the accident 

in Ajka was very toxic to A. fischeri according to the bioluminescence inhibition test. The toxic 

effect suggested that other background sources of pollution in the catchment may have contributed 

to the response (Klebercz et al., 2012). 

20–40 w/w % bauxite residue dose resulted in significantly smaller S. alba root and shoot 

growth during 8-months-long microcosm incubation study I, compared to the untreated Ajka soil, 

and to the 5 w/w % and the 10 w/w % bauxite residue treatment (Fig. 4.4, 4.5). The inhibitory effect 

of 5 w/w % bauxite residue dose on plants is acceptable as long as it remains under 15%. At higher 

doses bauxite residue in the ASS affected plant growth negatively. The ED50 values showed that 

the T. aestivum plant was more sensitive to bauxite residue compared to S. alba in the microcosm 

experiment (Fig. 4.9–4.12). On the longer term of 10 months, 30 w/w % bauxite residue dose caused 

50% decrease in the growth of S. alba and 15−22% in the growth of T. aestivum. Assessing both 

the root and the shoot growth results we concluded that 5 w/w % bauxite residue application did 

not have any significant harmful effect on the soil on the long-term (8 months). Furthermore, the 

highest inhibition percentage compared to the subsoil (LQS) was observed in case of the S. alba 

root growth in plots containing only BRSM in the field study.  
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In this case, the initial 34% inhibition decreased to 15% nine months later (Table 4.9). The root 

and shoot growth inhibition in case of T. aestivum after 10 months was 37% and 39%, respectively 

in the above plots. 

5 w/w % bauxite residue did not inhibit reproduction of T. pyriformis as the cell number was 

similar to the one in the reference sandy soil in the microcosm experiment (Table 4.4). The highest 

inhibition (82%) on the long term was measured at 40 w/w % bauxite residue dose. 

The F. candida (Collembola) lethality test (Fig. 4.6) results of the microcosm incubation study 

I showed that the bauxite residue loading of the soil did not cause any inhibition in the test 

organism compared to the untreated soil except for 40 w/w % bauxite residue loading. Similarly, 

none of the BRSM and subsoil (LQS) mixtures showed inhibition in case of the F. candida 

(Collembola) in the field study compared to the subsoil (LQS) (Table 4.9) in contrast to the 

microcosm incubation study I, where the high bauxite residue concentration (> 30 w/w %) in soil 

was toxic to the test animals. In the literature, there are very few publications about the application 

of animals as test organisms to study the toxic effect of bauxite residue.  

Therefore, this finding was compared to Winkler (2013) who analysed the Collembolan 

community structure and species abundance at the bauxite residue polluted areas in Western 

Hungary and observed no adverse effect in the Collembola abundance. The toxic effect of the 

bauxite residue and also of the BRSM might originate from their heavy metal content (Table 4.11). 

The microcosm incubation study I showed that 5 w/w % bauxite residue application directly to 

soil did not have any significant harmful effect on the test organisms, a fact confirmed also by the 

microcosm incubation study II. The results of this study underline and demonstrate the need of 

toxicity test-battery application in relation to hazard and risk assessment, which is able to measure 

different responses and interactions.  

Bioassays are influenced by the physico-chemical characteristics of the soil. Each toxicity test 

method has particular uses and limitations, and no single test has universal applicability. Different 

test organisms dispose various sensitivities (Leitgib et al., 2007) so it is not possible to give a 

general recommendation for the application of the toxicity tests. In this study, the most sensitive 

direct contact tests were A. fischeri bioluminescence test, followed by S. alba and T. aestivum root 

and shoot growth inhibition test and F. candida lethality test. A. fischeri is very sensitive to 

alkalinity and heavy metals; S. alba and T. aestivum are sensitive to a wide range of toxic 

substances in contrast to the F. candida which is mostly sensitive to the dermal adsorption and 

volatile substances. For this reason, it is very important to combine ecotoxicity tests in a ‘battery 

of tests’, that is diversified enough to characterize different types of toxicants and different trophic 

levels.   
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4.2. Recovery study 

In the recovery study, a first exhaustive inventory of CRM including REEs in bauxite residues 

from Hungary was created using both XRF as well as microwave assisted aqua regia digestion 

with subsequent ICP-MS analysis. Next, a number of conventional extracting agents (H2SO4, HCl, 

HNO3) were evaluated for their CRM recovery potential. Small molecular weight organic acids 

(citric acid, oxalic acid) were benchmarked to evaluate the potential of heterotrophic bioleaching 

as green alternative to chemical leaching (Hennebel et al., 2015). After acidic extraction, CRM 

were purified by LLE using D2EHPA. Finally, the optimal extraction conditions maximizing the 

actual economic potential (and not mere metal concentrations) were determined using a design of 

experiment approach and the accuracy of design of experiment predictions were verified by 

laboratory tests. 

 

4.2.1. Characterization of bauxite residue samples 

For both bauxite residues studied (BR1 and BR2), the major element (Fe, Ca, Al, Si, Ti and 

Na) quantities (Table 4.11) are within typical bauxite residue average compositions (Gräfe and 

Klauber, 2011) and show typical major crystalline phases (Fig. 4.15) (Borra et al., 2015). 

 

Table 4.11 Major metal concentrations of the bauxite residues by XRF 

Element Origin  
Concentration 

[g kg-1] 

Al  
BR1 46.1 ± 3.2 

BR2 66.5 ± 0.2 

Ca 
BR1 62.7 ± 3.1 

BR2 90.7 ± 0.2 

Fe 
BR1 247 ± 9.1 

BR2 229 ± 0.5 

Na 
BR1 24.2 ± 1.2 

BR2 32.1 ± 0.3 

Ti  
BR1 23.2 ± 0.3 

BR2 26.8 ± 0.7 

Si 
BR1 35.8 ± 3.0 

BR2 45.0 ± 0.1 

 

The following major minerals and compounds were identified by XRD: the iron minerals 

hematite, the aluminium minerals cancrinite and silicate, the calcium mineral cancrinite and 

calcite, silicon compounds cancrinite, silicate and magnesium mineral bredigite, as well as sodium 

mineral cancrinite (Fig. 4.15). 
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Figure 4.15 XRD pattern of the bauxite residue (BR2) 

 

BR1 contained a total concentration of > 0.07 wt % (723 mg kg-1) of REE, whereas BR2 

contained > 0.11 wt % (1082 mg kg-1) (Table 4.12). It should be noted that the bauxite residues 

studied did not contain considerate amounts of radionuclides (U, Th; < 30 ppm) (compared to Qu 

and Lian, 2013; Somlai et al., 2008; Jobbágy et al., 2009) as indicated by XRF (data not shown). 

BR2 originating from dry storage technology contained a higher concentration of CRM in 

comparison to the other Hungarian bauxite residue (BR1), except for Ga. The difference between 

the bauxite residues probably resulted from differences of the base bauxite (Deady et al., 2014). 
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Table 4.12 Aqua regia accessible elemental content of REEs and further elements of economic importance in bauxite residues 

Element Origin  

Aqua regia 

accessible 
Price* 

Overall 

economic 

value 
Element Origin  

Aqua regia 

accessible 
Price* 

Overall 

economic 

value 

[mg kg-1] [US $ t-1] [US $ t-1] [mg kg-1] [US $ t-1] [US $ t-1] 

Ce 
BR1 237 ± 16 

4,500 
1.07 

Lu 
BR1 1.35 ± 0.02 

15,500 
0.02 

BR2 430 ± 3 1.93 BR2 1.72 ± 0.2 0.02 

Co 
BR1 62.2 ± 1.4 

31,747 
1.97 

Nd 
BR1 98.1 ± 2.4 

58,000 
5.69 

BR2 59.5 ± 0.5 1.89 BR2 151 ± 1.1 8.76 

Cr 
BR1 392 ± 5.8 

10,866 
4.26 

Ni 
BR1 208 ± 3.3 

16,863 
3.51 

BR2 646 ± 4.2 7.02 BR2 307 ± 0.6 5.18 

Dy 
BR1 15.1 ± 1.0 

685,000 
10.34 

Pr 
BR1 25.0 ± 0.7 

12,500 
0.31 

BR2 21.2 ± 0.1 14.55 BR2 39.2 ± 0.3 0.49 

Er 
BR1 6.50 ± 0.1 

750,000 
4.58 

Sc 
BR1 78.6 ± 5.0 

12,500 
0.98 

BR2 12.0 ± 0.2 8.48 BR2 80.0 ± 2.6 1 

Eu 
BR1 4.54 ± 0.2 

12,500 
0.06 

Sm 
BR1 20.0 ± 1.5 

12,500 
0.25 

BR2 6.07 ± 0.01 0.08 BR2 27.9 ± 2.4 0.35 

Ga 
BR1 44.8 ± 0.2 

362,000 
16.22 

Tb 
BR1 1.96 ± 0.3 

61,500 
1.21 

BR2 26.6 ± 1.2 9.61 BR2 3.69 ± 0.3 2.27 

Gd 
BR1 20.0 ± 1.1 

12,500 
0.25 

Tm 
BR1 1.34 ± 0.1 

12,500 
0.02 

BR2 26.6 ± 0.4 0.33 BR2 1.78 ± 0.03 0.02 

Ho 
BR1 3.25 ± 0.2 

12,500 
0.04 

V 
BR1 297 ± 19 

11,200 
3.33 

BR2 4.15 ± 0.1 0.05 BR2 337 ± 21 3.78 

In  
BR1 0.547 ± 0.01 

735,000 
0.4 

Y 
BR1 81.6 ± 5.5 

12,500 
1.02 

BR2 0.555 ± 0.02 0.41 BR2 100 ± 9.4 1.25 

La 
BR1 120 ± 6.1 

5,000 
0.6 

Yb 
BR1 8.97 ± 0.9 

12,500 
0.11 

BR2 166 ± 1.3 0.83 BR2 10.8 ± 1.2 0.28 

Elemental analysis: according to Chap. 3.2.3 by ICP-MS. 

*Values for pure metals from U.S. Geological Survey (USGS, 2015). 
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Similar REEs contents in Greek bauxite residues were described, for instance 0.1% (Borra et 

al. 2015, Ochsenkühn-Petropoulou et al. 1996), as well as 0.26% (Qu and Lian, 2013). 

One should note that the true REE content of bauxite residues were in fact higher (~1.2 to 2.9 

times) than the aqua regia accessible content indicated by the incomplete recovery efficiency in 

contrast to the reference material (SI, Table 8.35). However, these refractory fractions were not 

technically relevant for recovery, since dissolution would require highly hazardous hydrofluoric 

acid treatment. The inventory showed that 1 ton of bauxite residue contained an overall value of 

CRM of 53.34 US $ t-1 (BR1) and 64.20 US $ t-1 (BR2), respectively, of indeed accessible metals 

(Table 4.12). Among these, Ga [16.22 US $ t-1 (BR1); 9.61 US $ t-1 (BR2)] and REEs [30.46 US 

$ t-1 (BR1); 45.25 US $ t-1 (BR2)] contributed most to the total economic value. Based on this, 

further comparative recovery studies focused on Ga and REEs in BR2. 

 

4.2.2. Comparative metal acid extraction 

Comparative experiments on metal extraction were conducted with three mineral and two 

organic acids at equi-normal concentrations (see Table 4.13 for economically most relevant 

elements; full list of elements in SI, Table 8.33). Recovery efficiency for the REE La, Ce and Nd 

with HCl was significantly (p<0.05) higher than with any other acid (51.0% and 39.6%, resp., 

Table 4.13). For Nd, HCl yielded the highest extraction efficiency (58.5%), yet both HNO3 and 

H2C2O4 yielded high (~49%) extraction efficiencies as well. The application of C6H8O7 was 

inefficient regarding REE recovery from bauxite residue. However, the percentage of recovery 

efficiency of Ga was highest using H2C2O4 (59.6% ~ 15.9 mg kg-1), with at the same time lowest 

extraction of Al for any acid tested (9.0% versus 80.2–94.6%, resp.; Table 4.13). The maximal 

economic value extracted varying the type of acid was achieved by HCl (25.48 US $ t-1) followed 

by acids in the order HNO3 > C6H8O7 > H2SO4 > H2C2O4 (22.36–9.23 US $ t-1 (SI, Table 8.36)). 

Based on these findings HCl was, therefore, chosen for further leaching tests. 

Similarly, Borra et al. (2015) reported similar extraction of REEs and major elements from 

Greek bauxite residue using mineral (HNO3, HCl, H2SO4) and organic (CH3SO3H, 

methanesulfonic) acids. Here, extraction with HCl yielded the highest maximal economic value of 

25.48 US $ t-1 in comparison to equi-normal concentrations of H2SO4 (18.44 US $ t-1), for instance. 

Despite the lower efficiency of organic acids (Table 4.13; SI, Table 8.36), their application in 

recovery of CRM may still be of interest. 

The organic acids applied yielded lower extraction efficiencies at equimolar concentrations, 

probably due to their lower acid strength (i.e. lower availability of protons; Table 4.13; SI, Table 

8.36). However, their application in recovery of CRM may still be of interest.  
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Citric acid yielded maximal economic values (21.81 US $ t-1), which were comparable to the 

ones obtained by mineral acids, but can be produced at low cost from organic waste on site (Xu 

and Ting, 2009).  

Oxalic acid yielded only low overall maximal economic value (9.23 US $ t-1), yet resulted in 

the most efficient extraction of Ga with at the same time little extraction of Fe and Al (2% and 9%, 

resp.; Table 4.13). The latter may be of interest for selective recovery of CRM, where Fe/Al 

extraction interferes with further purification (Parhi et al., 2015). 

 

Table 4.13 Extraction efficiencies for leaching bauxite residue with HCl, H2SO4, HNO3, C6H8O7 

and H2C2O4 at (normality = 2; 24h; 60 ÁC; 100 g L-1 slurry concentration) 

Acid 
Final 

pH 

Recovery efficiency* 

Fe Al  Ga La Ce Nd 

HCl 0.19 

3.0 ± 0.1% 94.6 ± 4.1% 44.3 ± 2.3% 51.0 ± 2.6% 39.6 ± 1.4% 58.5 ± 2.1% 

(6529 

mg kg-1) 

(47508 

mg kg-1) 

(11.8 

mg kg-1) 

(84.5 

mg kg-1) 

(170 

mg kg-1) 

(88.4 

mg kg-1) 

a a b a a a 

H2SO4 0.49 

1.9 ± 0.1% 84.1 ± 4.8% 31.9 ± 1.6% 28.9 ± 1.7% 22.9 ± 0.9% 27.1 ± 1.4% 

(4130 

mg kg-1) 

(47453 

mg kg-1) 

(8.50 

mg kg-1) 

(47.8 

mg kg-1) 

(98.4 

mg kg-1) 

(41.0 

mg kg-1) 

c a c c b c 

HNO3 0.22 

1.2 ± 0.03% 91.4 ± 2.0% 42.4 ± 0.5% 39.3 ± 0.5% 24.0 ± 0.6% 49.6 ± 0.6% 

(2502 

mg kg-1) 

(51541 

mg kg-1) 

(11.3 

mg kg-1) 

(65.0 

mg kg-1) 

(103 

mg kg-1) 

(75.0 

mg kg-1) 

d a b b b b 

C6H8O7 2.61 

2.8 ± 0.1% 80.2 ± 3.0% 30.6 ± 0.5% 38.2 ± 1.0% 24.0 ± 0.6% 48.6 ± 2.0% 

(6083 

mg kg-1) 

(45230 

mg kg-1) 

(8.15 

mg kg-1) 

(63.3 

mg kg-1) 

(103 

mg kg-1) 

(73.4 

mg kg-1) 

b a c b b b 

H2C2O4 0.7 

2.0 ± 0.1% 9.0 ± 0.2% 59.6 ± 4.9% <LOD <LOD <LOD 

(4389 

mg kg-1) 

(5054 

mg kg-1) 

(15.9 

mg kg-1) 
d d d 

c b a    

Values followed by the same letters, indicate no significant differences at the level of p<0.05. Elemental analysis: according to 

Chap. 3.2.3 by ICP-MS. 

*Based on aqua regia accessible content. 

See LOD in SI, Table 8.35. 

 

4.2.3. Effect of single extraction parameters on REE extraction 

Increasing HCl concentrations from 0.5 to 6 M led to considerably increased extraction 

efficiencies of REE (La, Ce, Nd) and Ga (Fig. 4.16). For instance, the recovery efficiency of La 

increased from 12% (19.1 mg kg-1) to 80% (132 mg kg-1) under the latter conditions.  
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Similarly, the maximum Ga (66% ~ 17.6 mg kg-1), La (80% ~ 132 mg kg-1), Ce (61% ~ 262 

mg kg-1) and Nd (76% ~ 115 mg kg-1) extraction was achieved using 6 M HCl.  

Since already at 4 M HCl >90% of this maximum was achieved for the REE and Ga, yet Fe 

extraction was not yet saturated, this HCl concentration was chosen as compromise for the 

following leaching experiments (Fig. 4.17–4.19). In the same sense, the best results in regards to 

contact time were achieved at 3 hours, showing high Ga (63%), La (67%), Ce (54%) and Nd (69%) 

extraction efficiency, yet comparatively low Fe extraction efficiency (21%) (Fig. 4.17). However, 

the Al extraction efficiency was already high after the first hour (72%) and increased further until 

91% within 24h. 

Figure 4.16 Effect of HCl concentration on extraction efficiency (primary Y-axis) and pH 

(secondary Y-axis) of Ga, La, Ce, Nd, Fe and Al, (24h; 60 ÁC; 100 g L-1 slurry concentration), 

(see details in SI, Table 8.37) 

Figure 4.17 Effect of contact time on extraction efficiency (primary Y-axis) and pH (secondary 

Y-axis) of Ga, La, Ce, Nd, Fe and Al. (4M HCl; 60 ÁC; 100 g L-1 slurry concentration), (see 

details in SI, Table 8.37) 
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Figure 4.18 Effect of temperature on extraction efficiency (primary Y-axis) and pH (secondary 

Y-axis) of Ga, La, Ce, Nd, Fe and Al. (4M HCl; 24h; 60 ÁC; 100 g L-1 slurry concentration, 

except Fig. D where the contact time was 3h), (see details in SI, Table 8.37) 

 

Figure 4.19 Effect of slurry concentration on extraction efficiency (primary Y-axis) and pH 

(secondary Y-axis) of Ga, La, Ce, Nd, Fe and Al. (4M HCl; 3h; 60 ÁC), (see details in SI, Table 

8.37) 

 

Significant (p<0.05) differences were observed between 22 °C, 50 °C and 60 °C for Fe, Al, 

Ga, La, Ce and Nd (Fig. 4.18). Further increasing the temperature to 70 °C or 80 °C did not lead 

to a significant (p<0.05) increase in recovery efficiency of the REE and Ga. 

Leaching experiments were carried out for 3 h (4M HCl, 60 °C) with varying the slurry 

concentration (Fig. 4.19) because no differences were detected using longer times (24 h).  
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A slight but significant (p<0.05) decrease was detectable at increasing slurry concentration 

from 10 to100 g L-1 for Fe (from 40% to 23%), and La (67% to 57%), whereas for Ce and Nd this 

was insignificant. For Ga, a reversed trend was observed at increasing slurry concentrations (from 

9% to 58%). 

