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          Abstract 

Steel slag wastes are large volume residues generated in increasing quantities 

globally during steel production.  While there are many afteruses for slag, roughly 

a quarter produced globally is stockpiled or landfilled where it may pose 

environmental risks.  Furthermore as resource pressures increase there is a 

growing interest in recovering valuable metals from industrial by-products.  Given 

the uncertainties in environmental risks and opportunities for further valorisation 

of wastes, an improved understanding of leaching processes from steel slag would 

help inform long term management of these industrial by-products.  

This thesis aims to investigate a series of alkaline disposal sites (both steel slag and 

limespoil) to improve our understanding of the geochemical nature and fate of 

notable contaminants, as well as valuable metals of interest, in highly alkaline 

settings. The results of the field investigations show that leachates are 

characterised by high pH (> 11) and negative redox potential, excess deposition of 

secondary precipitates, and increased mobility of lithium (>800 ppb), strontium 

(>2500 ppb) and vanadium (>50 ppb), present in concentrations greater than 

those typically encountered in natural surface waters. Furthermore, these slag 

deposits were enriched with less mobile elements such as molybdenum (60 ppb) 

and nickel (61 ppb) with associated low environmental concern, but high resource 

value. 

Laboratory batch tests showed that acid leaching promotes the leaching of the 

elements of interest particularly vanadium. However, such approach may not be 

viable at legacy sites due to cost. On the other hand, compost amendment of slag 

enhanced the leaching of molybdenum and vanadium by a factor of 3.6 and 2.5 

respectively above water leaching alone.  Column experiments reinforced these 

patterns in showing enhanced leaching of vanadium, molybdenum, and lithium 

when organic amendment is in contact with hyperalkaline leachate under aerobic 

conditions. This is most likely due to alkaline hydrolysis of organics within the 

system and subsequent metal complexation.  

Analysis of secondary precipitates (notably calcium and magnesium carbonates) 

forming around the slag suggest these are key in controlling solubility of 

contaminants and metals of potential resource value (e.g. Ni).   
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1 

       Introduction 

1.1 Context of the research 

The research presented herein was conducted between 2012 and 2015 at a 

time of rising interest in the need for alternative sources of valuable metals 

especially from waste. Around 2000 Mt of caustic (i.e alkaline) waste are 

generated globally each year by major industries (Gomes et al., 2015). 

These include industries involved with steelmaking (about 170 – 250 

Mt/yr; Hendrick, 2015), coal-fired power generation (415 Mt/yr; Heidrich 

et al., 2013) and alumina refining (> 70 Mt/yr; Sutar et al., 2014). Some 

proportion of these waste are recycled and have after-uses. For example, 53 

% of fly ash is recycled predominantly in cement (Heidrich et al., 2013), 

while steel slag are used as aggregrates in construction, remediation of acid 

mine drainage and soil amendments (Charles and Nemmer, 2006; Geiseler, 

1996; Mack and Gutta, 2009). Bauxite processing residue (red mud) from 

alumina refining also have afteruses such as adsorbents for heavy metal 

removal and also in the preparation of catalysts (Kumar et al., 2006; 

Pradhan et al., 1999). However despite these extensive afteruses, a 

significant proportion of these by-products are stockpiled or disposed in 

landfills since the recycling option is not widespread enough for efficient 
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management of the residues. Traditionally, landfilling is a common option 

for the disposal of these residues however landfilling of alkaline waste can 

pose significant environmental risks primarily due to its inherent high 

alkalinity and toxic trace metal content (Environment Agency, 2010). 

In addition, these residues are rich in elements, termed E-tech metals in a 

recent mineral security strategy review, which are crucial to development 

of green technologies (La, Li, Co, V, Te, Ga, Se; Naden, 2013). For example, 

the use of vanadium in high grade steel manufacture, rare earth metals 

essential for development of next-generation solar power systems and the 

use of lithium and cobalt for vehicle fuel cells. Consequently, the potential of 

highly alkaline waste for metal recovery is enormous because not only is 

waste produced in large amounts daily, but also due to the abundance of 

over a century-old "legacy" stockpiles in some areas (Milodowski et al., 

2013). 

Many of these elements of interest are also highly soluble at high pH (Mayes 

et al., 2011 a, 2011 b), and so potentially recoverable from leachates. 

Recovery of these resources would be a major step in addressing some of 

the key mineral security challenges highlighted in recent strategic reviews 

(Naden, 2013) whilst decreasing the environmental impact associated with 

the disposal of these residues in landfills. However, some challenges are 

associated with the recovery of metals from leachates at landfill sites. The 

concentration of metals within the leachate is low thus making the recovery 

process uneconomical in its own right. Also, there is also the issue of high 

energy requirements related to digging up legacy sites and associated 

environmental disturbance (Johnston et al., 2008).  
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1.2 Aim and objectives 

The core aim of this project was to investigate the environmental risks and 

metal recovery opportunities associated with steel slag deposits and trial 

novel approaches towards in-situ metal recovery. To achieve this aim, a 

number of specific objectives were identified and are expanded below.  

They include: 

1. An outline of key literature;  

 Highlighting current sources, chemistry and management 

options for alkaline waste, as well as identifying the need for 

novel management strategies. 

 Exploring the underlying principles governing the leaching of 

trace metals from steel slag and alkaline waste in general. 

 Critically assessing gaps in understanding that currently prevent 

widespread resource recovery from steel slag. 

2. Characterise alkaline waste (steel slag and lime spoil) disposal sites in 

the field to help improve the understanding of pollutant presence, 

transport and pathways in hyperalkaline systems.  

3. Investigate the leaching behaviour of vanadium, molybdenum, nickel 

and lithium in novel multi-scale laboratory experiments with acid 

additions and organic amendments to assess the potential scope for 

metal recovery. 

4. Determine and optimize the biogeochemical controls on the leaching 

rates of e-tech metals from steel slag under varying conditions using 

batch and column trials. 
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1.3 Thesis outline 

This thesis has 8 chapters. Chapter 2 is a review of literature that provides 

context to the new data presented in Chapters 4, 5, 6 and 7. Chapter 2 

introduces the reader to the concept of high pH systems, highlighting both 

natural and anthropogenic sources (primarily steel slag and lime spoil). The 

synergies between these waste types in terms of composition, leaching 

processes and management are highlighted. The concept of accelerated 

weathering of steel slag and the incorporation of trace elements into calcite 

as a means of controlling trace metal mobility is also introduced in this 

chapter.  

 

Chapter 3 presents the generic analytical methods used for measurement 

and characterisation of samples throughout subsequent chapters. This 

chapter also provides the reader with details regarding field sample 

collection and Quality Assurance / Quality Control procedures related to 

this work.  

 

To gain a better understanding of the geochemistry of alkaline waste 

systems, a number of steel slag disposal sites and lime spoil affected 

systems were studied, with results presented in Chapter 4. By doing this, 

the Chapter aims to identify the metals of interest (either in terms of 

environmental risk or recovery value) and their partitioning between the 

solid and aqueous phases within alkaline waste systems. By studying 

leaching products under ambient environmental weathering conditions, 

some of the key management challenges and future opportunities can be 

better understood. 
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Chapter 5 assesses the relative effectiveness on different approaches to 

leaching metals from steel slag in laboratory conditions. A comparison of 

acid leaching alongside organic amendments and control treatments is 

presented. Batch experiments were conducted under controlled conditions 

to explore the influence of these differing leaching approaches on the 

behaviour of vanadium, lithium, molybdenum and nickel from steel slag.  

 

In Chapter 6, the effect of aerobic and anaerobic leaching of compost 

amended steel slag on metal release in solution is investigated using batch 

tests. Furthermore, column trials were used to investigate the effect of the 

physical structural arrangement between the compost and steel slag on the 

leaching of selected elements (V, Li, Mo, Ni). Chapter 7 covers the solid 

phase analyses of steel slag obtained from the column experiments in 

Chapter 6. By combining aqueous analyses of leaching products with solid 

phase assessment of source material and secondary mineral precipitates, 

Chapter 6 and 7 aim to provide a model for understanding the sources and 

fate of elements of interest in steel slag deposits. 

 

Chapter 8 is a conclusion of the thesis and integrates the key findings 

throughout the thesis. An evaluation of future management opportunities 

for steel slags are considered which could minimise their environmental 

risks and maximise potential resource value is provided. Key lines of future 

research enquiry are also considered.  

 

The outcomes of this research have already been disseminated to scientists 

(Hull et al., 2014), local and international scientific community 
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(Environmental Mineralogy Research meeting, 2013; Goldschmidt 2014; 

International Mineralogical Association conference, 2014). These are 

presented in Appendix A1. 
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2 

   Literature review 

Hyperalkaline wastes, unlike acidic waste, are a class of waste stream that are 

understudied. Hence, limited knowledge exists on its chemistry and particularly in 

the aspect of metal recovery. As a result, this chapter aims to introduce the various 

sources of high pH (pH > 9) waste, their adverse effects on humans and the 

environment and the existing management options for these residues. 

Furthermore, more emphasis was placed on steel slag and lime spoil mainly due to 

large volumes of production of these residues and the availability of study sites for 

these residues. Finally, a review of the mechanisms of leaching of trace metals from 

hyperalkaline solid residues, concept of accelerated weathering of steel slag and 

the possibility of the use of calcite as sink for trace metals is presented. 

 

2.1 Natural and Industrial hyperalkaline systems 

Hyper alkaline systems (pH 9 - 14) rarely occur in natural settings although there 

are a few exceptions in some areas of the world relating to local geological 

conditions. These include soda lakes and some ultramafic rocks rich in silicate and 

hydroxide phases. Soda lakes are strongly alkaline and distributed around the 

world. Some examples include Lonar lake (India; pH > 10.5), Lake Magadi (Kenya; 

pH 10.5), Mono Lake (United States; 9.8), Lake Chitu (Ethiopia; pH 10.3), Lake 
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Manyara (Tanzania; pH > 9.5), Lake Van (Turkey; pH 9.7), Goodenough lake 

(Canada; pH 10.2) and Kelemen-Szek (Hungary; pH 9.7) (Carini and Joye, 2008; 

Czop et al., 2011; Felfoldi et al., 2009; Hsieh et al., 2011; Lanzen et al., 2013; Nandy 

and Deod, 1961; Siddiqi, 2008). Most of these lakes are enriched with sodium, 

potassium, dissolved salts, sulphate and carbonate ions. Ultramafic rocks such as 

forsterite (Mg2SiO4) and enstatite (MgSiO3) also give rise to high pH (pH 12) 

waters upon interacting with Mg–HCO3 type solutions (Barnes et al., 1978). 

While an increasing number of natural hyperalkaline sites have been reported and 

described, these are a small minority compared to those created from 

anthropogenic activity, which mostly involves the combustion of carbonate rich 

material to form oxides of Ca, Mg and other minerals. Examples of industrial waste 

with high native pH and elevated trace metal content include steel slag, lime spoil, 

red mud, fly ash, chromite ore processing residues, construction and demolition 

waste (concrete), paper and pulp waste (Adriano et al., 1980; Asokan et al., 2005; 

Burke et al., 2012b; Geelhoed et al., 2002; Mayes et al., 2011a, b; Pokhrel and 

Viraraghavan, 2004; USEPA, 1995; Whitthleston et al., 2011; see Table 2.1), 

comprising approximately 2 billion tonnes globally each year (Gomes et al., 2015). 

Table 2.1: Current global production volumes for industrial alkaline residues 

Residues  Production volume (million 

tonnes/yr) 

Reference 

Steel slag  170 – 250 Hendrick , 2015 

Bauxite processing 

residues (red mud) 

70 – 120 Power et al., 2009 

Fly ash 415 Dwivedi and Jain, 2014; 

Heidrich et al., 2013 

Construction and 

demolition wastes 

44.8 (UK alone) DEFRA, 2015 
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However, for the purpose of this research, emphasis has been placed primarily on 

steel slag and to a lesser extent, lime spoil. This is partly due to their increasing 

volume of production and landfilling in places such as Europe (see Figure 2.1), the 

abundance of these wastes especially at legacy disposal sites and also the 

availability of potential study sites during the period in which this research was 

conducted. 

 

Figure 2.1: Trend showing statistics of production and landfilling of steel slag in 

Europe. Blue line – amount of slag produced. Red line – amount of slag landfilled. 

(Source: Euroslag, 2013. http://www.euroslag.com/products/statistics/2012/).  

2.2 Steel slag and lime spoil: production and chemistry 

2.2.1 Steel slag 

Slag is a general term used to refer to all non-metallic co-products generated 

during the separation of a metal from its ore. The morphology and chemistry of 

slag is dependent on the cooling process applied, ore composition and the 
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metallurgical process used for producing the material (Proctor et al., 2000; 

Yildirim and Prezzi, 2015). Slag can be broadly classified as ferrous (iron / steel) 

and non-ferrous (copper, lead, zinc) depending on the industry of origin. The 

majority of slag types fall under the ferrous category while non-ferrous slag 

account for about 12 % of total annual production (National Slag Association, 

2013; Proctor et al., 2000).  

2.2.1.1 Ferrous slag 

Iron and steel slag is a non-metallic co-product generated during the production of 

iron and steel (Hendrick, 2015; Proctor et al., 2000). Blast furnaces are used for 

production of iron while basic oxygen furnaces and electric arc furnaces are used 

for manufacture of steel (Proctor et al., 2000; Yildirim and Prezzi, 2015). Steel slag 

is a by-product of the steelmaking process. It is formed during the separation of 

molten steel from impurities in steel-making furnaces. Molten steel slag is a 

complex mixture of oxides and silicates, and this crystallises into solids with the 

same bulk composition when cooled (Proctor et al., 2000). Currently, in the UK, 

almost all steel plants have replaced the open hearth furnace system for steel-

making with either the basic oxygen process (BOF) or the electric arc furnace 

(EAF) process (Steelconstruction.info).  

2.2.1.1.1 Blast furnace slag (BF) 

The production of iron takes place in a blast furnace (Figure 2.2; Proctor et al., 

2000). During this process, iron ore is mixed with coke and heated to form an iron-

rich clinker called ‘sinter’. Limestone is fed into the top of the blast furnace 

containing the sinter. A hot air blast, from which the furnace gets its name, 

is injected through nozzles, called ‘tuyeres’, in the base of the furnace. The blast air 
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may be oxygen-enriched and coal or oil is sometimes also injected to provide 

additional heat and reduce coke requirements. The heat generated in the furnace 

(reaching 1000 °C) allows the iron in the ore and sinter to melt out and settle at the 

bottom of the furnace. The limestone combines with impurities and molten rock 

from the iron ore and sinter, forming molten slag which, being lighter than the 

metal, floats on top of it (FHWA, 2012; Juckes, 2011).  

 

Figure 2.2: A typical blast furnace used in the iron-making process (Source: 

Steelconstruction.info, http://www.steelconstruction.info/Steel_manufacture) 

2.2.1.1.2 Basic oxygen furnace slag (BOF) 

In the basic oxygen process, molten pig iron from the blast furnace is first pre-

treated externally to lower the silicon, sulphur and phosphorus content 

(Steelconstruction.info; Stubbles, 2015). This step is however optional depending 
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on the quality of the hot metal and the required final quality of the steel. A typical 

basic oxygen steelmaking process has been presented in Figure 2.3. 

The hot metal, scrap and fluxes (lime, dolomite) are charged to a furnace and high 

purity oxygen is injected at a pressure of 100 - 150 psi at supersonic speed through 

a water-cooled lance, which is suspended in the vessel. The oxygen ignites the 

carbon dissolved in the steel, to form carbon monoxide and carbon dioxide, and 

causing the temperature in the furnace to rise to about 1700 °C. It also combines 

and removes the impurities in the charged furnace consisting mainly of oxides of 

carbon, silicon, manganese, phosphorus and iron. These impurities combine with 

the fluxes to create the steel slag. At the end of the refining operation, the liquid 

steel is tapped (poured) into a ladle while the steel slag is retained in the vessel 

and subsequently tapped into a separate slag pot (Juckes, 2011; Stubbles, 2015). 

 Figure 2.3: The Basic oxygen steelmaking furnace (image adapted from 

Steelconstruction.info: http://www.steelconstruction.info/Steel_manufacture) 
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After being tapped from the furnace, the molten steel is transferred in a ladle for 

further refining to remove additional impurities still contained within the steel. 

This operation is called ladle refining because it is completed within the transfer 

ladle. During ladle refining, additional steel slag is generated by again adding fluxes 

to the ladle to melt. These slag are combined with any carryover of furnace slag 

and assist in absorbing deoxidation products (inclusions), heat insulation, and 

protection of ladle refractories. The steel slag produced at this stage of steel 

making is generally referred to as raker and ladle slag (National Slag Association, 

2007; Steelconstruction.info). In some BOF steelmaking plants where low sulphur 

steel grades are required, the co-injection of lime and magnesium into the hot 

metal is carried out in order to accomplish this aim. The post desulphurisation slag 

is comprised of blast furnace slag carryover, the residual from previous heat(s) in 

the hot metal ladle and the reaction products of the injected CaO and Mg, and is 

termed desulphurised skimmed slag (Li et al., 2012). 

2.2.1.1.3 Chemistry of blast furnace and basic oxygen slag 

The chemical composition of most steel slag vary depending on the method of steel 

production applied and the characteristics of raw materials used while its physical 

properties is controlled mainly by the choice of cooling techniques used (Costa, 

2009). For example, BOF slag have more iron and manganese compared to BF slag. 

On the other hand, BF slag are richer in aluminium, silicon and sulphur compared 

to BOF slag. Table 2.2 and 2.3 presents the typical composition of blast furnace and 

basic oxygen furnace slag. 
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Table 2.2: Typical physical parameters and major ion composition of blast furnace, basic oxygen furnace and desulphurised slag (All values are 

reported in %). 

Reference Slag type Ca Si Al Mg Fe S Mn P 

Proctor et al.,2000 a BF 27.4 17.0 4.1 7.0 1.7 1.0 0.6 0.02 

Euroslag, 2010 BF 35.0 – 42.0 33.0 – 42.0 10.0 – 15.0 7.0 – 12.0 ≤ 1.0 1.0 – 1.5 ≤ 1.0 - 

Proctor et al.,2000 a BOF 28.0 6.0 2.4 5.5 18.4 0.1 3.3 0.3 

Juckes, 2003 b BOF 36.4 – 45.8 10.7 – 15.2 1.0 - 3.4 4.1 – 7.8 19.0 – 24.0 0.1 – 0.2 2.7 – 4.3 1.0 – 1.5 

Emery, 1982 BOF 40.0 – 52.0 10.0 – 19.0 1.0 – 3.0 5.0 – 10.0 10.0 – 40.0 < 1.0 5.0 – 8.0 0.5 – 1.0 

Yildirim and Prezzi, 

2011 
BOF 39.4 12.0 2.2 9.7 30.2 0.1 2.7 1.0 

Chang et al., 2011a, b Desulphurised slagc 43 – 49 16 -19 2 – 4 1 – 5 10 -20 - - - 

a The values are compiled based on mean chemical composition data from 73 slag samples collected from 58 different steel mills in the United 

States and Canada. b The range of values are compiled based on chemical composition data from 4 different sources in Great Britain. c 

expressed as % metal oxides
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Table 2.3: Typical minor elements composition of blast furnace BF and basic oxygen furnace BOF slag (All values are reported in mg/kg). 

Reference Material/Slag 

type 

Sb As Ba Cr 

(total) 

Co Cu Pb Mo Ni Se V Zn 

Proctor et al.,2000 a BF N.D 1.3 273.0 132.0 3.0 5.3 3.6 0.8 1.4 3.9 54.0 20.0 

Proctor et al.,2000 a BOF 3.3 N.D 75.0 1271.0 3.8 30.0 50.0 11.0 4.9 15.0 992.0 46.0 

Background levels Soil 0.5c, 

0.7d 

5.2c, 

7.2d 

440.0c, 

588.0d 

37.0c, 

54.0d 

6.7c, 

9.1d 

17.0c, 

25.0d 

16.0c, 

19.0d 

0.6c, 

1.0d 

13.0c, 

19.0d 

0.3c, 

555.0d 

58.0c, 

81.0d 

48.0c, 

60.0d 

 

a The values are compiled based on mean chemical composition data from 73 slag samples collected from 58 different steel mills in the United 

states and Canada.  

c Mean background concentrations for metals in soil from Shacklette and Boerngen, 1984.  

d Background concentrations from Dragun and Chiasson, 1991. Elements highlighted in bold are typical E-tech elements. 
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2.2.2 Lime waste spoil 

Limestone is a naturally occurring sedimentary rock rich in minerals such as 

calcite, magnesite and dolomite. It is used as a precursor in the production of lime 

via burning and mostly obtained from quarries and mines. Lime products have 

various applications in the construction, metallurgical, chemical and 

environmental industries (Singleton Birch, 2015). In construction, lime is added to 

asphalt to reduce stripping, decelerate the ageing process and improve its 

cohesion. It is also used to stabilise low quality soils for road construction and also 

as an ingredient in plaster and mortar production (British Lime Association, 2015). 

Environmental applications of lime include the use for drinking water purification, 

contaminated land and wastewater treatment (British Lime Association, 2015). In 

metallurgy, lime is used to remove impurities during steel production (British 

Lime Association, 2015). In the chemical industry, lime is used as an additive in the 

manufacture of glass, paper, sugar and pharmaceuticals (British Lime Association, 

2015). 

To produce lime, limestone is heated in a rotary kiln using traditional fuel (coal) 

which generates sufficient heat to convert the limestone to quicklime and 

carbondioxide (Watkinson and Brimacombe, 1982).   

                                     𝐶𝑎𝐶𝑂3(𝑠)   →    𝐶𝑎𝑂(𝑠)    +    𝐶𝑂2(𝑔)             (2.1) 

Limestone is fed into the upper end of the kiln, while fuel and combustion air are 

fired into the lower end of the kiln.  The limestone is heated as it moves down the 

kiln toward the lower end.  As the preheated limestone moves through the kiln, it 

is “calcined” into lime (Watkinson and Brimacombe, 1982).  The lime is discharged 
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from the kiln into a cooler where it is used to preheat the combustion air.  Lime can 

either be sold as is or crushed to make hydrated lime. 

At most lime legacy sites such as that investigated in this research (Harpur Hill; see 

Chapter 4 for site description), the lime production process was inefficient and led 

to the generation of large volumes of waste in the form of partially and over - 

calcined limestone, coal ash, fused glassy lime clinker, coal clinker and lime fines 

which make up the lime spoil. Subsequently, these lime spoil becomes a source of 

hyperalkaline leachates. The presence of quicklime (CaO) in the spoil greatly 

increase the pH, [Ca2+],  alkalinity and carbonate ion concentration of waters via 

the hydration of slaked lime Ca(OH)2 which dissociates to liberate hydroxide 

(Andrews et al 1997). 

𝐶𝑎𝑂 +   𝐻2𝑂  →   𝐶𝑎(𝑂𝐻)2                                 (2.2) 

Upon hydration, calcium hydroxide dissociates to give the hydroxide ion 

responsible for the high alkalinity of the lime spoil associated waters (pH > 12; 

Burke et al., 2012a; Mayes et al., 2005). 

𝐶𝑎(𝑂𝐻)2   →   𝐶𝑎2+  +   2𝑂𝐻−                            (2.3) 

The process of calcite precipitation is a common feature of both lime and steel 

disposal sites. High pH leachates, upon interaction with atmospheric 

carbondioxide, leads to the formation of carbonate tufas (Anon, 2008; Burke et al., 

2012a). The mechanism for this process is described by eqns. 2.4 – 2.7 (Clark et al, 

1992).  

𝐶𝑂2(𝑔)   →    𝐶𝑂2(𝑎𝑞)                 (2.4) 
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𝐶𝑂2(𝑎𝑞)  +   𝑂𝐻−       →  𝐻𝐶𝑂3(𝑎𝑞)
−      (2.5) 

                           𝐻𝐶𝑂3(𝑎𝑞)
−         →    𝐶𝑂3  (𝑎𝑞)

2−    +  𝐻+      (2.6) 

𝐶𝑎(𝑎𝑞)
2+   +    𝐶𝑂3 (𝑎𝑞)

2−    →      𝐶𝑎𝐶𝑂3(𝑠)         (2.7) 

 

2.3 Environmental effects of hyperalkaline systems 

There are relatively few studies on the environmental and health effects of highly 

alkaline systems (Dethlefsen and Rosenthal, 1973; Koryak et al., 2002; Mayes et al., 

2009). This is partly due to the fact that hyperalkaline residues and associated 

waters sites are less common compared to the acidic counterpart. Consequently, 

the actual adverse effects are less certain – for example, laboratory toxicity tests 

rarely go the extreme alkaline end of the pH range.  Therefore there are a whole 

range of uncertainties surrounding risk assessment for these sites. Alkaline waste 

residues and wastewaters have adverse effects on human, invertebrates, ecology, 

aquatic life and the environment.  

(a) Impact of pH and dissolved oxygen 

Leachates emanating from fly ash waste are detrimental to benthic fauna and fish 

populations particularly salmonids due to the high pH exhibited by these waters 

(Cairns et al., 1972; Haslam, 1990). The pH of alkaline leachates is also responsible 

for DNA damage in plant tissues and earthworms, point mutations in the bacteria 

Salmonella typhimurium strains TA97 and TA102 and can have genotoxic effects on 

invertebrates (Manerikar et al., 2008; Mukherjee and Chakraborty, 2009). The high 

alkalinity also contaminates surface water and renders it unfit for purpose.  
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Hyperalkaline leachates when in contact with surface waters, leads to an increase 

in the chemical oxygen demand (COD) and a decrease in amount of dissolved 

oxygen which is vital to the survival of most aquatic organisms (Dethlefsen and 

Rosenthal, 1973). High pH waters reduce microbial activities because 

hyperalkaline conditions are not favourable for most bacteria e.g. sulfate reducing 

bacteria (Czop et al., 2011). Red mud (bauxite residue) adversely affect the 

exchange of oxygen between the eggs of marine invertebrates and their 

surrounding environment, thus decreasing their chance of survival (Dethlefsen 

and Rosenthal, 1973). They also cause problems in the development and 

reproduction of Mediterranean Sea urchin Paracentrotus lividus, the extent of 

toxicity however depends on composition of the bauxite ore and the 

manufacturing process (Pagano et al., 2002; Trieff et al., 1995).  

(b) Impact of precipitates smothering 

Leachates from alkaline wastes e.g. steel slag, adversely affect the ecology of 

surface waters due to the excess rate of calcite precipitation on these waters 

(Mayes et al., 2009). Calcite precipitation in these waters (as calcareous crystalline 

crust) hinder light from penetrating into the water to the primary producers which 

is usually found at the littoral and deep zones of the habitat (Koryak et al., 2002). 

Calcite smothering in high pH affected waters is also detrimental to fish, 

macrophyte, zooplankton and benthos populations (Auer et al., 1996; Effler 1987; 

Effler et al., 2001). The precipitation of calcite on the surface of these waters 

reduces the amount of nutrient available to these organisms because the nutrients 

especially phosphorus tend to coprecipitate with the calcite, thus adversely 

affecting their survival (Patrick and Khalid, 1974). Calcite smothering also affects 
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vegetation by destroying plant tissue and hindering photosynthesis (Madsen et al., 

1996). 

(c) Impact of fugitive dust 

Fugitive dust is the particulate matter released into the atmosphere from outdoor 

processes or operations and controlled by forces of the wind (MDEQ, 2014). 