Considering single elements, the extraction efficiencies observed here are comparable with 

previous results. For instance, Borra et al. (2015) recovered around 70% of La and Ce when 

applying 6 M HCl, 25 °C, 24 h contact time and 50 g L-1 slurry concentration for extraction. Here, 

80% La and 61% Ce were recovered using the same acid concentration and contact time, yet higher 

temperature (60 °C) and slurry concentration (100 g L-1). The similar results are consistent with 

the fact that the increase of temperature (Fig. 4.18) and slurry concentration (Fig. 4.19) had only a 

minor effect on the latter elements. 

Ochsenkühn-Petropoulou et al. (1996) applied a low (0.5 M) concentration of HCl (25 °C, 24 

h, 50 g L-1) and recovered 33% La and 32% Ce, which was considerably higher than recoveries 

obtained in the present study (12% and 6% for La and Ce, respectively) applying the same (low) 

acid concentration and contact time at higher temperature (60 °C) and slurry concentration (100 g 

L-1). Certainly, in particular Ce and La may be present in the form of bastnaesite ((Ce, La)CO3F) 

or CeO2 (Borra et al., 2015 and references herein) which are difficult to leach. However, here we 

observed a strong increase in extraction efficiency between 0.5–6 M HCl. This can be mainly 

associated to the decrease in pH, since both the steepest increase in extraction efficiencies and 

decrease of pH was observed between 1–2 M HCl before both latter showed a plateau (Fig. 4.16). 

Thus, a different alkalinity of the bauxite residue itself can rather explain discrepancies at low acid 

concentrations. 

Other studies reported similar effects of contact time on extraction of REEs from bauxite 

residue. For instance, Borra et al., 2015 reported that increasing the contact time led to increasing 

extraction of REEs and that this effect is more pronounced at the start of the leaching using 3 M 

HCl (25 °C, 50 g L-1). Ochsenkühn-Petropoulou et al. (1996) reported that extraction of La, Eu, 

Yb and Y with 0.5 M HNO3 reached the equilibrium bauxite residue rapidly, i.e., within the first 

2 min while in contrast Fe extraction is considerably slower.  

Due to the fact that Fe and Al are the most abundant elements in bauxite residue, their recovery 

efficiencies are a crucial factor with regard to selective recovery of other elements. 

Most of the Fe remained in the residue at low acid concentration as 2 M HCl recovered only 

3% (6529 mg kg-1) of Fe in the solution while Ga, La, Ce and Nd recovery efficiencies were 44% 

(11.8 mg kg-1), 51% (84.5 mg kg-1), 40% (170 mg kg-1), 59% (88.4 mg kg-1), respectively. 

 The recovery of Al was already high (84% ~ 53358 mg kg-1) at 2 M HCl concentration.  
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Therefore, acid concentration would have to be decreased to considerably reduce the amount of 

Al in solution. However, applying less than 2 M HCl also severely decreases recovery efficiency 

of REEs. Therefore, maximizing CRM extraction and separation from Al at the stage of extraction 

seems not compatible. Here, selectivity toward CRM has to be achieved in an additional 

purification step. For instance, precipitation (Free 2013, Khaironie et al., 2014, Parhi et al., 2015) 

or acid resistant nano-filtration (Zimmermann et al., 2014) may be used to reduce Fe and Al 

concentration before solvent extraction. The dependence of the recovery efficiencies on contact 

time presents an opportunity to separate Fe from the valuable metals. Notably Fe extraction is 

considerably slower compared to the other elements. Significant (p<0.05) increases in recovery 

were still observed for Fe between 3 h and 5 h in contrast to Al, Ga and REEs. Therefore, limiting 

contact time also allows more selective extraction of Ga and REEs. 

 

4.2.4. Interaction effects between extraction parameters and optimal 

extraction conditions 

Further extractions were done aiming to optimize CRM recovery not for single elements (Fig. 

4.16–4.19), yet in regards to the overall potential economic value of the latter being extracted. A 

design of experiment approach was used to limit the number of experiments (SI, Table 8.38) and 

to eventually derive an empirical model describing the data within the experimental conditions 

(0.5–6M HCl, 1–24 hours, 50–80 °C, slurry concentration 10–100 g L-1). The response surface 

reduced quadratic model considered both linear effects and interaction effects between HCl 

concentration, contact time, temperature, and slurry concentration (SI, Eq. 8.1). 
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Figure 4.20 Two-factor interactions (surface, top; 2D projection, bottom) on the total 

economic value of extracted elements (model details in text). Factors that are not shown in 

the graphs were held constant at the predicted optimal values (details in text) 
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All linear effects of the four tested factors had a significant (p≤0.05) effect on the total 

economic value (SI, Table 8.5). Furthermore, the two-factor interactions between HCl 

concentration and contact time (Fig. 4.20A), HCl concentration and slurry concentration (Fig. 

4.20B), contact time and temperature (Fig. 4.20C), and temperature and slurry concentration (Fig. 

4.20D) were significant (p≤0.05; SI, Table 8.5). In addition, the quadratic effects of HCl 

concentration and temperature were also significant (p≤0.05). 

The HCl concentration had the most pronounced (i.e. the steepest increase in response surface 

along its axis) effect of the factors tested on the total economic value extracted (e.g. 11.21±2.37 to 

42.54±2.37, US $ t-1 at 24h contact time and slurry concentration of 100 g L-1; Fig. 4.20A, B). 

However, the model indicated that at low slurry concentrations (< ~40 g L-1), intermediate HCl 

concentrations (~3M) lead to highest economic values extracted (Fig. 4.20B). A differential 

response of valuable elements to increasing acid concentrations was observed. Whereas Cr, Y and 

Nd were extracted more efficiently (+5.70 US $ t-1; +1.88 US $ t-1 and +1.54 US $ t-1, resp.), Dy 

and Er extraction decreased (-5.43 US $ t-1, -1.59 US $ t-1, resp.) and Ga was not anymore extracted 

(-2.06 US $ t-1), resulting in an overall comparable economic value extracted (19.51±1.17 US $ t-

1 versus 18.62±0.80 US $ t-1; Fig. 4.21). 

 

 

Figure 4.21 Economic values of extracted elements (24h; 80 ÁC; 10 g L-1 slurry concentration) 

with arrows indicating those with major changes in extraction efficiency at varying acid 

concentration 
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The slurry concentration had a stronger effect (i.e. steep response surface increase) on extracted 

value in contrast to contact time in all temperature regimes (Fig. 4.20C versus D). 

Optimal conditions predicted by the model regarding extraction of maximal economic value 

from bauxite residue were 5.60 M HCl, 24 h contact time, 73.36 °C temperature, and 100 g L-1 

slurry concentration. The model predicted a total economic value of 42.73±2.32 US $ t-1 of 

extractable metals. The corresponding leaching experiment at optimal conditions confirmed the 

accuracy of this prediction, yielding a total economic value of 40.95±0.90 US $ t-1 (Table 4.14). 

The model prediction was thus accurate, since the predicted and obtained total economic values 

did not differ significantly (p<0.05). Overall, 64% of the total economic potential of CRM present 

in bauxite residue could be extracted using the predicted optimal conditions. 

Generally, one could expect higher extraction efficiencies with increasing acid concentration 

at a given slurry concentration (as seen in Fig. 4.20A), due to the higher availability of protons 

dissolving CRM bearing phases. However, the distorted 3D response surface (and the additional 

field in 2D projection in the bottom left; Fig. 4.20B) immediately suggests this simple relationship 

was not true for low slurry concentrations (<~50 g L-1), which is at least counter-intuitive. Instead, 

a parabolic response was modelled and the maximum economic value extracted was predicted for 

an intermediate acid concentration (3.5 M HCl; 32.70 ± 2.37 US $ t-1). A detailed analysis of the 

single elements confirmed the accuracy of the model predictions (109% and 94% of expected at 

0.5 M and 6 M HCl, resp.). Further, it showed that in fact some elements responded to increasing 

acid concentration as expected (Cr, Y, Nd), whereas others were less efficiently extracted (Dy, Er, 

Ga) (Fig. 4.21), explaining the similar overall economic potential extracted at low and high acid 

concentration. It remains to be elucidated which secondary sequestration processes (e.g. 

precipitation, sorption) may have caused the decreased extraction efficiencies high excess of 

chloride to bauxite residue. That these processes warrant further investigation is underlined by the 

fact that even at otherwise optimal extraction conditions, a fold increase in slurry concentration 

resulted in only ~ 1.5 × more CRM extracted. 
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Table 4.14 Achieved recovery efficiency and maximum economic value of metal(loid)s extracted 

from 1 t bauxite residue under the predicted optimal condition (5.60 M HCl; 24 h; 70.36 ÁC; 100 

g L-1 slurry concentration) 

Element 
HCl leachate 

[g t-1] 

Price*  

[US $ t-1] 

Economic value in 

HCl leachate 

[US $ t-1] 

Al 54910 ± 7931 2092 114.87 

Ce 243 ± 7.0 4500 1.10 

Co 46.9 ± 1.2 31747 1.49 

Cr 547 ±10.6 10866 5.94 

Dy 13.8 ± 0.4 685000 9.45 

Er 7.44 ± 0.2 705000 5.25 

Eu 2.82 ± 0.2 12500 0.04 

Fe 164915 ± 2781 0.068 0.01 

Ga 19.4 ± 0.4 362000 7.02 

Gd 17.7 ± 0.3 12500 0.22 

Ho – 12500 n.a. 

In – 735000 n.a. 

La 120 ± 1.9 5000 0.60 

Lu – 12500 n.a. 

Nd 107 ± 3.0 58000 6.21 

Pr 26.1 ± 0.1 12500 0.33 

Sc 68.7 ± 1.2 12500 0.86 

Sm 20.1 ± 0.7 12500 0.25 

Tb – 615000 n.a. 

Tm – 12500 n.a. 

Y 35.2 ± 0.8 60000 2.11 

Yb 6.68 ± 0.2 12500 0.08 

Total   155.82 

Total CRM   40.94 

Total REE   26.49 

Elemental analysis: according to Chap. 3.2.3 by ICP-MS. 

*Values from U.S. Geological Survey (USGS, 2015). 

 

4.2.5. Precipitation of Fe and Al 

The pH of bauxite residue leachate (pH ~ 0) was adjusted to various values in the range 0–4 

using NaOH to separate perturbing and abundant Fe and Al from the REE (Fig. 4.22). Increasing 

pH led to increasing (co)precipitation of all tested metals. Al and Fe separation from REE was not 

efficient below pH 2 as only 53% (~ 77 833 mg kg-1) of Fe and 5% (~ 51 831 mg kg-1) of Al were 

precipitated. The pH of 3 was found optimal regarding high Fe (87%) and Al (33%) precipitation 

with only moderate REEs precipitation (21%); (Fig. 4.22; co-precipitation of other CRMs are 

given in SI, 8.36).  
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At higher pH, even more Al (79%) could be precipitated, yet at the expense of REE (35%). 

Therefore, further LLE experiments were conducted on the supernatant at pH 3. 

 

 

Figure 4.22 Precipitation of Al, Fe and total REEs with 1M NaOH at different pH, (see details 

in SI, Table 8.39). 

 

Prahi et al. (2015) reported about 99.99% Fe precipitation efficiency using Ca(OH)2 at pH 3.95 

for separation of REE from polymetallic manganese nodule leaching solution which is consistent 

with 97% of Fe precipitation efficiency using NaOH at pH 4 in this study. But co-precipitation of 

REE was not observed at the studied range in Prahi et al. (2015) study in contrast to the present 

experiment where 22% total REE was precipitated at pH 3. 

 

4.2.6. Liquid -liquid extraction of REE 

The total REE extraction increased significantly (p<0.05) from 35% (~ 172 mg kg-1) to 74% 

(~ 366 mg kg-1) while increasing D2EHPA concentration from 0.01 M to 0.05 M (Fig. 4.23). The 

last significant increase was observed between 0.1 M (88% ~ 172 mg kg-1) – 0.2 M (93% ~ 460 

mg kg-1). The maximal extraction efficiency of 97% (~ 477 mg kg-1) total REE was achieved by 1 

M D2EHPA. Significant (p<0.05) increase in Al extraction efficiency was observed between 0.2 

and 0.4 M D2EHPA, whereas maximal Al extraction appeared not even to be achieved at maximal 

D2EHPA concentration tested (42%). Therefore, application of D2EHPA < 0.2 M concentration 

allowed the most selective separation of Al from REEs, whereas Fe was fully co-extracted by 

D2EHPA. 
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Figure 4.23 Effect of D2EHPA concentration on extraction efficiency and pH of total REE, Fe 

and Al by liquid-liquid extraction, (O/A=3 keep constant), (see details in SI, Table 8.37). 

 

Significant (p<0.05) increase was observed for total REE between O/A=0.2 (86% ~ 424 mg 

kg-1) and O/A=1 (90% ~ 442 mg kg-1) as well as between O/A=0.5 (86% ~ 426 mg kg-1) and 

O/A=3 (94% ~ 462 mg kg-1) (Fig. 4.24). The maximal extraction efficiency (95% ~ 468 mg kg-1) 

for total REE had achieved by O/A=10. The amount of Al in the LLE raffinate increased 

significantly (p<0.05) when the O/A ratio was 0.1 (8% ~ 3047 mg kg-1); 0.2 (24% ~ 8947 mg kg-

1) and 0.5 (48% ~ 17345 mg kg-1) but further increase in O/A ratio had not affected the Al 

extraction. The extraction of Fe did not change in either experiments. 

 

Figure 4.24 Effect of O/A ratio on extraction efficiency and pH of total REE, Fe and Al by 

liquid-liquid extraction, (1 M D2EHPA keep constant), (see details in SI, Table 8.37). 
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General trends of the influence of LLE parameters on REE extraction / selectivity have been 

observed: For instance, Parhi et al. (2015) and Morais and Ciminelli (2004) observed increasing 

extraction of REEs with increasing D2EHPA concentrations (Fig. 4.23) and with increasing LLE 

organic/aqueous ratio (Fig. 4.24). Morais and Ciminelli (2004) described the development of a 

solvent extraction process for the recovery of high-grade lanthanum oxide from a light REE (La, 

Pr, Nd) chloride solution. Parhi et al. (2015) investigated a process of solvent extraction for 

quantitative and selective separation of REE metals from polymetallic nodule leach liquor.  

 

4.2.7. Stripping of REEs from LLE soluti on 

The total REE stripping efficiency (Fig. 4.25) increased significantly (p<0.05) with increasing 

HCl concentration from 0.5 M (53% ~ 254 mg kg-1) to 1 M (74% ~ 355 mg kg-1). Significant 

(p<0.05) increase was also observed on the Al stripping when the HCl concentration was 1.5 M 

(10% ~ 1471 mg kg-1) beside the last significant increase between 3.5 M (70% ~ 10695 mg kg-1) 

and 4 M (94% ~ 14347 mg kg-1). Similar effects were detected for the Fe stripping at 2.5 M (4% 

~ 939 mg kg-1) beside the last significant increase between 5 M (57% ~ 12444 mg kg-1) and 6 M 

(64% ~ 13947 mg kg-1). Therefore, 3 M HCl was chosen as optimum concentration for stripping 

of REEs from LLE solution when 82% (~ 390 mg kg-1) total REE, 36% (~ 5517 mg kg-1) Al and 

11% (~ 2493 mg kg-1) Fe were back extracted in the concentrate. 

 

 

Figure 4.25 Effect of HCl concentration on extraction efficiency and pH of total REE, Fe and Al 

by REE stripping, (O/A=1 keep constant), (see details in SI, Table 8.37). 
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The maximal stripping for total REE (78% ~ 374 mg kg-1) can be achieved with O/A=1 while 

the Al (36% ~ 5517 mg kg-1) and Fe (11% ~ 2493 mg kg-1) stripping were not efficient (Fig. 4.26). 

 

 

Figure 4.26 Effect of O/A ratio on extraction efficiency and pH of total REE, Fe and Al by REE 

stripping, (3 M HCl keep constant), (see details in SI, Table 8.37). 

 

4.2.8. Experimental design to determine optimal conditions for LLE 

A set of additional experiments were performed in order to optimize conditions to recover 

maximal economic value from CRM using a design of experiment approach to limit the number 

of experiments (SI, Table 8.38). The response surface reduced quadratic model considered both 

linear effects and interaction effects for LLE organic/aqueous ratio and D2EHPA concentration in 

kerosene; and organic/aqueous stripping ratio and HCl concentration (SI, Table 8.6; Eq. 8.2). 

All linear effects of the four tested factors had a significant (p≤0.05) effect on the total 

economic value (SI, Table 8.6). Furthermore, the two-factor interactions between LLE 

organic/aqueous ratio and stripping organic/aqueous ratio (Fig. 4.27A), D2EHPA concentration in 

kerosene and stripping organic/aqueous ratio (Fig. 4.27B), and D2EHPA concentration in kerosene 

and HCl concentration were significant (pҖ0.05) (Fig. 4.27C).  

Moreover, the quadratic effects of D2EHPA concentration in kerosene and stripping 

organic/aqueous ratio were also significant (pҖ0.05). 
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The D2EHPA concentration in kerosene had the most pronounced effect of the factors tested 

on the total extracted economic value due to the steepest increase in response surface along its axis 

(e.g. 1.00±0.38 to 19.52±0.02 US $ t-1 at HCl concentration of 4 M and 0.67 stripping 

organic/aqueous ratio; Fig. 4.27B; C). The model showed that higher concentration (< ~0.8) of 

D2EHPA at intermediate stripping organic/aqueous ratio (>~0.5 M) lead the highest economic 

value extracted (Fig. 4.27B). 

The HCl concentration also had a strong effect (i.e. steep response surface increase) on the 

extracted economic value in contrast to D2EHPA concentration (Fig. 4.27C) as the highest 

economic value could be extracted using HCl concentrations of 3.4 M or above at intermediate 

D2EHPA concentration (~0.5 M). LLE organic/aqueous ratio did not affect of the factors tested 

on the total extracted economic value as the model indicated that low LLE organic/aqueous ratio 

(< ~1) at intermediate stripping organic/aqueous ratio (~0.5 M) was efficient to extract maximal 

economic value (Fig. 4.27A). 

 



144 

 

Figure 4.27 Two-factor interactions (surface, top; 2D projection, bottom) on the total 

economic value of extracted elements. Factors that are not shown in the graphs were held 

constant at the predicted optimal values (details in text) 

 

Optimal conditions predicted by the model regarding recovery of maximal economic value of 

CRMs were 0.1 for LLE organic/aqueous ratio, 0.78 M for D2EHPA concentration in kerosene, 

0.67 for stripping organic/aqueous ratio and 4 M for HCl concentration, respectively. The model 

predicted a total economic value of 19.55 ± 0.38 $ t-1 of extractable metals. Two experiments were 

conducted to test model predictions. Experimental setups, achieved results regarding value of 

recovered CRMs and predicted values by the reduced quadratic model are shown in Table 4.15. 
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Table 4.15 Conducted experiments to test predictions of the reduced quadratic model 

regarding total recovered value from CRM 

Notation 

organic/ 

aqueous ratio 

during 

extraction 

D2EHPA 

concentration 

in kerosene 

[M] 

organic/ 

aqueous ratio 

during 

stripping 

HCl 

concentration 

[M] 

Total 

recovered 

values of 

CRM 

[US $ t-1] 

Predicted 

recovered 

values of 

CRM 

[US $ t-1] 

Control 

experiment 1 
0.1 0.78 0.67 4 17.18 ± 0.59 19.55 ± 0.38 

Control 

experiment 2 
0.1 0.74 0.67 3.36 17.09 ± 0.12 18.47 ± 0.38 

 

4.2.9. Economic perspective 

In this study, 1 t of bauxite residue contained a variety of CRM with an overall maximal value 

of $64.20 (Table 4.16). The maximal economic potential was derived as a sum of all metals (total 

metal extracted × economic value of the respective metal) representing the highest value that could 

potentially be extracted. Certainly, the maximal economic value is not to be seen as a value that 

can actually be recovered (since based on pure, refined metals), however it considers also minor 

amounts of CRM, if they are of high economic value. Among these, Ga ($9.63) and total REE 

($42.25) accounted for the highest shares of the total economic value. Optimizing acidic 

extraction, metal(loid)s corresponding to $41.26 (all CRM) and $26.71 (total REE) could be 

extracted. After precipitation of perturbing elements (Al, Fe), total REE accounting to $19.30 were 

extracted to the LLE organic solvent phase and $16.16 in the final concentrate. Further CRM, were 

extracted / purified efficiently, yet accounted only for minor economic value (Cr $0.36; Ga $0.66, 

resp.). Dy ($6.82), Er ($2.94) and Nd ($4.58) accounted for the highest shares of the total REE 

economic value in the concentrate. 
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Table 4.16 Achieved economic value of metal(loid)s recovered from 1 t bauxite residue bauxite residue with 5.37 M (S/L 100; 73.21 ÁC; 23.24h) 

Element 

Aqua regia 

accessible 

[g t-1] 

HCl leachate 

[g t-1] 

Supernatant 

[g t-1] 

LLE organic 

solvent phase 

[g t-1] 

Stripping 

media 

[g t-1] 

Price* 

[US $ t-1] 

Overall 

economic 

value 
[US $ t-1] 

Economic 

value in HCl 

leachate 
[US $ t-1] 

Economic 

value in 

Supernatant 
[US $ t-1] 

Economic 

value in LLE 

organic 

solvent phase  

[US $ t-1] 

Economic 

value in 

stripping 

media 

[US $ t-1] 

Al 56401 ± 1542 54735 ± 1473 36505 ± 1721 2952 ± 147 3001 ± 151 2,092 117.99 114.51 76.37 6.68 6.28 

Ce 430 ± 2.7 240 ± 5.3 205 ± 1.3 196 ± 4.1 177 ± 9.2 4,500 1.93 1.08 0.92 n.a. n.a. 

Co 59.5 ± 0.5 47.4 ± 0.9 41.3 ± 1.4 – – 31,747 1.89 1.50 1.31 0.00 0.00 

Cr 646 ± 4.2 614 ± 16.8 45.4 ± 0.1 35.6 ± 1.8 33.4 ± 1.2 10,866 7.02 6.67 0.49 0.39 0.36 

Dy 21.2 ± 0.1 14.2 ± 0.2 10.5 ± 0.4 10.5 ± 0.4 9.96 ± 0.02 685,000 14.52 9.73 7.19 7.19 6.82 

Er 12.0 ± 0.1 7.36 ± 0.1 6.32 ± 0.05 6.32 ± 0.05 4.17 ± 0.5 705,000 8.46 5.19 4.46 4.46 2.94 

Eu 6.07 ± 0.01 3.59 ± 0.1 3.06 ± 0.1 3.06 ± 0.1 2.86 ± 0.2 12,500 0.08 0.04 0.04 0.04 0.04 

Fe 
214175 ± 

4365 

164915 ± 

2781 
21765 ± 147 20226 ± 834 14566 ± 519 0,068 0.01 0.01 n.a. 0.00 0.00 

Ga 26.6 ± 1.2 17.6 ± 0.5 5.12 ± 0. 1.99 ± 0.1 1.83 ± 0.2 362,000 9.63 6.37 1.85 0.72 0.66 

Gd 26.6 ± 0.4 18.3 ± 0.1 14.9 ± 0.4 14.9 ± 0.4 12.7 ± 1.3 12,500 0.33 0.23 0.19 0.19 0.16 

Ho 4.15 ± 0.1 – – – – 12,500 0.05 n.a. n.a. n.a. n.a. 

In 0.555 ± 0.01 – – – – 735,000 0.41 n.a. n.a. n.a. n.a. 

La 166 ± 1.4 120 ± 2.0 103 ± 0.8 86.4 ± 0.01 71.4 ± 2.1 5,000 0.83 0.60 0.51 0.43 0.36 

Lu 1.72 ± 0.2 – – – – 12,500 0.02 n.a. n.a. n.a. n.a. 

Nd 151 ± 1.1 106 ± 1.6 93.0 ± 0.3 93.0 ± 0.3 79.0 ± 5.7 58,000 8.76 6.15 5.39 5.39 4.58 

Pr 39.2 ± 0.3 26.5 ± 0.6 24.0 ± 0.2 24.0 ± 0.2 19.7 ± 1.2 12,500 0.49 0.33 0.30 0.30 0.25 

Sc 80.0 ± 2.6 68.7 ± 1.2 14.8 ± 0.6 14.8 ± 0.6 – 12,500 1.00 0.86 0.18 0.18 n.a. 

Sm 27.9 ± 2.4 20.6 ± 0.6 16.1 ± 0.4 16.1 ± 0.4 15.7 ± 1.2 12,500 0.35 0.26 0.20 0.20 0.20 

Tb 3.69 ± 0.3 – – – – 615,000 2.27 n.a. n.a. n.a. n.a. 

Tm 1.78 ± 0.03 – – – – 12,500 0.02 n.a. n.a. n.a. n.a. 

Y 100 ± 9.4 35.9 ± 0.6 – – – 60,000 6.00 2.15 n.a. n.a. n.a. 

Yb 10.8 ± 1.2 7.13 ± 0.2 2.74 ± 0.1 2.74 ± 0.1 1.72 ± 0.06 12,500 0.13 0.09 0.03 0.03 0.02 

Total       182.20 155.77 99.45 27.08 23.46 

Total CRM       64.20 41.26 23.08 20.41 17.18 

Total REE       45.25 26.71 19.42 19.30 16.16 

Elemental analysis: according to Chap. 3.2.3 by ICP-MS. 

*Values from U.S. Geological Survey (USGS, 2015). 
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The highest shares of REE (40.6% ~ 394 mg kg-1) partitioned to the concentrate, while only 

5.3% (~ 3001 mg kg-1) Al and 6.8% (~ 14 566 mg kg-1) Fe were found in the latter (Fig. 4.28). 

Most Al (59.4% ~ 33 504 mg kg-1) remained in the raffinate (Fig. 4.28A) and most Fe (66.8% ~ 

143 150 mg kg-1) was precipitated with NaOH (Fig. 4.28B). 

 

Figure 4.28 Partitioning of Al (A), Fe(B) and REE(C) during treatment 

 

4.2.10. General summary of the recovery study 

In contrast to other high volume wastes (e.g. fly ashes, metallurgical slags), alternative uses 

for bauxite residue have so far not found less industrial application. In addition to the use in cement 

and ceramic production (Bhaskar et al., 2014; Binnemans et al., 2015; Rathod et al., 2013; 

Tsakiridis et al., 2004), valorisation of bauxite residue as a coagulant and adsorbent for water and 

gas treatment or as a catalyst have been proposed (Sushil and Batra, 2008; Wang et al., 2008; 

Klauber at el., 2011; Paramguru et al., 2005; Snars and Gilkes, 2009). 

The use of bauxite residue as a secondary source of CRM is still in its infancy. Previous 

researches often focused on one element (Sc) or limited group of elements and not for maximal 

economic potential. This study firstly assessed minor and major metal content and extractability 

in Hungarian bauxite residues. 

The REEs composition of the bauxite residues was enriched in comparison to typical values 

of <100 ppm to ~500 ppm REE in the bauxites (Deady et al., 2014) with a total concentration of 

> 0.11 wt% (1082 mg kg-1) (BR2). From the elements studied, Ga (9.61 US $ t-1) and REEs (45.25 

US $ ton-1) provided the highest shares of the total economic value (Table 4.12) so that the further 

recovery studies focused on both Ga and REEs. 
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The maximal economic value extracted was achieved by HCl (25.48 US $ t-1 for CRM) 

followed by acids in the order HNO3 > C6H8O7 > H2SO4 > H2C2O4 [(22.36–9.23 US $ t-1 for CRM 

(SI, Table 8.36)]. Based on these findings HCl was, therefore, chosen for further detailed leaching 

tests. Increasing HCl concentrations from 0.5 to 6 M led to considerably increased extraction 

efficiencies of REE (La, Ce, Nd) and Ga (Fig. 4.16). The best results regarding contact time were 

achieved at 3 hours, showing high Ga (63%), La (67%), Ce (54%) and Nd (69%) extraction 

efficiency, yet comparatively low Fe extraction efficiency (21%) (Fig. 4.17). Besides, the increase 

of temperature (Fig. 4.18) and slurry concentration (Fig. 4.19) had only a minor effect on the latter 

elements. 

Visualizing complex interactions between extraction parameters may allow for a careful 

interpretation of processes underlying extraction. Multitude of different parameters (acid 

concentration, temperature, time, slurry concentration) makes it difficult to compare. Here the 

systematic model shows the two-factor and non-linear (quadratic) interactions. 

It is important to note that the model (SI, Eq. 8.1) is an empirical model best describing the 

extraction results in a limited range of experimental conditions (SI, Table 8.35). Whereas it 

describes the obtained experimental data well (e.g. the optimal conditions yielding 96% of the 

expected economic value) it is not valid beyond and probably more inaccurate close to the boarder 

conditions it was developed on (0.5–6M HCl; 1–24h contact time; 50–80 °C; 10–100 g L-1 slurry 

concentration).  

Optimal conditions maximizing the economic potential were predicted for 5.60 M HCl, 24 h 

contact time, 73.36 °C, and 100 g L-1 slurry concentration. Indeed, experimentally determined 

economic potential corresponded well (96 % of predicted) to the predictions, allowing a maximum 

recovery of 40.95 ± 0.90 US $ t-1. 

Due to the fact that Fe and Al are the most abundant elements in bauxite residues in general, 

their removal is a crucial factor regarding selective recovery of other elements. Here, we could 

show efficient separation by precipitation (Fe) or by removal with the raffinate (Al) of the LLE 

(Fig. 4.22). A good selectivity for REEs towards Fe was achieved using simple precipitation, since 

87% of Fe precipitated from the leachate at pH 3. Next to Fe, a major proportion of Al (33%) was 

removed as well, whereas most REEs (79%) could be further purified by subsequent LLE. Here, 

Al remained to large extent in the raffinate (59%). 

General trends of the influence of LLE parameters on REE extraction / selectivity have been 

observed: increasing extraction of REEs with increasing D2EHPA concentrations (Fig. 4.23) and 

with increasing LLE organic/aqueous ratio (Fig. 4.24). For stripping, higher HCl concentration 

lead to higher stripping efficiencies (Fig. 4.25). 
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In contrast to previous studies, here minor (interaction) effects have been identified firstly (Fig. 

4.27). For instance, higher concentration (< ~0.8) of D2EHPA at intermediate stripping 

organic/aqueous ratio (>~0.5 M) (Fig. 4.27B) or HCl concentrations of ≥3.4 M at intermediate 

D2EHPA concentration (~0.5 M) (Fig. 4.27C) lead to the highest economic value extracted. The 

prediction model was accurate, since the experimentally determined economic potential 

corresponded well (88%) to the predictions and allowed a maximum recovery of 17.18 ± 0.59 US 

$ t-1. 

With the whole process the maximum economic value of $17.18 US $ t-1 was recovered with 

the optimal conditions predicted by the model regarding recovery of maximal economic value of 

CRMs were 0.1, 0.76 M, 0.67, and 4 M for organic/aqueous ratio during extraction, D2EHPA 

concentration in kerosene, organic/aqueous ratio during stripping, and HCl concentration, 

respectively. CRM prices may strongly rise in the future due to increasing demand and high supply 

risk, making the proposed processes even more economically attractive. 

Bauxite residue may be a valuable secondary raw materials source due to the fact that they can 

– depending on their geological origin – contain considerable amounts of REEs and other CRMs 

(Binnemans et al., 2015). For instance, total REE concentration in some European bauxite residues 

is approx. 1000 ppm (Ochsenkühn-Petropoulou et al., 1994) while, the total REE concentration in 

Jamaican bauxite residue varies between 1500 and 2500 mg kg-1 (Wagh and Pinnock, 1987). In 

this study we evaluated purification of REE from Hungarian bauxite residue, which are at the 

lower range of reported REE concentrations (1082 mg kg-1). In addition, identified disadvantages 

of acidic extraction are the application of large amounts of acid during extraction of the alkaline 

residues, possible large volumes of acidic effluents and the difficulty in re-using the leaching 

residue after leaching as such (Borra et al., 2016a). Therefore, extraction from CRM depleted 

Hungarian bauxite residues seems unfavourable from an economic point of view at first glance. 

However, Hungary has recently suffered the catastrophic effects during the Ajka tailings spill 

(Mayes et al., 2016). In such cases, in particular the high alkalinity of the spilled tailings is 

problematic (Power et al., 2011; Mayes et al., 2016; Sutar et al., 2014). Despite their lower REE 

content, REE recovery from Hungarian bauxite residue may thus still be worthwhile, because it 

may mitigate the risks for bauxite residue storage. Mixing the acidic residues of CRM 

hydrometallurgical extraction with the original (strongly alkaline) bauxite residue results in 

neutralized residues that may be re-used as soil stabilizer, eliminating the need for storage in 

tailings (see Fig. 3.16 in Chap. 3.2). Integrated processes for minimizing the amount of bauxite 

residue stored on the one hand and recovering valuable materials are preferable over a single 

process approaches.  
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Furthermore, such treatment could be performed locally near the bauxite residue storing 

facility to avoid the transportation cost (Liu and Naidu, 2014). In general, these secondary sources 

contain lower REE concentrations than primary ores [average 45 w/w % REE-oxides (Voncken, 

2016) versus ~ 0.11 w/w % in Hungarian bauxite residue studied here]. Nevertheless, the volumes 

of these residues are considerate so that the total amounts of REE contained in these residues are 

so large that they may secure an independent source of REE (Binnemans et al., 2015). Also, CRM 

prices may strongly rise in the future due to increasing demand and high supply risk. In this view, 

the proposed processes may indeed be economically / ecologically feasible using even CRM 

depleted secondary sources.  
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5. CONCLUSION 

Bauxite residue is the major by-product produced during alumina production following the 

Bayer’s process. The treatment and disposal of this residue is a major operation in an alumina 

plant. A lot of research and developmental activities are going on throughout the world to find 

effective utilization of bauxite residue, which involves various product developments. Because of 

the disposal of large quantities of bauxite residue also in Hungary, this research deals with 

evaluation of the efficiency of a Hungarian bauxite residue as soil ameliorant on the one hand, and 

as a secondary source of CRM on the other hand. 

During the soil improvement study, an 8-month-long laboratory-scale microcosm incubation 

study modelled the mixing of various bauxite residue proportions into sandy soil to estimate the 

Hungarian bauxite residue amount with no adverse effects on the soil as natural habitat further to 

its incorporation into the soil and to assess not only the short-term, but as a novel aspect also the 

long-term (8 months) environmental risk of bauxite residue mixed into the soil.  

The second 10-month-long laboratory-scale soil improvement experiment series performed at 

microcosm level aimed to reveal the beneficial effects of the Hungarian bauxite residue, as soil 

ameliorant, on a specific ASS in Eastern Hungary. The effect of different bauxite residue-soil 

mixture (BRSM) doses to the borrow soil material to produce a landfill surface cover at a landfill 

site in Hungary was modelled in a 10-month-long lysimeter and field plot study. BRSM is a soil 

and bauxite residue mixture originated from the bauxite residue disaster affected area at Ajka 

(Hungary) in 2010. The aim of the study was to assess the BRSM dose at which the natural habitat 

of the landfill surface cover is not adversely affected. 

Our long-term (8 months) laboratory study (microcosm incubation experiment) applied a 

complex monitoring methodology including biological, toxicological and analytical measurement 

methods. Based on the results we found conformity between the test methods. The toxic metal 

analysis showed that 5 w/w % bauxite residue in soil resulted still an acceptable metal content. The 

soil toxicity measurements and the soil microflora activity analysis proved that 5 w/w % bauxite 

residue did not cause any adverse effects on the soil habitat. 

At low bauxite residue (5 w/w %) dose the pH, the CaCO3 content and the water holding 

capacity (WHC) of the ASS increased significantly, resulting an improved soil structure which 

could be a benefit for soil biota. Based on the results of the microcosm incubation study, the 

bauxite residue at maximum 5 w/w % application rate can be recommended as ameliorant to ASS 

in Eastern Hungary and to any other sandy soil with similar degradation problems after having 

assessed the site specific risk. 
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A high-quality complex methodology was developed and applied in the field study for 

monitoring the potential effects of BRSM as additive to the landfill surface cover and we found 

conformity between the results of the various test methods. Both the analytical, biological and the 

toxicity measurements showed that up to 20 w/w % BRSM mixed into the LQS had no adverse 

effects on the soil ecosystem. 

Results of a general technological efficiency assessment carried out by summarizing of 

significant positive effects of bauxite residue and BRSM treatments on soil characteristics are 

presented in Table 5.1. To assess the feasibility of bauxite residue application for soil improvement 

and to choose the most efficient treatments the significant positive effects on soil characteristics 

were evaluated based on the summary of results (Table 5.1). The combined assessment 

demonstrated that the 5 w/w % bauxite residue mixed into the acidic sandy soil (ASS) was the most 

favourable treatment and the application of the 20 w/w % bauxite residue-soil mixture (BRSM) 

mixed with subsoil (LQS) had beneficial effect on the characteristics of the tested soils. The 

integrated methodology, consisting of physical, chemical, biological and ecotoxicological methods 

supported the efficient monitoring of technology performances and the identification of the 

advantages and limitations of bauxite residue and BRSM application for soil improvement. 

The applied integrated monitoring promoted the potential development of a soil improvement 

technology using bauxite residue and it assisted in the identification of the advantages and 

limitations of its application, besides supported efficient management of waste utilization on soil. 

 



153 

 

Table 5.1 Summary of significant positive effects of various treatments on soil characteristic 

 

Treatments 

SOIL CHARACTERISTICS  

pH CaCO3 K(A) Humus N P K 

Toxic 

element  WHC 
Microbial 

activity 

A. fischeri 

(bacterium) 

S. alba 

(plant) 

T. aestivum 

(plant) 

T. pyriformis 

(protozoa) 

F. 

candida 

(animal) 

 Bauxite residue applied on acidic sandy soil (ASS) as soil ameliorant 

ASS + 

5% BR 
ṉ     ṉ  ṉ ṉ ṉ ṉ ṉ ṉ ṉ  

ASS + 

10% BR 
ṉ ṉ ṉ   ṉ  ṉ ṉ ṉ ṉ ṉ    

ASS + 

20% BR 
ṉ ṉ ṉ   ṉ  

 
ṉ ṉ      

ASS + 

30% BR 
ṉ ṉ ṉ   ṉ  

 
ṉ       

ASS + 

40% BR 
ṉ ṉ ṉ   ṉ  

 
ṉ       

ASS + 

50% BR 
ṉ ṉ ṉ   ṉ  

 
ṉ       

 Bauxite residue-soil mixture (BRSM) as a component of a landfill cover system - mixed with subsoil (LQS) 

LQS+ 

5% BRSM 
ṉ       ṉ ṉ ṉ ṉ ṉ ṉ  ṉ 

LQS+ 

10% BRSM 
ṉ   ṉ ṉ ṉ  ṉ ṉ ṉ ṉ ṉ ṉ  ṉ 

LQS+ 

20% BRSM 
ṉ   ṉ ṉ ṉ  

ṉ 
ṉ ṉ ṉ ṉ ṉ  ṉ 

LQS+ 

50% BRSM 
ṉ   ṉ ṉ ṉ  

 
ṉ  ṉ     
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In the next section of this research, a selective recovery method of CRM from Hungarian 

bauxite residue was developed. Several parameters for instance leaching agents, contact time, 

temperature, solid to liquid ratio, complexing agent concentration in organic phase were 

investigated to optimize the leaching and LLE. 