Typical activities include those occurring at steel slag, red mud, coal ash disposal 

sites etc (Dellantonio et al., 2010; Posfai et al., 2011; Ruhl et al., 2009). Fugitive 

dust originating from high pH waste poses significant environmental concern. For 

example, red mud consists of very fine grained particles with average particle size 

of 2 – 100 µm and prone to resuspension into the atmosphere especially under dry 

conditions (Klauber et al., 2009). Given the relatively long residence time of these 

particles, they may remain resuspended in the air long enough to cause severe 

respiratory problems in human by affecting the bronchus and lungs (Dellantonio et 

al., 2010). 

(d) Impact of toxic trace elements 

Some trace metals present in alkaline waste have adverse ecological and health 

effects. For example, the presence of mercury in alkaline waste like coal ash can 

have adverse ecological effects depending on the chemical lability of mercury in 

the solids and the tendency for mercury methylation to occur in the area of impact 

(Mukherjee and Zevenhoven, 2006). Also, the accumulation of fly ash with high 

arsenic content in the deep zone of an aquatic system could lead to fish poisoning 

through food chains and reduction of benthic fauna, an important source of food 

(Ruhl et al., 2009). Furthermore, toxic trace elements such as chromium in the 

hexavalent state CrVI is carcinogenic to the lungs either through oral or dermal 
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exposure; due to its high solubility it tends to be mobile within the terrestrial 

environment (Geelhoed et al., 2002). In some cases, the toxic trace metals 

especially B, Mo, As, Se are accumulated within plant tissues via uptake 

mechanisms. This accumulation has subsequent effects on animals causing 

diseases like Mo- induced hypocuprosis when such plants are consumed 

(Mukherjee and Zevenhoven, 2006). 

 

2.4 Management options for steel slag 

2.4.1 Landfilling 

Conventionally, landfilling is the most common option for management of alkaline 

waste. However, this option occupies land that would otherwise be useful for other 

purposes and is also expensive particularly in form of landfill costs (HM Revenue & 

Customs, 2015). For example, as of April 2015, landfill tax in the UK had risen to 

£82.60 standard rate and £2.60 lower rate per tonne of waste landfilled thus 

making this option unattractive to waste producers (HM Revenue & Customs, 

2015). There is also the issue of non-regulated landfill disposal particularly at 

legacy disposal sites. Many of these sites were not subject to such stringent 

requirements and remain enduring sources of hyperalkaline drainage because 

legislations such as the Council Directive 1999/31/EC on landfilling of waste and 

Council Decision 2003/33/EC for landfilling of hazardous and non-hazardous 

waste targeted at ensuring that waste are in compliance with limit values before 

disposal in landfills were not in place at the time (Mayes et al., 2008). Landfilling 

also has associated environmental and ecological effects (see section 2.3). Hence, 

globally there is a growing awareness that landfilling should be applied as a 



22 
 

temporary measure or a last resort, and that a more resource efficient alkaline 

waste management system is required. 

2.4.2 Recycling 

In as much as the majority of steel slag end up in landfill, some proportion are 

recycled and find uses in aspects of construction, agriculture and metal recovery. 

2.4.2.1 Reuse as secondary source for metals recovery 

In recent times, the rising demand for metals in the world has led to series of 

intensive research for alternative sources of metals, with more focus on the 

extraction of metals from low-grade ores and/or secondary resources (Anjum et 

al., 2012). The high rate of population growth coupled with natural resource 

consumption and the need for the development of more environmental friendly 

approaches for metal extraction and processing are key reasons for the high 

demand on available global metal supplies (Naden, 2013). 

Recently, the need for the global security of supply of certain e-tech elements and 

ways for ensuring their continuity have been highlighted in various strategic 

reviews at both national and EU level (Naden, 2013). These elements are classified 

as being of importance or significant to environmental technologies and / or 

science opportunities (Li, V, Co, Te, Ga, Se, La; Figure 2.4).      
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Figure 2.4: . Diagram illustrating the 14 “critical” raw materials identified by the 

European Union (image obtained from Naden, 2013). 

 

Some of these elements (highlighted in blue circles; Figure 2.4) are highly soluble 

at high pH (Mayes et al., 2011a, b), and so are potentially recoverable from steel 

slag leachates. As a result, steel slag leachates and high pH leachates in general 

have attracted considerable attention as secondary sources of e-tech elements 

with potentially globally significant reserves (Table 2.4). Recovery of metals from 

steel slag would therefore be a major step in tackling the current EU mineral 

security challenge and reduce the amount of residues that end up in landfills. 
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Table 2.4: Typical E-tech element composition (mg/kg: values in parenthesis give 

the % of global annual production in respective residue assuming a 5 % metal 

recovery rate) 

Residue Cobalt Gallium Lanthanum Lithium Selenium Vanadium 

Steel slag1 40-700 

(0.3-5.7%) 

30-60 

(99-

198% 

60-75 

(4.3-5.4%) 

1-140 

(0.02-

3.4%) 

<1 

(-) 

100-1500 

(1.4-21.4%) 

Red mud2 90-110 

(0.5-0.6%) 

70-80 

(154-

176%) 

141-282 

(6.7-13.5%) 

50-60 

(0.8-

1.0%) 

<1 

(-) 

860-1100 

(8.2-10.5%) 

Fly ash3 3-10 

(0.1-0.2%) 

40-60 

(304-

456%) 

80-100 

(13.3-16.6%) 

300-400 

(16.8- 

22.4%) 

2-5 

(2.1-5.2%) 

50-100 

(1.6-3.3%) 

2012 

production(t/yr)4 

110000 273 12500 37000 2000 63000 

1 Dyson, 2013; 2Mayes et al. (2011a; b); 3Dai et al. (2011); 4USGS (2013) 

 

2.4.2.1.1 Methods of metal recovery from high pH waste 

The extraction and recovery of metals from alkaline industrial waste can be 

achieved through either hydrometallurgical or bioleaching methods. The 

conventional hydrometallurgical approach is capital intensive and has associated 

pollution risks (Mishra et al., 2004; Pradhan et al., 2006). On the other hand, the 

latter method is gaining popularity, since it is more environmentally - friendly and 

requires less energy (Akcil, 2004; Brierley, 2010). 
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(a) Hydrometallurgical approach 

Several workers have investigated the hydrometallurgical method of metal 

recovery from high pH residues. Hydrometallurgical method of extraction of 

metals from the feedstock, in this case, steel slag can be achieved either via acid 

leaching or alkaline leaching, or a combination of both. The use of acids (nitric, 

sulphuric, acetic acid) for extraction of metals from steel slag has been investigated 

by various workers (Doucet, 2010; Eloneva et al., 2008a, 2008b). This approach is 

appealing, simply because it generates high extraction efficiency, sometimes up to 

80 % (Shafyei et al., 2006). Alkaline leaching of steel slag using NaOH is less 

efficient but allows for selective leaching of elements such as vanadium and 

molybdenum (Vahidi et al., 2012). These approaches are however capital 

intensive, energy intensive and are not environmentally friendly. Also, several 

studies have also been carried out on the use of ammonium salts for leaching of 

metals from waste residues. This process is economical due to simultaneous 

solvent regeneration associated with it, but less efficient compared to acid 

extraction (Teir, 2015). 

 (b) Bioleaching method 

Bioleaching is a process which involves the transformation of insoluble solid 

compounds into soluble and extractable elements which can be recovered through 

the action of micro-organisms e.g. fungi and bacteria (Akcil and Deveci, 2010). 

Bioleaching helps to overcome the problem encountered during processing of ore 

deposits by conventional means (Brierley, 2010) and also reduces cost of 

production of metals (Akcil et al., 2013). Bioleaching process occurs via a route 

similar to natural biochemical cycles. Bioleaching of metals from industrial waste 

helps reduce the amount of waste that ends up in landfill (Akcil et al., 2013). 
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Heterotrophic microbes are able to solubilise metals from waste through the use of 

organic and inorganic acids released as a product of metabolism of fungi and 

bacteria (Burgstaller, 1993). Heterotrophs require organic carbon sources for 

leaching to occur. Metal dissolution of minerals by organic acids is achieved 

through the protonation and subsequent chelation of the mineral / waste into 

soluble organometallic complexes (Burgstaller, 1993). Some of the ligands 

produced have the ability to dissolve oxides and silicates from the mineral matrix 

e.g. humic acid, citric acid and gluconic acid (Duff et al., 1963). Heterotrophic 

bioleaching can either occur in a single or two – step process (Mishra and Rhee, 

2010). In a one – step process, the microbe producing the leaching agent is 

incubated with the waste at the beginning of the bioleaching process while in a two 

– step process, the microorganism is first pre-cultured for a few days to obtain the 

leaching agent and then brought in contact with the waste or mineral in a separate 

stage (Mishra and Rhee, 2010). Two – stage bioleaching leads to improved metal 

recovery. The use of heterotrophic microbes for leaching is useful for minerals or 

waste that are low in sulphur and sulphides and unable to sustain autotrophic 

acidophiles. 

2.4.2.2 Utilization in the agriculture and construction sectors 

Steel slag is utilized in the agriculture sector as soil conditioners and fertilizers to 

amend soil properties. Addition of steel slag to soils increases the soil pH and 

improves the exchange complex within the soil thereby improving soil 

productivity (Maslehuddin et al., 2003). Steel slag rich in lime and phosphorus are 

also used as substitutes in the manufacture of fertilizers (Lopez Gomez et al., 

1999).  Steel slag particularly those with low free lime content are useful for 

construction purposes. Due to the mineralogy and physical properties of steel slag, 
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they serve as concrete aggregates for road and harbour construction, road stone 

and ballast for railways for railway tracks (Ozeki, 1997). 

2.4.2.2.1 Accelerated weathering of steel slag 

Prior to the use of alkaline residues (steel slag) for the various applications, they 

have to be weathered so as to ensure stabilisation of the waste. Naturally, this 

weathering process occurs on relatively slow timescales hence the concept of 

accelerated weathering is introduced below because it is paramount in the context 

of metal recovery. 

Accelerated weathering is the process of reacting alkaline materials with high 

purity CO2 in the presence of moisture in order to achieve carbonation within 

minutes or hours, unlike natural weathering which occurs at a slow rate due to the 

relatively low atmospheric CO2 concentration, about 0.03 – 0.06 % (Costa et al., 

2007; Lackner, 2002; Lim et al., 2010). The iron and steel industry is responsible 

for about 6 – 7 % of global CO2 emissions (Doucet, 2010). The industry is therefore 

continually working towards developing environmentally sustainable technologies 

for managing CO2 emissions and waste residues generated from the steel plants. 

Steel slag is an ideal feedstock for accelerated carbonation because it is highly 

abundant in metal oxides including calcium, magnesium, aluminium, iron and 

manganese oxides (Pan et al., 2012). In addition, carbonation can also be made to 

occur in-situ at disposal sites e.g. steelworks, therefore overcoming the problem of 

fugitive dust encountered during transport.  

Accelerated weathering of generated steel slag has therefore gained plenty of 

interest in recent years as a viable option for offsetting some of the emissions 

associated with carbon-intensive industries (e.g. Huijgen et al., 2005; Bonenfant et 
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al., 2008; Teir, 2008; Eloneva et al., 2008a; Kodama et al., 2008; Costa, 2009; Wang 

and Yan, 2010; Chang et al., 2011a, b; De Windt et al., 2011). Carbonation of steel 

slag is estimated to reduce global CO2 emissions from steel plants by about 170 

Mt/year (Eloneva et al., 2009). Weathering can lead to a decrease in solution pH 

thereby affecting the solubility and leaching of metals that are mobile at high pH 

and fixed at lower pH (Costa et al., 2007). It leads to waste stabilization and also 

decreases the porosity of solid waste since the pore space is usually filled with 

calcite after carbonation, thus giving the material a finer structure (Fernández - 

Bertos et al., 2004; Ishida and Maekawa, 2000). 

Generally, several mechanisms have been listed for the process of accelerated 

carbonation of alkaline solid waste. Pan et al, 2012 concluded that aqueous 

carbonation of steelmaking slag occurred in three stages including;  

a) the dissolution of CO2-reactive species (e.g. portlandite, calcium silicate hydrates 

(CSH), larnite) from a solid matrix to yield calcium ions. Smaller particle size, lower 

pH, increasing temperature , high pressure and increased surface area are some of 

the factors that encourages calcium leaching from steel slag (Iizuka et al., 2004; Tai 

et al., 2006; Costa et al., 2007; Gerdemann et al., 2007; Lekakh et al., 2008; Teir, 

2008; De Windt et al., 2011). 

b) the contemporary dissolution of CO2 into a liquid phase and conversion of 

carbonic acid to carbonate/bicarbonate ions depending on pH (see equations 2.3 – 

2.5).  pH determines the ions produced during the dissociation of carbonic acid. At 

a low pH (~4), the production of H2CO3 dominates, at a mid pH (~8) 

HCO3−dominates, and at a high pH (~12) CO32−dominates (Morel and Hering, 

1993). Therefore, accelerated carbonation is favoured at an alkaline pH due to the 

availability of carbonate ions (Pan et al., 2012). 
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c) the consequent nucleation and precipitation of carbonates (equation 2.6). The 

balance between dissolution and precipitation is dependent on the kinetics and 

solubility of the present feedstock and possible products, where carbonates are 

probably the most important products. 

Some of the factors that can affect the rate and extent of the carbonation process 

include (a) transportation-controlled mechanisms such as CO2 and Ca2+-ions 

diffusion to/from reaction sites; (b) boundary layer effects (diffusion across 

precipitate coatings on particles); (c) dissolution of Ca(OH)2 at the particle surface; 

(d) pore blockage; and (e) precipitate coating (Huijgen et al., 2005). 

 

2.5 Mechanisms of trace element mobility in soils and waste systems 

The mobility of trace elements in high pH waste is controlled largely by physico-

chemical processes and to a limited extent by biological processes depending on 

the toxicity of the metal of interest (Carrillo‐González et al., 2006; Kotuby-Amacher 

and Gambrell, 1988). Physico-chemical processes such as adsorption, mineral 

solubility and precipitation, and complexation promote and regulate the mobility 

of trace elements in waste materials whereas the sorption process sequesters trace 

element mobility and greatly controls the partitioning of the trace elements 

between the solid and solution phase (Carrillo‐González et al., 2006; Kotuby-

Amacher and Gambrell, 1988). 

2.5.1 Physico-chemical processes 

Most trace elements in soils and waste usually occur in association with the solid 

phase, only a small portion of trace elements occur within the solution phase 

(Carrillo‐González et al., 2006; Yang et al., 2012). In the solid phase, trace elements 
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are bound via surface adsorption, mineral precipitation or coprecipitation within 

various forms whereas in solution, they exists in form of free ions or bound to 

organic acids (Carrillo‐González et al., 2006). 

2.5.1.1 Mineral solubility and precipitation 

The mobility of trace elements in waste is governed by the solubility of the mineral 

phase associated with the trace element and this in turn is controlled by the pH of 

the waste environment. In the case of alkaline leachates, the native pH is usually 

controlled by the dissolution of various Ca-bearing minerals such as calcite 

(CaCO3), portlandite (Ca(OH)2), ettringite (Ca6[Al(OH)6]2-(SO4)3 . 32H2O), 

hydrocalumite (Ca4Al2(OH)12(OH)2 . 4H2O), calcium silicate hydrate (3 CaO· 2 

SiO2·4 H2O - CSH) present in these waste (Barna et al., 2000; Johnson et al., 1995; 

Meima and Comans, 1997). High pH leads to an increase in the precipitation of 

metals in the form of carbonates and hydroxides; increased sorption of cations 

onto oxides of iron and manganese and increased sorption to humus material, 

hence decreasing trace element mobility and under low pH conditions the reverse 

becomes the case. The factor of pH also affects ion pair and complex formation, 

surface charge, organic matter solubility, metal hydroxide and carbonate solubility 

(Appel and Ma, 2001; Huang et al., 2005; Lebourg et al., 1998). The mineral 

dissolution – precipitation process, although occurring at a slow rate, is a key 

mechanism that governs the mobility of trace metals (Deverel et al., 2012). Usually, 

if the element exceeds its solubility for a given compound in a solution, mineral 

precipitation occurs (Carrillo‐González et al., 2006; Deverel et al., 2012). On the 

other hand, if the concentration of a given component of the mineral phase is 

below its chemical equilibrium concentration, mineral dissolution occurs (Deverel 

et al., 2012).  
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2.5.1.2 Complexation 

At high pH, trace elements can bind with organic and inorganic ligands within a 

waste system thus enhancing their mobility via complex formation 

(Carrillo‐González et al., 2006). Metal ions and ligands form soluble complexes in 

form of weakly bound ion pairs, metal-organic complexes and chelation (Gao et al., 

2003). Some of these ligands include naturally occurring compounds e.g. 

polysaccharides, amino acids, polyphenols, and aliphatic acids, humic substances 

e.g. humic and fulvic acids, and humin, hydroxyl, carbonates, sulfate, nitrate, 

chloride, and dissolved organic matter (DOM) (Carrillo‐González et al., 2006). In 

most cases, a significant proportion of soluble trace elements occur in association 

with dissolved organic matter (Alberic et al., 2000). DOM consist of a mixture of 

fulvic and humic acids hence the modelling of complexation is rather difficult due 

to the heterogeneity and variable chemical composition and structure of the 

organic substance. Also, the solubility of trace elements is expected to increase in 

the presence of a good source of DOM such as municipal compost by the formation 

of soluble organometallic complexes (Naidu and Harter, 1998). Chelating ligands 

form very stable associations with trace elements and are able to extract them 

even if they are bound to the organic matter (Carrillo‐González et al., 2006). The 

chelation process is however affected by pH and the ionic concentration of the 

ligand species (Carrillo‐González et al., 2006; Deverel et al., 2012). For example, 

copper complexes dissociate at low pH while lead and chromium complexes are 

stable at low pH. 
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2.5.1.3 Coprecipitation 

Coprecipitation is a common mechanism that control trace element leaching in 

waste. This process occurs via either one of three routes; 

1) Substitution of the trace element into the lattice of the major mineral 

depending on the distribution coefficient between the trace and major 

element in a solid / solution system (Webb et al., 1998). For example, if 

calcite was the major precipitating mineral, calcium becomes the major 

element. 

2) Two minerals precipitating simultaneously with the dominant 

supersaturated mineral possessing a higher saturation index (Deverel et al., 

2012). 

3) Adsorption of trace elements onto the surface of the precipitating mineral 

or metal oxides such as iron oxides, manganese oxides, aluminium oxides 

(Deverel et al., 2012). 

2.5.1.3.1 Secondary precipitates as metal sinks 

Calcite has been shown to be an effective sink for various trace elements including 

rare earth elements, actinides, heavy metals, oxyanions like phosphate, selenate, 

arsenate, chromate  (Alexandratos et al., 2007 ; Tang et al., 2007). It is able to 

achieve this either through adsorption or coprecipitation (Rouff et al., 2004; 

Elzinga et al., 2002; Zachara et al., 1991). In some cases, the uptake mechanism can 

be a combination of both (Roman – Ross et al., 2006).  Calcite is able to allow for 

substitution of various substituents in its crystal structure due to the flexibility of 

its topology. Calcite structure is based on corner-sharing of triangular CO3 groups 

with CaO6 octahedra (Alexandratos et al., 2007; Tang et al., 2007).  
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Factors such as pH, reaction time, ionic strength, solution composition and 

adsorbing species, affect the distribution coefficient of a metal between the solid 

and liquid phase (Alexandratos et al., 2007). Generally, most studies involving 

metal uptake in calcite have been shown to occur in steps; a fast initial uptake 

followed by a slow removal process. The fast initial uptake is attributed to be due 

to chemisorptions to readily available surface sites (McBride, 1980) while the 

following slower uptake has been suggested to be due to co-precipitation (Franklin 

and Morse, 1983), diffusion to additional less accessible surface sites in fracture 

and pores, or adsorption to sites that have a lower reaction rate due to lower 

affinity (Davis et al., 1987; Stipp et al., 1992). 

Ideally, trace elements are expected to incorporate homogenously into calcite in a 

thermodynamic manner. However, this is not the case in scenarios where active 

precipitation of calcite tends to occur e.g. in skeletal biogenic calcite. In such cases, 

other factors such as rate of reactions tend to have an impact on the mechanism of 

incorporation. A common way for determining the preferred phase for a trace 

element in a solid (calcite) – solution system is via the use of partition coefficient. If 

partition coefficient, D of a trace element exceeds 1, the trace element is 

preferentially concentrated in the calcite thus decreasing its mobility whereas a D 

value less than 1 implies that the trace element is preferentially excluded from the 

calcite precipitate and more mobile (Lea, 1999). Partition coefficients are 

calculated using the resulting trace element TE and calcium concentration 

according to the expression: 

𝐷𝑇𝐸 =  
(

𝑇𝐸
𝐶𝑎)

𝑠𝑜𝑙𝑖𝑑

(
𝑇𝐸
𝐶𝑎)

𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

                         (2.8) 
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Partition coefficient, as defined in equation (2.8) is however an empirical measure 

of the trace element to calcium ratio in precipitated calcite to the same ratio in 

solution for a specific set of biological and physical conditions and is not 

representative of the thermodynamic property of the system (Lea, 1999).  

Pingitore (1986), proposed two mechanisms for the incorporation of trace 

elements into foraminiferal calcite. They include through direct solid solutions, in 

which the trace element substitutes directly for Ca2+ in the calcite structure, and 

trapping, in which the trace elements occurs as a discrete phase or absorbed ion. 

The former, is more likely controlled by the thermodynamics of the system 

whereby trace elements with ionic radii similar to Ca2+ and chemical structures 

isomorphous with calcite tend to incorporate in this way. However, trace elements 

incorporated through trapping tend to have a more heterogenous mineral 

composition and is also regulated by kinetic factors such as precipitation rate 

(Reeder, 1983). 

 

2.6 Leaching mechanisms of selected elements in high pH waste 

The leaching rate of most elements in alkaline waste is dependent on the redox 

state of the element, pH and mineral solubility (Cornelis et al., 2008). For instance, 

oxyanionic  (negatively charged species containing O) elements such as Cr, Sb, Mo, 

V, As form various species in solution depending on the redox potential (negative 

redox potential tend to form more reducing species while solution with more 

positive redox potential produces oxidizing species). In most cases, the oxidized 

states are more mobile than the reduced species. Oxyanionic elements like 

vanadium and molybdenum are more soluble at high pH. Vanadium and 
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molybdenum exists predominantly in the form of vanadate (VO43-) and molybdate 

(MoO42-) in alkaline waste (Cruywagen, 2000; Fillela et al., 2002). The mechanism 

of leaching of these elements in high pH waste isn’t clear-cut. Previous authors 

have shown that neither solubility control nor adsorption to iron and aluminium 

oxides can fully explain vanadium and molybdenum leaching at pH 10 - 14, the 

“natural” pH values of fresh alkaline inorganic waste (Cornelis et al., 2005).  

Vanadium is highly involatile even under high temperature processes (> 1100 °C) 

such as that which yield waste such as steel slag. Vanadium exist in the +4 or +5 

oxidation state in the form of vanadate VO43- in high pH waste and is highly mobile 

at alkaline pH (Moreno et al., 2005). The geochemical behaviour of vanadium is 

slightly affected by redox transformation (Cornelis, 2008). The release of 

vanadium from alkaline waste is controlled by a number of mechanisms. One of 

such mechanisms is surface adsorption to minerals. Vanadate has been shown to 

adsorb to the surface of the mineral hydrotalcite (Mg6[Al(OH)6]2-CO3 .4H2O) which 

has a positive charge that gets attracted to the negative surface of the alkaline 

waste (Ulibarri et al., 1994). However in some alkaline waste such as cementitous 

waste, this mechanism is less effective (Lothenbach and Winnifeld, 2006).  

Another control mechanism is the precipitation of calcium vanadates, this species 

plays a key role in controlling the solubility of vanadium under high pH conditions 

(Cornelis et al., 2008). Vanadium is easily leachable from any high pH waste, even 

those with low Ca content (Cornelis et al., 2008). The effect of adding more calcium 

to the high pH system will reduce the mobility of vanadium because Ca-vanadates 

precipitation will be encouraged, this is likely to continue until all the available 

soluble Ca has been used up and the leachate becomes undersaturated with 

respect to Ca-vanadate (Cornelis et al., 2008). As a result, at pH > 12 the amount of 
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V lowers in the leachates. The mobility of vanadium can also be controlled through 

solid solution formation with ettringite. This mineral offers preferential uptake of 

vanadate regardless of its large ionic radius (Kumarathasan et al., 1990). 

Molybdenum exists in the stable hexavalent state in the form of molybdate in most 

alkaline waste, although in some cases (e.g. steel slag) they can sometimes be 

found to exist in its elemental state (Belevi and Moench, 2000; Paoletti, 2002).  The 

rate and extent of leaching of molybdenum increases at a fairly constant rate at pH 

range 7 – 12, however at pH 11.5, a slight decrease in pH is usually observed due to 

the incorporation of molybdate into the ettringite structure (Kumarathasan et al., 

1990). Molybdenum (in the form of MoO42-) has a larger size when compared to 

other oxyanions and this significantly reduces its uptake by ettringite. Alkaline 

waste with low sulphate content e.g. cement usually exhibit formation of 

monosulphate or hydrocalumite (Ca4[Al(OH)6]2(OH)2 . 6H2O instead of ettringite 

(Gougar et al., 1996). These phases are stable at high pH and also reduce the 

mobility of molybdenum in low sulphur waste compared to alkaline waste with 

high sulphur content (Chrysochoou and Dermatas, 2006).  The leaching behaviour 

of molybdenum in hyperalkaline leachates is also controlled via calcium metallate 

(CaMoO4) precipitation and independent of the concentration of Ca in the 

hyperalkaline leachates due to the high solubility of Ca-molybdates (Querol et al., 

2001). 

Another possible mechanism that controls the leaching of molybdenum in cement 

is via solid solution formation with monosulphate (Kindness et al., 1994 a). This is 

possible due to the lower solubility product of molybdate compared to other 

oxyanions (selenite, sulphate). Calcite does not act as a good sink for molybdate 

because the latter is not trigonal, so it is only slightly retained by calcite (Goldberg 
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et al., 1996). Elevated sulphate concentrations also affect the incorporation of trace 

oxyanions regardless of its tetragonal coordination (Cowan et al., 1990).  

Iron and aluminium oxides are abundant in alkaline waste (Piantone et al., 2004). 

These oxides have a high surface area which promotes adsorption of molybdate to 

its surface as a control mechanism to reduce leaching of molybdenum from 

alkaline waste (Piantone et al., 2004). At low pH (<5), molybdenum sorbs to Fe and 

Al oxyhydroxides and this lowers its solubility in acidic waste (Ward et al., 2009). 

The mobility of molybdenum can also be controlled via surface adsorption to 

portlandite or hydrotalcite (Cornelis et al., 2006; Misra and Perrotta, 1992). 

Molybdate does not have an affinity for gypsum, as a result they undergo increased 

leaching when gypsum is formed instead of ettringite analogue phases during 

weathering (Cornelis et al., 2008). 

 

2.7 Chapter summary 

This review has highlighted the increasing global production of alkaline waste 

particularly steel slag and lime waste, and their associated management 

challenges. These waste are not well characterised in terms of leaching behaviour 

in environmental settings. Also, highly alkaline leachates are damaging to aquatic 

environment, and are typically enriched with vanadium, molybdenum, and 

possibly nickel. The presence of elements of interest and opportunities for carbon 

offsetting are key management targets of the future and are hoped to be addressed 

in this work. 
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3 

Methodology 

This chapter describes the generic methods used in this research. A detailed 

description of the experimental methods designed specifically for the leaching 

tests carried out in this research have been provided in the related chapters 

(Chapters 5 and 6). Details of the procedure used for batch leaching of basic 

oxygen furnace (BOF) slag have been described in Chapter 5.  Details of the 

methodology used for the column experiments investigating the weathering of 

steel slag using municipal compost have been highlighted in Chapter 6.  