The composition of different bauxite residues from different reservoirs and disposal strategies 

[mud lakes (BR1) and dry storage (BR2)] in Hungary were studied because a detailed inventory 

of the economically interesting elements does not exist so far for Hungarian bauxite residues. The 

inventory of CRM including REE showed that 1 ton of bauxite residue contains a variety of 

metal(loid)s valued for $53.34 (BR1) and $64.2 (BR2). Among these, Ga [$16.22 ton-1 (BR1); 

$9.61 ton-1 (BR2)] and REEs [$25.53 ton-1 (BR1); $39.02 ton-1 (BR2)] provide the highest share 

of the total economic value. 

Comparing different acids as extractant, hydrochloric acid (HCl) yielded the highest REEs 

efficiency. Organic acids may be applicable for selective element recovery (e.g. Ga), since they 

extracted little major elements (Fe, Al). 

Optimal conditions considering interaction effects between extraction parameters were accurately 

described by an empirical model as 5.60 M HCl, 24 h contact time, 73.36 °C temperature, and 100 

g L-1 slurry concentration. The optimal conditions predicted by the model regarding recovery of 

maximal economic value of CRM were 0.1, 0.76 M, 0.67, and 4 M for organic/aqueous ratio during 

LLE, D2EHPA concentration in kerosene, organic/aqueous ratio during stripping, and HCl 

concentration, respectively. 

These conditions allowed extraction of the economic potential of 17.18 US $ t-1, corresponding 

to 27% of the total economic potential of CRM present in bauxite residue. It can be anticipated 

that exploitation of bauxite residues as secondary source for CRM will increase in the near future. 

Therefore, the flexible methodology presented here is generally applicable also for other bauxite 

residues with different elemental composition, allowing to rapidly maximizing extraction 

efficiencies, considering also minor and / or interaction effects of extraction parameters also in 

further bauxite residues. Considering the sum of economic values extracted (rather than mere 

extraction efficiencies) directly allows reacting to volatility in different commodity prices. 
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6. NEW SCIENTIFIC FINDINGS OF THE DISSERTATION – THESIS 

POINTS 

Evaluation the bauxite residue as a soil ameliorant: 

1. I proved that bauxite residue from Ajka (Hungary) spilled on the soil surface could be mixed 

at up to 5 w/w % into a sandy soil without any long-term adverse effect on the soil habitat based 

on the results of a complex methodology that integrates physical, chemical, biochemical 

analysis and ecotoxicity testing. 

2. I determined based on the applied complex monitoring methodology that the bauxite residue 

produced in Hungary and stored in the local bauxite residue disposal area was suitable for the 

improvement of the pH, the CaCO3 content and the water holding capacity (WHC) of the acidic 

sandy soil from Eastern Hungary at a low application rate. 

a.  Bauxite residue mixed into the acidic sandy soil (ASS) at low doses (5–10 w/w %) did 

not exceed the Hungarian quality criteria for soil based on KvVM-EüM-FVM Joint 

Decree No. 6/2009. 

b. 5–20 w/w % bauxite residue increased the microbial activity of the acidic sandy soil over 

the short-term, but the effect did not last for long-term according to Biolog EcoPlate 

parameters [average well colour development (AWCD), substrate average well colour 

development (SAWCD), substrate richness (SR)]. Shannon diversity index (H) showed 

that bauxite residue at up to 20 w/w % did not change microbial diversity over the short 

term, but the diversity decreased on the long-term. 

c. 5 w/w % bauxite residue had no significant adverse effects on the tested test organisms 

[Aliivibrio  fischeri (luminescent bacterium), Sinapis alba (plant), Triticum aestivum 

(plant) and Tetrahymena pyriformis (protozoon)]. 

3. I established that the bauxite residue and soil mixture (BRSM) removed after the bauxite 

residue spill in Ajka (Hungary) and disposed in the dams at MAL Co. Ltd. in Ajka is applicable 

as additive to the surface layer of landfill cover systems at landfill sites at up to 20 w/w % 

BRSM application rate in low quality subsoil, improving soil physico-chemical and biological 

characteristics and thus the settlement and growth of plants. 

a. 5–20 w/w % BRSM in the low quality subsoil had a long lasting enhancing effect on the 

microbial community based on all Biolog EcoPlate parameters. 

b. The ecotoxicity test results of leachate and soil showed that 20 w/w % BRSM had no 

adverse effect on the following test organisms: Sinapis alba, Triticum aestivum, 

Aliivibrio fischeri and Folsomia candida during the experiments. 
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4. I demonstrated that the Biolog Ecoplate derived evaluation parameters gave a reliable response 

to both the positive and negative effects of the bauxite residue on the soil microflora; moreover, 

these results extendable to the microbial activity and diversity of the soil microflora according 

to literature.  

To assess the positive and negative effects of similar soil amendments on the microflora of 

deteriorated soils the calculation of the AWCD (average well colour development) and 

SAWCD well colour development), H (Shannon-index) and SR (substrate richness) values is 

recommended." 

 

Evaluation the bauxite residue as a source of critical raw materials: 

1. I developed a state-of-the-art-technology for extraction of critical raw materials (CRM) 

including rare earth element (REE) from Hungarian bauxite residue. 

a. Optimal extraction parameters maximizing the economic potential (total metal extracted 

× economic value of the respective metal) of CRM were determined using a design of 

experiment approach (5.6 M HCl, 24 h, 73.4 °C, 100 g L-1). 

b. These conditions allowed to extract an overall economic potential of 40.95 ± 0.90 US 

$ t-1, corresponding to 64% of the total economic potential of CRM present in Hungarian 

bauxite residue. 

2. I proved that ultimately more than > 40% of the overall rare earth elements (REEs) (> 62% of 

the leachable REEs) in Hungarian bauxite residue could be purified using liquid-liquid 

extraction, whereas Al was successfully rejected from the concentrate (~5% of the overall Al 

present) by precipitation. 

a. Optimal extraction conditions maximizing the economic potential (total metal extracted 

× economic value of the respective metal) of CRM were determined using a design of 

experiment approach (0.1 for LLE organic/aqueous ratio, 0.78 M for D2EHPA 

concentration in kerosene, 0.67 for stripping organic/aqueous ratio and 4 M for HCl 

concentration). 

b. The prediction model was accurate, since the experimentally determined economic 

potential corresponded (88%) with the predictions and allowed a maximum recovery of 

17.18 ± 0.59 US $ t-1.  
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8. SUPPLEMENTARY MATERIAL  

 

Figure 8.1 Integrated methodology applied in the microcosm incubation study I 

Integrated methodology for the microcosm study
to estimate the bauxite residue amount with no adverse 

effects on the soil (microcosm incubation study I)
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Figure 8.2 Integrated methodology applied in the microcosm incubation study II

Integrated methodology in the microcosm study
to reveal the beneficial and soil improvement effects of 

bauxite residue on a specific ASS (microcosm 
incubation study II)
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Figure 8.3 Integrated methodology of lysimeter in the field study 

Integrated metodology in the lysimeter study                             
to study the applicability of BRSM as surface layer 

component of landfill cover system (field study)
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Figure 8.4 Integrated methodology of field plot experiment in the field stud

Integrated metodology of field plot study                             
to study the applicability of BRSM as surfce layer 
component of landfill cover system (field study)
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Table 8.1 PGM (Peptone-Glucose-Meat) extract composition 

Component Quantity  [g] 

Meat extract (Merck, Budapest, Hungary) 3 

Glucose (Reanal, Budapest, Hungary) 5 

Peptone (Reanal, Budapest, Hungary) 5 

NaCl (Spektrum-3D, Budapest, Hungary) 0.5 

Agar (Biolab, Budapest, Hungary) 20 

Distilled water 1000 [cm3] 

 

Table 8.2 Malt extract agar composition 

Component Quantity  [g] 

Malt extract (Merck, Budapest, Hungary) 20 

Glucose (Reanal, Budapest, Hungary) 5 

Peptone (Reanal, Budapest, Hungary) 1 

NaCl (Spektrum-3D, Budapest, Hungary) 0.5 

Agar (Biolab, Budapest, Hungary) 20 

Distilled water 1000 [cm3] 

 

 



181 

 

Table 8.3 Carbon sources in Biolog EcoPlate (Source of data: http://www.biolog.com/pdf/milit/00A_012_EcoPlate_Sell_Sheet.pdf) 

A1 

water 

A2 

ß-Methyl-D-

Glucoside 

A3 

D-Galactonic 

Acid 

γ-Lactone 

A4 

L-Arginine 

A1 

water 

A2 

ß-Methyl-D-

Glucoside 

A3 

D-Galactonic 

Acid 

γ-Lactone 

A4 

L-Arginine 

A1 

water 

A2 

ß-Methyl-D-

Glucoside 

A3 

D-Galactonic 

Acid 

γ-Lactone 

A4 

L-Arginine 

B1 

Pyruvic Acid 

Methyl Ester 

B2 

D-Xylose 

B3 

D-

Galacturonic 

Acid 

B4 

L-Asparagine 

B1 

Pyruvic Acid 

Methyl Ester 

B2 

D-Xylose 

B3 

D-

Galacturonic 

Acid 

B4 

L-Asparagine 

B1 

Pyruvic Acid 

Methyl Ester 

B2 

D-Xylose 

B3 

D-

Galacturonic 

Acid 

B4 

L-Asparagine 

C1 

Tween 40 

C2 

I-Erythitol 

C3 

2-Hydroxy 

Benzoic Acid 

C4 

L-

Phenylalanine 

C1 

Tween 40 

C2 

I-Erythitol 

C3 

2-Hydroxy 

Benzoic Acid 

C4 

L-

Phenylalanine 

C1 

Tween 40 

C2 

I-Erythitol 

C3 

2-Hydroxy 

Benzoic Acid 

C4 

L-

Phenylalanine 

D1 

Tween 80 

D2 

D-Mannitol 

D3 

4-Hydroxy 

Benzoic Acid 

D4 

L-Serine 

D1 

Tween 80 

D2 

D-Mannitol 

D3 

4-Hydroxy 

Benzoic Acid 

D4 

L-Serine 

D1 

Tween 80 

D2 

D-Mannitol 

D3 

4-Hydroxy 

Benzoic Acid 

D4 

L-Serine 

E1 

α-

Cyclodextrin 

E2 

N-Acetyl-D-

Glucosamine 

E3 

γ-

Hydroxybutyri

c Acid 

E4 

L-Threonine 

E1 

α-

Cyclodextrin 

E2 

N-Acetyl-D-

Glucosamine 

E3 

γ-

Hydroxybutyri

c Acid 

E4 

L-Threonine 

E1 

α-

Cyclodextrin 

E2 

N-Acetyl-D-

Glucosamine 

E3 

γ-

Hydroxybutyri

c Acid 

E4 

L-Threonine 

F1 

Glycogen 

F2 

D-

Glucosaminic 

Acid 

F3 

Itaconic Acid 

F4 

Glycyl-L-

Glutamic Acid 

F1 

Glycogen 

F2 

D-

Glucosaminic 

Acid 

F3 

Itaconic Acid 

F4 

Glycyl-L-

Glutamic Acid 

F1 

Glycogen 

F2 

D-

Glucosaminic 

Acid 

F3 

Itaconic Acid 

F4 

Glycyl-L-

Glutamic Acid 

G1 

D-Cellobiose 

G2 

Glucose-1-
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G3 
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amine 

G1 

D-Cellobiose 

G2 

Glucose-1-

Phosphate 

G3 

α-Ketobutyric 

Acid 

G4 

Phenylethyl-

amine 

G1 

D-Cellobiose 

G2 

Glucose-1-

Phosphate 

G3 

α-Ketobutyric 

Acid 

G4 

Phenylethyl-

amine 

H1 

α-D-Lactose 

H2 

D,L-α-

Glycerol 

Phosphate 

H3 

D-Malic Acid 

H4 

Putrescine 

H1 
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Table 8.4 Proteose peptone yeast extract medium (PPY) composition 

Component Quantity [g]  

Proteose peptone (Difco Bacto™) 10 

Yeast extract (Difco Bacto™) 1 

Distilled water 1000 [cm3] 

 

Table 8.5 ANOVA of response surface reduced quadratic model during the leaching experiment 

Source 
Sum of 

df 
Mean F p-value 

Squares Square Value Prob > F 

Model 7231.50 10 723.15 129.02 < 0.0001 

HCl conc. 736.22 1 736.22 131.35 < 0.0001 

Contact time 84.63 1 84.63 15.10 0.0002 

Temperature 107.50 1 107.50 19.18 < 0.0001 

Slurry conc. 53.21 1 53.21 9.49 0.0030 

HCl conc.  contact time 220.79 1 220.79 39.39 < 0.0001 

HCl conc.  slurry conc. 1023.31 1 1023.31 182.57 < 0.0001 

Contact time  Temperature 52.67 1 52.67 9.40 0.0032 

Temperature  Slurry conc. 30.02 1 30.02 5.36 0.0238 

(HCl conc.)2 501.20 1 501.20 89.42 < 0.0001 

(Temperature)2 258.59 1 258.59 46.14 < 0.0001 

 

ὉὧέὲέάὭὧ ὺὥὰόὩ έὪ ὩὼὸὶὥὧὸὩὨ ὙὉὉί ὟὛ Α ὸ
 ρπςȢχπφστ ὟὛ Α ὸ υȢυφρςς ὟὛ Α ὸ ὓ Ὄὅὰ ὧέὲὧȢὓ πȢψπσυρ ὟὛ Αὸ Ὤ
ὅέὲὸὥὧὸ ὸὭάὩ Ὤ σȢωψπχυ ὟὛ Α ὸ Јὅ ὝὩάὴὩὶὥὸόὶὩ Јὅ
πȢςχσχυ 53 Α Ô Ç , Ὓὰόὶὶώ ὧέὲὧȢὫὒ πȢρππτυ ὟὛ Α ὸ ὓ Ὤ
Ὄὅὰ ὧέὲὧȢ  ὓ ὅέὲὸὥὧὸ ὸὭάὩ Ὤ πȢπυυωψω ὟὛ Α ὸ ὓ Ὣ ὒ Ὄὅὰ ὧέὲὧȢ  ὓ
Ὓὰόὶὶώ ὧέὲὧȢ  Ὣὒ ωȢπσωυφρπ ὟὛ Α ὸ Ὤ Јὅ ὅέὲὸὥὧὸ ὸὭάὩ Ὤ
ὝὩάὴὩὶὥὸόὶὩ Јὅ ρȢψττφωρπ ὟὛ Α ὸ Јὅ Ὣ ὒ ὝὩάὴὩὶὥὸόὶὩ Јὅ
Ὓὰόὶὶώ ὧέὲὧȢ  Јὅ ρȢςρρσφ ὟὛ Α ὸ ὓ Ὄὅὰ ὧέὲὧȢ  ὓ
πȢπσρρυφ ὟὛ Α ὸ Јὅ ὝὩάὴὩὶὥὸόὶὩ Јὅ  

Equation 8.1 Final equation of the response surface reduced quadratic model in terms of actual 

factors during the leaching experiment 
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Table 8.6 ANOVA of response surface reduced quadratic model during the liquid-liquid 

extraction 

Source 
Sum of 

df 
Mean F p-value 

Squares Square Value Prob > F 

Model 56.07 9 6.23 42.84 < 0.0001 

Organic/aqueous ratio during 

extraction 
12.08 1 12.08 83.08 < 0.0001 

D2EHPA conc. in Kerosene 7.36 1 7.36 50.62 < 0.0001 

Organic/aqueous ratio during 

stripping 
6.39 1 6.39 43.94 < 0.0001 

HCl conc. 0.03 1 0.03 0.2 0.6526 

Organic/aqueous ratio during 

extraction  

Organic/aqueous ratio during 

stripping 

3 1 3 20.61 < 0.0001 

D2EHPA conc. in Kerosene 

 Organic/aqueous ratio 

during stripping 

3.35 1 3.35 23.03 < 0.0001 

D2EHPA conc. in Kerosene 

 HCl conc. 
5.35 1 5.35 36.77 < 0.0001 

(D2EHPA conc. in 

Kerosene)2 
16.94 1 16.94 116.48 < 0.0001 

(Organic/aqueous ratio 

during stripping)2 
6.33 1 6.33 43.53 < 0.0001 

 

Ὕέὸὥὰ ὩὧέὲέάὭὧ ὺὥὰόὩ έὪ ὅὙὓί

ρȢψχχω Α ὸ πȢσφςυρ Αὸ
ὕὶὫὥὲὭὧ

ὥήόὩέόί
ὶὥὸὭέ ὨόὶὭὲὫ ὩὼὸὶὥὧὸὭέὲ

σȢχψςπς Αὸ ὓ ὈςὉὌὖὃ ὧέὲὧȢὭὲ ὑὩὶέίὩὲὩ ὓ τȢςφςωχ Αὸ
ὕὶὫὥὲὭὧ

ὥήόὩέόί
ὶὥὸὭέ ὨόὶὭὲὫ ίὸὶὭὴὴὭὲὫπȢσυυυυ Αὸ ὓ Ὄὅὰ ὧέὲὧȢὓ

πȢσρρφρ Αὸ
ὕὶὫὥὲὭὧ

ὥήόὩέόί
ὶὥὸὭέ ὨόὶὭὲὫ ὩὼὸὶὥὧὸὭέὲ

ὕὶὫὥὲὭὧ

ὥήόὩέόί
ὶὥὸὭέ ὨόὶὭὲὫ ίὸὶὭὴὴὭὲὫςȢσστςφ Αὸ ὓ

ὈςὉὌὖὃ ὧέὲὧȢὭὲ ὑὩὶέίὩὲὩ ὓ
ὕὶὫὥὲὭὧ

ὥήόὩέόί
ὶὥὸὭέ ὨόὶὭὲὫ ίὸὶὭὴὴὭὲὫ

πȢχτρτχ Αὸ ὓ ὈςὉὌὖὃ ὧέὲὧȢὭὲ ὑὩὶέίὩὲὩ ὓ Ὄὅὰ ὧέὲὧȢὓ

υȢτυχρψ Αὸ ὓ ὈςὉὌὖὃ ὧέὲὧȢὭὲ ὑὩὶέίὩὲὩ ὓ τȢυσψςυ Αὸ
ὕὶὫὥὲὭὧȾὥήόὩέόί ὶὥὸὭέ ὨόὶὭὲὫ ίὸὶὭὴὴὭὲὫ 

Equation 8.2 Final equation of the response surface reduced quadratic model in terms of actual 

factors during the liquid-liquid extraction (A: Organic/aqueous ratio during extraction; B: 

D2EHPA con-centration in Kerosene (M); C: Organic/aqueous ratio during stripping, D: HCl 

concentration (M)) 
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Table 8.7 Total (aqua regia digestible) and water soluble metal content of the microcosms in the 8th months, (R: reference soil; S: untreated soil; 

BR: bauxite residue) 