Here in this chapter, a detailed description of the reagents used in this work has 

been provided, including their associated suppliers and purity. Also, the theory and 

procedures of the analytical techniques employed in this study have been fully 

described. Details of field sampling and sample analysis (both field and laboratory) 

have been covered in this chapter. 

 

3.1 Reagents 

A list of all the reagents used during the course of this work has been presented in 

Table 3.1. High purity chemicals have been used, where possible. 
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Table 3.1: List of reagents used in this work including its supplier and associated 

purity 

Reagent Supplier Purity 

Sulphuric acid (H2SO4) Fisher Scientific, UK Analytical grade (96 %) 

Nitric acid (HNO3) ROMIL, UK 67 – 69 % 

Buffer solutions (pH 4, 7, 10) Fluka analytical N/A 

Conductivity standard solution 

(Hanna 1413 µS/cm) 

Fisher Scientific. UK N/A 

Phenolphthalein indicator Fisher Scientific (Acros 

Organics), UK 

98.5 % 

Bromocresol green – methyl red 

indicator 

Sigma Aldrich, UK N/A 

1000 ± 2 ppm element reference 

solutions (Al, Na, Fe, V, Ni, Mo, 

Ba, Li, As, Cr, Sb, Se, Sr, Ca, K, Mg, 

Si, S, Ti, Ga, In, Bi) made up in 0.5 

M HNO3 matrix. 

ROMIL, UK N/A 

Hydrochloric acid Fisher Scientific, UK 35 – 38 % 

Ultrahigh quality (UHQ) water  18.2 MΩ 

Sodium hydroxide pellets Fisher Scientific, UK 98.3 % 

Sodium chloride salt (NaCl) Sigma Aldrich, UK ≥99.0 % 

Sodium sulphate Na2SO4 Sigma Aldrich, UK ≥99.0 % 

Certified reference material 

Estuarian sediment solution 

(matrix 4 % HNO3) 

High – purity standards N/A 

Blast furnace slag ECRM 802-1 Institut de Recherches de la 

Sidérurgie (IRSID) France 

N/A 

Calcein Sigma Aldrich, UK ≥93 % 
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3.2 Instrumentation 

This section has been split into two categories; the first group includes techniques 

that were used routinely for measurement purposes. They include inductively 

coupled plasma optical emission Spectrometry (ICP-OES), inductively coupled 

plasma mass spectrometry (ICP-MS) and ion chromatography (IC).  

The other group consists of techniques that have been used primarily for sample 

characterization purposes. They include x-ray diffraction (XRD), scanning electron 

microscopy (SEM), thermogravimetric analysis (TGA) and surface area analysis.  

3.2.1 THEORY - Measurement techniques 

3.2.1.1 Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) 

ICP-OES is a key analytical technique for the determination of trace elements in 

various sample matrices e.g. agricultural, food, biological, geological, 

environmental, water samples (Boss and Freeden, 2004; Hou and Jones, 2000). In 

recent years, there has been a rapid development of ICP-OES in comparison to 

other techniques such as flame atomic absorption spectrometry (FAAS) and 

graphite furnace atomic absorption spectrometry (GFAAS), mainly due to some of 

its advantages such as simultaneous multielement capability, excellent detection 

limits, wide linear dynamic range, low background emission and low chemical 

interference (Hou and Jones, 2000). 

3.2.1.1.1 Principle of operation: ICP-OES 

This technique depends upon the spontaneous emission of photons from ions and 

atoms that have been excited in a radiofrequency (RF) discharge (Hou and Jones, 

2000). ICP-OES can be used for the analysis of liquid, gaseous and solid samples. 
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The former two can be introduced directly into the instrument while the latter 

require some form of sample preparation usually in form of acid digestion in order 

to extract analytes into solution (Hou and Jones, 2000). The sample solution is 

converted to an aerosol and travels into the core of the plasma which is maintained 

at a temperature of about 10000 K, this high temperature causes the aerosol to 

vaporise rapidly. Elements are released as free atoms in the gaseous state. These 

atoms gets excited and promoted to higher energy state as a result of multiple 

collisions occurring within the plasma. Sufficient energy is often available to 

convert the atoms to ions and subsequently promote the ions to excited states. 

Both the atomic and ionic excited state species may then relax to the ground state 

through the emission of a photon. These photons have characteristic energies that 

are determined by the quantized energy level structure for the atoms or ions. Thus 

the wavelength of the photons can be used to identify the elements from which 

they originated. The total number of photons is directly proportional to the 

concentration of the originating element in the sample (Hou and Jones, 2000). The 

schematic of a typical ICP-OES system is shown in Figure 3.1. 
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Figure 3.1: Schematic representation of an ICP-OES set-up (Boss and Fredeen, 

2004) 

3.2.1.1.2 Torch configuration – ICP-OES 

Emissions from the ICP can be viewed in a radial (side-on), axial (end-on) and dual 

configuration (Boss and Freeden, 2004; Hou and Jones, 2000). A dual viewing 

combines axial and radial configuration. Only the former two viewing modes have 

been used in this work, as a result discussion will be limited to them. The choice of 

viewing mode depends mainly on the concentration of the analyte of interest in the 

sample, and each of them has its merits and demerits (Hou and Jones, 2000). The 

radial view is the traditional viewing mode for ICP-OES. With radial viewing, the 

plasma is operated in a vertical orientation, and the analytical zone is observed 

from the side of the plasma. Radial viewing is particularly useful when analytes 

concentrations are up to ppm levels, therefore giving it a lower sensitivity. This 

operation mode doesn’t suffer the effect of potential spectral and background 

interferences. With the axial view, the plasma is rotated to a horizontal position 
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and the analytical zone of the ICP is observed from the end of the plasma. The axial 

view provides better limits of detection (LODs) than radial view. This may be due 

to the longer viewing path available down the axis of the plasma. Thus, a better 

sensitivity and a 5- to 10- fold improvement in the LOD can be achieved. The 

disadvantages of the axial view include the increased potential for spectral 

interference and matrix-induced interferences (Boss and Freeden, 2004; Hou and 

Jones, 2000).  

3.2.1.2 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

An Inductively coupled plasma mass spectrometry (ICP-MS) system comprises 

four main parts, namely; the sample introduction system, plasma region, interface 

and mass spectrometer region (see Figure 3.2).  

            

Figure 3.2: Schematic representation of a quadrupole ICP – MS set up (Source: 

Wolf, 2005) 
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The high temperature ICP source is responsible for conversion of the atoms of the 

elements in the sample to ions (Wolf, 2005). These ions are then transmitted to the 

mass spectrometer via the interface cones. At the interface region, the ions, 

travelling in the presence of argon sample stream at atmospheric pressure (1 – 2 

torr), gets transferred to the mass spectrometer which is maintained at low 

pressure (10-5 torr). This is achieved through the combination of the sampler and 

skimmer cones which creates an intermediate vacuum region. The primary 

function of the cones is to sample the center portion of the ion beam coming from 

the ICP torch. Also, due to the small diameters of the orifices in the sampler and 

skimmer cones, ICP-MS has some limitations as to the amount of total dissolved 

solids in the samples (ideally less than 0.2 % total dissolved solids is 

recommended). A shadow stop blocks the photons coming from the ICP torch so as 

to prevent the intense light from reaching the mass spectrometer. The ions from 

the ICP source are then focused by the electrostatic lenses in the system. Once the 

ions enter the mass spectrometer, they are separated by their mass-to-charge ratio 

(Wolf, 2005). In this work, a quadrupole mass spectrometer instrument was used 

because they are reasonably priced and also provide good resolution (up to 1 

atomic mass unit). Other types of mass spectrometer that could be interfaced to 

the ICP include the magnetic double sector, time of flight, ion cyclotron resonance 

analyzers, these are however expensive and mostly used for specialized 

applications such as isotope analysis which were not required in this work. Once 

the ions have been separated by their mass-to-charge ratio, they must then be 

detected or counted by a suitable detector such as a discrete dynode detector 

which operates either in a pulse – counting or analog mode (Wolf, 2005).  
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Internal standards are widely used in ICP-MS analyses to correct for variations in 

the instrument response as the analysis proceeds (drift) and to calculate the 

analyte concentrations of the samples. Accurate correction for non-spectral 

interferences is also possible using an internal standard with mass number close to 

that of the analyte element(s). The use of an internal standard with mass number 

close to that of the analyte improves the precision of data obtained from ICP-MS. 

When a number of elements over a considerable mass range are to be determined, 

several internal standards have to be used. 

Some of the advantages ICPMS offer over other techniques such as graphite 

furnace atomic absorption spectroscopy (GFAAS) include its superior detection 

capability, higher sample throughput, and the ability to carry out isotopic analysis 

(Wolf, 2005). 

 3.2.1.2.1 Microwave assisted acid digestion of samples 

Microwave digestion is used to prepare samples of all types (rocks, plant, soil, food, 

pharmaceuticals, plastics, metals) for elemental analysis by ICP-OES, ICP-MS, or 

AAS, which require the sample to be in the form of a solution in order to introduce 

it into the analyzer. The use of a microwave allows for a faster and more reliable 

quantitative measurement because it allows for analysis of a more representative 

sample unlike techniques like laser ablation which is less efficient for measuring 

representative composition. Furthermore, microwave digestion unlike the 

traditional open hotplate digestion, offers other advantages such as simultaneous 

heating of multiple samples thereby saving time, higher working temperatures, 

lower acid consumption, greater extraction efficiency and lower risk of 

contamination of samples. 
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 Acid digestion is employed to break down the sample matrix leaving the analytes 

of interest in solution and ready for analysis. Microwave digestion systems rapidly 

break down a wide variety of sample matrices leaving behind a clear solution 

containing the elements of interest (CEM, 2011).  

3.2.1.3 Ion chromatography 

Ion chromatography (otherwise known as ion exchange chromatography) is an 

analytical technique used for the separation of ions and polar molecules based on 

their affinity to the ion exchanger. Ion-exchange chromatography 

retains analyte molecules on the column based on ionic interactions. The surface of 

the stationary phase displays ionic functional groups (R-X) that interact with 

analyte ions of opposite charge. This type of chromatography is further subdivided 

into cation exchange chromatography and anion-exchange chromatography. The 

ionic compound consisting of the cationic species M+ and the anionic species B- 

can be retained by the stationary phase. 

Cation exchange chromatography retains positively charged cations because the 

stationary phase displays a negatively charged functional group: 

𝑅 − 𝑋−𝐶+  +   𝑀+𝐵−   ↔   𝑅 − 𝑋−𝑀+  +   𝐶+  +   𝐵−        (3.1) 

Anion exchange chromatography retains anions using positively charged 

functional group: 

𝑅 − 𝑋+𝐴−  +   𝑀+𝐵−   ↔   𝑅 − 𝑋+𝐵−  +   𝑀+  +   𝐴−        (3.2) 

The ion strength of either C+ or A- in the mobile phase can be adjusted to shift the 

equilibrium position, thus retention time (Haddad and Jackson, 1990).  
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3.2.2 THEORY - Characterization techniques 

3.2.2.1 X-ray Diffraction (XRD) 

X-ray diffraction is a versatile, non-destructive technique primarily used for phase 

identification of a crystalline material and can provide information on unit cell 

dimensions (Xiao-Ming et al., 2013). X-ray diffraction is based on constructive 

interference of monochromatic X-rays and a crystalline sample. These X-rays are 

generated by a cathode ray tube, filtered to produce monochromatic radiation, 

collimated to concentrate, and directed towards the sample. The interaction of the 

incident rays with the sample produces constructive interference (and a diffracted 

ray) when conditions satisfy Bragg’s law (nλ=2d sin θ). This law relates the 

wavelength of electromagnetic radiation to the diffraction angle and the lattice 

spacing in a crystalline sample. These diffracted X-rays are then detected, 

processed and counted. By scanning the sample through a range of 2θ angles, all 

possible diffraction directions of the lattice should be attained due to the random 

orientation of the powdered material. Conversion of the diffraction peaks to d-

spacings allows identification of the mineral because each mineral has a set of 

unique d-spacings. Typically, this is achieved by comparison of d-spacings with 

standard reference patterns (Xiao-Ming et al., 2013). 

3.2.2.2 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is a technique for high-resolution imaging of 

surfaces (Amelinckx et al., 2008). The SEM uses electrons for imaging much as a 

light microscope uses visible light. The advantages of SEM over light microscopy 

include much higher magnification (>100,000X) and greater depth of field up to 

100 times that of light microscopy. Qualitative and quantitative chemical analysis 
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information is also obtained using an energy dispersive x-ray spectrometer (EDX) 

with the SEM.  

The SEM generates a beam of incident electrons in an electron column above the 

sample chamber. The electrons are produced by a thermal emission source, such 

as a heated tungsten filament, or by a field emission cathode. The energy of the 

incident electrons can be as low as 100 eV or as high as 30 keV depending on the 

evaluation objectives. The electrons are focused into a small beam by a series of 

electromagnetic lenses in the SEM column. Scanning coils near the end of the 

column direct and position the focused beam onto the sample surface. The electron 

beam is scanned in a raster pattern over the surface for imaging. The beam can 

also be focused at a single point or scanned along a line for x-ray analysis. The 

beam can be focused to a final probe diameter as small as about 10 Å (Amelinckx et 

al., 2008). 

The incident electrons cause electrons to be emitted from the sample due to elastic 

and inelastic scattering events within the sample’s surface and near-surface 

material. High-energy electrons that are ejected by an elastic collision of an 

incident electron, typically with a sample atom’s nucleus, are referred to as 

backscattered electrons. The energy of backscattered electrons will be comparable 

to that of the incident electrons. Emitted lower-energy electrons resulting from 

inelastic scattering are called secondary electrons. Secondary electrons can be 

formed by collisions with the nucleus where substantial energy loss occurs or by 

the ejection of loosely bound electrons from the sample atoms. The energy of 

secondary electrons is typically 50 eV or less. Detectors collect these backscattered 

and secondary electrons and convert them into a signal displayed in form of an 

SEM image.  
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3.2.2.3 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) measures the mass changes of a sample over a 

range of temperatures. This change can be used to determine the composition of a 

material or its thermal stability, up to 1000 oC. Usually, a sample loses weight as it 

is heated up due to decomposition, reduction, or evaporation. A sample could also 

gain weight due to oxidation or absorption. While in operation, the TGA 

instrument tracks the change in weight of the sample via a microgram balance. 

Temperature is monitored via a thermocouple. The TGA can also track change in 

weight as a function of time. The output curve produced from a TGA analysis can 

therefore be a plot of weight percent or time vs temperature. If the material in 

question is stoichiometric, the molar weight of the component being burned off can 

be ascertained based on the weight percent lost and the total molar weight of the 

material (PerkinElmer Inc., 2010). 

3.2.2.4 Surface area and porosity analysis 

This analytical technique uses physical adsorption and capillary condensation 

principles to obtain information about the surface area and porosity of a solid 

material (Micromeritics, 2007). In this technique, the sample is placed in an empty 

sample tube, cooled to cryogenic temperature and then exposed to the analysis gas 

at a series of precisely controlled pressures. With each incremental pressure 

increase, the number of gas molecules adsorbed on the surface increases. The 

equilibrated pressure (P) is compared to the saturation pressure (P0) and their 

relative pressure ratio (P/P0) is recorded along with the quantity of gas adsorbed 

by the sample at each equilibrated pressure (Gregg and Sing, 1967). 
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As adsorption proceeds, the thickness of the adsorbed film increases. Any 

micropores in the surface are filled first, then the free surface becomes completely 

covered, and finally the larger pores are filled by capillary condensation. The 

process may continue to the point of bulk condensation of the analysis gas.  Then, 

the desorption process may begin in which pressure systematically is reduced 

resulting in liberation of the adsorbed molecules. As with the adsorption process, 

the changing quantity of gas on the solid surface at each decreasing equilibrium 

pressure is quantified. These two sets of data describe the the adsorption and 

desorption isotherms. Analysis of the shape of the isotherm yields information 

about the surface and internal pore characteristics of the material (Micromeritics, 

2007). 

 

3.3 Procedures and instrument settings 

3.3.1 ICPOES and ICPMS 

3.3.1.1 Condition for ICPOES 

The analyses (major elements) were carried out on a Perkin Elmer Optima 5300DV 

ICP – OES instrument under the preset operating conditions shown in Table 3.2. 
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Table 3.2: Typical operating conditions of ICP-OES instrument used in this work 

Parameter Condition 

Plasma gas flow rate 15 L/min 

Auxillary gas flow rate 0.2 L/min 

Nebulizer gas flow rate 0.8 L/min 

RF power 1300 W 

Pump flow rate 1.5 mL/min 

Purge gas flow Normal (with the exception of 

sulphur – set as high flow) 

Autosampler wash rate 1.5 mL/min 

Autosampler wash time 30 seconds 

Sample flow rate 1.5 mL/min 

Replicates 3 

Nebulizer type Concentric 

The viewing modes used for the various elements in this work have been listed in 

Table 3.3 below. 

Table 3.3: Selected atomic emission lines for various elements and preferred torch 

configuration used in this work 

Torch configuration Elements  (Chosen analytical line in nm) 

Axial view Aluminium (396.153), sodium (598.592), iron (238.204), 

vanadium (310.230), nickel (231.604), molybdenum 

(202.031) barium (493.408), lithium (670.784), arsenic 

(188.979), chromium (205.560), antimony (206.836), 

selenium (196.026) 

Radial view Strontium (407.771), calcium (317.933), potassium 

(766.490), magnesium (280.271), silicon (251.611), 

Axial or radial view Sulphur (180.669) 

The choice of the atomic emission lines for the output data, as shown in Table 3.2 

was based on the Perkin Elmer recommendations for the Optima 5300 DV 

spectrometer to prevent spectral interference. Although only one analytical line 

was chosen as being representative of the sample measurements, the reliability 

was tested by comparing its relative standard deviation (RSD %) with that of the 
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other analytical lines for each element. The choice was deemed reliable as similar 

RSD % values were obtained for the analytical lines (Nolte, 2003). 

Each analytical line was measured three times for both the samples and blank 

calibration solutions (2 % HNO3) and the mean of these measurements presented 

in the output data. The standard deviation (s) and relative standard deviation 

(RSD) was calculated by the internal software (Winlab).  

The RSD is calculated using the formulae: 

𝑅. 𝑆. 𝐷 =  
𝑠

𝑥
                  (3.3) 

Where s is the sample standard deviation and 𝑥 the mean of the measurements, 

multiplying by 100 % gives the RSD in percentage form. The precision of the 

instrument is determined by the relative RSD of the measurements and should 

optimally be about 1 % but not more than 3 % (Nolte, 2003). 

3.3.1.2 Condition for ICPMS 

All trace element analyses in this work were carried out using an Elan DRCII 

quadrupole ICP-MS with a CETAC ASX-510 autosampler instrument under the 

preset operating conditions shown in Table 3.4. 

Table 3.4: Typical operating conditions of ICP-MS instrument used in this work 

Parameter Condition 

Torch box temperature 38 °C 

Vacuum pressure 10-6 Torr 

Nebulizer gas flow 0.9 L/min 

ICP RF power 1125 W 

Lens voltage 6.2 V 

Analog stage voltage -1875 V 

Pulse stage voltage 1050 V 
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3.3.1.3 Calibration methods and Certified reference materials 

In order to establish the reliability of both ICP instruments, reference standards of 

selected elements were used to prepare solutions used for calibration for both the 

ICP-OES and ICP-MS prior to analysis of samples. In addition, a blank solution (2 % 

HNO3 in UHQ water) was analysed after every 10 runs to check the precision of the 

instrument and the limit of detection (LOD), the LOD is calculated thus: 

𝐿𝑂𝐷 = 3 ∗ 𝑠           (3.4) 

Where s is the average standard deviation of the blank measurements. 

Furthermore, certified reference materials (CRMs) were used to assess the quality 

and traceability of data, and also to validate analytical measurement methods. The 

accuracy of the output data obtained from the analysis of steel slag samples on the 

ICP was checked by the analysis of blast furnace slag ECRM 802-1 (IRSID France) 

while the data accuracy of the compost samples was assessed by the analysis of 

CRM estuarian sediment solution made in 4 % HNO3 (see Chapter 5). Also, the 

reliability of the data obtained from the ICP-OES and ICP-MS was checked by 

analyzing a leachate sample (picked at random) and CRM on both instruments.  

Table 3.5 provides a comparison between measured and real values obtained for 

selected analytes on leachate samples and CRM using ICP-OES and ICP-MS. All of 

the analytes passed the quality guidelines, as there was a good agreement (±3 %) 

between the measured and the real values of the analytes in the CRM. 
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Table 3.5: Measured values for selected analytes in chosen leachate sample and 

CRM using ICP-OES and ICP-MS 

Element Leachate 

(ICP-OES) / 

ppb 

Leachate 

(ICP-MS) / 

ppb 

CRM estuarine 

sediment 

solution 

(measured by 

ICP-OES) / ppm 

CRM estuarine 

sediment 

solution 

(certified value) 

/ ppm 

Arsenic (As) 20.02 ± 0.08 14.73 ± 0.12 0.12 ± 0.01 0.09 ± 0.01 

Nickel (Ni) 20.41 ± 0.04 22.61 ± 0.21 0.31 ± 0.05 0.34 ± 0.04 

Chromium 

(Cr) 

22.5 ± 1.2 21.1 ± 0.8 0.75 ± 0.11 0.83 ± 0.12 

Lithium (Li) 60.0 ± 1.3 56.4 ± 0.4 - - 

Vanadium (V) 21.5 ± 1.3 22.4 ± 1.8 1.03 ± 0.02 1.02 ± 0.01 

 

Finally, for ICPMS only, a solution comprising a mix of 10 ppb gallium, 10 ppb 

indium and 10 ppb bismuth was made up in 2 % HNO3 in a 1 L flask. This was used 

as the internal standard for analyses so as to eliminate interferences. 

 

 

3.3.1.4 Microwave digestion methods 

Prior to microwave digestion, all samples were oven dried at 105 °C overnight. 

Details of the methods employed for the digestion of steel slag samples, municipal 

compost and sediments are provided in Table 3.6. 
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Table 3.6: Methods used for microwave assisted acid digestion of samples 

Sample Method used Digestion procedure Heating program 

Steel slag CEM method 

5OS – 22 

0.5 g of steel slag sample was added to a digestion vessel 

followed by the addition of 3 mL conc. nitric acid, 2 mL conc. 

hydrochloric acid, 5 mL conc. hydrofluoric acid and heated 

according to heating program (1), the vessel was allowed to cool 

followed by the addition of 30 mL of 4 % boric acid and heated 

according to heating program (2). 

(1) Maximum power -  1200 W, Percent power – 100, 

Heating time – 25 minutes, Pressure – 180 psi, 

Temperature – 210 °C, Hold time – 15 minutes. 

(2) Max. Power – 1200 W, percent power – 100, 

heating time – 10 minutes, pressure – 100 psi, 

temperature – 170 °C, hold time – 5 minutes. 

Municipal Compost CEM method 

XprEN – 8 

2 g of compost was added to a digestion vessel followed by the 

addition of 12 mL aqua regia (3:1 hydrochloric : nitric acid) and 

heated according to heating program (3) 

(3) Maximum power – 1200 W, percent power – 100, 

Ramp time – 10 minutes, pressure – low, temperature 

– 160 °C, hold time – 15 minutes. 

Sediment 

(secondary 

precipitate) 

CEM method 

5OS – 15 

0.5 g of sediment sample was added to a digestion vessel 

followed by the addition of 10 mL deionised water, 5 mL conc. 

nitric acid, 1 mL conc. hydrochloric acid and heated in 

accordance with heating program (4), the vessel was allowed to 

cool followed by the addition of 30 mL of 4 % boric acid and 

heated according to heating program (5). 

(4) Maximum power -  1200 W, Percent power – 100, 

Heating time – 30 minutes, Pressure – 175 psi, 

Temperature – 210 °C, Hold time – 20 minutes. 

(5) Max. Power – 1200 W, percent power – 100, 

heating time – 10 minutes, pressure – 100 psi, 

temperature – 210 °C, hold time – 5 minutes. 
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3.3.2 IC 

Chloride and sulphate analysis of selected water samples were carried out using a 

Dionex ICS 2000 instrument with suppressed conductivity detection and gradient 

elution of 15 mM NaOH solution over 10 minutes run time. 

Chloride and sulphate salts (see Table 3.1) were used to prepare standards for 

calibration of the ion chromatography system prior to analysis of samples. For this 

purpose, the appropriate mass of the salts were weighed out separately and made 

up in 100 ml flasks using deionised water to produce 1, 2, 3, 4, 5 ppm solutions. All 

real samples were diluted 500 times so that measured concentrations were within 

the range of the prepared calibration standards and analysed using the conditions 

listed in table 3.7 below. 

Table 3.7: Settings for the ion chromatography instrument used in this work 

Parameter Condition 

Pump flow rate 0.38 µl/min 

Suppressor current 15 mA anion, 15 µA cation 

Detector type DS6 heated conductivity cell 

Column Dionex IonPacTM AS11-HC RFICTM 2 X 250 mm 

Guard column Dionex IonPacTM AG11-HC RFICTM 2 X 50 mm 

 

3.3.3 XRD 

In all cases, prior to XRD analysis, the samples were sieved to obtain the 50 µm size 

fraction. The samples were then oven dried at 105 °C for 3 hours in order to get rid 

of moisture. Mineral phases in the slag samples and secondary deposits were 

identified using a PANalytical Empyrean X-ray diffraction instrument with a Cuα 
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radiation source and a PIXcel1D detector. For data acquisition, the Cu anode was 

supplied with 40 kV and a current of 40 mA to generate Cu K-alpha1 (lambda = 

1.54060 angstroms). The X-ray patterns were acquired in the 2θ (20 ° – 80 °) 

interval at a step size of 0.026 ° under fixed slit condition. The peaks were indexed 

and matched using Hiscore plus version 3.0e and PDF-2 database (ICDD, 2014). 

3.3.4 SEM 

Prior to SEM analyses, the steel slag and calcite precipitate samples were air dried 

in order to remove water. This was done because the presence of water in the 

vacuum would affect the formation of electrons, hence the quality of the SEM 

image. No further sample preparation was required for the samples. Morphological 

analyses of the samples were carried out with a Carl Zeiss EVO60 scanning 

electron microscopy (SEM) instrument (resolution 2 nm, maximum accelerating 

voltage 30 KV). Preliminary elemental analysis of the samples was achieved using 

an Oxford INCA 350 energy dispersive X-ray analysis (EDX) instrument (with an 

ultra-thin polymer window detector). 

3.3.5 TGA 

For this work, a Mettler Toledo TGA/DSC1 instrument coupled with a Mettler Star 

software version 12.0 was used. No gas controller was required since only nitrogen 

gas was required for thermal decomposition and not a mixture of gases. The 

instrument required 30 mg of powdered sample, which was weighed in a 70 µl 

alumina crucible and placed onto a frequently calibrated microbalance (10-3 mg 

sensitivity). The atmosphere inside the furnace was water – cooled in order to 

have proper control of the heating temperature. The sample was heated from 50 °C 

to 950 °C at a heating rate of 30 °C/minute and a nitrogen flow rate of 100 ml/min. 
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The method used was calibrated by running a blank (usually an empty crucible), 

thus correcting for drift. 

3.3.6 BET 

Surface area and porosity of the samples were determined by the Brunauer 

Emmett Teller (BET) and the Barrett Joyner Halenda (BJH) methods respectively 

using a Micrometrics ASAP 2000 (USA) adsorption instrument. Prior to surface 

area analysis of the steel slag samples, three empty test tubes (with lids) were 

placed in the flowing-gas degassing unit and dried with flowing nitrogen for 1 hour. 