Element R S S+5% BR S+10% BR S+20% BR S+30% BR S+40% BR BR HLV  

Al 

[mg kg-1] 

Total 11771 ± 270 e 8755 ± 403 e 14017 ± 706 de 19264 ±1204 cd 20757 ± 464 c 29249 ± 747 b 34065 ±431 b 69440 ±13091 a 
 

Water soluble 32.7 ± 5.2 d 63.9 ± 2.4 cd 50.3 ± 3.9 cd 77.6 ± 4.1 cd 117 ± 8.4 c 163 ± 14.1 b 198 ± 3.3 b 861 ±101 a 

As 

[mg kg-1] 

Total 4.20 ± 0.7 e 4.23 ± 0.5 e 9.36 ± 1.9 d 19.8 ± 1.0 c 27.4 ± 1.1 c 35.2 ± 0.7 b 35.0 ± 2.1 a 32.3 ± 0.1 a 
15 

Water soluble <DL d 0.312 ± 0.02 c 0.256 ± 0.05 c 0.595 ± 0.10 b 0.497 ± 0.10 b 0.997 ± 0.01 a 0.941 ± 0.004 a 0.309 ± 0.02 c 

Cd 

[mg kg-1] 

Total 0.165 ± 0.02 g 0.125 ± 0.01 g 0.226 ± 0.03 f 0.370 ± 0.03 e 0.483 ± 0.02 d 0.698 ± 0.03 c 0.812 ± 0.07 b 1.21 ± 0.01 a 
1 

Water soluble <DL <DL <DL <DL <DL <DL <DL <DL 

Co 

[mg kg-1] 

Total 4.38 ± 0.02 e 4.29 ± 0.2 e 9.10 ± 1.2 d 14.0 ± 1.7 c 20.0 ± 0.4 b 27.5 ± 1.1 a 28.6 ± 2.7 a 27.7 ± 0.3 a 
30 

Water soluble <DL e 0.036 ± 0.002 d 0.064 ± 0.01 cd 0.116 ± 0.01 b 0.137 ± 0.01 b 0.179 ± 0.02 a 0.208 ± 0.01 a 0.009 ± 0.001 d 

Cr 

[mg kg-1] 

Total 20.6 ± 1.1 f 15.9 ± 2.9 f 58.6 ± 9.6 e 107 ± 10 d 157 ± 5 c 238 ± 10 b 267 ± 14 b 464 ± 39 a 
75 

Water soluble 0.073 ± 0.01 e 0.138 ± 0.01 d 0.364 ± 0.05 c 0.583 ± 0.02 cb 0.853 ± 0.001 b 1.19 ± 0.1 a 1.40 ± 0.1 a 0.053 ± 0.003 e 

Cu 

[mg kg-1] 

Total 6.83 ± 0.7 e 8.70 ± 0.5 de 9.99 ± 1.0 cd 12.5 ± 0.8 c 25.0 ± 3.2 a 22.4 ± 2.2 a 25.0 ± 0.5 a 16.6 ± 1.5 b 
75 

Water soluble 0.110 ± 0.03 e 0.612 ± 0.004 d 0.660 ± 0.10 d 1.06 ± 0.05 c 1.46 ± 0.01 b 1.62 ± 0.03 b 1.93 ± 0.10 a 0.645 ± 0.20 d 

Mo 

[mg kg-1] 

Total 0.219 ± 0.003 e 1.45 ± 0.1 d 2.15 ± 0.1 c 2.34 ± 0.3 c 2.70 ± 0.2 c 3.40 ± 0.1 b 2.79 ± 0.003 c 4.09 ± 0.9 a 
7 

Water soluble <DL h 0.246 ± 0.02 f 0.658 ± 0.04 e 1.07 ± 0.1 d 1.60 ± 0.1 c 2.01 ± 0.1 b 2.32 ± 0.1 a 0.523 ± 0.02 g 

Na 

[mg kg-1]  

Total 142 ± 13 h 642 ± 82 g 3774 ± 648 f 7193 ± 858 e 11121 ± 413 d 18213 ± 521 c 21025 ± 1224 b 31286 ± 2880 a 
900* 

Water soluble 40.0 ± 1.5 g 328 ± 15 f 575 ± 54 e 725 ± 67 d 934 ± 53 c 1230 ± 82 b 1439 ± 122 a 958 ± 60 c 

Ni 

[mg kg-1] 

Total 8.55 ± 0.5 g 6.99 ± 0.4 g 25.1 ± 3.3 f 51.5 ± 4.9 e 77.7 ± 3.0 d 110 ± 3 c 127 ± 6 b 199 ± 7.8 a 
40 

Water soluble 0.530 ± 0.1 b 0.143 ± 0.01 e 0.267 ± 0.01 d 0.362 ± 0.001 c 0.516 ± 0.005 b 0.703 ± 0.02 a 0.733 ± 0.01 a <DL f 

Pb 

[mg kg-1] 

Total 10.1 ± 0.3 g 10.3 ± 0.4 g 21.5 ± 2.8 f 32.9 ± 2.7 e 46.7 ± 2.0 d 70.3 ± 2.3 c 79.7 ± 3.2 b 113 ± 11.3 a 
100 

Water soluble <DL <DL <DL <DL <DL <DL <DL <DL 

Se 

[mg kg-1] 

Total <DL <DL <DL <DL <DL <DL <DL <DL 
30 

Water soluble 0.196 ± 0.02 b 0.307 ± 0.1 a 0.289 ± 0.1 a <DL c <DL c 0.221 ± 0.1 a 0.304 ± 0.05 a <DL c 

Zn 

[mg kg-1] 

Total  30.4 ± 0.7 e 26.0 ± 1.5 e 33.7 ± 2.8 e  42.3 ± 2.4 d 51.4 ± 1.1 c 67.5 ± 1.9 b 76.8 ± 3.3 a 45.6 ± 5.9 d 
200 

Water soluble 0.520 ± 0.05 c 0.510 ± 0.03 c 0.710 ± 0.10 bc  1.48 ± 0.10 a 0.916 ± 0.20 ab 0.890 ± 0.10 cb 0.744 ± 0.10 cb <DL d 

pH 6.0 g 7.5 f 9.2 e 9.6 d 9.8 c 10.0 b 10.0 b 10.2 a   

Values followed by the same letters. indicate no significant differences at the level of p<0.05. <DL below detection limit. Detection limits: DL (As): 0.08 mg kg-1; DL(Cd): 0.004 mg kg-1; DL(Co): 0.008 mg kg-1; 

DL(Mo): 0.008 mg kg-1; DL(Ni): 0.04 mg kg-1; DL(Pb): 0.06 mg kg-1; DL(Se): 0.12 mg kg-1; DL(Zn): 0.06 mg kg-1. Hungarian Limit Value (HLV) for soil based on KvVM-EüM-FVM Joint Decree No. 6/2009. 

Total (aqua regia digestible) metal content: according to Hungarian Standard (HS) 21470-50:2006 by ICP-AES. Water soluble metal content: according to HS 21978-9:1998 by ICP-AES. 

*Risk based site specific screening value at Ajka, indicates increased sodification potential (Gruiz et al., 2013). 
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Table 8.8 The average number of colonies formed by aerobic heterotrophic cells (Colony 

Forming Unit - CFU) in 1 g soil in the microcosm incubation study I 

Notation 
Average CFU g / soil 

1st month 2nd month 8th month 

R 1.2E+06 1.2E+06 8.3E+05 

S 2.8E+06 3.6E+06 2.4E+06 

S+5% BR 3.0E+06 2.7E+06 1.4E+06 

S+10% BR 5.4E+06 2.6E+07 1.2E+06 

S+20% BR 7.5E+06 6.0E+06 1.4E+06 

S+30% BR 5.6E+06 1.0E+07 7.7E+05 

S+40% BR 3.5E+05 4.0E+06 5.5E+05 

 

Table 8.9 ED20 (Effect Dose resulting in 20% inhibition of luminescence) by A. fischeri 

bioluminescence inhibition test in the microcosm incubation study I 

Notation 
ED20 

1st month 2nd month 8th month 

S+5% BR 15.1 9.8 12.2 

S+10% BR 6.3 2.8 4.3 

S+20% BR 2.1 2.8 2.8 

S+30% BR 1.5 2.0 1.1 

S+40% BR 1.5 2.3 1.6 

 

Table 8.10 Average S. alba root length in the microcosm incubation study I 

Notation 
Average length [mm] 

1st month 2nd month 8th month 

R 13.9 12.4 14.9 

S 18.6 18.1 17.1 

S+5% BR 8.6 14.1 16.7 

S+10% BR 6.2 11.7 14.7 

S+20% BR 2.2 3.1 3.4 

S+30% BR 0 3.2 1.9 

S+40% BR 0 2.5 1.3 
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Table 8.11 Average S. alba shoot length in the microcosm incubation study I 

Notation 
Average length [mm] 

1st month 2nd month 8th month 

R 11.7 15.9 18.6 

S 15.4 20.1 19.6 

S+5% BR 6.1 19.7 18.4 

S+10% BR 4.3 13.1 15.3 

S+20% BR 3.5 5.1 5.7 

S+30% BR 0 3.8 5.3 

S+40% BR 0 3.9 4.9 

 

Table 8.12 The average number of surviving F. candida in the microcosm incubation study I 

Notation 
Average number of surviving Collembola 

1st month 2nd month 8th month 

R 15 17 20 

S 17 17 19 

S+5% BR 16 16 20 

S+10% BR 17 18 19 

S+20% BR 17 16 17 

S+30% BR 15 15 18 

S+40% BR 14 9 13 

 

Table 8.13 Water holding capacity (WHC) in the 10th month of the microcosm incubation 

study II 

Notation 
Average WHC [%] 

(g water/100 g soil) 

ASS 25.9 

ASS+5% BR 28.6 

ASS+10% BR 29.8 

ASS+20% BR 33.0 

ASS+30% BR 34.7 

ASS+40% BR 35.6 

ASS+50% BR 42.4 

BR 59.1 
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Table 8.14 Total (aqua regia digestible) and water soluble metal content of the microcosms in the 10th months  

Element ASS ASS+5% BR ASS+10% BR ASS+20% BR ASS+30% BR ASS+40% BR ASS+50% BR BR HLV  

Al 

[mg kg-1] 

Total 7798 ± 133 c 8952 ± 81 c 11797 ± 79 c 16677 ±2048 cb 17797 ± 551 cb 22803 ± 446 b 27517 ± 875 b 69440 ±13091 a 
 

Water soluble 10.9 ± 1.5 b <DL b 0.305 ± 0.1 b 1.54 ± 0.3 b 1.55 ± 0.1 b 2.82 ± 0.3 b 3.44 ± 0.8 b 861 ± 101 a 

As 

[mg kg-1] 

Total 3.45 ± 0.1 h 7.54 ± 0.01 g 12.4 ± 0.4 f 21.3 ± 0.1 e 28.4 ± 0.2 d 39.2 ± 0.1 b 45.3 ± 1.5 a 32.3 ± 0.1 c 
15 

Water soluble <DL d <DL d <DL d <DL d 0.089 ± 0.01 c <DL d 0.139 ± 0.01 b 0.309 ± 0.02 a 

Cd 

[mg kg-1] 

Total 0.055 ± 0.01 g 0.069 ± 0.02 g 0.089 ± 0.01 fg 0.116 ± 0.01 ef 
0.131 ± 0.004 

de 
0.164 ± 0.03 cd 0.188 ± 0.02 bc 1.21 ± 0.01 a 

1 

Water soluble <DL <DL <DL <DL <DL <DL <DL <DL 

Co 

[mg kg-1] 

Total 2.82 ± 0.05 f 5.06 ± 0.5 e 6.47 ± 0.3 e 11.2 ± 0.004 d 13.5 ± 1.6 cd 17.6 ± 0.4 b 19.2 ± 2.1 b 27.7 ± 0.3 a 
30 

Water soluble 0.022 ± 0.001 a 0.010 ± 0.001 b 0.012 ± 0.006 b <DL c <DL c 0.008 ± 0.001 b <DL c 0.009 ± 0.001 b 

Cr 

[mg kg-1] 

Total 9.01 ± 0.6 h 28.3 ± 0.3 g 53.0 ± 2.1 f 97.9 ± 0.1 e 120 ± 0.02 d 191 ± 2.6 c 233 ± 1.8 b 464 ± 39 a 
75 

Water soluble <DL b <DL b <DL b <DL b <DL b <DL b <DL b 0.053 ± 0.003 a 

Cu 

[mg kg-1] 

Total 3.50 ± 0.2 h 4.72 ± 0.2 g 6.18 ± 0.2 f 8.68 ± 0.3 e 11.0 ± 0.2 d 14.6 ± 0.2 c 18.2 ± 0.3 b 16.6 ± 1.5 a 
75 

Water soluble 0.201 ± 0.05 b 0.114 ± 0.03 b 0.074 ± 0.03 b 0.078 ± 0.04 b 0.072 ± 0.003 b 0.068 ± 0.01 b 0.065 ± 0.02 b 0.645 ± 0.2 a 

Mo 

[mg kg-1] 

Total 0.129 ± 0.1 h 0.359 ± 0.01 g 0.762 ± 0.1 f 1.45 ± 0.1 e 2.10 ± 0.001 d 2.75 ± 0.1 c 3.02 ± 0.2 b 4.09 ± 0.9 a 
7 

Water soluble 0.025 ± 0.01 g 0.089 ± 0.02 f 0.159 ± 0.01 e 0.439 ± 0.003 d 0.513 ± 0.1 c 0.909 ± 0.1 b 1.21 ± 0.3 a 0.523 ± 0.02 c 

Na 

[mg kg-1] 

Total 144 ± 7 h 1373 ± 63 g 2875 ± 371 f 5368 ± 100 e 7024 ± 244 d 12650 ± 890 c 16442 ± 1136 b 31286 ± 2880 a 
900* 

Water soluble 10.5 ± 0.3 d 43.7 ± 0.3 d 62.2 ± 5 d 122 ± 1 c 155 ± 13 c 214 ± 35 b 266 ± 35 b 958 ± 60 a 

Ni 

[mg kg-1] 

Total 6.42 ± 0.2 h 14.5 ± 0.3 g 25.3 ± 1.5 f 46.0 ± 0.4 e 56.5 ± 1.6 d 89.9 ± 1.5 c  113 ± 2.4 b 199 ± 7.8 a 
40 

Water soluble 0.048 ± 0.0004 a <DL b <DL b <DL b <DL b <DL b <DL b <DL b 

Pb 

[mg kg-1] 

Total 7.75 ± 0.1 f 11.5 ± 0.7 ef 15.6 ± 0.6 e 30.5 ± 1.6 d 32.2 ± 2.7 d 42.6 ± 3.0 c 53.6 ± 1.2 b 113 ± 11.3 a 
100 

Water soluble <DL <DL <DL <DL <DL <DL <DL <DL 

Se 

[mg kg-1] 

Total <DL <DL <DL <DL <DL <DL <DL <DL 
30 

Water soluble <DL <DL <DL <DL <DL <DL <DL <DL 

Zn 

[mg kg-1] 

Total  18.4 ± 0.8 e 21.4 ± 0.4 d 20.5 ± 0.4 d 26.6 ± 0.5 c 25.2 ± 0.8 c 35.8 ± 1.3 b 34.1 ± 1.2 b 45.6 ± 5.9 a 
200 

Water soluble 0.229 ± 0.1 bc 0.448 ± 0.1 ab 0.360 ± 0.03 b  0.098 ± 0.1 d <DL d 0.123 ± 0.1 d <DL d <DL d 

pH 5.7 f 7.4 e 7.8 d 8.1 c 8.4 bc 8.5 b 8.5 b 10.2 a   

Values followed by the same letters indicate no significant differences at the level of p<0.05. DL below detection limit. Detection limits: DL (As): 0.08 mg kg-1; DL(Cd): 0.004 mg kg-1; DL(Co): 0.008 mg kg-1; 

DL(Cr): 0.02 mg kg-1; DL(Ni): 0.04 mg kg-1; DL(Pb): 0.06 mg kg-1; DL(Se): 0.12 mg kg-1; DL(Zn): 0.06 mg kg-1. Hungarian Limit Value (HLV) for soil based on KvVM-EüM-FVM Joint Decree No. 6/2009. Total 

(aqua regia digestible) metal content: according to Hungarian Standard (HS) 21470-50:2006 by ICP-AES. Water soluble metal content: according to HS 21978-9:1998 by ICP-AES. 

*Risk based site specific screening value at Ajka, indicates increased sodification potential (Gruiz et al., 2013). 
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Table 8.15 Correlation analysis for AWCD in the microcosm incubation study II 

Source 
r  

3rd month 5th month 10th month 

SAWCD amino acids 0.9650 0.8626 0.8233 

SAWCD amines 0.5883 0.0869 0.7000 

SAWCD carbohydrates 0.9708 0.9552 0.7655 

SAWCD carboxylic acids 0.2908 0.7831 0.3853 

SAWCD phenolic comp. 0.4672 0.3508 0.7575 

SAWCD polymers 0.6432 0.5483 0.6258 

Shannon diversity (H) 0.5475 0.8579 0.7935 

Substrate richness (SR) 0.8978 0.9294 0.9503 

Shannon evenness (E) 0.4456 0.4256 0.1938 

BR% 0.8008 0.8866 0.9089 

pH 0.3552 0.7386 0.8851 

EC 0.7544 0.8828 0.8856 

NO3
—N 0.8068 0.7977 0.7592 

Total N 0.8232 0.9043 0.7904 

 

Table 8.16 Average well colour development (AWCD) at 120 h in the microcosm incubation 

study II 

Notation 
Average AWCD at 120 h 

3rd month 5th month 10th month 

ASS 0.132 0.425 0.168 

ASS+5% BR 0.299 0.524 0.124 

ASS+10% BR 0.242 0.291 0.108 

ASS+20% BR 0.221 0.254 0.068 

ASS+30% BR 0.070 0.104 0.029 

ASS+40% BR 0.006 0.201 0.021 

ASS+50% BR 0.006 0.030 0.013 
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Table 8.17 Substrate average well colour development (SAWCD) at 120 h in the microcosm 

incubation study II 

Notation 

Amino acids Amines Carbohydrates 

3rd 

month 

5th 

month 

10th 

month 

3rd 

month 

5th 

month 

10th 

month 

3rd 

month 

5th 

month 

10th 

month 

ASS 0.15 a 0.61 a 0.17 a 0.09 a 0.10 a 0.12 a 0.17 a 0.67 a 0.21 a 

ASS+5% BR 0.32 b 0.43 b 0.06 b 0.30 b 0.05 a 0.00 b 0.47 ba 0.91 b 0.07 b 

ASS+10% BR 0.30 b 0.21 c 0.08 b 0.00 c 0.21 b 0.00 b 0.28 c 0.40 c 0.02 bc 

ASS+20% BR 0.18 c 0.24 c 0.12 ba 0.00 c 0.28 c 0.00 b 0.29 db 0.23 d 0.06 bc 

ASS+30% BR 0.04 d 0.00 d 0.04 b 0.00 c 0.10 a 0.00 b 0.08 de 0.21 d 0.02 bc 

ASS+40% BR 0.00 e 0.17 c 0.02 b 0.00 c 0.00 d 0.00 b 0.01 e 0.31 e 0.05 bc 

ASS+50% BR 0.00 e 0.03 d 0.02 b 0.00 c 0.04 a 0.00 b 0.01 e 0.04 f 0.00 c 

Notation 

Carboxylic acids Phenolic compounds Polymers 

3rd 

month 

5th 

month 

10th 

month 

3rd 

month 

5th 

month 

10th 

month 

3rd 

month 

5th 

month 

10th 

month 

ASS 0.05 a 0.21 ad 0.04 ac 0.05 a 0.07 a 0.08 a 0.17 a 0.20 a 0.17 a 

ASS+5% BR 0.16 a 0.40 b 0.14 b 0.04 a 0.12 a 0.01 b 0.13 ba 0.43 b 0.32 b 

ASS+10% BR 0.15 a 0.25 cd 0.18 b 0.00 b 0.00 a 0.01 b 0.36 c 0.13 a 0.43 c 

ASS+20% BR 0.07 a 0.22 d 0.15 b 0.17 c 0.27 a 0.00 b 0.08 db 0.58 b 0.11 d 

ASS+30% BR 0.29 b 0.24 d 0.00 c 0.00 b 0.00 a 0.00 b 0.05 ed 0.05 a 0.01 e 

ASS+40% BR 0.00 a 0.14 e 0.03 c 0.00 b 0.05 a 0.01 b 0.00 e 0.00 a 0.04 e 

ASS+50% BR 0.00 a 0.01 f 0.04 c 0.00 b 0.00 a 0.00 b 0.00 e 0.01 a 0.04 e 

 

Table 8.18 Correlation analysis for H, SR and E in experiment in the microcosm incubation 

study II 

Parameters 

Shannon diversity (H) 

r  

Substrate richness (SR) 

r  

Shannon evenness (E) 

r  

3rd 

month 

5th 

month 

10th 

month 

3rd 

month 

5th 

month 

10th 

month 

3rd 

month 

5th 

month 

10th 

month 

BR% 0.7478 0.8038 0.6289 0.9322 0.9148 0.8539 0.5609 0.5401 0.2173 

pH 0.7493 0.5898 0.8478 0.6421 0.7170 0.9408 0.3238 0.2288 0.1281 

EC 0.7317 0.7858 0.5935 0.8909 0.9093 0.8442 0.6222 0.6384 0.2177 

NO3
--N 0.5438 0.7977 0.4112 0.8647 0.8716 0.6613 0.6135 0.5395 0.2587 

Total N 0.7698 0.7574 0.5662 0.9661 0.8349 0.8195 0.5773 0.5924 0.0567 
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Table 8.19 Average S. alba root length in the microcosm incubation study II 

Notation 
Average length [mm] 

3rd month 5th month 10th month 

ASS 14.5 16.5 17.0 

ASS+5% BR 10.9 11.8 15.5 

ASS+10% BR 9.8 12.0 13.0 

ASS+20% BR 9.2 10.7 11.2 

ASS+30% BR 8.3 10.2 10.9 

ASS+40% BR 7.5 8.0 6.0 

ASS+50% BR 6.5 2.3 3.2 

 

Table 8.20 Average S. alba shoot length in the microcosm incubation study II 

Notation 
Average length [mm] 

3rd month 5th month 10th month 

ASS 17.8 17.8 16.7 

ASS+5% BR 10.7 15.6 14.9 

ASS+10% BR 12.5 11.5 14.2 

ASS+20% BR 7.6 9.3 11.0 

ASS+30% BR 7.9 7.5 10.2 

ASS+40% BR 2.3 4.6 3.6 

ASS+50% BR 2.7 3.5 2.6 

 

Table 8.21 Average T. aestivum root length in the microcosm incubation study II 

Notation 
Average length [mm] 

3rd month 5th month 10th month 

ASS 28.7 23.9 19.2 

ASS+5% BR 21.1 19.6 18.1 

ASS+10% BR 20.2 17.2 14.2 

ASS+20% BR 8.4 8.0 7.5 

ASS+30% BR 9.0 8.0 7.0 

ASS+40% BR 7.6 5.5 3.5 

ASS+50% BR 2.3 2.0 1.8 
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Table 8.22 Average T. aestivum shoot length in the microcosm incubation study II 

Notation 
Average length [mm] 

3rd month 5th month 10th month 

ASS 12.2 12.4 12.6 

ASS+5% BR 10.1 9.5 9.0 

ASS+10% BR 8.5 6.9 5.3 

ASS+20% BR 3.3 3.4 3.5 

ASS+30% BR 5.2 4.2 3.2 

ASS+40% BR 4.3 3.9 3.5 

ASS+50% BR 2.4 2.2 2.0 

 

Table 8.23 Average S. alba root and shoot length in the 10th month in the lysimeter study 

Notation 
Average length [mm] 

Root Shoot 

LQS 16.3 12.8 

LQS+20% BRSM 16.0 11.8 

LQS+40% BRSM 15.7 11.9 

BRSM 15.5 12.5 

 

Table 8.24 Water holding capacity (WHC) in the 10th month of the field plot study 

Notation 
Average WHC [%] 

(g water/100 g soil) 

LQS 28.0 

LQS+5% BRSM 30.1 

LQS+10% BRSM 30.2 

LQS+20% BRSM 29.2 

LQS+50% BRSM 33.2 

BRSM 36.5 
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Table 8.25 Total (aqua regia digestible) and water soluble metal content in the different subsoil (LQS) and BRSM in field plots in the 10th month 

(LQS: low quality subsoil; BRSM: bauxite residue-soil mixture) 

Element LQS 
LQS+5% 

BRSM 

LQS+10% 

BRSM 

LQS+20% 

BRSM 

LQS+50% 

BRSM 
BRSM HLV  

As 

[mg kg-1] 

Total 11.3 ± 1.2 c 10.5 ± 1.6 c 14.7 ± 1.7 b 14.5 ± 2.1 b 16.5 ± 1.9 b 19.5 ± 1.7 a 
15 

Water soluble <DL <DL <DL <DL <DL <DL 

Cd 

[mg kg-1] 

Total 0.114 ± 0.04 c 0.133 ± 0.02 c 0.264 ± 0.04 b  0.241 ± 0.05 b  0.363 ± 0.05 b 0.626 ± 0.1 a 
1 

Water soluble <DL <DL <DL <DL <DL <DL 

Co 

[mg kg-1] 

Total 11.9 ± 1.1 d 14.1 ± 1.2 c 15.2 ± 0.2cb 15.5 ± 0.4 c 17.5 ± 0.3 b 23.4 ± 2.0 a 
30 

Water soluble 0.012 ± 0.002 a 0.014 ± 0.003 a 0.017 ± 0.003 a 0.011 ± 0.003 a 0.016 ± 0.005 a 0.012 ± 0.001 a 

Cr 

[mg kg-1] 

Total 45.4 ± 2.9 c 39.0 ±0.7 c 47.6 ± 1.9 c 47.2 ± 5.1 c 56.5 ± 3.5 b 69.6 ± 2.2 a 
75 

Water soluble <DL a 0.026 ± 0.001 a 0.041 ± 0.01 a 0.028 ± 0.01 a 0.052 ± 0.01 a 0.04 ± 0.003 a 

Cu 

[mg kg-1] 

Total 22.5 ± 0.3 ab 19.1 ± 1.5 de 21.5 ± 1.0 bc 19.0 ± 0.8 ef 20.9 ± 0.4 c 18.0 ± 0.8 f 
75 

Water soluble 0.062 ± 0.01 a 0.070 ± 0.02 a 0.093 ± 0.01 a 0.112 ± 0.05 a 0.178 ± 0.02 a 0.158 ± 0.3 a 

Mo 

[mg kg-1] 

Total 0.293 ± 0.1 e 0.902 ± 0.1 d 0.937 ± 0.2 cd 1.19 ± 0.2 c 1.92 ± 0.1 b 2.31 ± 0.2 a 
7 

Water soluble 0.050 ± 0.001 b 0.042 ± 0.02 b 0.069 ± 0.02 b 0.135 ± 0.02 b 0.110 ± 0.02 b 0.295 ± 0.08 a 

Na 

[mg kg-1] 

Total 509 ± 31 c 873 ± 30 c 1304 ± 26 b 1391 ± 28 b 2127 ± 65 a 2485 ± 208 a 
900* 

Water soluble 0.137 ± 0.01 bc 0.297 ± 0.1 b 0.378 ± 0.1 ab 0.500 ± 0.1 ab 0.538 ± 0.1 ab 0.729 ± 0.4 ab 

Ni 

[mg kg-1] 

Total 32.0 ± 0.5 c 33.4 ± 3.2 c 35.5 ± 1.0 bc 33.9 ± 2.7 c 38.1 ± 2.4 b 43.5 ± 1.9 a 
40 

Water soluble <DL b <DL b <DL b <DL b 0.043 ± 0.004 a 0.044 ± 0.01 a 

Pb 

[mg kg-1] 

Total 18.3 ± 2.8 c 20.8 ± 0.6 c 25.6 ± 1.8 cb 20.4 ± 2.8 c 25.5 ± 0.5 b 38.5 ± 6.9 a 
100 

Water soluble <DL <DL <DL <DL <DL <DL 

Se 

[mg kg-1] 

Total 0.905 ± 0.4 c 1.07 ± 0.1 c <DL d 0.742 ± 0.2 c 1.406 ± 0.4 b 2.20 ± 0.1 a 
30 

Water soluble <DL <DL <DL <DL <DL <DL 

Zn 

[mg kg-1] 

Total  75.5 ± 5.8 a 70.5 ± 9.1 a 72.4 ± 4.9 a 65.3 ± 4.9 ab 66.9 ± 3.2 ab 54.9 ± 3.7 b 
200 

Water soluble <DL b <DL b <DL b <DL b 0.264 ± 0.1 a 0.238 ± 0.03 a 

pH 8.0 a 8.1 a 8.1 a 8.1 a 8.2 a 8.4 a  

Values followed by the same letters. indicate no significant differences at the level of p<0.05. DL below detection limit. Detection limits: DL (As): 0.08 mg kg-1; DL(Cd): 0.004 mg kg-1; DL(Co): 

0.008 mg kg-1; DL(Cr): 0.02 mg kg-1; DL(Ni): 0.04 mg kg-1; DL(Pb): 0.06 mg kg-1; DL(Se): 0.12 mg kg-1; DL(Zn): 0.06 mg kg-1. Hungarian Limit Value (HLV) for soil based on KvVM-EüM-

FVM Joint Decree No. 6/2009. Total (aqua regia digestible) metal content: according to Hungarian Standard (HS) 21470-50:2006 by ICP-AES. Water soluble metal content: according to HS 

21978-9:1998 by ICP-AES. 

*Risk based site specific screening value at Ajka, indicates increased sodification potential (Gruiz et al., 2013). 
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Table 8.26 Correlation analysis for AWCD in experiment in field plot study 

Parameters 
r  

1st month 5th month 10th month 

SAWCD amino acids 0.6744 0.9598 0.9652 

SAWCD amines 0.5448 0.8859 0.7562 

SAWCD carbohydrates 0.9805 0.9567 0.9666 

SAWCD carboxylic acids 0.8441 0.7414 0.6919 

SAWCD phenolic comp. 0.8403 0.8471 0.7174 

SAWCD polymers 0.9520 0.7230 0.7684 

Shannon diversity (H) 0.3645 0.6098 0.9238 

Substrate richness (SR) 0.1028 0.6025 0.8485 

Shannon evenness (E) 0.7893 0.0155 0.4374 

BRSM% 0.8098 0.8786 0.0542 

pH 0.6179 0.6065 0.2848 

EC 0.0072 0.6628 0.4069 

NO3
--N 0.7394 0.8845 0.1692 

Total N 0.7543 0.8725 0.0835 

 

Table 8.27 Average well colour development (AWCD) at 120 h in the field plot study 

Notation 
Average AWCD at 120 h 

1st month 5th month 10th month 

LQS 0.493 0.565 0.601 

LQS+5% BRSM 0.359 0.597 0.924 

LQS+10% BRSM 0.366 0.651 0.769 

LQS+20% BRSM 0.314 0.598 0.967 

LQS+50% BRSM 0.697 1.024 0.429 

BRSM 0.745 1.006 0.900 
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Table 8.28 Substrate average well colour development (SAWCD) at 120 h in the field plot study 

 Amino acids Amines Carbohydrates 

Notation 
1st 

month 

5th 

month 

10th 

month 

1st 

month 

5th 

month 

10th 

month 

1st 

month 

5th 

month 

10th 

month 

LQS 
0.54 

ab 
0.41 a 

0.48 

ae 
0.54 a 0.34 a 0.29 a 0.51 a 0.63 a 0.71 a 

LQS+5% 

BRSM 
0.36 a 0.58 b 

0.93 

bd 
0.42 a 0.28 a 0.92 a 0.34 a 0.56 a 1.08 b 

LQS+10% 

BRSM 

0.40 

ab 
0.55 b 0.68 c 0.49 a 0.32 a 0.37 a 0.35 a 0.59 a 1.06 b 

LQS+20% 

BRSM 

0.49 

ab 
0.56 b 0.95 d 0.22 b 0.28 a 0.61 a 0.38 a 0.51 a 1.33 c 

LQS+50% 

BRSM 

0.59 

ab 
0.93 c 0.39 e 0.43 a 0.68 b 0.25 a 0.84 b 1.33 b 0.47 d 

BRSM 0.65 b 0.95 c 0.88 d 0.57 a 0.59 b 0.56 a 0.83 b 1.21 b 1.13 b 

 Carboxylic acids Phenolic compounds Polymers 

Notation 
1st 

month 

5th 

month 

10th 

month 

1st 

month 

5th 

month 

10th 

month 

1st 

month 

5th 

month 

10th 

month 

LQS 
0.43 

abcef 

0.39 

ac 
0.63 a 0.25 ac 0.34 ab 0.58 a 0.57 a 0.64 a 0.63 ac 

LQS+5% 

BRSM 

0.39 

bcf 

0.82 

bcd 

0.81 

bd 

0.14 

bc 
0.26 b 0.46 a 0.49 a 0.65 a 0.96 b 

LQS+10% 

BRSM 

0.33 

cd 

0.71 

bcd 
0.92 c 

0.17 

bc 
0.26 b 0.48 a 0.43 a 1.01 be 0.89 bc 

LQS+20% 

BRSM 
0.20 d 0.62 c 0.76 df 0.21 c 0.36 a 0.60 a 0.53 a 1.27 ce 0.97 b 

LQS+50% 

BRSM 
0.56 ef 1.01 d 0.51 e 0.50 d 0.51 d 0.06 b 0.97 b 1.68 d 0.75 c 

BRSM 0.48 f 
0.86 

bcd 
0.72 f 0.36 e 0.52 d 0.58 a 1.08 b 1.18 e 0.94 b 

 

Table 8.29 Correlation analysis for H, SR and E in field plot study 

Parameters 

Shannon diversity (H) 

r  

Substrate richness (SR) 

r  

Shannon evenness (E) 

r  

1st 

month 

5th 

month 

10th 

month 

1st 

month 

5th 

month 

10th 

month 

1st 

month 

5th 

month 

10th 

month 

BRSM% 0.6254 0.5757 0.0477 0.3116 0.5193 0.0472 0.6661 0.1263 0.0616 

pH 0.5193 0.2559 0.1397 0.2256 0.2893 0.0223 0.6309 0.1125 0.3583 

EC 0.6861 0.4137 0.0923 0.7287 0.2747 0.0976 0.0729 0.2160 0.3502 

NO3
--N 0.5538 0.4095 0.2144 0.2983 0.5307 0.1526 0.6466 0.3262 0.3452 

Total N 0.6291 0.5782 0.0123 0.4367 0.4342 0.0123 0.5251 0.0390 0.1484 
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Table 8.30 Average S. alba root length in the field plot study 

Notation 
Average length [mm] 

1st month 10th month 

LQS 18.7 24.1 

LQS+5% BRSM 20.7 21.3 

LQS+10% BRSM 12.7 21.4 

LQS+20% BRSM 14.7 19.7 

LQS+50% BRSM 18.1 22.3 

BRSM 12.4 20.6 

 

Table 8.31 Average S. alba shoot length in the field plot study 

Notation 
Average length [mm] 

1st month 10th month 

LQS 15.6 15.9 

LQS+5% BRSM 23.5 13.8 

LQS+10% BRSM 13.5 16.0 

LQS+20% BRSM 16.9 16.0 

LQS+50% BRSM 15.4 14.9 

BRSM 12.2 14.2 

 

Table 8.32 Average T. aestivum root length in the field plot study 

Notation 
Average length [mm] 

1st month 10th month 

LQS 56.6 53.4 

LQS+5% BRSM 73.4 49.4 

LQS+10% BRSM 53.3 53.7 

LQS+20% BRSM 49.8 67.1 

LQS+50% BRSM 60.1 52.3 

BRSM 52.1 33.9 
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Table 8.33 Average T. aestivum shoot length in the field plot study 

Notation 
Average length [mm] 

1st month 10th month 

LQS 7.6 8.0 

LQS+5% BRSM 9.6 6.8 

LQS+10% BRSM 7.8 8.3 

LQS+20% BRSM 6.8 8.8 

LQS+50% BRSM 8.7 8.0 

BRSM 8.0 4.9 

 

Table 8.34 The average number of surviving animals (F. candida) in the field plot study 

Notation 
Average number 

1st month 10th month 

LQS 12 16 

LQS+5% BRSM 16 16 

LQS+10% BRSM 18 18 

LQS+20% BRSM 14 16 

LQS+50% BRSM 20 17 

BRSM 18 18 

 

Table 8.35 Aqua regia recovery efficiency 

Element 

Recovery 

efficiency 

[%]  

LOD 

[mg kg-1] 

LOQ 

[mg kg-1] 
Element 

Recovery 

efficiency 

[%]  

LOD 

[mg kg-1] 

LOQ 

[mg kg-1] 

Ce 39 0.40 0.47 Nd 38 0.35 0.39 

Dy 66 0.34 0.37 Pr 34 0.41 0.43 

Er 54 0.34 0.36 Sc 41 0.43 0.50 

Eu 71 0.34 0.37 Sm 47 0.34 0.36 

Gd 75 0.35 0.37 Tb 83 0.43 0.45 

Ho 68 0.44 0.46 Tm 66 0.44 0.46 

La 36 0.34 0.38 Y 51 0.34 0.36 

Lu 73 0.44 0.46 Yb 45 0.34 0.36 

Aqua regia extraction efficiency was calculated based on the difference between aqua regia accessible content and certified 

value of reference material (Kramer et al., 2001). Elemental analysis: according to Chap. 3.2.3 by ICP-MS. 
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Table 8.36 Comparative acid extraction using 2N acids with achieved economic value of metal(loid)s recovered (normality = 2; 24h; 60 ÁC; 100 g 

L-1 slurry concentration) 

Element 

Aqua regia 

accessible 

[g t-1] 

HCl 

extracted 

[g t-1] 

H2SO4 

extracted 

[g t-1] 

HNO3 

extracted 

[g t-1] 

C6H8O7 

extracted 

[g t-1] 

H2C2O4 

extracted 

[g t-1] 

Price* 

[US $ t-1] 

Overall 

economic 

value 

[US $ t-1] 

Economic 

value HCl 

extract 

[US $ t-1] 

Economic 

value 

H2SO4 

extract 

[US $ t-1] 

Economic 

value 

HNO3 

extract 

[US $ t-1] 

Economic 

value 

C6H8O7 

extract 

[US $ t-1] 

Economic 

value 

H2C2O4 

extract 

[US $ t-1] 

Al 
56401 ± 

1542 

47508 ± 

1449 

47453 ± 

1929 
51541 ± 811 

45230 ± 

1201 
5054 ± 85 2,092 117.99 99.39 99.27 107.82 94.62 10.57 

Ce 430 ± 2.7 170 ± 4.4 98.4 ± 2.7 103 ± 1.7 103 ± 1.9 – 4,500 1.94 0.77 0.44 0.47 0.46 n.a. 