One test tube was used for the analysis and the other two for calibrating the P0 

(saturation pressure). Approximately 0.1 g of the sample was introduced into the 

empty analysis test tube using a spatula and dried further for an additional 1 hour. 

Afterwards, the Dewar was filled with liquid nitrogen and placed on a platform 

within the instrument then the three test tubes were lowered into the liquid 

nitrogen followed by sample analysis.  

 

3.4 Sample collection and storage 

3.4.1 Water, Steel slag and sediments collection 

During the course of this work, triplicate water samples were collected in 50 ml 

acid-cleaned polypropylene bottles at each sampling point (they were filled to the 

brim allowing no headspace), one of which was acidified (for total cations and 

trace element analysis), one of which was filtered (using a 0.45 µm Millex non 

pyrogenic filter) prior to acidification (dissolved cation and trace element analysis) 

and the other left untreated (for anion analysis). Acidification was achieved by 

adding 0.3 ml of ultrapure conc. nitric acid to the individual samples. Water 
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samples were preserved at 4 °C so as to stabilize analyte concentrations for the 

required period of time hence preventing deterioration of the samples. These 

water samples were analyzed within 3 days of sampling. 

Steel slag samples were collected from the Yarborough landfill, Scunthorpe and 

slag disposal sites at Consett County Durham (see Chapter 4 for details of sampling 

locations). Since the steel slag were co-deposited with other waste (mostly 

generated on site), extra care was taken through visual inspection to ensure that 

only steel slag were collected at the selected sampling locations. At these sampling 

locations, the steel slags were dug up using a spade. Approximately 3 kg of steel 

slag were collected from each sampling location and placed in sealed polyethylene 

bags. The average diameter of the sampled steel slag was 15 mm.  

At most of the study sites, the interaction of atmospheric CO2 with the alkaline 

material led to the formation of secondary precipitates (predominantly calcite) on 

the surface of the steel slag. These sediments (secondary deposits) forming at the 

sites were sampled and characterised in this work. Care was taken to avoid 

contamination of the sediments by vegetation growing alongside some of the 

deposits. Sediment samples were placed in sealed polyethylene bags and stored at 

4 °C. 

3.4.1.1 Physico-chemical parameters determination 

3.4.1.1.1 pH, Eh and conductivity 

Field measurements of major physical and chemical parameters of the water 

samples including pH, water temperature, electrical conductivity and Eh (redox 

potential) were recorded using a Myron L Ultrameter properly calibrated with pH 
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4, 7, and 10 buffer solutions and a 1413 µS/cm conductivity standard on each 

sample day.  

Laboratory measurement of solution pH and redox potential was achieved using a 

frequently calibrated Fisherbrand hydrus 500 pH meter. The repeatability was < ± 

0.02. The conductivity of solutions was determined in the laboratory using a 

Jenway 4510 conductivity meter. 

3.4.1.1.2 Alkalinity determination 

The alkalinity of the water samples was assessed in the field using a two-stage 

titration against 0.8 M H2SO4 with phenolphthalein (to pH 8.3) and bromocresol 

green-methyl red indicators (to pH 4.6) to facilitate calculation of the constituents 

of sample alkalinity (i.e. hydroxyl, carbonate and bicarbonate alkalinity) (USEPA, 

2012). 

Alkalinity is usually measured using sulfuric acid with a digital titrator. Sulfuric 

acid is added to the water sample in measured amounts until the three main forms 

of alkalinity (bicarbonate, carbonate, and hydroxide) are converted to carbonic 

acid. At pH 10, hydroxide (if present) reacts to form water (see Eqn. 3.5). At pH 8.3, 

carbonate is converted to bicarbonate (Eqn. 3.6). At pH 4.5, it is certain that all 

carbonate and bicarbonate are converted to carbonic acid (Eqn. 3.7). Below this 

pH, the water is unable to neutralize the sulfuric acid and there is a linear 

relationship between the amount of sulfuric acid added to the sample and the 

change in the pH of the sample. So, additional sulfuric acid is added to the sample 

to reduce the pH of 4.5 by exactly 0.3 pH units (which corresponds to an exact 

doubling of the pH) to a pH of 4.2 (USEPA, 2012). 

𝐻+ +  𝑂𝐻−  →  𝐻2𝑂                           (3.5 )      𝑎𝑡 𝑝𝐻 10 
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𝐻+ +  𝐶𝑂3
2−  →   𝐻𝐶𝑂3

−                           (3.6)   𝑎𝑡 𝑝𝐻 8.3 

𝐻+ +  𝐻𝐶𝑂3
−  →  𝐻2𝐶𝑂3   →  𝐶𝑂2  + 𝐻2𝑂        (3.7)     𝑎𝑡 𝑝𝐻 4.5 

Laboratory alkalinity of solutions was measured using a Mettler Toledo T50 digital 

titrator in accordance with Hach method 8203 (EPA 310.2 equivalent). A 0.1 M HCl 

solution was used as the titrant. Usually a 50 ml sample volume was required for 

this analysis, however in cases where limited volumes of sample was available, the 

samples were made up to the mark using ultrapure deionised water at a dilution 

factor of 20. 

3.4.1.2 Geochemical modelling of leachates 

Geochemical modelling of the leachates helps in determining the saturation indices 

of minerals within the leachate. Saturation indices (SI) indicate thermodynamic 

tendency of minerals to dissolve or precipitate. An SI value < 0 would suggest that 

the solution is undersaturated with respect to that mineral and therefore will tend 

to dissolve. An SI value = 0 implies that the solution is saturated with respect to the 

mineral and at apparent equilibrium. An SI value > 0 indicates that the solution is 

supersaturated with respect to the mineral and will therefore tend to precipitate 

(Langmuir, 1997). 

For this work, aqueous geochemical modeling of the water samples was carried 

out using the computer program WEB-PHREEQC v.1.5.10 with either the 

WATEQ4F (Ball and Nordstrom, 1991) or  LLNL database to determine the 

saturation indices of relevant mineral phases on a log scale (Parkhurst and Apello, 

1999). The choice of database applied in most cases would depend on the suite of 

input elements, for example, the LLNL database was used when vanadium was of 

key interest.  
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4 

Environmental behaviour of alkaline leachates 

Globally, due to the high volume of alkaline industrial residues being produced, an 

understanding of their broader environmental impact, either in disposal sites or 

during afteruse (e.g. as aggregates for road fill: Chaurand et al., 2007), is much-

needed to facilitate their effective management.   There have been relatively few 

studies on the leaching behaviour of caustic waste in environmental settings (see 

Chapter 2).  As such, the fate of potential contaminants of concern, as well as 

elements of potential value for recovery, is not well understood. 

This chapter presents new data on the investigation of leaching behaviour and 

geochemical processes taking place at a series of disposal sites affected by highly 

alkaline drainage waters (see Appendix A2).  Through integrating aqueous and 

solid phase analyses of alkaline residues, leachates and secondary mineral deposits 

at two steel slag and three lime spoil disposal sites, this chapter aims to improve 

our understanding of the geochemical nature and fate of notable contaminants in 

highly alkaline settings as well as their key management challenges. 
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4.1 Investigation of the Yarborough landfill site, Scunthorpe 

4.1.1 Yarborough Landfill, Scunthorpe – Site description and methodology 

The Yarborough landfill site, Scunthorpe (53°34′52.27″N, 000°35′23.34″W) was 

selected as the key study location for this work.  This site is an active landfill site 

where slag (from an ironstone quarry in the area) dating as back as far as hundred 

years ago had been stored. Quarry operations were stopped at the site in 1981 and 

the site is currently being in-filled with steel making slag with the expectation of 

finally reclaiming the landfill once it reaches its original surface profile. Presently, 

a highly alkaline discharge is observed to be seeping out from the base of the heap 

of the waste.  A wetland cell of area of about 1600 m2 was constructed at this site 

by Tata steel, Scunthorpe in spring 2012 and is being trialled as a potential 

remedial tool.  

At this site, basic oxygen furnace (BOF) slag were obtained from the landfill while 

desulphurised skimmed slag and ladle slag were provided by Paul Whitby 

(Environment manager, Tata steel Scunthorpe), these slags had been collected in 

January 2012 fresh from the production plant. Also, the desulphurised skimmed 

slag and ladle slag (see section 2.2.1.1.2 for definitions) were collected from this 

site and analysed in order to highlight key differences in the mineralogy and 

chemical composition of various slag types obtained from different manufacturing 

process. However, BOF slag was identified as precursors to leachates found at this 

site. 

Leachate samples were collected from various locations within this site in 

accordance with the method described in section 3.4.1. These leachates were 

collected from several selected spots within the Yarborough site (Figure 4.1). 
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These locations include a leachate source zone (Sample point Yarborough YB1), a 

site boundary cut off ditch (a tributary of the Bottesford Beck) intercepting 

leachate from slag heaps comprising BOS (basic oxygen steelmaking) slag (Sample 

point Cut off ditch YB2) and a lagoon containing water that had been pumped from 

a borehole in the area sampled on 24/2/12 (YB3A) and on 25/6/12 (YB3B). The 

lagoon lies at a shallow depth of 2.5 m below ground and is filled with water 

pumped from a borehole. This water gets refilled occasionally when the lagoon 

gets dried up (usually in winter season). The floor of the lagoon is covered in 

superficial clay deposits and has a vigorous population of common reed 

(Phragmites australis) growing.  These were transplanted from native populations 

receiving alkaline drainage in a site drain. 
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     Figure 4.1: Map of Yarborough site highlighting key sampling locations 

Steel slag samples (BOF, desulphurised skimmed and ladle slag) and secondary 

precipitates were collected at this site in accordance with section 3.4.1, air-dried 

and sieved to < 63 µm. Major element (Ca, Fe, Si, Al, Mg, Mn, S, Na, K, Ti, Sr, Zn) and 

trace element (As, Ba, Co, Cr, Li, Mo, Ni, Sb, V) composition were determined using 

ICPOES and ICPMS respectively according to the method described in section 3.3.1, 
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after microwave assisted acid digestion in accordance with methods described in 

Table 3.6. Mineralogical analysis was determined using X-ray diffraction (section 

3.3.3). Morphological analysis and preliminary elemental analysis of BOF slag and 

secondary precipitate from this site was determined using scanning electron 

microscopy (SEM) coupled with energy dispersive x-ray spectrometer (EDX) 

according to the method detailed in section 3.3.4. The characterisation of the 

decomposition pattern of the secondary precipitate was achieved using a 

thermogravimetric (TGA) instrument in accordance with the method described in 

section 3.3.5. 

Furthermore, sampled leachates originating from the BOF slag at Yarborough were 

analysed for pH, conductivity and redox potential using a Myron Ultrameter (see 

section 3.4.1.1.1). Field alkalinity of the leachates was determined according to the 

method described in section 3.4.1.1.2. Metal concentrations in the leachates were 

determined using ICPOES (Ca, Na, K, Mg, Si, Sr) and ICPMS (Ba, Fe, Li, V, As, Sb, Ni, 

Mo, Pb) according to procedure described in section 3.3.1. Chloride and sulphate 

content of the leachates were determined using Ion chromatography according to 

method outlined in section 3.3.2. 

4.1.2 Yarborough Landfill, Scunthorpe – Results 

The images of the various slag types sampled at this site are presented in Plate 4.1. 

The key difference in the 3 slag types in terms of physical properties lie in their 

density and colour. Desulphurised skimmed slag was the least dense of all 3 

sample types while BOF slag was darkest in colour. Based on visual inspection, the 

porosity of the ladle slag was higher than the other two samples. 
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a)

c)

b)

 

Plate 4.1: Images of a) Desulphurised skimmed slag b) Basic oxygen furnace slag c) Ladle slag 

 

Table 4.1 presents data for total elemental composition of BOF (basic oxygen 

furnace), desulphurised skimmed and ladle slag obtained from the Yarborough site 

as determined using ICPOES and ICPMS. 

The Yarborough BOF slag was dominated by calcium (20.0 ± 5.2 wt. %), iron (16.7 

± 3.2 wt. %), silicon (3.6 ± 0.4 wt. %), magnesium (2.0 ± 0.8 wt. %) and manganese 

(1.8 ± 0.9 wt. %). Other elements such as aluminium, sulphur, sodium, potassium, 

titanium, strontium and zinc accounted for < 1.2 wt. % of the total slag content. 

These concentrations have not been expressed in form of oxides hence the total 

value is not expected to be 100 %, which is mainly obtainable when the metal 

concentrations have been determined using XRF unlike in this work where ICP 

technique have been applied. Hence, in this analysis and for most of the ICP 
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analysis carried out in this work, the unaccounted proportion could be due to 

oxygen. 

Table 4.1: Major and minor elemental composition of digested steel slag samples 

from Yarborough, n = 3 where n is the number of replicate samples. 

 Sample 

Major ions (% 

by weight) 

YARBOROUGH - BOF 

SLAG 

YARBOROUGH – 

DESULPHURISED 

SKIMMED SLAG 

YARBOROUGH – 

LADLE SLAG 

Ca 20.0 ± 5.2 20.6 ± 4.8 8.4 ± 2.3 

Fe 16.7 ± 3.2 2.8 ± 0.8 3.5 ± 1.2 

Si 3.6 ± 0.4 12.1 ± 1.3 2.9 ± 1.1 

Al 0.6 ± 0.1 1.6 ± 0.4 5.3 ± 0.9 

Mg 2.0 ± 0.8 4.3 ± 0.5 2.6 ± 0.2 

Mn 1.8 ± 0.9 0.9 ± 0.4 1.2 ± 0.5 

S 0.3 ± 0.1 2.6 ± 0.7 0.10 ± 0.03 

Na 0.04 ± 0.01 3.1 ± 1.2 0.06 ± 0.02 

K 0.010 ± 0.003 0.4 ± 0.1 0.020 ± 0.007 

Ti 0.21 ± 0.08 0.4 ± 0.1 0.21 ± 0.07 

Sr 0.020 ± 0.007 0.03 ± 0.01 0.010 ± 0.003 

Zn 0.008 ± 0.002 0.0010 ± 0.0002 0.0010 ± 0.0003 

Trace elements 

(mg/kg) 

   

As 23.6 ± 5.1 64 ± 10 1.0 ± 0.3 

Ba 65.8 ± 3.4 172 ± 31 357 ± 38 

Co 690 ± 21 55 ± 23 76 ± 28 

Cr 1280 ± 20 39 ± 11 72 ± 14 

Li 2.4 ± 1.0 22 ± 8 7.3 ± 1.2 

Mo 20.3 ± 5.7 8 ± 2 4 ± 1 

Ni 620 ± 34 8 ± 1 30 ± 11 

Sb 0.5 ± 0.1 - - 

V 1910 ± 47 105 ± 11 125 ± 20 
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The dominant elements in the desulphurised skimmed slag were calcium (20.6 ± 

4.8 wt. %), silicon (12.1 ± 1.3 wt. %), magnesium (4.3 ± 0.5 wt. %), sodium (3.1 ± 

1.2 wt. %), iron (2.8 ± 0.8 wt. %), sulphur (2.6 ± 0.7 wt. %) and aluminium (1.6 ± 

0.4 wt. %). Elements such as manganese, potassium, titanium, strontium and zinc 

collectively made up 1.73 wt. % of the total elemental composition of the material. 

The ladle slag was less enriched with respect to the studied elements compared to  

BOF and desulphurised slag. Concentration of major elements in the ladle slag 

were; calcium (8.4 ± 2.3 wt. %), aluminium (5.3 ± 0.9 wt. %), iron (3.5 ± 1.2 wt. %), 

silicon (2.9 ± 1.1 wt. %), magnesium (2.6 ± 0.2 wt. %) and manganese (1.2 ± 0.5 wt. 

%). Other major elements (sulphur, sodium, potassium, titanium, strontium and 

zinc) made up 0.40 wt. % of total elemental composition. The Yarborough BOF slag 

was more enriched, compared to the other slag types, with respect to elements 

such as cobalt (Co) – 690 ± 21 mg/kg, molybdenum (Mo) – 20.3 ± 5.7 mg/kg, nickel 

(Ni) – 620 ± 34 mg/kg and vanadium (V) – 1910 ± 47 mg/kg (see Table 4.1). Of the 

trace elements measured, barium was most abundant in the ladle slag than other 

slag types and antimony was the least abundant trace element in all the analysed 

steel slag. 

Figure 4.2 displays the mineral phases present in the 3 steel slag samples. XRD 

analyses detected the presence of srebrodolskite (Ca2Fe2O5), corundum (Al2O3), 

lime (CaO) and wustite (FeO) in the Yarborough BOF slag. In ladle slag, phases such 

as gehlenite (Ca2(Al2SiO7)), larnite (Ca2(SiO4), stishovite (SiO2), spinel (Mg (Al2O4)) 

and periclase (MgO) were observed via XRD. Desulphurised skimmed slag was 

dominated by akermanite (Ca2Mg(Si2O7)) and monticellite (CaMgSiO4) phases. 
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Figure 4.2: XRD diffractogram of steel slag at the Yarborough Site in Scunthorpe.                   

C – Corundum (Al2O3), A – Akermanite (Ca2Mg(Si2O7)), M – Monticellite (CaMgSiO4), G – 

Gehlenite (Ca2(Al2SiO7), S – Srebrodolskite (Ca2(Fe2O5)) ,P – Periclase (MgO) , Z – Spinel 

(Mg (Al2O4)) , W – Wustite (FeO), L – Larnite (Ca2SiO4), R - Lime (CaO), T - Stishovite (SiO2). 

 

Figure 4.3 shows a SEM/EDX analysis of BOF slag illustrating the heterogeneity of 

the material and the presence of a mix of mineral phases within the same material. 

SEM analysis revealed a surface with a glassy appearance and two distinct regions; 

a light coloured region A and a dark coloured region B. EDX analysis of BOF slag 

revealed the presence of calcium, iron, silicon, aluminium, oxygen with traces of 

carbon, magnesium, titanium, vanadium and manganese in both regions of the slag. 

Region B had an additional phosphorus peak. The iron peak was more intense in 

region A while calcium and silicon peaks were more intense in region B. 
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Figure 4.3: SEM micrograph and EDX analysis of Yarborough BOF slag. A –light 

region, B – dark region. The colour variation reflects elemental compositions in 

these regions. 

The major elemental composition and selected physico-chemical properties of 

leachates sampled at the Yarborough site are shown in Table 4.2. The average pH 

of the waters associated with this site ranged from 9.3 ± 0.1 to 11.9 ± 0.2 (mean = 
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10.2, s = 1.2). The highest pH at this site was recorded at the source discharge area 

(YB1) while the lowest pH was recorded at the cut-off ditch (YB2). Redox potential 

values at this site were between -84 ± 4 and 92 ± 6 mV. Conductivity values ranged 

from 1354 ± 186 to 6523 ± 204 µS/cm. The pH and conductivity of the leachates 

sampled at the lagoon decreased over time from 10.2 ± 0.2 to 9.5 ± 0.2 and 6523 ± 

204 to 3526 ± 193 µS/cm  respectively. Total alkalinity of the leachates at source 

discharge in this site was 560 ± 23 mg/L as CaCO3, mostly dominated by carbonate 

ions. 
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Table 4.2: Baseflow physico-chemical parameters and elemental constituent of filtered 

(0.45 m) leachate samples from Yarborough.  Data for Environmental Quality Standards 

(EQS) are presented alongside, where prescribed. 

 Sample  

Determinand Leachate 

source(YB1) 

Cut off 

ditch 

(YB2) 

Lagoon 

sampled on 

24/2/12 

(YB3A) 

Lagoon sampled on 

25/6/12 (YB3B) 

EQS 

pH 11.9 ± 0.2 9.3 ± 0.1 10.2 ± 0.2 9.5 ± 0.2  6-9 

Temperature 

(°C) 

15.5 ± 1.2 12.1 ± 0.9 10.4 ± 0.9 15.2 ± 1.4   

Conductivity 

(µS/cm) 

5562 ± 231 1354 ± 

186 

6523 ± 204 3526 ± 

193 

  

Eh (mV) -84 ± 4 28 ± 3 -13 ± 3 92 ± 6   

Total alkalinity 

(mg/L as CaCO3) 

560 ± 23 98 ± 14 N/M N/M   

OH modelled 196 ± 5 N/M N/M N/M   

CO3 modelled 364 ± 10 18 ± 2 N/M N/M   

HCO3 modelled 0 80 ± 14 N/M N/M   

Major ions(ppm)    LOD(ppm) 

Ca 23 ± 8 6 ± 2 1.0 ± 0.3 6 ± 1 0.010 ±  

0.002 

 

Na 114 ± 23 13.3 ± 3.2 162.3 ± 

22.1 

818 ± 54 0.020 ± 0.006  

K 5 ± 1 1.8 ± 0.4 13.1 ± 3.2 40 ± 6 0.003 ± 0.001  

Mg 0.10 ± 0.01 8.2 ± 2.2 9.2 ± 2.3 16 ± 3 0.020 ± 0.006  

SO42- 246 ± 40 29.6 ± 7.3 48.0 ± 4.3 815 ± 34 2.1 ± 0.2  

Cl- 127 ± 21 N/M N/M N/M 0.79 ± 0.08  

Minor ions/trace elements(ppb)  LOD(ppb)  

Sr 3729 ± 176 499 ± 15 <LOD <LOD 488 ± 10 1500 

Ba 6 ± 1 <LOD <LOD <LOD 4.1 ± 0.3 110^ 

Fe <LOD <LOD 77.4 ± 6.7 <LOD 3.4 ± 0.2 1000+ 

Li 35 ± 5 49 ± 7 58.2 ± 5.1 20 ± 3 0.17 ± 0.02 260^ 
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V 18 ± 3 32 ± 6 79.4 ± 8.7 12 ± 2 0.10 ± 0.03 60*+ 

As 41 ± 5 28 ± 3 54.5 ± 35 ± 6 0.51 ± 0.10 3.1 

Sb 49 ± 7 4 ± 1 1.3 ± 0.4 0.4 ± 0.1 0.11 ± 0.02 30 

Ni 61 ± 6 10 ± 1 48.6 ± 6.4 4 ± 1 0.22 ± 0.05 200*+ 

Mo 60 ± 8 55 ± 11 48.4 ± 5.7 35 ± 3 0.63 ± 0.11 1600^ 

Pb 75 ± 7 135 ± 13 <LOD 210 ± 45 71.9 ± 7.6 20*+ 

Si 114 ± 12 388 ± 16 338 ± 45 2490 ± 

231 

86 ± 13  

LOD = limit of detection, N/M = not measured, * = hardness related, value quoted for hardness 

values encountered here; + = as dissolved fraction which can pass through a 0.45μm filter. EQS 

taken from EU WFD with exception of ‘^’ which are from Buchman (2008). 

 

Leachates from the steel slag disposal sites at Yarborough were dominated by Na-

CO3-SO4 ions. The sulphate and chloride content of the source leachates were 246 ± 

40 ppm and 127 ± 21 ppm respectively. In order to estimate the easily leachable 

fraction of the selected elements, their leaching efficiencies (see Appendix A3) 

have been calculated using data from Tables 4.1 and Table 4.2 (assuming the 

majority of the slag in the landfill is due to BOF slag, which is true for this site). 

Here, the leaching efficiency of an element has been defined as the ratio of its 

concentration in the leachate to that in the original resource. The concentration of 

magnesium in the leachates obtained from source zone (YB1) was 0.10 ± 0.01 ppm, 

which represents only a very small fraction (0.0005 %) of the total magnesium 

concentration in the BOF slag. The calculated leaching efficiencies for calcium and 

silicon were 0.012 % and 0.00030 % respectively (see Appendix A3). 

Trace elements concentrations of Yarborough BOF slag are presented in Table 4.2 

above. Strontium levels at source discharge were 3729 ± 176 ppb, but were 

present in low concentration and below detection limit in the cut-off ditch and 
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lagoon respectively (see Table 4.2). Certain elements such as barium and iron, 

although present in the source material (steel slag) in detectable amounts, were 

however below detection limits in the leachates sampled, with leaching efficiencies 

of 0.006 % and 0.000002 % respectively. The concentration of lithium, vanadium, 

nickel and molybdenum at the leachate source (YB1) were 35 ± 5 ppb, 18 ± 3 ppb, 

61 ± 6 ppb and 60 ± 8 ppb respectively with representative leaching efficiencies of 

1.46 %, 0.004 %, 0.01 % and 0.3 % respectively (Appendix A3). The concentrations 

of these elements were also observed to decrease with time (see Table 4.2).  

Table 4.3 highlights the elemental composition of the secondary precipitate 

obtained from the Yarborough site. The bulk of the secondary precipitate was 

mainly due to major elements (approx. 99.8 %). Metal analysis showed calcium 

was the key element found in the precipitate, accounting for about 84 % of the 

total concentration of elements identified by ICPOES. In addition, about 9 % of the 

total major ions content was due to silicon. Trace elements accounted for about 0.2 

% of the total elemental composition. Concentrations of elements like barium, 

chromium, vanadium, nickel and molybdenum in the precipitate were 195 ± 10 

mg/kg, 130 ± 9 mg/kg, 110 ± 12 mg/kg, 30 ± 4 mg/kg and 8.4 ± 1.5 mg/kg 

respectively. The concentration of these elements exceeded threshold levels for 

sediments in surface waters (Table 4.3). 

 

 

 

 

 

 



76 
 

Table 4.3: Major ions and trace element composition of digested secondary deposits from 

Yarborough. 

Major ions (% by 

weight) 

YB EQS 

Ca 26.4 ± 1.2  

Mg 0.8 ± 0.1  

Si 2.7 ± 0.1  

S 0.40 ± 0.04  

Al 0.50 ± 0.01 0.26 

K 0.10 ± 0.01  

Na 0.10 ± 0.02  

Sr 0.20 ± 0.07 0.01 

Trace elements 

(mg/kg) 

  

As 21.6 ± 3.5 6 

Ba 195 ± 10 0.7 

Cr 130 ± 9 37.3 

Li 11.1 ± 2.8  

Mo 8.4 ± 1.5  

Ni 30 ± 4 18 

Sb 1.1 ± 0.2 0.2 

V 110 ± 12 50 

                          EQS – Environmental Quality Standard taken from Buchman (2008). 

 

Figure 4.4 displays the mineral phases present in the secondary precipitate 

collected from Yarborough. XRD analyses revealed that the material was 

predominantly calcite with traces of quartz. 
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Figure 4.4: XRD diffractogram of secondary precipitate from Yarborough Site in        

Scunthorpe. C- Calcite (CaCO3), Q – Quartz (SiO2) 

 

Figure 4.5 shows a SEM/EDX analysis of the secondary precipitate obtained from 

Yarborough. SEM (back scatter) analysis of the secondary precipitate reveals a 

structure with three distinct layers; labeled A, B, C (Figure 4.5). The outer layer (A) 

appears to be denser and more crystalline in appearance and is also apparently 

cleaner (judged by its white colour) and more likely to be experiencing recent 

crystal growth. The layers may have been formed as a result of several years of 

dumping activities at this site. The middle layer appears to be more compact 

compared to others but this may have been a deposition of some sort.                   

EDX analysis of the outer region (A) revealed the presence of calcium, silicon, 

magnesium, carbon, oxygen with traces of iron, sodium, aluminium, sulphur, 

chloride, potassium, and manganese. EDX analysis of layer B confirmed the 
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presence of carbon, oxygen, and calcium with traces of sodium, magnesium, 

aluminium, silicon, sulphur, and iron in this region. The lower region (C) was 

similar in composition to region B with the addition of manganese. The 

magnesium, silicon, oxygen and aluminium peaks were more pronounced in region 

A while the calcium peak was more pronounced in regions B and C. 

                 

Figure 4.5: SEM micrograph and EDX analysis of secondary precipitate obtained from a 

steel slag disposal site. 
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Figure 4.6 displays the observed decomposition pattern for the secondary 

precipitate collected from Yarborough. Weight losses associated with moisture 

was not observed as there was no observable peak in the 100 ˚C region probably 

owing to the fact that the sample was oven dried for 5 hours prior to analysis. 

Decomposition of the secondary precipitate took place in the temperature range of 

650 ˚C – 900 ˚C. Assuming the secondary precipitate was predominantly calcium 

carbonate (calcite) as confirmed via XRD. Then the expected typical decomposition 

pattern would be represented by equation (4.1) 

𝐶𝑎𝐶𝑂3 →   𝐶𝑎𝑂 + 𝐶𝑂2         (4.1) 

Ideally, the expected mass loss should be equivalent to 44.00 % of the total mass 

(i.e the CO2 fraction), however the analysis resulted in an actual mass loss of 36.63 

% which would suggest that the decomposition of the precipitate was incomplete 

or the possibility of the presence of other mineral phases in the sample, most likely 

quartz, which was detected via XRD.  

       

Figure 4.6: Thermogravimetric analysis of secondary precipitate from a steel slag disposal 

site. 
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4.2 Investigation of Consett steelworks, County Durham 

4.2.1 Consett steelworks – Site description and methodology 

Two watercourses draining extensive slag mounds associated with the former 

Consett Iron and Steel works in Northern England (54°50′32.9386″N, 

001°51′32.5752″W and 54°51′11.7661″N, 001°51′38.0473″W) were sampled 

under baseflow conditions.  These sites had been previously characterised by 

elevated pH (9.0 - 12.5) both during workings operation (when the waters were 

dosed with sulphuric acid) and throughout the three decades since the closure of 

the steel mill in 1980 (Mayes et al., 2008).  Under baseflow conditions, the Dene 

Burn (sample prefix DB) receives around half of its flow from a subterranean 

drainage network beneath the Grove Heaps area of the site. These heaps were used 

up until the closure of the workings in 1980 and consist of blast furnace bottom 

and steel slag (Mayes et al., 2008). The slag is deposited with other site waste (e.g. 

ashes and site demolition waste) over superficial alluvium and glacial till in the 

valley floors. Below this unconsolidated drift, the bedrock consists of Lower Coal 

Measures of Carboniferous (Westphalian) age. The Howden Burn (sample prefix 

HB) drains an area north of the Dene Burn previously occupied by the workings 

blast furnaces, power station and steel plant, again emerging from a large 

subterranean drainage system (Figure 4.7). The sampling locations at this site have 

been presented in Figure 4.7. Sampling locations for Dene Burn were labelled DB1 

to DB10, where DB1 represents sampling locations closest to the source discharge 

and DB10 furthest from source. On the hand, sampling locations for Howden Burn 

were labelled HB1 to HB8 representing distance closest and furthest from source 

respectively (Figure 4.7). 



81 
 

                    

 

Figure 4.7: Sampling locations at the abandoned Consett steelworks, County 

Durham. 

 

BOF slag, leachates and secondary precipitates were collected at this site in a 

similar way as the Yarborough site. Elemental composition of the slag and 

secondary precipitate were determined using ICPOES (Ca, Fe, Si, Al, Mg, Mn, S, Na, 

K, Ti, Sr, Zn) and ICPMS (As, Ba, Co, Cr, Li, Mo, Ni, Sb, V) while their mineralogy was 

determined using XRD (see section 3.3.3). 
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Physico-chemical parameters, field alkalinity, and dissolved metal concentrations 

of the leachates were analysed in the same way as that of the Yarborough site (see 

section 3.4.1.1). Dissolved oxygen was analysed using a YSI 85D meter. Saturation 

index for calcite was determined according to the procedure described in section 

3.4.1.2. 

At this site, flow measurements and multiple downstream sample locations (HB8 

and DB8) were taken in order to assess the evolution of the waters with distance 

from discharge points. In addition to these geochemical analyses, stream flow rate 

was measured at each sample site at Consett to compute chemical mass loadings 

(which facilitate precipitation rate estimates through assessing Ca2+ loss between 

consecutive sample stations). The precipitation rate of secondary deposits (calcite) 

forming at this site was determined using the mass balance method. This 

parameter was derived using the mass balance between sequential sample stations 

and areal estimates of the stream bed from site surveys (Mayes et al., 2008). A 

Valeport 801 velocity meter with a flat electromagnetic sensor was deployed 

during base-flow sampling at this site.  This device was particularly suited to 

measuring velocity in the streams studied at Consett given the typically shallow 

depth of water (generally < 0.05 m).  Between 5 and 8 velocity measurements were 

taken in each cross-section.  Unfortunately reliable flow measurements were not 

possible to obtain from the other study sites investigated in this work given the 

low flow rates (Yarborough) or highly dispersed nature of the drainage channels at 

these sites (Brook Bottom; see section 4.3.1 for site description).  

Furthermore, in some cases where data did not conform to a normal distribution, 

even after log transformation (Kolmogorov Smirnov, p < 0.05), a non-parametric 

method (Spearman’s Rank) have been used to assess relationships between key 
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control variables. All graphs for this section were plotted using Microsoft Excel 

2007 package. 

4.3.2 Consett steelworks – Results 

Table 4.4 presents the elemental composition of BOF slag from Howden Burn and 

Dene Burn Consett. The most abundant elements in the BOF slag collected from 

both sites were calcium, iron and silicon, with average concentrations of  27.0 ± 

9.6 %, 17.8 ± 10.0 % and 10.9 ± 1.0 % across both sites respectively. Elements such 

as aluminium, manganese and magnesium were present in concentrations of 1.3 ± 

0.6 %, 2.7 ± 0.1 %, and 0.8 ± 0.6 % respectively. 
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Table 4.4: Major and minor elemental composition of digested BOF slag samples 

from Consett steelworks (n=3). 

      Values in parentheses represent the range of triplicate sample measurement 

 

Vanadium was the most abundant trace element present in the slag sample 

(1436.5 ± 463.2 %).  Chromium, nickel and barium concentrations in the Consett 

BOF slag samples were 854.9 ± 786.5 %, 366.0 ± 175.4 % and 279.9 ± 200.5 % 

 Sample 

Major ions (% by 

weight) 

CONSETT - BOF SLAG 

(HB) 

CONSETT -BOF SLAG 

(DB) 

Mean (HB, DB) 

Ca 20.2 ± 3.4 (16.3 – 22.8) 33.7 ± 43.6 (1 – 83.2) 27.0 ± 9.6 

Fe 10.7 ±  6.9 (3.3 – 16.8) 24.8 ±  19.0 (3.3 – 

39.4) 

17.8 ± 10.0 

Si 10.2 ±  4.9 (6.9 – 15.8) 11.6 ± 9.4 (6.2 – 22.4) 10.9 ± 1.0 

Al 0.8 ±  0.6 (0.3 – 1.5) 1.7 ± 1.7 (1.8 -3.5) 1.3 ± 0.6 

Mg 1.2 ± 0.2 (1.1 – 1.5) 0.4 ± 0.3 (0.1 – 0.6) 0.8 ± 0.6 

Mn 2.8 ± 2.7 (0.01 – 5.5) 2.6 ± 1.5 (0.9 – 3.6) 2.7 ± 0.1 

S 0.5 ± 0.2 (0.4 – 0.8) 0.3 ± 0.2 (0.04 – 0.5) 0.4 ± 0.1 

Na 0.10 ± 0.02 0.11 ± 0.03 0.10 ± 0.02 

K 0.1 ± 0.2 (0.02 – 0.3) 0.1 ± 0.1 (0.02 – 0.3) 0.10 ± 0.03 

Ti 0.4 ± 0.2 (0.3 – 0.7) 0.4 ± 0.4 0.4 ± 0.1 

Sr 0.04 ± 0.03 (0.01 – 

0.06) 

0.03 ± 0.04 ± 0.01 

Zn 1.0 ± 0.8 (0.1 -1.7) 0.0010 ± 0.0002 0.5 ± 0.7 

Trace elements 

(mg/kg) 

   

As 13.5 ± 13 15 ± 3 14.3 ± 1.1 

Ba 421.7 ± 23.5 138.1 ± 33.5 279.9 ± 200.5 

Co 3.9 ± 0.8 22.4 ± 3.6 13.2 ± 13.1 

Cr 1411 ± 124 298.7 ± 10.4 854.9 ± 786.5 

Li 21.8 ± 3.2 31.6 ± 5.4 26.7 ± 6.9 

Mo 19.2 ± 2.1 18.6 ± 2.1 18.9 ± 0.4 

Ni 242 ± 43 490 ± 43 366.0 ± 175.4 

Sb 2.0 ± 0.5 4.0 ± 0.4 3.0 ± 1.4 

V 1764 ± 122 1109 ± 87 1436.5 ± 463.2 
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respectively. Elements such as arsenic, cobalt, lithium, molybdenum were present 

in moderate concentrations of ≤ 26.7 ± 6.9 %. Antimony was the least abundant 

trace element in the BOF slag (Table 4.4). 

The mineralogy of the BOF slag from the Consett sites are presented in Figure 4.8. 

XRD analysis detected the presence of brownmillerite (Ca2(Fe2O5)), calcite (CaCO3), 

hematite (Fe2O3), larnite (Ca2SiO4) and stishovite (SiO2) in the BOF slag sample 

from Howden Burn while phases such as hematite (Fe2O3) and magnetite (Fe3O4) 

only were found in the BOF slag from Dene Burn. 
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Figure 4.8: XRD diffractogram of BOF slag at the Consett Site in County Durham.                   

H – Hematite (Fe2O3), M – Magnetite (Fe3O4), C – Calcite (CaCO3), S – Stishovite (SiO2), B – 

Brownmillerite (Ca2(Fe2O5)), L – Larnite (Ca2SiO4). 

 

The major elemental composition of leachates sampled at both source discharges 

and downstream locations at Consett are presented in Table 4.5. The average pH of 
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the leachate obtained from the source discharges at Howden Burn (HB1) and Dene 

Burn (DB1) were 11.6 ± 0.3 and 10.7 ± 0.1, this value however decreased 

downstream by 0.3 pH units and 1.7 pH units at HB8 and DB8 respectively. Both 

the Howden and Dene Burn waters have pH values well above ambient aquatic life 

limits (pH 9). Leachates from the Consett site were mostly oxic (positive redox 

potential) in nature with the exception of the source discharge point at Dene Burn 

which was anoxic (Table 4.5). Dissolved oxygen concentrations were high at this 

site, ranging from 88 ± 2 to  99.4 ± 1.7 % sat., and increasing with distance 

downstream (Table 4.5), this was facilitated by the cascading, high gradient 

longitudinal profiles of both streams. 
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Table 4.5: Baseflow physicochemical parameters and major elemental constituent of slag leachates from 

Consett sites of filtered (0.45 m) leachate samples from Consett sites.  Source samples on each sampling site 

are presented alongside Environmental Quality Standards (EQS), where prescribed. HB - Howden Burn, DB -

Dene Burn, EQS – Environmental quality standard 

 Site  

Determinand HB1 HB8 DB1 DB8 EQS 

pH 11.6 ± 

0.3 

11.3 ± 

0.2 

10.7 ± 

0.1 

9.1 ± 0.1 6 – 9 

Temperature (oC) 13.0 ± 

1.0 

12.8 ± 

0.3 

12.5 ± 

0.8 

13.4 ± 

1.3 

 

Electrical conductivity (μS/cm) 3193 ± 

211 

1563 ± 

98 

452 ± 32 438 ± 25  

E.h. (mV) 2.2 ± 0.4 2.5 ± 0.7 -1.1 ± 0.3 4.4 ± 1.0  

Dissolved oxygen (% sat.) 92.5 ±  

1.2 

96.5 ± 

2.0 

88 ± 2 99.4 ± 

1.7 

50 

Distance downstream of source 

(m) 

5 460 5 1660  

Major ions (mg/L)      

Ca 239 ± 12 110 ± 19 15 ± 2 11 ± 1  

Mg 1.0 ±  0.3 2.0 ± 0.4 2.0 ± 0.2 1.0 ± 0.2  

K 293 ± 23 172 ± 21 18 ± 4 19 ± 5  

Na 83 ± 4 56 ± 6 25 ± 4 24 ± 3  

Cl- 42 ± 2 41 ± 4 18 ± 3 18 ± 2  

SO42- 852 ± 43 546 ± 32 36 ± 5 36 ± 3  

NO3 3.1 ± 0.5 4.0 ± 0.4 3.3 ± 0.7 3.2 ± 0.5  

Total P 0.05 ± 

0.01 

0.09 ± 

0.01 

0.03 ± 

0.01 

0.04 ± 

0.02 

 

Total Alkalinity (as CaCO3) 332 ± 21 84 ± 17 59 ± 10 66 ± 8  

OH- 29 ± 3 13 ± 2 3.3 ± 0.5 1.0 ± 0.2  

CO32- 139 ± 21 20 ± 3 18 ± 2 2.0 ± 0.4  

HCO3- 9 ± 1 3.0 ± 0.1 9 ± 1 37 ± 3  
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Leachates from the Consett sites were dominated by the Ca-K-CO3-SO4 (Howden 

Burn), Na-K-SO4 (Dene Burn) type waters. The Howden Burn had far greater ionic 

enrichment than the Dene Burn, with Ca2+, OH- and SO42- as the major ions (Table 

4.5).  The concentration of dissolved magnesium at both sites was low (≤ 2 ppm), 

with a leaching efficiency of 0.008 %. Similarly, the leaching efficiencies of calcium 

and silicon at this site (Howden Burn, Consett) were 0.12 % and 0.001 % 

respectively (Appendix A3). The concentrations of the major ions decreased with 

increasing distance. The concentration of most of the trace elements in the 

leachate surveyed at this site was below threshold levels (EQS) except lithium, 

with a leaching efficiency of 3.8 % and strontium (Table 4.6; Appendix A3). The 

calculated leaching efficiencies for elements of interest such as vanadium, 

molybdenum, and nickel were 0.003, 0.12, and 0.004 % respectively (Appendix 

A3). In addition, at both sites, the concentrations of most trace elements fell with 

increasing distance although there were a few exceptions such as at Dene Burn 

where the concentrations of aluminium and strontium increased with distance 

(Table 4.6). 
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Table 4.6: Trace elemental constituent of filtered (0.45 m) leachate samples from Consett 

sites.  Source samples on each sampling site are presented alongside Environmental 

Quality Standards (EQS), where prescribed.  

 Site  

Trace elements (μg/L) HB1 HB8 DB1 DB8 EQS 

Distance downstream of source (m) 5 460 5 1660  

Al 556 ± 23 13 ± 1 15 ± 1 40 ± 3 750 

Ba 42.5 ± 3.2 32.8 ± 2.1 26 ± 4 4.6 ± 1.0 110^ 

Cd 2.0 ± 0.3 2.0 ± 0.2 2.0 ± 0.5 2 ± 0.3 5 

Cr 8.4 ± 1.2 6.7 ± 1.3 2.5 ± 0.4 1.0 ± 0.1 50*+ 

Cu 1.0 ± 0.1 1.2 ± 0.2 1.0 ± 0.3 1.1 ± 0.2 28*+ 

Fe 980.7 ± 

21.1 

690.4 ± 

34.2 

137.6 ± 

12.1 

88.3 ± 10.3 1000+ 

Li 822 ± 21 703.6 ± 

24.0 

14.2 ± 2.1 4.4 ± 0.7 260^ 

Mn 32.2 ± 5.3 1.1 ± 0.2 17.4 ± 3.4 5.4 ± 1.3  

Mo 23.4 ± 2.1 13.3 ± 1.6 10.9 ± 1.2 2.8 ± 0.4 1600^ 

Ni 8.9 ± 2.3 4.8 ± 1.2 10.9 ± 2.2 0.3 ± 0.1 200*+ 

Pb 5.0  ± 1.0 5.0 ± 0.4 5.0 ± 0.3 5.0 ±  0.4 20*+ 

Sb 1.6 ± 0.4 1.1 ± 0.2 1.0 ± 0.4 0.10 ± 0.03  

Si 1290 ± 91 1160 ± 65 222 ± 54 203 ± 32  

Sr 2610 ± 

187 

1140 ± 

121 

213 ± 21 279 ± 19 15^ 

V 51.8 ± 1.5 34.2 ± 2.4 13.9 ± 2.3 1.6 ± 0.3 60*+ 

Zn 9 ± 1 2 ± 1 4 ± 1 3 ± 1 10.9* 

* = hardness related, value quoted for hardness values encountered here; + = as dissolved 

fraction which can pass through a 0.45μm filter. EQS taken from EU WFD with exception of 

‘^’ which are from Buchman (2008). HB- Howden Burn, DB – Dene Burn 
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Figure 4.9 highlights how concentrations of selected elements (Ca, V) and key 

parameters (calcite precipitation rate, pH, and conductivity) behave as a function 

of distance downstream. There was a greater fall in pH of water samples at Dene 

Burn compared to Howden Burn as distance from source areas increased. Calcium 

carbonate precipitation rates, generally decreased with distance from the sources 

and is reflected in the downstream falls in conductivity (as ionic species are lost 

from solution) across the two streams at Consett (Figure 4.9).  Similarly, the 

concentrations of Ca and V declined concomitantly with distance from the sources 

except in lower reaches of the Dene Burn where instream Ca2+ load gains were 

observed (Figure 4.9). Precipitation rates, as well as the saturation index, for 

calcite was higher in Howden Burn compared to Dene Burn. 
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Figure 4.9: Baseflow patterns in selected major physico-chemical parameters and 

elemental concentrations along the Howden Burn and Dene Burn. 

 

Results from previous work (Mayes et al., 2008), had shown that the secondary 

precipitates forming at the Consett site was mainly calcite, and in some cases, 
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polymorphs of calcite such as vaterite were found in source areas. Table 4.7 

presents data for the elemental content of the secondary precipitates obtained 

from Consett. Calcium and silicon were the most abundant elements in the 

secondary precipitates. They were however present in levels of about one order of 

magnitude lower than that in Yarborough. Most of the trace elements surveyed 

exceeded the threshold values for sediments in surface waters (Table 4.7). These 

elements include barium, arsenic, vanadium, nickel and antimony. The most 

abundant trace element in the secondary deposit was barium, ranging from 87.32 

± 8.67 to 354 ± 7 mg/kg while the least was antimony in levels ranging from 1.85 ± 

0.23 to 1.98 ± 0.34 mg/kg. 

Table 4.7: Major ions and trace element composition of digested secondary 

deposits from Consett slag disposal site (n = 3) 

Major ions (% 

by weight) 

Howden Burn 

(HB) 

Dene Burn 

(DB) 

EQS 

Ca 1.96 ± 0.21 2.13 ± 0.15  

Mg 0.010 ± 0.001 0.15 ± 0.02  

Si 2.67 ± 0.13 2.92 ± 0.23  

S 0.76 ± 0.07 0.75 ± 0.12  

Al 0.23 ± 0.02 0.20 ± 0.03 0.26 

K 0.03 ± 0.01 0.030 ± 0.006  

Na 0.010 ± 0.002 0.010 ± 0.004  

Sr 0.09 ± 0.02 0.003 ± 0.001 0.01 

Trace elements 

(mg/kg) 

   

As 20.13 ± 2.12 22.38 ± 4.34 6 

Ba 354.0 ± 7.0 87.32 ± 8.67 0.7 

Cr 14.13 ± 1.62 7.55 ± 2.11 37.3 

Li 11.87 ± 0.22 5.59 ± 1.24  

Mo 12.47 ± 0.45 6.03 ± 2.13  

Ni 22.47 ± 1.24 24.71 ± 3.42 18 

Sb 1.98 ± 0.34 1.85 ± 0.23 0.2 

V 219.07 ± 26.45 132.57 ±13.32 50 

                            EQS – Environmental Quality Standard taken from Buchman (2008). 
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4.3 Investigation of Lime spoil sites, Derbyshire 

4.3.1 Brook Bottom, Doveholes, and Newline Quarry Derbyshire – Site 

description and methodology 

A number of lime spoil affected sites in the Buxton area, Derbyshire were 

investigated in this work. Sampling was carried out at Brook bottom, Buxton 

Derbyshire (Figure 4.10; 53°14′16.69″N, 001°54′33.60″W). Detailed descriptions 

of the features at this site have been provided elsewhere (Emery, 2013; 

Milodowski et al., 2013). The site is near Harpur Hill, in Derbyshire, UK. Large 

volumes of high pH waste that had been generated from the Hoffman lime kiln 

(well known for its lime roasting activities for the alkali carbonate industry) from 

1872 until its closure in 1944 had been deposited into an adjacent valley to the 

northwest of the kiln (Anon, 2008). High pH leachates emanating from the base of 

the waste, flow downwards along the valley (Brook bottom) and on emergence to 

the atmosphere, forms a carbonate tufa which smothers the natural valley (Emery, 

2013; Milodowski et al., 2013). Various locations were sampled at this site. They 

include two source areas from a seepage at the base of the spoil and a drainage 

sough from the adjacent Peak Dale valley.  Downstream samples in the system 

were taken to assess the evolution of the waters downstream of emergence.  These 

included the east side of the tufa, midpoint of the leachate source zone and an 

additional site around 400 m downstream of the site. 

Leachate samples were also collected from other lime spoil affected waters at 

Doveholes discharge sample prefix DH (53°17′37.27″N, 001°53′12.16″W), a minor 

seepage and pond draining lime kiln spoil on the roadside of the A6, south of Dove 

Holes village, and from the Newline works Derbyshire sample prefix PD 

(53°17′46.93″N, 001°52′18.11″W), a roadside ditch (alongside Dale road in 
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Doveholes dale) receiving high pH discharges from the Newlime Quarry and 

limeworks (Figure 4.10). 

 

       Figure 4.10: Map showing Lime-spoil sites sampled in the Buxton area 
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At these sites, only water samples and secondary precipitates were collected, and 

in accordance with method described in section 3.4.1. No source material was 

obtained at these sites. At the Brook bottom site, secondary deposits were 

obtained from 3 upstream sampling spots (BB1, BB2 and BB3) and a micrite-type 

sample was collected downstream of the site. The pH, conductivity and redox 

potential (Eh) of leachate samples at these sites were analysed in similar way as 

the Yarborough and Consett sites. Similarly, the field alkalinity of water samples 

from Brook bottom and Doveholes were determined using the same method as 

previous sites. Unfortunately, the alkalinity of the leachate sample from Peakdale 

was not reliably measured because the phenolphthalein indicator was insufficient 

at the time of sampling hence no geochemical modelling was done for this site. The 

major elements and trace elements in the leachates and secondary precipitates 

were analysed using ICPOES and ICPMS respectively, in same way as the previous 

sites. The mineralogy of the secondary precipitates was analysed using XRD. 

4.3.2 Brook Bottom, Doveholes, and Newline Quarry Derbyshire – Results 

The major and minor elemental composition of leachates sampled at the lime spoil 

sites are presented in Table 4.8.  
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Table 4.8: Baseflow major physical and chemical parameters and major and trace elemental 

constituent of filtered (0.45 m) leachate samples from the lime spoil sites.  Source samples on each 

sampling site are presented alongside Environmental Quality Standards (EQS), where prescribed. 

 Site  

Determinand BB DH PD EQS 

pH 13.0 ± 0.2 13.0 ± 0.1 11.3 ± 0.2 6 - 9 

Temperature (oC) 10.6 ± 0.2 14.5 ± 0.4 10.9 ± 3.2  

Electrical conductivity (μS/cm) 7652 ± 88 6775 ± 122 451 ± 34  

Eh(mV) -0.07 ± 0.01 -0.07 ± 0.02 -0.03 ± 0.01  

Major ions (mg/L)     

Ca 615 ± 34 584 ± 54 11 ± 2  

Mg 19 ± 2 19 ± 4 1.3 ± 0.2  

K 88 ± 5 68 ± 5 13 ± 2  

Na 67 ± 7 10 ± 2 57 ± 4  

Cl-  30 ± 3   

SO42-  20 ± 4   

Total Alkalinity (as CaCO3) 1562 ± 113 1606 ± 109 N.M  

OH- 1486 ± 89    

CO3
2- 76 ± 9 1459 ± 76   

HCO3-  147 ± 23   

Trace elements (μg/L)     

Ba 500 ± 45 2600 ± 102 1.6 ± 0.3 110^ 

Cr 7.3 ± 1.2 6.2 ± 1.3 7.4 ± 1.2 50*+ 

Li 363.5 ± 45.3 143 ± 12 23 ± 3 260^ 

Mo 12.5 ± 1.6 7 ± 2 11.5 ± 2.1 1600^ 

Ni 19.1 ± 1.5 19.2 ± 2.3 8.5 ± 1.3 200*+ 

Pb 26 ± 5 51 ± 3 12 ± 2 20*+ 

Sb 7.8 ± 1.7 1.8 ± 0.4 6.5 ± 1.1  

Si 37 ± 6 300 ± 13 960 ± 32  

Sr 1180 ± 32 1010 ± 93 160 ± 23 15^ 

V 2.2 ± 0.4 0.10 ± 0.02 0.10 ± 0.03 60*+ 

* = hardness related, value quoted for hardness values encountered here; + = as dissolved fraction 

which can pass through a 0.45μm filter. EQS taken from EU WFD with exception of ‘^’ which are 

from Buchman (2008), N.M – not measured. 
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The average pH of the leachates across these sites range from 11.3 ± 0.2 to 13.0 ± 

0.2. Leachates from all the lime spoil sites were strongly reducing in nature. 

Electrical conductivity was greatest at Brook bottom (7652 ± 88 μS/cm) and 

lowest in Peakdale (451 ± 34 μS/cm). Leachates from Brook bottom were of the 

Ca-OH type while leachates from Doveholes were dominated by Ca - CO3 ions. 

Barium and strontium were the most abundant trace elements in the lime spoil 

leachates reaching maximum levels of 2600 ± 102 and 1180 ± 32 μg/L 

respectively, and exceeding regulatory limits. The concentrations of chromium, 

molybdenum, nickel and vanadium were below regulatory limits in the lime spoil 

leachates. 

Figure 4.11 displays the mineral phases present in the secondary precipitate 

collected from Brook bottom, Doveholes and Peakdale. XRD analyses of secondary 

precipitates from Brook bottom revealed that the material was calcite. However, at 

Doveholes and Peakdale, the secondary precipitate was predominantly calcite with 

trace of quartz. 
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Figure 4.11: XRD diffractogram of secondary precipitates from the lime spoil sites at Brook 

bottom, Doveholes and Peakdale Derbyshire. C- Calcite (CaCO3), Q – Quartz (SiO2) 

 

Table 4.9 presents data for elemental composition of secondary precipitates 

obtained from the lime spoil sites. Calcium was the most abundant element in the 

secondary precipitates. The concentration of barium, strontium and antimony in 

the secondary deposits, at the lime spoil sites, were higher than threshold values 

for sediments in surface waters (Table 4.9). The levels of arsenic, vanadium and 

nickel in the secondary deposits were below threshold values at the lime spoil sites 

(Table 4.9). 