Co 59.5 ± 0.5 19.1 ± 0.9 15.1 ± 0.3 15.2 ± 0.1 17.4 ± 0.4 39.0 ± 2.3 31,747 1.89 0.61 0.48 0.48 0.55 1.24 

Cr 646 ± 4.2 72.8 ± 3.9 61.3 ± 1.5 64.1 ± 0.9 73.5 ± 0.8 204 ± 7.6 10,866 7.02 0.79 0.67 0.70 0.80 2.22 

Dy 21.2 ± 0.1 10.5 ± 0.1 8.05 ± 0.4 8.72 ± 0.2 8.89 ± 0.3 – 685,000 14.52 7.19 5.51 5.97 6.09 n.a. 

Er 12.0 ± 0.1 4.94 ± 0.2 4.82 ± 0.2 4.72 ± 0.1 5.09 ± 0.1 – 705,000 8.46 3.48 3.40 3.38 3.59 n.a. 

Eu 6.07 ± 0.01 2.95 ± 0.1 1.80 ± 0.08 2.82 ± 0.02 3.06 ± 0.1 – 12,500 0.08 0.04 0.02 0.04 0.04 n.a. 

Fe 
214175 ± 

4365 
6529 ± 193 4130 ± 81 2502 ± 45 6083 ± 226 4389 ± 89 0.07 0.02 0.00 0.00 0.00 0.00 0.00 

Ga 26.6 ± 1.2 11.8 ± 0.4 8.50 ± 0.3 11.3 ± 0.1 8.15 ± 0.1 15.9 ± 0.9 362,000 9.63 4.27 3.08 4.09 2.95 5.76 

Gd 26.6 ± 0.4 13.7 ± 0.4 9.12 ± 0.3 13.2 ± 0.1 13.7 ± 0.4 – 12,500 0.33 0.17 0.11 0.17 0.12 n.a. 

Ho 4.15 ± 0.1 – – – – – 12,500 0.05 n.a. n.a. n.a. n.a. n.a. 

In 0.555 ± 0.01 – – – – – 735,000 0.41 n.a. n.a. n.a. n.a. n.a. 

La 166 ± 1.4 84.5 ± 3.0 47.8 ± 2.0 65.0 ± 0.6 63.3 ± 1.2 – 5,000 0.83 0.42 0.24 0.33 0.32 n.a. 

Lu 1.72 ± 0.2 – – – – – 12,500 0.02 n.a. 0.00 n.a. n.a. n.a. 

Nd 151 ± 1.1 88.4 ± 2.3 41.0 ± 1.5 75.0 ± 0.6 73.4 ± 2.1 – 58,000 8.76 5.13 2.38 4.35 4.26 n.a. 

Pr 39.2 ± 0.3 18.9 ± 0.8 9.9 ± 0.4 17.8 ± 0.02 17.3 ± 0.4 – 12,500 0.49 0.24 0.12 0.22 0.22 n.a. 

Sc 80.0 ± 2.6 32.4 ± 0.8 30.5 ± 0.9 31.3 ± 0.5 36.8 ± 1.2 1.66 ± 0.1 12,500 1.00 0.41 0.38 0.39 0.45 0.02 

Sm 27.9 ± 2.4 15.7 ± 0.3 8.6 ± 0.4 15.1 ± 0.1 14.9 ± 0.6 – 12,500 0.35 0.20 0.11 0.19 0.19 n.a. 

Tb 3.69 ± 0.3 – – – – – 615,000 2.27 n.a. n.a. n.a. n.a. n.a. 

Tm 1.78 ± 0.03 – – – – – 12,500 0.02 n.a. n.a. n.a. n.a. n.a. 

Y 100 ± 9.4 28.6 ± 0.2 24.0 ± 1.9 25.6 ± 1.7 27.7 ± 1.5 – 60,000 6.00 1.72 1.44 1.54 1.66 n.a. 

Yb 10.8 ± 1.2 4.71 ± 0.2 4.92 ± 0.2 4.62 ± 0.1 4.94 ± 0.1 – 12,500 0.14 0.06 0.06 0.06 0.06 n.a. 

Total        182.20 124.87 117.72 130.18 116.43 19.81 

Total CRM        64.20 25.48 18.45 22.36 21.81 9.23 

Total REE        45.25 19.81 14.223 17.087 17.51 0.02 

Elemental analysis: according to Chap. 3.2.3 by ICP-MS. 

*Values from U.S. Geological Survey (USGS, 2015). 
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Table 8.37 Concentration of metal(loid)s recovered during the leaching experiments 

Acid 

conc. 

[M ] 

Contact 

time 

[h] 

Temp

. 

[°C] 

Slurry 

conc. 

[g L-1] 

Al  Ce Co Cr  Dy Er  Eu Fe Ga Gd La Nd Pr Sc Sm Yb 

[mg kg-1] 

0.5 24 60 100 
2175 ± 

51 
27.6 ± 2 

1.66 ± 

0.1 
– 

3.47 ± 

0.1 

1.65 ± 

0.1 

0.949 ± 

0.0.5 

4.82 ± 

2.9 

0.361 ± 

0.05 

4.49 ± 

0.2 
19.1 ± 2 28.8 ± 2 

5.51 ± 

0.3 
– 

5.30 ± 

0.3 

1.60 ± 

0.1 

1 24 60 100 
28884 ± 

1101 
71.9 ± 1 

5.91 ± 

0.2 

33.2 ± 

1.6 

7.37 ± 

0.3 

3.50 ± 

0.1 

2.10 ± 

0.1 
211 ± 47 

2.13 ± 

0.5 

9.35 ± 

0.4 
41.8 ± 1 58.1 ± 3 

12.4 ± 

0.5 

8.59 ± 

0.8 

10.6 ± 

0.5 

3.44 ± 

0.2 

2 24 60 100 
47508 ± 

1448 
170 ± 4 

19.1 ± 

0.9 

72.8 ± 

3.9 

10.5 ± 

0.1 

4.94 ± 

0.1 

2.95 ± 

0.1 

6529 ± 

193 

11.8 ± 

0.4 

13.7 ± 

0.4 
84.5 ± 3 88.4 ± 2 18.9 ± 1 

32.4 ± 

0.8 

15.7 ± 

0.3 

4.71 ± 

0.2 

3 24 60 100 
47025 ± 

863 
225 ± 7 

33.3 ± 

0.1 
209 ± 11 

11.0 ± 

0.4 

5.13 ± 

0.0.3 

2.98 ± 

0.03 

53758 ± 

1914 

13.6 ± 

0.3 

14.4 ± 

0.5 
102 ± 2 95.3 ± 3 

21.3 ± 

0.4 

45.6 ± 

0.9 
16.6 ± 1 

4.95 ± 

0.2 

4 24 60 100 
51090 ± 

484 
249 ± 2 

44.0 ± 

0.4 
443 ± 9 

12.0 ± 

0.3 

5.44 ± 

0.1 

3.19 ± 

0.1 

118731 

± 469 

16.2 ± 

0.6 

15.8 ± 

0.3 
119 ± 1 106 ± 1 

23.8 ± 

0.2 

59.7 ± 

1.4 

18.3 ± 

0.3 

5.30 ± 

0.03 

5 24 60 100 
51850 ± 

602 
253 ± 3 

44.1 ± 

0.4 
557 ± 4 

12.1 ± 

0.2 

5.37 ± 

0.1 

3.08 ± 

0.05 

162331 

± 2159 

16.9 ± 

0.3 

15.8 ± 

0.4 
124 ± 2 107 ± 1 

24.4 ± 

0.2 

65.2 ± 

0.9 

18.2 ± 

0.5 

5.25 ± 

0.03 

6 24 60 100 
53770 ± 

362 
262 ± 4 

46.6 ± 

0.7 
637 ± 11 

12.7 ± 

0.1 

5.61 ± 

0.4 

3.15 ± 

0.04 

187264 

± 2873 
17.6 ± 1 

16.3 ± 

0.2 
132 ± 3 115 ± 1 

25.9 ± 

0.1 

72.1 ± 

1.5 

19.4 ± 

0.3 

5.33 ± 

0.1 

4 1 60 100 
40768 ± 

2488 
159 ± 4 23.9 ± 1 

105 ± 

0.5 

12.0 ± 

0.4 

6.57 ± 

0.03 
4.08 ± 1 

15928 ± 

79 

10.1 ± 

0.1 
14.7 ± 1 87.7 ± 3 92.0 ± 1 20.6 ± 1 37.4 ± 1 15.2 ± 1 

5.79 ± 

0.1 

4 2 60 100 
43607 ± 

650 
178 ± 5 27.6 ± 1 142 ± 7 

12.5 ± 

0.3 

6.88 ± 

0.1 

4.20 ± 

0.3 

25602 ± 

1871 

12.3 ± 

0.5 
15.7 ± 1 96.6 ± 3 97.2 ± 2 21.4 ± 1 44.5 ± 2 

17.7 ± 

0.5 

6.69 ± 

0.2 

4 3 60 100 
47383 ± 

470 
232 ± 7 37.0 ± 1 199 ± 2 

12.9 ± 

0.1 

7.11 ± 

0.1 

4.74 ± 

0.1 

43943 ± 

519 

16.9 ± 

0.1 

17.0 ± 

0.2 
111 ± 3 103 ± 1 24.1 ± 1 49.5 ± 1 18.2 ± 1 

6.74 ± 

0.4 

4 4 60 100 
46137 ± 

2482 
232 ± 1 38.8 ± 2 245 ± 18 

12.9 ± 

0.3 

7.26 ± 

0.1 

4.79 ± 

0.1 

50344 ± 

5189 
16.0 ± 1 

16.6 ± 

0.2 

113 ± 

0.1 

104 ± 

0.5 

24.0 ± 

0.3 
53.6 ± 3 

17.5 ± 

0.4 

7.11 ± 

0.1 

4 5 60 100 
51345 ± 

707 

237 ± 

0.3 
39.3 ± 1 254 ± 4 

13.3 ± 

0.3 

7.15 ± 

0.1 

4.69 ± 

0.2 

62291 ± 

495 

16.2 ± 

0.3 

16.9 ± 

0.2 
113 ± 1 106 ± 1 

24.0 ± 

0.2 
52.2 ± 1 

18.8 ± 

0.2 

6.96 ± 

0.2 

4 10 60 100 
57209 ± 

2053 
265 ± 1 46.8 ± 1 416 ± 20 

14.3 ± 

0.3 

7.53 ± 

0.1 

5.07 ± 

0.1 

112159 

± 1846 

18.3 ± 

0.05 
17.6 ± 1 

126 ± 

0.1 
112 ± 1 

26.2 ± 

0.03 
62.0 ± 1 19.3 ± 1 

7.31 ± 

0.3 

4 20 60 100 
52913 ± 

882 
257 ± 10 43.3 ± 1 456 ± 13 

12.4 ± 

0.2 

5.99 ± 

0.3 

3.40 ± 

0.2 

121901 

± 2786 

16.7 ± 

0.5 

16.0 ± 

0.5 
123 ± 5 110 ± 4 24.2 ± 1 61.7 ± 1 18.2 ± 1 

5.56 ± 

0.2 
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Acid 

conc. 

[M ] 

Contact 

time 

[h] 

Temp

. 

[°C] 

Slurry 

conc. 

[g L-1] 

Al  Ce Co Cr  Dy Er  Eu Fe Ga Gd La Nd Pr Sc Sm Yb 

[mg kg-1] 

4 24 22 100 
39775 ± 

2809 
214 ± 7 25.4 ± 1 64.8 ± 1 9.47 ± 1 3.42 ± 1 – 

9628 ± 

895 

7.45 ± 

0.3 

13.6 ± 

0.6 
90.9 ± 2 91.0 ± 2 19.0 ± 1 

37.7 ± 

0.2 
15.2 ± 1 

1.76 ± 

0.4 

4 24 50 100 
45832 ± 

575 
226 ± 4 37.7 ± 2 345 ± 20 9.03 ± 1 

2.02 ± 

0.2 
– 

98670 ± 

1003 

12.4 ± 

0.5 

12.5 ± 

0.2 
105 ± 3 93.1 ± 1 20.0 ± 2 49.9 ± 3 

16.6 ± 

0.1 

1.74 ± 

0.1 

4 24 70 100 
47617 ± 

1472 
244 ± 7 41.8 ± 2 466 ± 30 

12.2 ± 

0.3 

5.36 ± 

0.3 
– 

119473 

± 763 

16.7 ± 

0.1 
15.8 ± 1 118 ± 4 104 ± 4 23.5 ± 2 61.2 ± 3 18.1 ± 1 

4.64 ± 

0.2 

4 24 80 100 
43038 ± 

830 

252 ± 

0.4 

41.1 ± 

0.2 
429 ± 7 

12.4 ± 

0.4 

6.04 ± 

0.1 
– 

114898 

± 791 

16.9 ± 

0.1 

16.8 ± 

0.1 

122 ± 

0.1 

109 ± 

0.04 

24.9 ± 

0.04 

59.9 ± 

0.4 
19.5 ± 1 

4.58 ± 

0.02 

4 3 60 10 
54033 ± 

66 
234 ± 5 39.6 ± 1 318 ± 5 

13.0 ± 

0.3 

6.46 ± 

0.2 

4.15 ± 

0.1 

86003 ± 

1214 

2.51 ± 

0.3 

17.2 ± 

0.3 

111 ± 

0.4 
97.2 ± 4 

24.8 ± 

0.4 
54.8 ± 1 

18.9 ± 

0.1 

6.06 ± 

0.04 

4 3 60 20 
47139 ± 

1702 

218 ± 

0.1 
42.4 ± 2 419 ± 11 

11.4 ± 

0.2 

4.82 ± 

0.2 

1.99 ± 

0.05 

79627 ± 

1598 
10.5 ± 1 

15.9 ± 

0.2 

103 ± 

0.1 
93.4 ± 1 23.8 ± 1 60.2 ± 2 

18.5 ± 

0.1 

5.12 ± 

0.2 

4 3 60 30 
43919 ± 

2248 
209 ± 5 44.8 ± 1 461 ± 4 10.9 ± 1 

3.56 ± 

0.1 

0.556 ± 

0.1 

73214 ± 

1296 

12.7 ± 

0.2 

15.2 ± 

0.4 

99.0 ± 

0.1 

89.6 ± 

0.1 

24.0 ± 

0.4 
67.2 ± 1 19.1 ± 1 

4.10 ± 

0.1 

4 3 60 50 
32544 ± 

1940 
204 ± 3 44.8 ± 2 535 ± 31 

8.26 ± 

0.2 
– – 

69332 ± 

89 
14.2 ± 1 14.0 ± 1 

96.6 ± 

0.1 
88.8 ± 1 22.4 ± 1 74.4 ± 1 20.8 ± 1 

1.90 ± 

0.1 

Elemental analysis: according to Chap. 3.2.3 by ICP-MS. 
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Table 8.38 Experimental conditions used for development of response surface reduced quadratic 

model during the leaching 

Factor 1 Factor 2 Factor 3 Factor 4 Response 1 

HCl  

concentration 

[M]  

Contact time 

[h]  

Temperature 

[°C] 

Solid liquid ratio  

[g L -1] 

Economic value 

of extracted 

CRM 

[US $ t-1] 

0.5 24 60.0 100 6.85 

0.5 24 60.0 100 6.11 

1.0 24 60.0 100 15.51 

1.0 24 60.0 100 14.20 

2.0 24 60.0 100 26.47 

2.0 24 60.0 100 25.33 

3.0 24 60.0 100 30.73 

3.0 24 60.0 100 29.28 

4.0 24 60.0 100 36.49 

4.0 24 60.0 100 34.95 

5.0 24 60.0 100 37.90 

5.0 24 60.0 100 37.00 

6.0 24 60.0 100 40.55 

6.0 24 60.0 100 39.11 

4.0 1 60.0 100 28.26 

4.0 1 60.0 100 27.15 

4.0 2 60.0 100 31.03 

4.0 2 60.0 100 29.52 

4.0 3 60.0 100 34.64 

4.0 3 60.0 100 33.96 

4.0 4 60.0 100 35.66 

4.0 4 60.0 100 33.75 

4.0 5 60.0 100 35.90 

4.0 5 60.0 100 34.77 

4.0 10 60.0 100 40.43 

4.0 10 60.0 100 39.20 

4.0 20 60.0 100 38.12 

4.0 20 60.0 100 35.84 

4.0 24 60.0 100 36.78 

4.0 24 60.0 100 34.77 

4.0 24 50.0 100 28.61 

4.0 24 50.0 100 26.15 

4.0 24 60.0 100 37.20 

4.0 24 60.0 100 34.35 

4.0 24 70.0 100 37.33 

4.0 24 70.0 100 35.05 

4.0 24 80.0 100 37.11 

4.0 24 80.0 100 36.30 
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Factor 1 Factor 2 Factor 3 Factor 4 Response 1 

HCl  

concentration 

[M]  

Contact time 

[h]  

Temperature 

[°C] 

Solid liquid ratio  

[g L -1] 

Economic value 

of extracted 

CRM 

[US $ t-1] 

4.0 3 60.0 10 31.30 

4.0 3 60.0 10 29.28 

4.0 3 60.0 20 32.06 

4.0 3 60.0 20 30.34 

4.0 3 60.0 30 31.70 

4.0 3 60.0 30 30.36 

4.0 3 60.0 50 29.10 

4.0 3 60.0 50 26.87 

4.0 3 60.0 100 34.26 

4.0 3 60.0 100 33.01 

0.5 24 80.0 10 19.19 

0.5 24 80.0 10 18.06 

6.0 24 80.0 10 20.34 

6.0 24 80.0 10 18.68 

6.0 1 80.0 70 23.54 

6.0 1 80.0 70 21.03 

0.5 1 80.0 100 10.20 

0.5 1 80.0 100 8.90 

0.5 1 80.0 10 16.51 

0.5 1 80.0 10 15.77 

6.0 24 50.0 10 16.37 

6.0 24 50.0 10 15.99 

6.0 1 50.0 10 8.11 

6.0 1 50.0 10 7.62 

0.5 1 50.0 70 11.88 

0.5 1 50.0 70 10.76 

0.5 16 50.0 10 14.24 

0.5 16 50.0 10 11.58 

4.2 24 60.0 100 37.58 

4.2 24 60.0 100 35.99 

3.3 24 65.0 55 35.28 

3.3 24 65.0 55 33.27 

3.3 13 65.0 55 30.74 

3.3 13 65.0 55 29.07 

3.3 13 65.0 100 33.27 

3.3 13 65.0 100 31.66 

5.4 23 73.2 100 45.05 

5.4 23 73.2 100 45.06 
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Table 8.39 Concentration of metal(loid)s in the supernatant after precipitation with 1 M 

NaOH at different pH 

Elemental analysis: according to Chap. 3.2.3 by ICP-MS. 