 

 

 

 



99 
 

Table 4.9: Major ions and trace element composition of digested secondary 

deposits from lime spoil sites 

 Site  

Major ions (% 

by weight) 

BB DH PD EQS 

Ca 18.49 ± 0.41 8.82 ± 0.54 19.60 ± 3.23  

Mg 0.020 ± 0.003 0.010 ± 0.004 0.27 ± 0.06  

Si 1.52 ± 0.23 2.13 ± 0.32 5.14 ± 1.22  

S 0.18 ± 0.03 0.11 ± 0.02 0.26 ± 0.03  

Al 0.0010 ± 

0.0001 

0.0020 ± 

0.0003 0.86 ± 0.11 

0.26 

K 0.03 ± 0.01 0.06 ± 0.01 0.26 ± 0.05  

Na 0.03 ± 0.01 0.03 ± 0.01 0.09 ± 0.01  

Sr 0.020 ± 0.003 0.021 ± 0.005 0.06 ± 0.01 0.01 

Trace 

elements 

(mg/kg) 

    

As 3.9 ± 0.8 3.5 ± 1.2 9.6 ± 2.1 6 

Ba 400 ± 21 900 ± 145 200 ± 23 0.7 

Cr 1.3 ± 0.2 5.3 ± 1.2 34.4 ± 5.7 37.3 

Li 4.3 ± 0.7 13.5 ± 3.2 22.4 ± 3.6  

Mo 2.8 ± 0.6 2.3 ± 0.6 -  

Ni 5.1 ± 1.2 5.4 ± 2.1 48.7 ± 7.8 18 

Sb 3.4 ± 0.6 1.9 ± 0.7 6.0 ± 1.2 0.2 

V 0.9 ± 0.3 5.4 ± 1.2 29.3 ± 3.5 50 

EQS – Environmental Quality Standard taken from Buchman (2008). BB – Brook Bottom, DH – 

Doveholes, PD - Peakdales 

 

4.4 Site investigation discussion 

4.4.1 Chemistry of source material (Steel slag) 

The chemical composition and mineralogy of the studied slag types were 

consistent with previous literature (Barra et al., 2001; Manso et al., 2005; Nicolae 

et al., 2007; Radenovic et al., 2013; Reddy et al., 2006; Roadcap et al., 2005; Shi, 

2004; Yildirim and Prezzi, 2011). Calcium was the most abundant element in all 

the slag types. Typical weathering products of slag such as CaCO3, Ca2Fe2O5, SiO2, 
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and Fe3O4 were found in some of the steel slag, indicating that they are undergoing 

secondary mineralisation at the field disposal sites (Roadcap et al., 2005).  

The BOF slag was rich in iron, hence phases such as hematite and srebrodolskite 

were detected in its mineralogy. Aluminium was more dominant in the ladle slag 

compared to other analysed slag types hence phases such as gehlenite and spinel 

minerals were observed by XRD (Manso et al., 2005; Tossavainen et al, 2007). The 

presence of minerals like akermanite and monticellite in the desulphurised 

skimmed slag was due to the abundance of magnesium and silicon in the sample 

(see Table 4.1). Magnesium was used as a desulphuriser in the steelmaking 

process in this case, to obtain low sulphur grade steel (International Magnesium 

Association, 2012), hence its higher abundance in desulphurised skimmed slag 

compared to the other slag types. 

The steel slag samples were heterogeneous in nature. This could have been due to 

factors such as the manufacturing process used, age of slag, cooling technique and 

nature of co-deposited waste (Bayless and Schulz, 2003). This variability is 

reflected in the range of values, although narrow, obtained from analyses of 

replicate samples obtained from within the same disposal site (see Table 4.1), a 

similar observation to that reported by Harber and Forth, 2011. As such, there is a 

degree of uncertainty as to what values would be representative of the entire 

deposits of slag on average. The trace element composition of the various slag 

types varied depending on the nature of the sites and slag types (Table 4.1). Also, 

the concentrations of elements such as arsenic, barium, chromium, and lithium 

were consistent with values reported in literature (Roadcap et al., 2005). The BOF 

slag was enriched with vanadium and chromium, hence making it a suitable 

feedstock for valuable metals recovery. 
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4.4.2 Leachate chemistry 

4.4.2.1 Physico-chemical parameters and major elements 

The highly alkaline nature of the steel slag leachates may be due to the weathering 

of calcium silicates present in the steel slag (see Figure 4.2; Eqn. 4.2) while the 

elevated pH of the lime spoil associated waters could be attributed to the 

hydrolysis of lime and subsequent dissociation of portlandite in solution (see Eqns. 

2.1 – 2.2; Mayes et al., 2008; Roadcap et al., 2005).  

𝐶𝑎2𝑆𝑖𝑂4      +      4𝐻2𝑂      →      2𝐶𝑎2+   +   𝐻4𝑆𝑖𝑂4    +   4𝑂𝐻−      (4.2) 

The pH of the Dene Burn Consett leachates were however relatively low compared 

to other study sites, possibly due to the effect of the mixing of source samples with 

acidic surface runoff in subterranean drainage systems prior to emergence (Mayes 

et al., 2008), while the sulphate enrichment at the Howden Burn site was due to 

the dumping of sulphur-rich waste (such as fly ash, flue gas waste and coke works 

waste) at this site. 

The calcium concentration in the leachates (both steel slag and lime spoil) 

appeared to correlate positively with pH (R2 = 0.8252) and conductivity (R2 = 

0.641), hence implying that calcium may be a key controlling factor in this type of 

environment (Figure 4.12). This is consistent with other reported  observations on 

work carried out at the Consett site (Hull et al., 2014), where correlations between 

major parameters and many trace elements showed strong positive relationships 

as summarized in Table 4.10.  
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Figure 4.12: Combined plot of all study sites showing relationship between pH, 

conductivity versus [Ca]. (Shaded points – pH; unshaded points – conductivity; triangles – 

steel slag sites; diamonds – lime spoil sites). Error bars represent repeatability. 

 

Table 4.10: Spearman’s rank correlation matrix for selected major physical and chemical 

parameters and metals across the Dene and Howden Burns, n = 57 for all except those 

including CaCO3 precipitation rate (n = 16). ** = P < 0.001. 

 pH Conductivity CaCO3 precipitation 

rate 

Ca Sr 

Conductivity 0.778**     

CaCO3 rate 0.965** 0.850**    

Ca 0.877** 0.896** 0.885**   

Sr 0.628** 0.781** 0.937** 0.743**  

V 0.761** 0.782** 0.920** 0.788** 0.761** 
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Carbonate alkalinity was the dominant source of fluid alkalinity at all the study 

sites with the exception of Brook bottom, a lime spoil site, in which about 95 % of 

total alkalinity was due to hydroxide (OH-). The dominance of hydroxide ions at 

Brook bottom was responsible for the very high pH recorded here (Table 4.8). 

Leachates from most of the study sites were iron deficient and reducing in nature 

except at Howden Burn and Dene Burn Consett where water samples were slightly 

oxidizing possibly due to the oxidation of iron at this site (Table 4.5).  

The high levels of dissolved oxygen at the Consett site was facilitated by the 

cascading, high gradient longitudinal profiles of both streams. Macronutrient 

concentrations in the waters were modest and reflect the groundwater-dominated 

sources for both streams, which themselves rise from predominantly made-ground 

(i.e. waste heaps associated with the former steelworks) with only a sparse cover 

of low-intensity grazing throughout the catchments (Table 4.5). 

The hydrochemical facies of the leachate samples vary among sites with possible 

implications for secondary precipitation. For example, calcium levels in the 

leachates from Yarborough were about one order of magnitude lower than that 

obtained at Consett. This possibly suggests that secondary precipitates formed at 

Yarborough might be less Ca-rich compared to those at Consett. Futhermore, at 

Yarborough, the Na enrichment in leachates may likely be due to the use of sodium 

carbonate or sodium chloride as slag modifying agents in the steelmaking process 

in order to improve the fluidity of the slag and also reduce the amount of hot metal 

trapped within the slag (Li et al., 2012). The precipitation of mineral phases such 

as calcite, aragonite, dolomite, and strontianite were thermodynamically favoured 

at all sites possibly due to the abundance of the carbonate ions (Appendix A4). The 

leachates were also supersaturated with brucite (Appendix A4). The leachates 



104 
 

from both steel slag and lime spoil systems were undersaturated with respect to 

quartz, even though this mineral was observed via XRD, thus implying that the 

presence of quartz in the secondary precipitates may have been due to dirt 

contamination during sample collection. Some other phases such as chrysotile, 

diopside, forsterite were supersaturated in these waters (Appendix A4), however 

their origin remains uncertain because the kinetics of formation of these phases 

are far too slow to occur at surface temperature and pressure (Korytkova et al., 

2007; Lüttge and Metz, 1993). 

4.4.2.2 Minor elements 

At all study sites, none of the trace elements surveyed exceeded prescribed aquatic 

life standards in the European Union at the hardness of the waters sampled with 

the exception of lead (up to 210 µg/L) (Table 4.2). However, lead (Pb) is insoluble 

at alkaline pH and as a result in most cases it isn’t considered as a contaminant of 

regulatory concern in such waters (McLean and Bledsoe, 1992). Aluminium, which is 

a determinand of potential concern given mobility (as aluminate) at pH > 8 in 

surface waters, did not exceed prescribed Environmental Quality Standard (EQS) 

values and at most sample sites were below detection limits (5 µg/L).  Iron (Fe), 

while present at some sites, was also not at concentrations that would warrant 

regulatory concern (Tables 4.2 and 4.6). Chromium, copper, nickel and zinc were 

either below prescribed EQS or detection limits in all samples.  However, steel slag 

drainage can be characterised by enrichment in elements that are (a) not typically 

encountered in polluted wastewaters, and (b) not routinely monitored by 

regulatory agencies.  These include steel additives and/or elements that are mobile 

under high pH conditions such as antimony, barium, lithium, molybdenum, 

strontium and vanadium, for which no formal European water quality standards 
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are currently set.  In as much as the aggregated aquatic life standards of Buchman 

(2008) have been used as an initial screening tool for the potential toxicity of some 

elements in this work, it must be stressed that standard toxicological tests rarely 

assess the broader chemical matrix of waters in the high pH spectrum. 

The lime spoil sites were barium-rich and in most cases, exceeded screening values 

(Table 4.8) unlike the steel slag leachates where barium levels were low. It is 

apparent that strontium (Sr) exceeded provisional acute EQS values at all 

discharges. Lithium (Li) concentration of leachates sampled at the lime spoil site 

(Brook bottom) and slag disposal site (Howden Consett) surpassed recommended 

acute EQS values. Vanadium (V) was present at source in modest concentrations (< 

52 g/L) in all discharges (Table 4.6). While no formal ambient aquatic life 

standards are prescribed for V, concern has been raised for V in drinking waters 

with a suggested drinking water standard (DWS) of 15 g/L (Gerke et al., 2010).   

4.4.2.3 Downstream evolution of waters 

At Dene Burn and Howden Burn, the concentrations of many elements declined 

with distance from the sources, thus implying that similar precipitation 

mechanisms was occurring at these sites which is most likely precipitation of 

calcite due to a rise in carbonate concentration (in-gassing of CO2) into Ca-Si rich 

waters and precipitation of quartz due to falling pH. It must be stressed that the 

calcium content of the leachates, which is guided by the dissolution of calcium-rich 

phases in the source material, governs the pH and subsequent calcite precipitation 

rate in these alkaline stream systems (Frengstad and Banks, 2007). In most cases, 

the calcium content must exceed a threshold (not known in this case), in order for 

precipitation to occur. For example, in lower reaches of the Dene Burn, instream 

Ca2+ load gains were observed (< 20 mg/L; Figure 4.9) which is most likely 
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ascribable to inputs of Ca2+-rich waters from tributaries draining springs from Coal 

Measures strata (Mayes et al., 2008).  This amount is consistent with field 

observations in showing minimal, if any carbonate precipitation in these lower 

reaches (from 270 m from the source).  

Precipitation rates at the source of the Howden Burn (up to 284 g CaCO3/m2/day) 

were an order of magnitude above the highest rates documented for natural tufa-

precipitating streams, which are typically quoted in the range 0.2 - 10 g 

CaCO3/m2/day (Zaihua et al., 1995; Miliša et al., 2006).  The steep gradient stream 

morphology also lends itself to buffering of the waters with distance downstream 

(Figure 4.9), with thin films of leachate cascading over carbonate-crust barriers 

enhancing CO2 in-gassing to the waters and subsequent calcite precipitation 

(Roadcap et al., 2005). On the other hand, precipitation rates in the Dene Burn 

were towards the upper range of those found in natural karstic streams only in 

source areas (Figure 4.9).  The precipitation rate data were also consistent with 

calculated calcite saturation indices (Figure 4.9), with values above +0.3 usually 

considered the threshold for heterogeneous calcium carbonate precipitation (Ford 

and Williams, 1991). 

The Howden Burn retained a high SIcalcite throughout its course at values above 

thresholds where homogeneous calcite precipitation would be anticipated from 

solution (quoted at +1.5: Ford and Williams, 1998). The high rates of carbonate 

deposition in source areas of both streams compare with those documented at 

other Ca-rich alkaline waters (Effler and Brooks, 1998) and are similar to mineral 

precipitation rates at analogous sites affected by other forms of inorganic post-

industrial pollution, notably circum-neutral pH coal mine drainage (Edwards and 

Maidens, 1995; Jarvis and Younger, 1997). 
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4.4.3 Secondary products  

Abundant secondary precipitates were apparent at all sites.  These deposits were 

identified as primarily calcite, although in some cases there were traces of quartz 

and vaterite (at Consett). The observation of vaterite forming at the Consett sites 

was as a result of the rapid mineral precipitation occurring at this site, this phase 

appears to be short- lived and alters to the more stable calcite over time. Some 

potentially important trace elements (e.g. Sr, Ba and V) were attenuated in the 

calcite precipitates, this is in line with previous findings and a characteristic 

feature of alkaline settings (Mayes et al., 2008). The formation of calcite at these 

sites seems to be governed by both biological activity and physico-chemical 

parameters.  

 

4.5 Conclusions and management challenges 

The chemistry of the source material (steel slag) obtained from the different 

sampling sites varied depending on the manufacturing process applied and the 

nature of the co-deposited waste. The composition of the waters draining from the 

slag mounds is consistent with previous studies at steel slag disposal sites in the 

UK (Mayes et al. 2006; 2008) and studies of slag leachate elsewhere in the world 

(e.g. Roadcap et al., 2005). Alkaline leachates (both steel slag and lime-spoil) are 

characterised by elevated pH and alkalinity. In steel slag, this hyperalkalinity is 

primarily due to carbonate while hydroxide is the dominant ion responsible for 

alkalinity at the lime spoil sites. The waters showed several unusual features such 

as (a) enrichment of metals not routinely monitored by regulatory authorities and 

(b) very high mineral precipitation rates.  The high pH, derived from dissolution of 
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oxide and hydroxide phases in the slag (Roadcap et al., 2005), meant all sites 

exceed regulatory pH guidelines for large distances and is consistent with high 

ionic strength of source waters. Also, the native negative Eh (redox potential) of 

the leachates at some of the sites is most likely responsible for the near absence of 

iron at the sampling sites due to the reducing environment generated by the 

source material, which leads to the occurrence of iron in the form of less mobile 

sulphides. There was visible evidence of precipitation of secondary phases on the 

surface of the steel slag at these field disposal sites, highlighting the simultaneous 

dissolution and precipitation processes that highlight slag weathering.  Secondary 

deposits formed at these alkaline sites were predominantly calcite, possibly acting 

as a sink for certain trace metals, and traces of quartz. The secondary precipitates 

exhibited a layered structure, suggesting a time related deposition. Also, calcite 

precipitation decreases downstream at steel slag sites and increases with pH. 

Lithium, strontium and vanadium levels in the steel slag and lime spoil leachates 

were higher than those typically encountered in natural surface waters (e.g. Hem, 

1985), and were at concentrations similar to those documented due to 

mineralisation or mining-related enrichment (Kszos and Stewart, 2003; Jones et 

al., 2013). Barium levels exceeded regulatory standards at the lime spoil sites but 

not in the steel slag sites, hence it is advisable that barium is monitored during 

toxicity studies at lime waste related sites. Vanadium should be a particular focus 

for toxicity studies in hyperalkaline waters, given it is usually observed in its 

pentavalent, and most toxic, form under high pH conditions (Chaurand et al. 2007; 

Burke et al., 2012 b) and retains mobility under circum-neutral pH (Takeno, 2006). 

The mineralogy of the source material appears to be the key factor governing the 

release of most of the metals of interest particularly calcium, magnesium, silicon 
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iron, nickel, molybdenum and vanadium with very low leaching efficiencies. Main 

mineral phases present in the steel slag (akermanite, gehlenite, srebrodolskite and 

monticellite) have very slow dissolution kinetics at high pH and hence may be 

limiting the leaching of major ions like calcium, magnesium and silicon while the 

studied trace elements may also be locked within these phases. Another possible 

reason for the attenuation of these elements could be due to the instantaneous 

precipitation of insoluble mineral phases occurring within the subsurface system 

hence decreasing their mobility in field settings. These lines of thought will 

however be investigated in detail in subsequent chapters.  

Furthermore, some of the elements present in the leachates are also of potential 

monetary value as critical raw materials (Naden, 2013), such as lithium, vanadium 

and chromium.  This raises the possibility of approaches that combine remediation 

with potential value recovery from legacy disposal sites.   Given the buffering of 

highly alkaline waters is dependent on carbonate precipitation, remedial 

approaches need to focus on ways of encouraging calcite precipitation in 

controlled settings which would minimise the potential downstream impacts of 

these discharges on aquatic biota.  Such approaches are considered in subsequent 

chapters. 
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5 

Accelerated metal release from steel slag 

5.1 Introduction 

Steel slag can serve as a secondary reserve for various metals given the production 

processes that enrich metals in by-products (Chapter 4). Some of these metals are 

however potentially harmful to the environment when leached (Chapter 2, Chapter 

4). As a result, it is beneficial to recover metals from steel slag while encouraging 

slag utilisation. There is a rising interest in the utilisation of steel slag for metal 

recovery (Shen and Forssberg, 2003); not only due to the large scale at which it is 

generated annually, but also due to the abundance of legacy stockpiles at some 

sites, some of which have been in existence for a century (such as Yarborough 

landfill, Tata Steel Scunthorpe).  

Leaching is a crucial step in the recovery of metals from steel slag. It can be 

achieved using an acid or a base (see Chapter 2). It is carried out so as to convert 

the metal of interest into more soluble forms which can then be recovered. In field 

scenarios, the concentration of metals within the leachate generated by the slag 

material at these disposal sites are not up to recoverable amounts (see Chapter 4), 

hence recovering metals from it would be expensive. In addition, directly digging 

up legacy sites is feasible, but is also expensive, energy intensive and would cause a 

lot of environmental disturbance. As a result, it would be desirable to develop a 
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method that incorporates in-situ recovery as well as intensifies the concentration 

of metals of interest in the resultant leachate. 

To this end, using batch leaching tests, this chapter aims to provide a comparative 

assessment of chemical leaching (with HCl) alongside organic amendments in 

intensifying the concentration of valuable metals (e.g. V, Ni, Li) in leachates prior to 

recovery, while promoting long term chemical stabilisation of weathered residues.  

Rationale for the use of municipal compost as an organic amendment 

Previous work carried out at the University of Hull UK investigating approaches for 

source minimisation of leachate generation from steel slag heaps, revealed that by 

capping steel slag with municipal compost, the concentration of metals (V, Mo, Cr, 

Li) were intensified by up to an order of magnitude compared to control 

experiments (slag only) (Dyson, 2013). This approach could act as a route for 

metal intensification prior to potential recovery using existing technologies. 

Furthermore, municipal compost is cheap and readily available. It can also act as 

an additional source of carbon to the steel slag (Wright et al., 2008), thus 

promoting carbonate precipitation within the alkaline system. The presence of 

dissolvable organic materials in the municipal compost could contribute towards 

enhancement of the weathering rate of the steel slag (Karlsson et al., 2011; 

Renforth and Manning, 2011). Capping of steel slag at disposal sites with municipal 

compost can also help to minimise the production of surface dusts due to tipping 

activities. 

The proposed approach, if successful, can be adopted as a potential route for 

offsetting carbon in the steel industry and the resultant leachate generated from 
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the process can be treated with low – cost natural systems (wetlands), which could 

also serve as habitat for wildlife. 

5.2 Methodology 

5.2.1 Feedstock collection and preparation 

BOF steel slag was collected from the Yarborough landfill site at Tata Steel, 

Scunthorpe because the landfill was composed of mainly BOF type slag. The steel 

slag were manually sorted (to eliminate stones and other unwanted materials) and 

crushed with a Tema mill (tungsten carbide) to reduce the size of the steel slag. 

The crushed steel slag was sieved to obtain a 63 µm – 420 µm size fraction for the 

leaching tests. This size fraction is consistent with the standardized batch leaching 

test procedures (BS EN 12457 – 2). Although care was taken to perform sufficient 

homogenization of the sample, a certain degree of variability and heterogeneity 

within the sample is bound to exist due to the complex nature of the waste matrix. 

Municipal compost used in this experiment was collected from a waste recycling 

facility at Wastewise Hull. The compost was digested in accordance with CEM 

method XprEN – 8 (USEPA method 3051A equivalent; see Table 3.6) and analysed 

for selected elements using ICP-OES. Data obtained revealed that the compost was 

BSI PAS 100 compliant in terms of concentrations of potentially toxic elements as 

shown in Table 5.1. This implies that the municipal compost was fit for purpose 

and deemed reliably safe. 
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Table 5.1: Concentration of potential toxic elements in compost used in this work 

Element PAS 100 Compost (upper 

limit value in mg/kg)* 

Municipal compost used 

in this work (mg/kg) 

Chromium 100 30 ± 2 

Cadmium 1.5 1.20 ± 0.05 

Copper 200 76 ± 6 

Lead 200 97 ± 3 

Mercury 1 0.010 ± 0.002 

Nickel 50 43 ± 2 

Zinc 400 209 ± 5 

*Data obtained from BSI PAS 100: 2005 

 

5.2.2 Batch leaching tests - Accelerated release of metals from BOF slag 

Batch leaching tests are suitable for assessing the leaching behaviour of metals of 

interest on a laboratory scale. They are simple to construct, reproducible and also 

have short time requirements. Three treatments were investigated in this chapter. 

In the first investigation, BOF slag was leached with ultrapure deionised water only. 

Next, BOF slag was mixed with municipal compost and leached with ultrapure 

deionised water. These treatments have been described in this chapter as ‘control 

test’ and ‘compost test’ respectively. In the third treatment, BOF steel slag was 

leached with acid, described herein as ‘acid extraction test’. Four replicates of the 

individual treatments were set up. The BOF steel slag was subjected to a 

standardised leaching procedure in accordance with BS EN 12457 – 2. However 

there were some modifications made to this method as described below. 



114 
 

Ultra high quality water (18.2 MΩ) was used as the leaching fluid in the control test 

and compost test while 0.1 M HCl served as the leachant for the acid extraction test.  

The liquid /solid ratio for the control, compost and acid leaching tests were kept at 

10:1. For the compost experiments, the DI water: steel slag: compost ratio used 

was 10:1:0.2. The leaching tests lasted for 72 hours and the flasks were agitated at 

a speed of 200 osc/min in a side to side rotation style at room temperature. 

Leachate aliquots (5 ml), representing about 2 % of the original volume, was 

sampled at different times (1, 3, 6, 24, 48, 72 hours) during the course of the 

experiments without replenishing the solution. The sampled volume was chosen in 

order to ensure minimal changes in the L/S ratio of the system and minimise 

equilibrium effects.  

Leachates were filtered through 0.45 µm membranes filters, acidified with 

concentrated HNO3 and subsequently analyzed for dissolved concentrations of 

major ions (Ca, K, S, Ba, Mg, Si, Na, Sr) and trace metals(Li, V, Ni, Mo) by ICP 

emission spectroscopy (ICP-OES; NF EN ISO 11885) and ICP-MS respectively. The 

pH and conductivity of the leachates were measured regularly according to 

method detailed in section 3.5.1.1.1. At the end of the leaching period, solid 

solution separation was achieved using a centrifuge at 6000 rpm for 10 minutes. 

The solids were rinsed with ultrapure UHQ water and oven dried at 90 °C for 6 

hours in order to get rid of moisture and contaminants that might be present on 

the surface. Mineralogy, surface area and porosity of the leached and non-leached 

slag samples were determined using XRD, BET and BJH methods described in 

section 3.4.3 and section 3.4.6 respectively. 
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5.2.3 Statistical analyses 

The Kruskal-Wallis test was conducted on the various treatments so as to ascertain 

the statistical differences in all treatments. This was achieved using Minitab 

software. Graphs were plotted using Microsoft Excel 2007, to display the leaching 

patterns of elements of interest over time in the various treatments.  

5.3      Results  

5.3.1 Physico-chemical parameters 

Figures 5.1 (a) and (b) describes the effect of accelerated leaching of BOF slag on 

pH and conductivity. The pH in the acid experiments rose from 7.2 ± 0.6 to 10.1 ± 

0.4 and remained relatively unchanged in the compost and control experiments 

with values of 11.7 ± 0.1 and 12.10 ± 0.04 respectively, during the 72 hrs. leaching 

period. The electrical conductivity of leachates from the acid extraction test rose 

from 2.4 ± 0.4 to 3.2 ± 0.3 mS/cm, 0.43 ±  0.13 to 0.46 ± 0.09 mS/cm for compost 

treatment, and declined from 0.72 ± 0.14 to 0.57 ± 0.14 mS/cm for control 

experiment during the leaching time. 
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Figure 5.1: Effect of accelerated leaching of BOF slag on (a) pH (b) conductivity. 

Time axis is reported in log scale and errors bars represent repeatability (n=4). 
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5.3.2 Major elements 

A series of batch tests were set up to investigate and compare the leaching 

behaviours of selected metals in BOF steel slag leached with either deionised water 

or dilute hydrochloric acid, and a mix of steel slag and municipal compost leached 

with deionised water. Figures 5.2 – 5.5 show the leaching patterns of selected 

metals over a 72 hour period in the treatments listed above. Note the log scale on 

the time axes. Error bars represent repeatability (n=4). 

5.3.2.1 Calcium and Sulphur 

As can be seen in Figures 5.2 (a) and (b), calcium and sulphur displayed a similar 

leaching pattern over time during acid extraction. There was an initial fall in 

amount leached within the first 3 hrs. followed subsequently by a steady rise in the 

amount of calcium and sulphur leached from t = 6 h onwards during acid leaching. 
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Figure 5.2: Effect of accelerated leaching of BOF slag on the leaching patterns of (a) 

calcium (b) sulphur. Time axis is reported in log scale and errors bars represent 

repeatability. 
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Calcium and sulphur leaching using acid was far higher, in some cases, by an order 

of magnitude, compared to water extraction (control) and compost amendment 

tests. In the water extraction and compost amendment tests, leaching of calcium 

was found to be relatively constant throughout the leaching period. However, the 

amount of calcium leached in the compost amendment test was marginally lower 

than that reported for the control test. The concentrations of calcium in the acid 

leached slag were 1445 ± 105 ppm and 1729 ± 150 ppm at the start and end of the 

experiment respectively. In the compost treatment, calcium levels were 68 ± 9 and 

100 ± 6 ppm at the initial and final stages of the experiment. In the water 

extraction test (control), the amount of calcium leached dropped from 146 ± 6 to 

136 ± 19 ppm by the end of the leaching period (72 hrs.). 

As shown in Figure 5.2 (b), there was an initial decline in sulphur leaching within 

the first 3 hours followed by a gradual increase in amount of sulphur leached from 

the steel slag for the rest of the leaching period in the control test. In the compost 

amended steel slag, an initial rapid leaching of sulphur was observed within the 

first 6 hours of the experiment and the leaching reached equilibrium after 48 hours 

of leaching. The concentrations of sulphur in the acid leached slag were 61 ± 3 ppm 

and 76 ± 4 ppm at the start and end of the experiment. In the compost treatment, 

sulphur levels were 20 ± 1 and 30 ± 2 ppm at the initial and final stages of the 

experiment. In the water extraction test (control), the amount of sulphur leached 

rose from 15 ± 1 to 22 ± 3 ppm by the end of the leaching period (72 hrs.). 

5.3.2.2 Magnesium and Silicon 

It can be seen from Figure 5.3 (a) that the maximum concentration of magnesium 

leached from the steel slag was reached after 3 hours of leaching with acid, this 

was followed by a consistent fall onwards. The concentration of magnesium in the 
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acid test dropped from 276 ± 26 ppm at 1 hr. of leaching to 65 ± 7 ppm after 72 hrs. 

of leaching. The concentration of magnesium leached in the control and compost 

experiments were negligible and below detection limits.  

0

50

100

150

200

250

300

350

400

1 10 100

[M
g]

 /p
pm

Time / hr

0.1 M HCl

Compost

Water

0

10

20

30

40

50

60

70

80

90

1 10 100

[S
i] 

/p
pm

Time / hr

0.1 M HCl

Compost

Water

a)
b)

 

Figure 5.3: Effect of accelerated leaching of BOF slag on the leaching patterns of (a) 

magnesium (b) silicon. Time axis is reported in log scale and errors bars represent 

repeatability. 

 

A steady fall in silicon leaching was observed in the acid leaching experiments, the 

most drastic fall was observed after 6 hours of leaching (see Figure 5.3 b). Silicon 

levels fell from 76 ± 1 to 2.6 ± 0.5 ppm by the end of the leaching experiment. 

Concentration of silicon leached in the compost experiment was slightly higher 

than that recorded for the control test, albeit significantly lower than the amount 

of silicon leached in the acid extraction test (see Figure 5.3 b). The initial and final 

concentrations of silicon were 4.6 ± 0.4 ppm and 0.9 ± 0.1 ppm in the compost test 

and, 2.5 ± 0.1 and 0.96 ± 0.04 ppm for the control. Magnesium and silicon show 

similar leaching trend in both the compost and control tests. 
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5.3.2.3 Barium and strontium 

The leaching trend for barium and strontium during acid extraction were similar to 

that observed for calcium (see Figures 5.4 (a) and (b)). In the control (water) 

experiment, barium and strontium levels rose slightly in the first 6 hours before 

reaching equilibrium (as shown in Figures 5.4 a and b). In the compost amendment 

test, the levels of barium and strontium remained relatively unchanged throughout 

the leaching process. Barium and strontium release in the compost experiments 

were however lower relative to acid and control tests.   
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Figure 5.4: Effect of accelerated leaching of BOF slag on the leaching patterns of (a) 

barium (b) strontium. Time axis is reported in log scale and errors bars represent 

repeatability. 

The concentrations of barium in the acid leached slag were 0.98 ± 0.11 ppm and 

1.79 ± 0.34 ppm at the start and end of the experiment. In the compost treatment, 

barium levels were 0.04 ± 0.02 and 0.08 ± 0.03 ppm at the initial and final stages of 

the experiment. In the water extraction test (control), the amount of barium 
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leached rose from 0.15 ppm to 0.33 ± 0.02 ppm by the end of the leaching period 

(72 hrs.). 

On the other hand, the concentrations of strontium in the acid leached slag were 

1.29 ± 0.05 ppm and 1.75 ± 0.15 ppm at the start and end of the experiment. In the 

compost treatment, strontium levels were 0.12 ± 0.01 and 0.24 ± 0.01 ppm at the 

initial and final stages of the experiment. In the water extraction test (control), the 

amount of strontium leached rose from 0.14 ± 0.01 ppm to 0.42 ± 0.01 ppm by the 

end of the leaching period (72 hrs.). 

5.3.2.4 Potassium and sodium 

Figures 5.5 (a) and (b) represent the release of potassium and sodium in the 

different extraction tests respectively. The highest levels of potassium and sodium 

were leached in the compost experiments while the control test leached the least 

levels. 

Also, there was a steady increase in leaching of potassium and sodium throughout 

the leaching period. In the acid test, potassium levels increased from 12.1 ± 2.3 to 

14.1 ± 2.1 ppm and sodium concentrations rose from 20.2 ± 1.6 to 23.5 ± 2.2 ppm. 

In the compost test, potassium levels increased from 46.9 ± 0.9 to 55.2 ± 1.6 ppm 

and sodium concentrations rose from 23.2 ± 0.5 to 31.5 ppm. In the water 

extraction (control) test, potassium levels increased from 6.7 ± 0.2 to 8.00 ± 0.04 

ppm and sodium concentrations rose from 11.3 ± 1.3 to 18.3 ± 0.4 ppm.     
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Figure 5.5: Effect of accelerated leaching of BOF slag on the leaching patterns of (a) 

potassium (b) sodium. Time axis is reported in log scale and errors bars represent 

repeatability. 

 

5.3.3 Surface characterisation of leached product 

The changes in surface properties of the BOF slag before and after leaching were 

examined using BET analysis (Table 5.2). Acid leaching of the BOF slag increased 

the BET surface area of the original material while the addition of compost led to a 

decrease of BET surface area by a factor of 2 (Table 5.2). The pore diameter of the 

material (non-leached BOF slag) falls within the mesoporous category (2 nm < 𝑑 < 

50 nm) and the obtained BET surface area results for all the treatments were far 

greater than that reported in Radenovic et al., 2013 (3.04 m2 /g). 
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Table 5.2: Surface properties of leached BOF slag in batch experiments 

 BET surface area (m2/g) Pore diameter (nm) 

Non leached BOF slag 10.1 ± 0.4 16.3 ± 0.2 

Water leached BOF slag 

(control) 

12 ± 1 12.2 ± 0.5 

Acid leached BOF slag 20 ± 2 10.0 ± 0.3 

Compost amended BOF slag 5.5 ± 0.2 25.2 ± 3.4 

 

5.3.4 Mineralogical characterisation  

The changes in the mineralogy of BOF slag before and after leaching were 

examined using XRD analysis (Table 5.3). XRD analysis of the original material 

(non-leached BOF slag) used in this experiment, detected the presence of 

akermanite (Ca2MgSi2O7), merwinite (Ca3Mg(SiO4)2), portlandite (Ca(OH)2), 

periclase (MgO), corundum (Al2O3), calcite (CaCO3) and magnesite (MgCO3). In the 

water extraction test, phases such as akermanite (Ca2MgSi2O7), calcite (CaCO3), 

corundum (Al2O3), quartz (SiO2), periclase (MgO), magnetite (Fe3O4) and mullite 

(Al4.44Si1.56O9.78) were detected. 
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Table 5.3: Mineral phases present in leached BOF slag (batch experiments); + 

phase detected 

Phases Original (Non 

leached BOF slag) 

Water (control) Acid (HCl) Compost 

Akermanite 

(Ca2MgSi2O7) 

+ + +  

Quartz (SiO2)  +  + 

Calcite (CaCO3) + + + + 

Merwinite 

(Ca3Mg(SiO4)2 

+   + 

Corundum (Al2O3) + + + + 

Magnesite (MgCO3) +    

Periclase (MgO) + + + + 

Portlandite 

(Ca(OH)2) 

+    

Magnetite (Fe3O4)  +   

Mullite 

(Al4.44Si1.56O9.78) 

 +   

Calcium silicate 

hydrate 

(Ca2SiO4.0.3H2O) 

 

  + + 

Brownmillerite 

Ca2(Fe2O5) 

   + 

 

In the acid extraction test, phases such as akermanite (Ca2MgSi2O7), calcite (CaCO3), 

corundum (Al2O3), periclase (MgO), and calcium silicate hydrate (Ca2SiO4.0.3H2O) 

were present. In the compost test, mineral phases like quartz (SiO2), calcite 

(CaCO3), merwinite (Ca3Mg(SiO4)2), corundum (Al2O3) periclase (MgO), calcium 

silicate hydrate (Ca2SiO4.0.3H2O)  and brownmillerite Ca2(Fe2O5) were observed. 
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5.3.5 Trace elements 

The leaching patterns of selected trace elements over a 72 hour leaching period in 

the acid extraction, water extraction and compost amendment tests are presented 

in Figures 5.6 and 5.7. 

5.3.5.1 Vanadium and molybdenum 

The concentration of vanadium leached in acid, range from 245 ppb to 850 ppb. 

The highest level of vanadium was leached at 6 hours from the start of the 

experiment. Also, it can be seen that the leaching of vanadium occurred in two 

stages; an initial sharp leaching of vanadium in the first 6 hours followed by a 

decline in amount leached albeit at a slower rate for the rest of the period (Figure 

5.6 a). The amount of vanadium released in the compost test was more than that 

recorded in the control (water) test. In the compost experiment, vanadium 

concentrations decreased from an initial concentration of 116 ± 19 ppb to a final 

concentration of 85 ± 1 ppb (Figure 5.6 a). Initial vanadium levels in the water 

extraction treatment were lower (40 ± 2 ppb) relative to the compost test, this 

amount decreased further by the end of the leaching period to a final value of 34 ± 

2 ppb (see Figure 5.6 a).  
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Figure 5.6: Effect of accelerated leaching of BOF slag on the leaching patterns of (a) 

vanadium (b) molybdenum. Time axis is reported in log scale and errors bars 

represent repeatability. 

Acid leaching of the steel slag caused an increase in the leaching of molybdenum 

over time from 8.0 ± 0.6 ppb to 20.6 ± 1.4 ppb (see Figure 5.6 b). Molybdenum was 

more soluble in the compost experiment while the least Mo concentration was 

leached in water. The amount of molybdenum leached in the compost test rose 

from 13.3 ± 2.1 ppb to 28.4 ± 2.5 ppb, while in the case of the water extraction, the 

molybdenum level increased from 4.0 ± 0.8 ppb to 7.9 ± 1.3 ppb (Figure 5.6 b). 

5.3.5.2 Lithium and nickel 

During acid extraction, the amount of lithium and nickel leached from the BOF slag 

rose dramatically reaching concentrations of 125.3 ± 3.5 ppb and 142 ± 3 ppb 

respectively by the end of the leaching period of 72 hrs (see Figure 5.7). The levels 

of lithium and nickel leached using acid was in some cases 20 times greater than 

amounts recorded for the other treatments. 



127 
 

The release of lithium in water and compost tests were relatively constant during 

the leaching period, however concentration of lithium leached in water was 

somewhat higher compared to levels in the compost test (Figure 5.7 a). Lithium 

concentrations in the compost test decreased from 8.7 ± 1.0 to 6.6 ± 0.8 ppb, and 

dropped from 8.7 ± 1.0 ppb to 6.6 ± 0.8 ppb in the water extraction test (control). 

As can be seen in Figure 5.7 b, there was no much difference in the amount of 

nickel leached for both the water and compost tests. Nickel concentrations in the 

compost test increased from 3.9 ± 0.9 to 8.7 ± 0.8 ppb, and dropped from 6.5 ± 0.1 

ppb to 5.9 ± 0.3 ppb in the water extraction test (control).
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Figure 5.7: Effect of accelerated leaching of BOF slag on the leaching patterns of (a) 

lithium (b) nickel. Time axis is reported in log scale and errors bars represent 

repeatability. 
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5.4        Discussion 

5.4.1 Leaching behaviour – Major elements   

In the acid experiments, a greater amount of soluble species (e.g. Ca, Mg, Si, S) were 

leached from the slag matrix (Figures 5.2 & 5.3). Most of these elements are likely 

associated with calcium bearing phases and released through selective dissolution 

(Charun et al., 2012; Mehrotra, 2011; Warren and Dudas, 1988). Acid leaching is a 

self-sustaining process which leads to formation of new available sites for 

dissolution of Ca-bearing phases. The increased surface area and lower pH of the 

acid-leached BOF slag compared to the control and compost tests also promotes 

the release of these elements. Acid leaching leads to an initial fall in the pH of the 

steel slag leachates via the production of protons which provides a buffering effect 

to the system. This effect is however short-lived,  possibly due to the low strength 

of the acid used, in this case, 0.1 M HCl (Aarabi-Karasgani et al., 2010), because 

most of the protons gets consumed within the first few hours of leaching. 

5.4.1.1 Calcium 

The observed leaching pattern for calcium in the acid experiments could possibly 

be due to an initial precipitation reaction and / or calcium sorption to negatively 

charged steel slag surface, followed by a later dissolution of calcium bearing 

phases possibly calcium silicate hydrate (Engström et al., 2013). Also, in the batch 

experiments, there was a deviation from the usual pH dependent leaching 

behaviour for calcium. Usually, calcium release is favoured more at low pH, and 

becomes less soluble with increasing pH (Gitari et al., 2009). This behaviour was 

however not observed in any of the batch experiments (Figure 5.2 a) where the 

effect of pH on calcium leaching was limited (Figures 5.1 a and 5.2 a). The amount 

of calcium leached from the steel slag in the compost experiment was relatively 
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lower than the other treatments possibly because of the presence of 

brownmillerite (a less soluble calcium phase), in this treatment (see Table 5.3). 

The decrease in the surface area of compost amended steel slag observed due to 

the formation of calcite is also likely to be at least partly responsible for the lower 

levels of soluble species leached in this treatment.  

5.4.1.2 Barium and strontium 

The leaching trend for barium and strontium during acid extraction were similar to 

that observed for calcium, this would suggest that the controlling mechanism for 

these elements during acid extraction was the same. This is however not 

surprising because both barium and strontium are bivalent and can substitute 

calcium in the mineral phase controlling the dissolution. The slow release of 

barium and strontium in the water and compost tests could be due to 

incorporation of these elements in insoluble mineral phases such as CaCO3, this is 

consistent with observations from a previous study (Gitari et al., 2009).  

5.4.1.3 Magnesium and silicon 

The leaching behaviour for magnesium and silicon in the all the batch experiments 

could be ascribed to be controlled by pH and the dissolution and precipitation of a 

magnesium silicate phase. The precipitation of magnesium silicate minerals are 

favourable at high pH and dissolution is promoted at lower pH (<9), hence there 

was an initial slight dissolution of this phase at pH < 8.4 in the acid treatment 

(Demadis, 2010). The use of ultrapure DI water as a leachant led to the release of 

lower levels of magnesium and silicon regardless of the abundance of these 

elements in the parent slag probably due to the poor selectivity of water towards 

these elements especially since they exist in less soluble phases (Gitari et al., 2009). 
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5.4.1.4 Potassium and sodium 

In all the treatments, there was a steady increase in leaching of potassium and 

sodium throughout the leaching period, a unique pattern observed for Type 1 

elements (Cappuyns et al., 2008); this behaviour can be attributed to cation 

exchange reactions, in agreement with findings of Cappuyns et al., (2008). 

However there was no visible relationship between the leaching of alkali metals 

and pH, thus implying that the effect of pH on the solubility and leaching of 

potassium and sodium into solution was limited, in line with the findings of Gitari 

et al., (2009). The highest levels of potassium and sodium were leached in the 

compost experiments probably due to additional contribution from the leaching of 

soluble salts within the compost, while the control test leached the lowest 

concentrations. 

5.4.2 Leaching behaviour – Trace elements 

5.4.2.1 Vanadium and molybdenum 

The release of vanadium and molybdenum in the compost tests is likely controlled 

by formation of soluble vanadium and molybdenum complexes. Municipal compost 

contains dissolved organic carbon and a number of organic species such as humic 

and fulvic acids which control heavy metal binding and aid the complexation 

process (Cappuyns et al. 2008). Complexation increases the mobility of vanadium 

and molybdenum via formation of soluble species. In addition, more soluble 

species are formed when the redox potential is positive, such as that recorded in 

the compost tests (+14 mV). This observation is in agreement with previous 

literature (Cornelis et al., 2008; Karlsson et al., 2011). The leaching behaviour of 

vanadium in the acid test could be attributed to a dissolution-precipitation type 
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reaction involving the solubility controlling mineral phase, in this case probably a 

magnesium silicate phase which precipitates at high pH (Table 5.3; Aarabi-

Karasgani et al., 2010; Demadis, 2010). An anomalous trend was observed 

between pH and oxyanion leaching. In the batch experiments, there was no visible 

positive correlation between pH and the leaching pattern for vanadium and 

molybdenum. This is in contrast with the findings of Centioli et al., 2008 and 

probably suggests that the effect of pH on the leaching of both elements is limited. 

5.4.2.2 Lithium and nickel 

Higher nickel leaching was observed in the acid leaching test (average pH 8.6) 

compared to the compost experiments (with mean pH 11.8). The increased 

solubility of nickel at lower pH may suggest that its release is governed by Ni (OH)2, 

a mineral phase which precipitates at high pH and dissolves at lower pH. Hence, at 

high pH nickel tends to adsorb to this phase (Gitari et al., 2009). The precipitation 

of Ni (OH)2 was further confirmed via geochemical modelling (data not shown 

here). Furthermore, the leaching behaviour of nickel in these experiments would 

suggest that the leaching of Ni is not governed by complexation reactions or 

dissolution of organic matter in the compost because these reactions are favoured 

at high pH, so more nickel would be expected to leach out of the slag instead of the 

rather low levels leached at high pH (Cappuyns et al. 2008). The solubility of 

lithium in acid was enhanced by up to a factor of 20 compared to the former two 

possibly due to a combination of increased surface area and the occurrence of 

cation exchange reactions promoted by its inherent conservative behaviour 

(Cappuyns et al., 2008). 
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5.4.3 Statistical analyses – interpretation 

Statistical analyses of the various leaching methods showed significant differences 

(P < 0.001) between treatments for all variables (H = 9.27 – 15.16; DF = 2 for all) 

which are illustrated in Figures 5.1 – 5.7 and Appendix A9. However, the level of 

significance does vary with respect to some parameter e.g. silicon was not so 

significantly different between treatments (Figure 5.3 b, Appendix A9). 

 

5.5 Conclusions   

Acid leaching promotes the release of metals, especially those ones associated with 

calcium and magnesium bearing phases, from the matrix. On the other hand, 

addition of compost prior to leaching with water has little or no effect on the native 

pH of the system. Also, compost amendment, unlike acid leaching, suppresses 

calcite precipitation because this treatment reduces surface area available for 

carbonation reactions and also decreases the amount of calcium leached. 

In laboratory conditions, addition of compost to steel slag prior to leaching with 

water intensifies the leaching of oxyanions such as molybdenum and vanadium 

relative to the control test. However, the concentrations of both elements were 

lower when compared with the acid leached sample (Table 5.4). Organic 

complexation could be a key controlling mechanism for leaching of such metals in 

the compost test.  

Leaching of metals in the compost tests is not a function of surface area but 

controlled via organic complexation unlike the acid test where leaching is a 

function of surface area thus making it was the most weathered of all treatments as 

evidenced by XRD. The leaching of magnesium and silicon is pH-dependent and 
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likely controlled by the dissolution and/or precipitation of magnesium silicates. 

Acid leaching of steel slag accelerates the release of lithium and nickel however 

addition of compost to BOF steel slag prior to leaching with water suppresses the 

release of these elements.  

Concentrations of elements such as calcium, barium, strontium, lithium and nickel 

were lower in the compost experiments relative to the control tests most likely due 

to secondary precipitation reactions (Table 5.4). In most cases, the concentrations 

fell continuously over time with the exception of calcium and nickel. On the other 

hand, concentrations of elements such as sulphur, silicon, potassium, sodium, 

vanadium and molybdenum were higher in the compost amendment test 

compared to the control (Table 5.4). The concentrations dropped over time with 

the exception of sulphur and molybdenum. 

In as much as acid leaching of steel slag accelerates the leaching of V and Mo 

compared to the compost test, the concentrations obtained via the acid leaching 

process are so low thus making the recovery process economically unviable e.g. 

concentrations of up to 94 ppm V, 40 ppm Mo, and 242 ppm Ni is sometimes 

required to achieve viability (Shen and Guo, 2015). The use of acids for leaching 

also tends to have a hazardous effect on the environment.  

Consequently, it would be beneficial to adopt the use of a greener compost 

alternative for enhanced leaching of valuable metals like vanadium and 

molybdenum. However, from an environmental engineering perspective, V and Mo 

could be of potential environmental concern when steel slag are used for soil 

amendment purposes (in the presence of compost), hence a proper management 

system will be required if steel slag are to be used in an agricultural setting (and 

mixed with organics). As a result, further investigations on key factors that could 
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affect leaching of these metals from compost amended steel slag have been carried 

out in subsequent chapters. 

Table 5.4: Summary of leaching behaviour for selected elements in BOF slag 

leached with various media (concentrations in the acid and compost tests are 

expressed as a factor of amounts in control test) 

Element Compost  Acid  

 Start (1 hr.) End (72 hr.) Start (1 hr.) End (72 hr.) 

Calcium 0.5* 0.7^ 10* 12.7^ 

Sulphur 1.3* 1.4^ 4* 3.4^ 

Magnesium * 2^ 4500* 2170^ 

Silicon 1.6* 0.9^ 30* 2.7^ 

Barium 0.3* 0.2^ 6.5* 5.4^ 

Strontium 0.9* 0.6^ 9.2* 4.2^ 

Potassium 7* 6.9^ 1.8* 1.8^ 

Sodium 2* 1.7^ 1.8* 1.3^ 

Vanadium 2.9* 2.5^ 8.5* 7.3^ 

Lithium 0.7* 0.6^ 4.2* 10.4^ 

Nickel 0.6* 1.5^ 11.3* 24.1^ 

Molybdenum 3.3* 3.6^ 2* 2.6^ 

* represents the elemental concentration in the control test at 1 hour from start of 

experiment 

^ represents the elemental concentration in the control test at 72 hours from start 

of experiment 
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6 

Leaching products of compost amended steel slag: 

Batch and column experiments 

6.1 Introduction 

Compost has been shown, in the previous chapter, to accelerate the leaching of 

some elements of potential commercial interest particularly vanadium and 

molybdenum (see Table 5.4). Covering slag waste piles with compost also has the 

benefit of suppressing fugitive dust production, supporting plant growth and 

contributing to a functioning ecosystem. Compost amendment therefore appears 

to be a viable strategy for widespread remediation of alkaline residue disposal 

areas.  

However, if such a scheme was to be funded by extraction of trace elements, it is 

vital that factors which affect the release of elements from the matrix of the slag 

material are better understood. Landfill environments are seldom uniform, and 

thus will result in significant variation in leachant pH, redox, dissolved organic 

carbon (DOC), liquid to solid ratio, leachant type, biological activity and a range of 

other hydrochemical parameters (see Chapter 4; McLean and Bledsoe, 1992). This 

chapter aims to shed more light on the preliminary findings for two potentially 

economically viable components of the leachate, vanadium and molybdenum, so as 

to assess the key impacts of compost addition on leaching, and recarbonation of 

steel slags, and thus to underpin future research into metal recovery. To achieve 
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this, batch leaching tests have been designed to investigate leaching under aerobic 

and anaerobic conditions, as well as some column leaching tests which provide the 

broader scale assessment of the leaching products and the effectiveness of these 

remedial interventions. 

 

6.2 Methodology 

6.2.1 Batch experiments investigating the effect of biological activity and redox 

on compost amended-BOF slag – Experiment 6A 

6.2.1.1 Material preparation 

Crushed BOF steel slag and compost were sieved so only particles with diameter 

between 420 µm and 63 µm were collected and used in this experiment. In order to 

obtain this desired size aggregate, two British standard sieves (mesh size of 420 

µm and 63 µm) were combined by placing the 420 µm sieve above the 63 µm sieve 

prior to sieving. 

A subset (half portion) of the sieved samples (slag and compost) was then 

removed and placed into two separate beakers and covered with aluminium foil. 

These were then sterilised in an autoclave at 120 °C for two hours so as to destroy 

all biological activity within the sample. The remaining half was however left 

unsterilized. Also, all the conical flasks used for this experiment were sterilised in 

the same way prior to the start of experiments so as to make sure that any 

observed biological activity was solely derived from the sample.  

In these experiments (both aerobic and anaerobic), microcosms were set up in a 

controlled environment laboratory at 19 °C ± 1 °C in the presence of 8 hrs UV light 

daily (so as to simulate natural field conditions) over a 6 week period. Batch 
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leaching tests were performed using deionised water (18.2 MΩ) so as to allow the 

waste material to control the redox environment thus reflecting the native Eh of 

the material. 

6.2.1.2 Aerobic experiments – Experimental design and sample collection 

Four different treatments were set up in separate 500 ml conical flasks as 

described in Table 6.1.  

Table 6.1: Experimental set-up for the aerobic flask experiments (n = 4) 

Treatment Set-up 

‘slag only’ – control 10 g of unsterilised slag + 100 ml UHQ 

deionised water 

‘sterile slag only’ – sterile control 10 g of sterilised slag + 100 ml UHQ 

deionised water 

‘unsterilised (slag + compost)’ 10 g of unsterilised slag + 2 g of unsterilised 

compost + 100 ml UHQ deionised water 

‘sterilised (slag + compost)’ 10 g of sterilised slag + 2 g of sterilised 

compost + 100 ml UHQ deionised water 

 

Next, all conical flasks were sealed with cotton wool and wrapped with aluminium 

foil material so as to regulate the amount of UV light entering the flasks. 

Subsequently, they were attached to a mechanical shaker and agitated from side to 

side at a speed of 100 osc/min (see Plate 6.1). Four replicates were set up for each 

treatment. 
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    Plate 6.1: Experimental set – up for batch experiments under aerobic conditions 

The flasks were carefully sampled over a 6 week period. Samples were collected at 

4, 20, 24 hours from the start of the experiment and then sampling was done 

sequentially until the end of experiment. At each sampling time, 2 ml of the mix in 

the flask was collected using a syringe. The syringe was flushed with UHQ 

deionised water prior to sampling each time. The pH, Eh (redox potential), 

conductivity, alkalinity of the flask samples were analysed in the laboratory using a 

frequently calibrated pH meter, conductivity meter and digital titrator in 

accordance with the method described in sections 3.4.1.1.1 and 3.4.1.1.2. The 

alkalinity of the samples was measured only at the end of the experiment 

(assuming an initial zero alkalinity). Next, the collected leachate was filtered (0.45 

µm), acidified with 2 % HNO3 and subjected to ICPOES and ICPMS for major ions 

(Ca, Si, S, Mg, K, Na) and trace elements (Li, V, Ni, Mo) analysis respectively. 

6.2.1.3 Anaerobic experiments – Experimental Set-up and sample collection 

The set-up used in the anaerobic experiments was the same as that in the aerobic 

counterpart (Table 6.1), although with a slight modification (all samples were 
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made up in 100 ml septum vials which were deoxygenated by bubbling with 

oxygen-free nitrogen immediately prior to use). 

Similarly, four different treatments were investigated, namely ‘slag only - (control)’, 

‘sterile slag only – (sterile control)’, ‘unsterilized (slag + compost)’, and ‘sterile 

(slag + compost)’. Four replicates were set up for each treatment. The samples 

were prepared in a glove bag flushed with nitrogen in order to create a near – 

anaerobic environment. The vials were immediately sealed as soon as all the 

materials had been added. Vials were rotated in a side to side motion during the 

experiments with a mechanical shaker at a speed of 200 osc/min. 

The experiment lasted a period of 6 weeks and all treatment flasks were sampled 

during this time, however, the sampling of ‘sterile slag only’ and ‘sterilised (slag + 

compost)’ batches were not possible on Day 21 due to the lack of nitrogen. The pH, 

conductivity, Eh and alkalinity of the samples were measured using the same 

equipment as the aerobic experiment, except that these parameters were recorded 

only at the start and end of the experiment to avoid compromising the anaerobic 

conditions within the vials. For each sample, 2 ml of the leachate was collected 

with a nitrogen filled syringe. The sampled volume was filtered, acidified using 2 % 

HNO3 and analysed for major ions (Ca, Si, S, Mg, K, Na) and trace elements (Li, V, Ni, 

Mo) using ICPOES and ICPMS respectively. Geochemical modelling of the leachates 

was done using PHREEQC v. 3.1.7-9213 with the LLNL database in line with the 

method outlined in section 3.4.1.2. 
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6.2.2 Effect of compost placement method in a compost-amended slag system; 

column experiments  – Experiment 6B 

6.2.2.1 Material preparation 

The BOF slag was manually sorted to get rid of stones, leaves and other unwanted 

materials. They were then sieved to obtain steel slag with diameter greater than 8 

mm but less than 19 mm using British standard sieves of mesh size 19 mm and 8 

mm, this size fraction was chosen because it represented the average size of the 

uncrushed steel slag and would therefore cause minimal disturbance if the 

technology was applied in a field scenario since the need for crushing would be 

eliminated. The municipal compost was sorted to get rid of unwanted materials e.g. 

wood and plastics. No further processing was carried out on the compost. 