Element pH0 pH1 pH2 pH3 pH4 

Al 

[mg kg-1] 

51909 ± 365 
49848 ± 

1521 

51831 ± 

1356 

36505 ± 

1721 
11696 ± 377 

Ce 235 ± 5 211 ± 6 218 ± 3 205 ± 1 178 ± 2 

Co 42.9 ± 0.01 39.9 ± 1 41.8 ± 1 41.3 ± 1 32.0 ± 1 

Cr 493 ±2 465 ± 15 478 ± 11 45.4 ± 0.1 38.3 ± 1 

Dy 12.7 ± 0.02 11.5 ± 0.5 11.5 ± 0.1 10.5 ± 0.04 8.23 ± 0.2 

Er 6.68 ± 0.05 5.81 ± 0.2 5.45 ± 0.2 6.32 ± 0.05 3.63 ± 0.1 

Eu 3.27 ± 0.02 3.00 ± 0.2 3.05 ± 0.05 3.06 ± 0.1 2.40 ± 0.05 

Fe 96379 ± 646 
93947 ± 

2538 

77833 ± 

2763 
21765 ± 147 9632 ± 386 

Ga 16.9 ± 0.5 15.4 ± 0.3 14.6 ± 0.3 5.12 ± 0.3 1.97 ± 0.2 

Gd 16.8 ± 0.1 15.4 ± 0.5 15.7 ± 0.1 14.9 ± 0.3 11.7 ± 0.1 

La 110 ± 0.5 103 ± 3 108 ± 2 103 ± 1 92.4 ± 1 

Nd 99.6 ± 0.5 95.2 ± 3 99.7 ± 1 93.0 ± 0.3 79.4 ± 0.4 

Ni 232 ± 0.2 219 ± 7 232 ± 3 206 ± 1 159 ± 1 

Pr 25.2 ± 0.03 24.1 ± 1 25.6 ± 0.3 24.0 ± 0.2 20.8 ± 0.2 

Sc 66.3 ± 0.3 62.9 ± 2 65.3 ± 1 14.8 ± 1 5.43 ± 0.2 

Sm 18.5 ± 0.1 16.8 ± 1 17.4 ± 1 16.1 ± 0.4 11.9 ± 0.1 

Ti 9335 ± 259 8720 ± 338 7695 ± 273 7000 ± 35 7598 ± 54 

V 724 ± 2 681 ± 19 685 ± 18 52.2 ± 1 53.0 ± 1 

Yb 11.3 ± 0.2 2.97 ± 1  2.74 ± 0.1  

Zr 10.8 ± 0.03 10.8 ± 0.1 10.1 ± 0.3 3.25 ± 0.01 3.61 ± 0.04 
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Table 8.40 Concentration of metal(loid)s in the aqueous phase during the liquid-liquid extraction 

Organic/ 

aqueous 

ratio 

during 

extraction 

D2EHPA 

conc. in 

Kerosene 

[M]  

Organic/ 

aqueous 

ratio 

during 

stripping 

HCl 

conc. 

[M]  

Al  Sc Cr  Fe Co Ga La Ce Pr Nd Sm Eu Gd Dy Er  Yb 

[mg kg-1] 

0.1 1 1 3 
33458 

± 490 

0.365 

± 

0.005 

26.6 ± 

2 

1033 

± 12 

37.6 ± 

1 

3.27 ± 

0.1 

31.4 ± 

3 

23.7 ± 

3 

3.60 ± 

0.3 

3.58 ± 

0.5 
– – – – – – 

0.2 1 1 3 
27558 

± 584 

0.347 

± 0.01 

23.9 ± 

0.5 

782 ± 

52 

33.9 ± 

0.4 

2.73 ± 

0.1 

27.2 ± 

4 

18.6 ± 

2 

4.14 ± 

1 

4.81 ± 

0.5 
– – – – – – 

0.5 1 1 3 

19159 

± 

1732 

0.357 

± 0.04 

57.4 ± 

5 

425 ± 

22 

35.9 ± 

3 

3.15 ± 

0.5 

26.7 ± 

3 

18.8 ± 

1 

3.65 ± 

0.5 

3.59 ± 

0.1 
– – – – – – 

1 1 1 3 
20447 

± 233 

0.361 

± 0.01 

28.6 ± 

0.4 

98.5 ± 

5 

34.5 ± 

1 

2.97 ± 

0.2 

19.0 ± 

2 

13.4 ± 

1 

2.93 ± 

0.1 

1.73 ± 

0.3 
– – – – – – 

2 1 1 3 
24312 

± 438 

0.350 

± 0.02 

33.1 ± 

1 

0.960 

± 0.1 

38.5 ± 

1 

3.12 ± 

0.3 

10.8 ± 

1 

8.39 ± 

0.5 

2.60 ± 

0.04 

0.805 

± 0.03 
– – – – – – 

3 1 1 3 
21323 

±1197 

0.334 

± 0.01 

61.1 ± 

5 

0.404 

± 0.1 

37.2 ± 

1 

2.96 ± 

0.3 

7.03 ± 

1 

6.34 ± 

0.3 

2.50 ± 

0.1 

0.514 

± 0.02 
– – – – – – 

5 1 1 3 

22924 

± 

1397 

0.368 

± 0.01 

44.2 ± 

1 

0.115 

± 0.1 

39.1 ± 

2 

3.12 ± 

0.2 

4.66 ± 

0.1 

5.11 ± 

0.1 

2.50 ± 

0.03 

0.072 

± 0.06 
– – – – – – 

10 1 1 3 

17143 

± 

1612 

0.364 

± 0.02 

42.6 ± 

1 

0.937 

± 0.1 

35.7 ± 

0.1 

2.89 ± 

0.2 

3.32 ± 

0.4 

4.43 ± 

0.2 

2.44 ± 

0.02 
– – – – – – – 

3 0.01 1 3 
55895 

± 819 

0.256 

± 0.01 

11.0 ± 

1 

123.7 

± 25 

31.5 ± 

0.2 

2.67 ± 

0.2 

76.6 ± 

1 

135 ± 

1 

16.4 ± 

0.1 

71.0 ± 

0.2 

11.7 ± 

0.7 

1.43 ± 

0.3 

8.55 ± 

1 

0.905 

± 0.1 
– – 
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Organic/ 

aqueous 

ratio 

during 

extraction 

D2EHPA 

conc. in 

Kerosene 

[M]  

Organic/ 

aqueous 

ratio 

during 

stripping 

HCl 

conc. 

[M]  

Al  Sc Cr  Fe Co Ga La Ce Pr Nd Sm Eu Gd Dy Er  Yb 

[mg kg-1] 

3 0.05 1 3 

51674 

± 

1507 

0.307 

± 0.03 

18.5 ± 

1 

2.32 ± 

0.3 

31.9 ± 

0.5 

2.20 ± 

0.1 

56.0 ± 

1 

54.3 ± 

3 

5.60 ± 

0.5 

10.8 ± 

2 
– – – – – – 

3 0.1 1 3 
47699 

± 616 

0.284 

± 0.03 

22.5 ± 

1 

1.80 ± 

0.3 

31.7 ± 

1 

2.34 ± 

0.1 

32.7 ± 

5 

19.7 ± 

3 

3.28 ± 

0.2 

3.02 ± 

0.5 
– – – – – – 

3 0.2 1 3 

46272 

± 

1843 

0.279 

± 0.02 

23.2 ± 

1 

1.45 ± 

0.3 

33.8 ± 

2 

2.37 ± 

0.2 

17.4 ± 

3 

11.3 ± 

1 

2.76 ± 

0.02 

1.12 ± 

0.1 
– – – – – – 

3 0.4 1 3 

32778 

± 

1738 

0.285 

± 0.02 

40.7 ± 

3 

2.00 ± 

0.1 

33.6 ± 

3 

2.38 ± 

0.3 

12.0 ± 

1 

8.82 ± 

1 

2.65 ± 

0.04 

0.646 

± 0.2 
– – – – – – 

3 0.6 1 3 

33307 

± 

1003 

0.284 

± 0.03 

41.7 ± 

1 

1.70 ± 

0.2 

34.9 ± 

1 

2.49 ± 

0.1 

11.1 ± 

1 

8.55 ± 

0.5 

2.56 ± 

0.03 

0.591 

± 0.08 
– – – – – – 

3 0.8 1 3 
29398 

± 728 

0.288 

± 0.01 

44.6 ± 

3 

1.55 ± 

0.1 

32.5 ± 

2 

2.23 ± 

0.2 

9.04 ± 

1 

7.36 ± 

0.5 

2.52 ± 

0.02 

0.310 

± 0.1 
– –     

3 1 0.1 3 
377 ± 

20 
– – 

1093 

± 17 
– – 

2.153 

± 0.05 

12.5 ± 

0.1 

6.12 ± 

0.05 

14.9 ± 

0.2 
– –     

3 1 0.2 3 
1172 

± 360 
– – 

1608 

± 24 
– – 

9.74 ± 

0.5 

27.7 ± 

0.4 

7.86 ± 

0.03 

21.6 ± 

0.2 
– – – – – – 

3 1 0.5 3 
2384 

± 41 
– – 

2312 

± 27 
– – 

38.0 ± 

1 

86.5 ± 

0.1 

14.5 ± 

0.1 

46.9 ± 

1 

1.80 ± 

0.1 
– 

1.84 ± 

0.2 
– – – 

3 1 1 0.5 
554 ± 

40 

2.49 ± 

0.01 

0.670 

± 0.01 
– – 

0.135 

± 0.02 

70.0 ± 

1 

121 ± 

0.5 

13.6 ± 

0.5 

41.1 ± 

1 

2.66 ± 

0.03 

0.748 

± 0.02 

0.836 

± 0.04 

0.327 

± 0.01 

0.462 

± 0.02 

0.607 

± 0.01 
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Organic/ 

aqueous 

ratio 

during 

extraction 

D2EHPA 

conc. in 

Kerosene 

[M]  

Organic/ 

aqueous 

ratio 

during 

stripping 

HCl 

conc. 

[M]  

Al  Sc Cr  Fe Co Ga La Ce Pr Nd Sm Eu Gd Dy Er  Yb 

[mg kg-1] 

3 1 1 1 
1028 

± 65 

2.53 ± 

0.04 

0.573 

± 0.03 

12.8 ± 

0.02 
– 

1.047 

± 0.2 

77.8 ± 

3 

165 ± 

6 

20.3 

±1 

72.2 ± 

1 

9.29 ± 

0.1 

2.01 ± 

0.02 

4.00 ± 

0.1 

0.748 

± 0.03 

0.594 

± 

0.004 

0.657 

± 

0.004 

3 1 1 1.5 
1471 

± 25 

2.52 ± 

0.1 

0.593 

± 0.04 

80.8 ± 

2 
– 

0.494 

± 0.01 

75.1 ± 

3 

160 ± 

7 

19.7 ± 

1 

72.2 ± 

3 

11.60 

± 0.3 

3.00 ± 

0.05 

7.49 ± 

0.1 

1.78 ± 

0.1 

0.702 

± 

0.006 

0.649 

± 0.01 

3 1 1 2 
2333 

± 8 

2.49 ± 

0.1 

1.52 ± 

0.1 

336 ± 

8 
– 

1.07 ± 

0.05 

78.2 

±2 

168 ± 

4 

20.7 ± 

1 

75.5 ± 

2 

13.3 ± 

0.2 

3.50 ± 

0.1 

9.36 ± 

0.3 

3.74 ± 

0.1 

1.02 ± 

0.05 

0.711 

± 0.02 

3 1 1 2.5 
4176 

± 199 

2.53 ± 

0.05 

1.58 ± 

0.3 

939 ± 

26 
– 

0.996 

± 0.06 

78.0 ± 

2 

168 ± 

5 

20.6 ± 

1 

75.4 ± 

2 

13.0 ± 

0.1 

3.51 ± 

0.1 

9.68 ± 

0.3 

6.04 ± 

0.1 

1.52 ± 

0.1 

0.779 

± 0.02 

3 1 1 3.5 
10695 

± 139 

2.49 ± 

0.01 

2.46 ± 

0.05 

4443 

± 211 
– 

0.910 

± 0.02 

76.7 ± 

3 

163 ± 

5 

20.3 ± 

0.5 

73.8 ± 

3 

12.8 ± 

0.3 

3.55 ± 

0.1 

9.80 ± 

0.5 

8.48 ± 

0.2 

2.78 ± 

0.2 

0.949 

± 0.02 

3 1 1 4 
14347 

± 529 

2.49 ± 

0.02 

2.98 ± 

0.1 

7215 

± 134 
– 

0.956 

± 0.03 

76.4 ± 

3 

164 ± 

6 

20.3 

±1 

74.1 ± 

3 

13.0 ± 

0.3 

3.61 ± 

0.1 

9.90 ± 

0.4 

9.03 ± 

0.3 

3.38 ± 

0.1 

1.13 ± 

0.02 

3 1 1 5 

22107 

± 

1207 

2.49 ± 

0.01 

2.30 ± 

0.2 

12444 

± 336 
– 

0.437 

± 0.07 

79.2 ± 

2 

169 ± 

4 

20.9 ± 

0.3 

75.9 ± 

2 

13.1 ± 

1 

3.70 ± 

0.2 

10.1 ± 

0.3 

10.0 ± 

0.2 

4.41 ± 

0.1 

1.63 ± 

0.03 

3 1 1 6 

20479 

± 

1498 

2.52 ± 

0.04 

3.00 ± 

0.2 

13947 

± 248 
– – 

79.8 ± 

4 

169 ± 

8 

20.7 ± 

1 

73.4 ± 

0.03 

14.0 ± 

1 

3.53 ± 

0.001 

10.3 ± 

0.2 

10.3 ± 

0.4 

5.04 ± 

0.2 

1.99 ± 

0.07 

Elemental analysis: according to Chap. 3.2.3 by ICP-MS. 
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Table 8.41 Experimental results used for development of response surface reduced quadratic 

model during the liquid-liquid extraction (all experiments yielding an economic value of 0 $ t-1 

were not used for model fitting) 

Factor 1 Factor 2 Factor 3 Factor 4 Response 1 

Organic/aqueous 

ratio during 

extraction 

D2EHPA conc. in 

Kerosene 

[M]  

Organic/aqueous 

ratio during 

stripping 

HCl conc. 

[M]  

Total economic 

value of extracted 

CRM 

[US $ t-1] 

0.10 0.01 0.10 4.00 0.45 

0.10 0.01 0.10 4.00 0.50 

0.10 0.01 0.10 4.00 0.57 

10.00 0.46 1.00 0.50 6.66 

10.00 0.46 1.00 0.50 1.36 

10.00 0.46 1.00 0.50 6.51 

5.84 0.46 0.56 2.30 7.90 

5.84 0.46 0.56 2.30 7.19 

5.84 0.46 0.56 2.30 8.02 

0.10 0.45 0.57 2.16 18.18 

0.10 0.45 0.57 2.16 19.53 

0.10 0.45 0.57 2.16 15.43 

0.10 1.00 0.58 0.50 7.78 

0.10 1.00 0.58 0.50 9.54 

0.10 1.00 0.58 0.50 9.18 

0.10 0.01 1.00 1.92 2.03 

0.10 0.01 1.00 1.92 1.51 

0.10 0.01 1.00 1.92 1.67 

0.10 0.08 0.53 0.50 5.81 

0.10 0.08 0.53 0.50 10.48 

0.10 0.08 0.53 0.50 8.89 

10.00 0.01 1.00 4.00 0.00 

10.00 0.01 1.00 4.00 0.00 

10.00 0.01 1.00 4.00 0.00 

10.00 1.00 0.10 0.50 0.00 

10.00 1.00 0.10 0.50 0.00 

10.00 1.00 0.10 0.50 0.00 

5.89 0.46 0.57 2.37 7.30 

5.89 0.46 0.57 2.37 7.51 

5.89 0.46 0.57 2.37 9.02 

3.17 0.01 1.00 0.50 0.00 

3.17 0.01 1.00 0.50 0.00 

3.17 0.01 1.00 0.50 0.00 

0.10 0.48 0.10 0.50 0.00 

0.10 0.48 0.10 0.50 0.00 

0.10 0.48 0.10 0.50 0.00 

5.86 0.55 0.37 0.50 5.42 
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Factor 1 Factor 2 Factor 3 Factor 4 Response 1 

Organic/aqueous 

ratio during 

extraction 

D2EHPA conc. in 

Kerosene 

[M]  

Organic/aqueous 

ratio during 

stripping 

HCl conc. 

[M]  

Total economic 

value of extracted 

CRM 

[US $ t-1] 

5.86 0.55 0.37 0.50 5.94 

5.86 0.55 0.37 0.50 5.46 

10.00 0.01 0.10 2.25 0.00 

10.00 0.01 0.10 2.25 0.00 

10.00 0.01 0.10 2.25 0.00 

1.29 0.53 0.35 4.00 16.12 

1.29 0.53 0.35 4.00 15.78 

1.29 0.53 0.35 4.00 15.55 

10.00 1.00 0.54 4.00 6.77 

10.00 1.00 0.54 4.00 0.58 

10.00 1.00 0.54 4.00 6.19 

10.00 0.01 0.55 0.50 0.00 

10.00 0.01 0.55 0.50 0.00 

10.00 0.01 0.55 0.50 0.00 

0.10 0.51 0.18 0.68 13.63 

0.10 0.51 0.18 0.68 12.41 

0.10 0.51 0.18 0.68 10.09 

0.10 0.51 1.00 4.00 6.84 

0.10 0.51 1.00 4.00 12.30 

0.10 0.51 1.00 4.00 8.18 

10.00 1.00 1.00 2.30 7.88 

10.00 1.00 1.00 2.30 6.89 

10.00 1.00 1.00 2.30 6.71 

10.00 0.49 0.10 4.00 0.00 

10.00 0.49 0.10 4.00 0.00 

10.00 0.49 0.10 4.00 0.00 

3.66 0.01 0.10 0.50 0.00 

3.66 0.01 0.10 0.50 0.00 

3.66 0.01 0.10 0.50 0.00 

0.10 0.52 0.68 0.50 14.26 

0.10 0.52 0.68 0.50 15.21 

0.10 0.52 0.68 0.50 12.90 

0.10 0.81 0.65 4.00 19.34 

0.10 0.81 0.65 4.00 19.58 

0.10 0.81 0.65 4.00 20.65 

3.00 1.00 0.10 3.00 1.02 

3.00 1.00 0.10 3.00 1.00 

3.00 1.00 0.20 3.00 1.54 

3.00 1.00 0.20 3.00 1.51 

3.00 1.00 0.50 3.00 3.60 

3.00 1.00 0.50 3.00 3.46 
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Factor 1 Factor 2 Factor 3 Factor 4 Response 1 

Organic/aqueous 

ratio during 

extraction 

D2EHPA conc. in 

Kerosene 

[M]  

Organic/aqueous 

ratio during 

stripping 

HCl conc. 

[M]  

Total economic 

value of extracted 

CRM 

[US $ t-1] 

3.00 1.00 1.00 3.00 6.45 

3.00 1.00 1.00 3.00 5.96 

3.00 1.00 1.00 0.50 4.16 

3.00 1.00 1.00 0.50 3.96 

3.00 1.00 1.00 1.00 6.85 

3.00 1.00 1.00 1.00 6.56 

3.00 1.00 1.00 1.50 7.81 

3.00 1.00 1.00 1.50 7.25 

3.00 1.00 1.00 2.00 9.66 

3.00 1.00 1.00 2.00 9.13 

3.00 1.00 1.00 2.50 11.58 

3.00 1.00 1.00 2.50 11.06 

3.00 1.00 1.00 3.00 13.38 

3.00 1.00 1.00 3.00 12.48 

3.00 1.00 1.00 3.50 14.17 

3.00 1.00 1.00 3.50 13.35 

3.00 1.00 1.00 4.00 15.12 

3.00 1.00 1.00 4.00 14.05 

 