6.2.2.2 Experimental design 

Four mesocosms were constructed using PVC pipe of length 33 cm and width 11 

cm with a tap at the bottom of the column for effluent collection (Figure 6.1).  
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Figure 6.1:  Different physical structures of slag-compost mixture. A – no compost, 

B – compost top, C – compost blend, D – compost intermediate. 

For the column experiments, a slag to compost ratio of 5:1 was applied and set up 

in accordance with Table 6.2. This ratio translated to a depth of approximately 20 

cm which is typical of soil amendment. Triplicates of each treatment were set up. 

           Table 6.2: Experimental set-up for column experiments (n = 3) 

Treatment Set-up 

Column A (No compost) 2.25 kg of steel slag only + plastic balls (to 

bring this column to same level as others) 

Column B (Compost Top) 450 g of compost layered over 2.25 kg of 

slag 

Column C (Compost Blend) 2.25 kg of slag mixed vigorously with 450 g 

compost 

Column D (Compost Intermediate) 450 g compost sandwiched between two 

layers of slag (total slag weight 2.25 kg) 
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Column A (‘No compost’) has been considered as a ‘reference treatment’ in this 

experiment since it lacks compost hence all other treatments have been compared 

against it. The slag samples were carefully introduced in the columns in such a way 

that does not create preferential flow of the leaching fluid by ensuring a near-even 

distribution of the slag material inside the column. UHQ deionised water was used 

as the leaching fluid in this experiment. 

At the start of the experiment, 700 ml of the leaching fluid (pH = 5.7) dosed with 

0.1 g calcein was added to the slag/compost mixture in all the columns. This 

volume of water was chosen so as to ensure that the water table in the column was 

within the slag region and below the interface between the steel slag and compost. 

Calcein, a fluorescent dye, was added to the water in order to stain fresh 

precipitates produced during the course of the experiment and also to allow for 

future examination of these precipitates under fluorescent UV/Visible light (see 

Chapter 7). The columns were set up in a controlled laboratory environment with 

average temperature of 20 °C ± 2 °C and exposed to 8 hours of daylight (UV light) 

daily, therefore simulating natural precipitation conditions. Furthermore, no filter 

was placed between the media and the tap. The tap was left open for free drainage 

only during sampling. 

6.2.2.3 Solution chemistry: sampling and analyses 

20 ml of the leachate from individual columns were sampled at different times 

over an initial sampling period of 100 days, however equilibration occurred within 

50 days of sampling so data analysis was limited to this period. The sampled 

volume was replaced by the same volume of ultra-pure water (dosed with 10 mg 

calcein) in order to maintain a constant water table level in the columns and also 
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so as to limit the perturbation of the system. The physico-chemical parameters (pH, 

Eh, conductivity, alkalinity) of the sampled leachate were measured using 

calibrated instruments according to methods described in sections 3.4.1.1.1 and 

3.4.1.1.2. Unfortunately, the alkalinity of samples from column D was only 

measured at 22 hours after the start of the experiment due to a fault developed by 

the instrument.  

In addition, the water colour of the leachates was determined photoelectrically 

with a photometer at 410 nm, in accordance with standard method YSIP47 

following filtration through a 0.45 µm filter to remove any suspended solids.  This 

is because water colour is a useful surrogate measure for dissolved organic carbon 

in the samples.   

The sampled leachate was filtered using a 0.45 µm filter, acidified (2 % HNO3) and 

preserved at 4 °C. Major ions (Ca, S, K, Na) and trace elements (Li, V, Ni, Mo) of the 

stored samples were measured on ICP-OES and ICP-MS respectively within three 

days of sampling. 

The saturation indices of possible mineral phases present in the leachates were 

determined at random times (Day 1, 19, 28 and 50) so as to create a better 

understanding of the thermodynamics of the system over time. This was achieved 

using the computer program WEB-PHREEQC version 3.1.7-9213 with the LLNL 

database (section 3.4.1.2).  

Graphs were plotted using Microsoft Excel 2007, to display the leaching patterns of 

elements of interest over time in the various treatments. Also, the Kruskal-Wallis 

test was conducted on the various treatments so as to ascertain the statistical 

differences in all treatments. This was achieved using Minitab software. 
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6.3 Results  

6.3.1 Batch experiments investigating the effect of biological activity and redox 

condition on compost amended-BOF slag – Experiment 6A 

6.3.1.1 Physicochemical parameters - Aerobic 

The changes in the pH, conductivity and Eh (redox potential) of the aerobic batch 

tests are presented in Figure 6.2. Under aerobic conditions, the pH for all the 

treatments fell approximately by an average of 1.4 pH units by Day 42. This decline 

in pH was more pronounced in the first 8 days followed by equilibration onwards 

(Figure 6.2 a). The pH of the non-sterile samples was also slightly lower than the 

sterilized ones. There was however no significant change in pH of the compost and 

non-compost amended slag treatments.  
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Figure 6.2: Changes in (a) pH (b) conductivity (c) Eh under aerobic conditions. 

Time axis is reported in log scale and errors bars represent repeatability.  

Under aerobic conditions, no clear pattern was seen for the effect of the treatments 

on conductivity values (Figure 6.2 b). Conductivity values in the sterile samples 

were slightly higher than its unsterilized counterparts. The redox potential for all 

the treatments were negative (highly reducing). Similarly, as in the case of pH and 

conductivity, the sterile samples were more reducing compared to the non-sterile 

ones (Figure 6.2 c). For the aerobic experiments, alkalinity values at the end of 

experiment for the slag only, sterilized slag only, slag and compost, and sterilized 
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slag and compost treatments were 515 ± 113, 577 ± 78, 984 ± 143, and 1259 ± 169 

mg/L as CaCO3 respectively (all assuming an initial zero alkalinity).  

6.3.1.2 Physicochemical parameters - Anaerobic 

Anaerobic (reducing) conditions led to a rise in pH in all the treatments (Table 6.3). 

The greatest rise of 1.5 pH units was observed for the unsterilized (slag and 

compost) treatment while the sterilized (slag plus compost) rose the least.  

Table 6.3: Physicochemical parameters under anaerobic conditions (n=4) 

 pH  Conduct. / 

µS/cm 

 Eh / mV  

 Initial Final (6 

weeks) 

Initial Final (6 

weeks) 

Initial Final (6 

weeks) 

Unsterilized 

slag only 

10.83 ± 

0.05 

12.15 ± 

0.06 

189 ± 5 2850 ± 518 -241.8 ± 

4.38 

-323.9 ± 

3.63 

Sterilised 

slag only 

11.23 ± 

0.22 

12 ± 0 663 ± 58 1938 ± 91 -265 ± 14.01 -315.5 ± 

1.72 

Unsterilised 

(slag & 

compost) 

10.58 ± 

0.10 

12.08 ± 

0.05 

223 ± 18 2625 ± 190 -228.3 ± 

4.96 

-320.5 ± 

2.55 

Sterilised 

(slag & 

compost) 

11.08 ± 

0.26 

11.8 ± 0.0 748 ± 79 1434 ± 25 -256.4 ± 

13.84 

-301.6 ± 

0.62 

 

Batch leaching under anaerobic conditions led to a tremendous rise in conductivity 

(Table 6.3). This rise was more pronounced in the unsterilized samples, in some 

cases, by up to factor of 15 more than initial conductivity values. Also, the leachates 

were all strongly reducing, with the most reducing values in the sterile samples 

(Table 6.3). 
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The alkalinities in the anaerobic experiments were higher than the aerobic ones. 

For the anaerobic experiments, alkalinity values at the end of experiment for the 

slag only, sterilized slag only, slag and compost, and sterilized slag and compost 

treatments were 998 ± 88, 652 ± 21, 1168 ± 263 and 1249 ± 132 mg/L as CaCO3 

(all assuming an initial zero alkalinity).  

6.3.1.3 Major elements – aerobic and anaerobic 

6.3.1.3.1 Calcium, silicon and sulphur 

The amount of calcium and silicon leached under anaerobic conditions was far 

higher compared to levels recorded under aerobic (oxidising) conditions (Figures 

6.3 a - d). Under aerobic conditions, more calcium was leached from the sterilised 

treatments compared to the unsterilized ones (Figure 6.3 a). Conversely, silicon 

levels were higher in the unsterilized samples compared to the sterilized ones 

(Figure 6.3 c).  
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Figure 6.3: Leaching characteristics of selected major elements in compost 

amended BOF slag under varying redox conditions. (a) calcium – aerobic (b) 

calcium – anaerobic (c) silicon – aerobic (d) silicon – anaerobic (e) sulphur – 

aerobic (f) sulphur – anaerobic. Time axis is reported in log scale and errors bars 

represent repeatability. 

Generally, for all treatments, the amount of calcium leached increased within first 

5 days of leaching then drops onwards under aerobic conditions (Figure 6.3 a). 
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Similarly for silicon, an initial rise was observed within the first 8 days of leaching 

followed by a fall onwards in aerobic settings (Figure 6.3 c). On the other hand, 

under anaerobic conditions calcium and silicon levels rose continuously 

throughout the leaching period (Figure 6.3 b & d).  

Sulphur leaching was slightly enhanced under aerobic conditions compared to 

anaerobic conditions (Figure 6.3 e & f). The sterilized treatments leached more 

sulphur compared to the unsterilized counterpart under anaerobic conditions. The 

leaching of sulphur was observed to increase continuously throughout the leaching 

period under both conditions (Figure 6.3 e & f). 

6.3.1.3.2 Potassium and sodium 

The level of potassium and sodium leached under aerobic environments was 

slightly lower than anaerobic treatments (Figures 6.4 a - d). The amount of sodium 

and potassium leached from the compost amended samples were higher than that 

recorded for the non-compost samples, and also independent of sterilization 

(Figures 6.4 a - d). The levels of alkali metals released from the slag matrix 

remained relatively constant throughout the leaching period (Figure 6.4). 
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Figure 6.4: Leaching behaviour of potassium and sodium in compost amended BOF 

slag under aerobic and anaerobic conditions. (a) Potassium – aerobic (b) 

potassium – anaerobic (c) sodium – aerobic (d) sodium – anaerobic. Time axis is 

reported in log scale and errors bars represent repeatability. 

 

6.3.1.4 Trace elements – aerobic and anaerobic 

6.3.1.4.1 Lithium, vanadium, nickel, molybdenum 

The leaching behaviour of lithium, vanadium, nickel and molybdenum in a 

compost-amended steel slag system investigated under aerobic and anaerobic 

settings have been presented in Figure 6.5.  
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Generally, anaerobic treatments depress the rate of leaching of lithium, vanadium 

and molybdenum but increases the amount of nickel leached. 

The amount of lithium released increased steadily throughout the leaching period 

under both aerobic and anaerobic conditions. Also there was no noticeable 

difference in the amounts leached from the sterile and non-sterile samples. 
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Figure 6.5: Leaching characteristics of selected trace elements in compost amended BOF 

slag under varying redox conditions. (a) Lithium – aerobic (b) lithium – anaerobic (c) 

vanadium – aerobic (d) vanadium – anaerobic (e) nickel – aerobic (f) nickel – anaerobic (g) 

molybdenum – aerobic (h) molybdenum – anaerobic. Time axis is reported in log scale and 

errors bars represent repeatability. 
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In the case of vanadium, aerobic leaching led to an initial rise in amount leached 

followed by a fall afterwards in leached levels. This pattern was similar to that 

observed for calcium and silicon. Aerobic leaching also favoured the release of 

vanadium. Anaerobic treatments led to a continuous, but slower, increase in the 

amount of vanadium leached. In the aerobic treatments, the amount of nickel 

leached fell progressively during the leaching period while during anaerobic 

leaching, there was a pronounced rise in leached nickel levels. The leaching pattern 

for molybdenum was similar in both the aerobic and anaerobic treatments; 

however the molybdenum levels in the aerobic treatments were slightly higher 

than its anaerobic counterparts. 
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6.3.2 Effect of compost placement method in a compost-amended slag system; 

column experiments – Experiment 6B  

6.3.2.1 Physico-chemical parameters 
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Figure 6.6: Effect of compost placement method of slag-compost mixtures on (a) 

pH (b) conductivity (c) redox potential (d) alkalinity  

Figure 6.6 presents the physico-chemical parameters (pH, Eh, conductivity and 

alkalinity) of all the treatments investigated in the column experiments.  There was 

a sharp rise in the pH of all the column treatments within the first 9 days of the 

column experiments followed by equilibration onwards (Figure 6.6). Column C 
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(compost blend) had the lowest pH while column B (compost top) had the highest 

pH relative to column A (control). The pH of leachates in column C was 0.9 pH 

units lower than column A while the pH of leachates in column B was 0.4 pH units 

higher than column A by the end of the column leaching experiments. Also, there 

was little difference in the pH of the column D (compost intermediate) and column 

A. 

The addition of compost increased the conductivity in all the treatments. The 

highest conductivity was recorded in column D (compost intermediate). The 

capped column (B) and blended column (C) showed similar conductivity pattern. 

The leachates from all the columns were strongly reducing in nature, ranging from 

-196 ± 11 to -299 ± 2 mV. Column B (compost top) was the most reducing column 

while column C (compost blend) was the least reducing column of all the 

treatments. Alkalinities of the compost-amended samples were higher than the 

control treatment, and also increased over time. The greatest alkalinity was 

recorded in column B (compost top). The alkalinity in column B rose from 462 ± 

108 to 883 ± 98 mg/L as CaCO3 while that in column C rose from 165 ± 5 to 611 ± 

125 mg/L as CaCO3. The alkalinity for column D after 22 hours of leaching was 214 

mg/L as CaCO3. 

Figure 6.7 shows a statistically significant difference (Kruskal Wallis: H: 30.7, d.f. 3, 

P<0.001) in water colour generation between the treatments (n = 6 for each 

treatment).  Water colour generation was at or below detection limits in the 

control A (no organic amendment) and capped treatment B.  Significantly higher 

water colour was apparent in the sandwich treatment D (median: 15 mg/L; range: 

10-20 mg/L) and further more in the blended treatment (median: 100 mg/L; range: 

70-150 mg/L).   
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Figure 6.7: Water colour concentrations in various column treatments. Control – Column A, 

Capped – Column B, Blend – Column C, Sandwich – Column D. 

 

6.3.2.2 Major elements 

6.3.2.2.1 Calcium, sulphur, potassium and sodium 

The leaching behaviour of calcium, sulphur, aluminium, potassium and sodium in 

the various column treatments are presented in Figure 6.8. The amount of calcium 

leached was highest in column D (compost intermediate) and lowest in column C 

(column blend). There was a rise in calcium leaching over time with the exception 

of calcium D, where calcium levels decreased over time (Figure 6.8 a). Sulphur 

release was greatest in column D and the leached levels remained relatively 

constant throughout the leaching period. Also, column C promoted the release of 

sulphur although in lower levels compared to column D (Figure 6.8 b).  
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Figure 6.8: Effect of compost placement method of slag-compost mixtures on the 

leaching behaviour of (a) calcium (b) sulphur (c) potassium (d) sodium.  

The addition of compost increased the leaching of potassium and sodium in all 

compost-amended samples (Figures 6.7 d & e). The greatest amount of these alkali 

metals was leached in column D. The concentration of potassium rose from 144.8 ± 

35.6 to 463.7 ± 48.9 ppm while the sodium levels rose from 40.4 ± 4.8 to 119.2 ± 

0.9 ppm in column D by the end of the leaching experiment. In column C, the 

concentration of potassium rose from 240.7 ± 70.4 to 430.9 ± 19.8 ppm while the 

sodium levels rose from 87.3 ± 13.1 to 194.1 ± 39.8 ppm by the end of the leaching 

experiment. The concentration of potassium and sodium rose from 24.9 ± 2.3 to 
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138.1 ± 0.6 ppm and 48.4 ± 9.8 to 148.9 ± 12.6 respectively in column B by day 50 

of the leaching experiment (Figures 6.7 c & d). 

6.3.2.2.2 Magnesium and silicon 

Figures illustrating the leaching pattern for magnesium and silicon in the columns 

have not been presented here because most of the data obtained were anomalous 

and in most cases below detection limits of 0.030 ± 0.004 ppm and 0.040 ± 0.005 

ppm for magnesium and silicon respectively.  

The initial magnesium levels in columns A (no compost), B (compost top) and D 

(compost intermediate) were 0.30 ± 0.06, 0.10 ± 0.03 and 3.9 ± 1.1 ppm 

respectively (figures not shown here). After 4 days of leaching, this amount fell to 

0.20 ± 0.02, 0.08 ± 0.01 and 1.1 ± 0.2 ppm respectively. Magnesium levels were 

below detection limit for the rest of the leaching period. However in column C 

(compost blend), the maximum amount of magnesium was leached on day 4 of the 

leaching experiments (8.0 ± 0.2 ppm), this amount dropped to 2 ppm by day 50 of 

the leaching experiments (Figure not shown here).  

In the control treatment (no compost), silicon levels fell from 4.1 ± 0.2 to 1.6 ± 0.3 

ppm by day 7 of the leaching period after which measured concentrations were 

below detection limit.  Similarly, in column B (compost top), silicon concentrations 

decreased from 2.5 ± 0.6 to 1.6 ± 0.1 ppm by day 4 after which measured 

concentrations were below LOD. In column C, silicon levels rose steadily reaching 

concentration of up to 5 ppm by day 50 while in column D, there was an initial rise 

in silicon levels within the first 9 days of leaching, reaching levels up to 13 ppm, 

followed by a subsequent fall onwards.  
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6.3.2.3 Trace elements 

6.3.2.3.1 Lithium, vanadium, nickel, molybdenum 

The leaching characteristics of selected trace elements in the investigated column 

treatments are displayed in Figure 6.9. The leaching of lithium and vanadium were 

greatly enhanced in column D and suppressed in columns B and C. The 

concentration of lithium in column D increased over time rising from 10.9 ± 2.4 to 

24.0 ± 5.1 ppb after 50 days of leaching. Contrary to this, lithium levels dropped in 

the other columns. In column A, lithium levels dropped from 17.9 ± 2.7 to 9.0 ± 1.1 

ppb. In column B, lithium levels fell from 19.8 ± 5.3 ppb to 3.7 ± 0.4 ppb while in 

column C the lithium levels decreased from 18.9 ± 2.2 ppb to 6.3 ± 1.0 ppb. 
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Figure 6.9: Effect of compost placement method of slag-compost mixtures on the 

leaching behaviour of (a) lithium (b) vanadium (c) nickel (d) molybdenum  

In the case of vanadium, the initial and final concentrations in column A were 

157.4 ± 22.7 and 118.7 ± 37.0 ppb respectively. In column B, vanadium levels fell 

from 74.5 ± 11.4 to 13.4 ± 3.0 ppb. Vanadium leaching in column C and D rose from 

79.0 ± 3.3 to 139.1 ± 12.2 ppb and 109.3 ± 22.0 to 590.9 ± 90.6 ppb respectively. 

Nickel leaching was higher in columns C and D and lowest in column B relative to 

column A. In columns A and B, the amounts of nickel dropped from 1.8 ± 0.4 to 1.5 

± 0.3 ppb and 5.5 ± 1.6 1.0 ± 0.1 ppb respectively while in columns C and D, nickel 

levels rose from 7.7 ± 1.4 13.7 ± 2.2 ppb and 3.0 ± 0.1 16.5 ± 3.1 ppb respectively. 
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The leaching of molybdenum increased in all the compost amended steel slag. In 

column A (no compost), the initial and final levels were 15.1 ± 1.8 and 18.6 ± 4.4 

ppb. Molybdenum levels rose from 29.1 ± 1.2 to 44.6 ± 15.7 ppb in column B while 

in column C, the amounts of molybdenum leached fell from 105.2 ± 7.1 to 82.0 ± 

41.6 ppb. The greatest amount of molybdenum was leached in column D rising 

from 15.2 ± 1.7 to 153.3 ± 51.7 ppb. 

6.3.2.4 Geochemical modelling 

Here, the potential solubility controlling minerals were selected on the basis of the 

determined SI-values (i.e., closeness to zero) and the likeliness of their presence in 

steel slag. These minerals include calcite, aragonite, portlandite, quartz, corundum, 

ettringite, lime and larnite.  

Leachates obtained from all the treatments (both control and compost-amended) 

were supersaturated with respect to calcite and aragonite, and undersaturated 

with respect to portlandite, lime, and larnite throughout the leaching period 

(Figure 6.10). In columns A, C and D, the leachates were initially saturated with 

respect to quartz in the first few days of leaching however by day 19, and for the 

rest of the leaching period, the leachates became undersaturated with quartz. 

Column B was undersaturated with respect to quartz throughout the leaching 

regime (Figure 6.10). 

Corundum was supersaturated in all the columns throughout the leaching period 

with the exception of column D (column intermediate) in which this mineral phase 

remained undersaturated. Leachates in columns A and B were supersaturated with 

ettringite while columns C and D were undersaturated with respect to this phase 

(Figure 6.10). 
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Figure 6.10:  Evolution of key mineral phases in compost-amended steel slag over 

time. (Data obtained via aqueous modelling using WEB-PHREEQC version 3.1.7-

9213 with the LLNL database). 
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6.4 Discussion (Batch and column experiments) 

6.4.1 pH, Eh, and Alkalinity 

Aerobic leaching lowers pH of the resultant leachates possibly due to the buffering 

effect provided by atmospheric CO2(g) rapidly reacting with the alkalinity of the 

samples hence leading to carbonation reactions and a fall in pH to values which 

may permit initiation of biological activity (pH < 10). Also, the decline in pH values 

under unsterilized aerobic conditions probably suggests that pH buffering may be 

partly biologically induced (Mayes et al., 2006). The lack of carbonation reactions 

in the anaerobic flasks may be responsible for the lower redox potential and higher 

alkalinity values observed in this treatment, similar to previous findings in Dusing 

et al., 1992.  

Furthermore, a ‘fully aerobic’ environment wasn’t established within the leaching 

period regardless of the CO2 input from the atmosphere hence the negative redox 

potential values obtained, this is probably due to the inherent highly reducing 

nature of the slag material and also limited diffusion of CO2 in the flask since most 

of it would travel in the upper zone of the flask. The higher alkalinities in the 

compost-amended samples probably suggests that the compost material 

contributes to the alkalinity in both aerobic and anaerobic conditions probably due 

to the slower diffusion rate of gases i.e. CO₂ in water and the release of alkaline 

species e.g. CO₃²⁻ from compost. 

In column C (compost blend), the surface area available on the surface of the steel 

slag is reduced due to the closer interaction between the compost and slag. This 

decreases the leaching of calcium and also lowers the leachate pH by promoting 

the biological activity within this column.  
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6.4.2 Major elements 

6.4.2.1 Calcium and silicon 

The concentration of calcium in the aerobic leachates were lower compared to the 

anaerobic leachates possibly due to carbonation effect occurring as a result of the 

interaction of atmospheric CO2 and calcium ions in the leachate (Comans et al., 

2006), while the lower amount of silicon leached under aerobic conditions may be 

due to the precipitation of quartz, which is also promoted by the availability of 

atmospheric CO2 (Bayless and Schulz, 2003). However, in anaerobic conditions, the 

leaching of calcium and silicon increased continuously and is probably governed 

by mineral dissolution only. Sterilization promotes the leaching of calcium and 

hinders the release of silicon in the aerobic tests, probably suggesting that 

biological activity could partly be responsible for the observed leaching behaviour 

of these elements (Figures 6.3 a and c).  

In column C (compost blend), the surface area available on the surface of the steel 

slag is reduced possibly due to the closer interaction between the compost and slag. 

This decreases the leaching of calcium and also lowers the leachate pH by 

promoting the biological activity within this column.  

6.4.2.2 Sulphur, potassium, and sodium 

The leaching of sulphur was observed to increase continuously throughout the 

leaching period under both conditions, this may likely be associated with the 

dissolution of a highly soluble component such as sodium sulphate, which may 

have been formed as a result of the interaction between the sodium (4.3 ± 0.5 % 

Na ; see Table 4.1), derived from the use of sodium carbonate as an additive in the 

steel production process, and the abundant sulphur present in the slag (2.6 ± 0.3 % 
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S; see Table 4.1), The leaching of alkali metals was higher in the organic amended 

treatment in both aerobic and anaerobic environments regardless of sterilization 

probably due to the additional contribution of potassium and sodium naturally 

inherent in the compost. 

6.4.3 Trace elements 

The leaching of the selected trace elements (lithium, vanadium, nickel, 

molybdenum) were most likely solubility controlled and not governed by surface 

sorption. This is supported by the fact that typical sorptive surfaces such as 

amorphous aluminium oxides, hydrous ferric oxides and hydrotalcite, which have 

high affinity for these elements were not detected via geochemical modelling (see 

Appendix A4; Comans et al., 2006; Smith, 1999), possibly due to the fact that the 

concentrations of elements providing reactive hydro (oxide) surfaces for sorption 

such as aluminium, iron and magnesium were too low in the leachates.  

6.4.3.1 Vanadium and molybdenum 

The leaching behaviour of vanadium under aerobic environments was similar to 

that observed for calcium and silicon. This probably suggests that the leaching of 

vanadium is controlled by either a carbonate phase (possibly calcite) or a silicate 

bearing phases (Figure 6.3 a, c, and 6.5 c). On the other hand, the release of 

vanadium is greater under anaerobic conditions possibly due to the lack of 

carbonation reactions, hence the vanadium is released possibly due to the 

dissolution of a calcium vanadate or carbonate phase, this observation is in 

agreement with data from geochemical modelling results, with S.I = - 0.8 for 

Ca3(VO4)2 (data not shown here), and previous literature (Comans et al., 2006). 
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Aerobic conditions enhances the release of vanadium, and molybdenum because 

these elements exist in a more oxidised form (+4 or +5 state) and this enhances the 

leaching of these elements unlike in an anaerobic environment where they exist in 

a form of lower oxidation state which decreases their mobility (see Chapter 2; 

Cornelis et al., 2008). In addition, the concentrations of vanadium and 

molybdenum were higher in the compost amended samples. This could be 

ascribed to the formation of complexes with the humic substances in the compost 

(see Chapter 5). Complexed forms of heavy metals are generally highly soluble and 

therefore released more rapidly than uncomplexed forms. The release of vanadium 

and molybdenum was highest in the ‘column intermediate, (D)’ treatment, 

probably either due to the dissolution of calcium metallates or the alkaline 

hydrolysis of organics within the system (Figure 6.7). Leachates from all the 

columns were undersaturated with respect to highly soluble powellite (CaMoO4) 

and calcium vanadate Ca3(VO4)2 since calcium is precipitated as ettringite or calcite 

(CaCO3) (see Appendix A5; Meima and Comans, 1997). On the other hand, alkaline 

hydrolysis of organics occur when high pH water from the upper layer of the 

column, which is a function of dissolution of lime phases, comes in contact with 

compost, hence more soluble vanadium and molybdenum complexes are formed 

and this enhances the mobility of these elements. The initial increase in the 

leaching of V and Mo in column D is likely controlled by the dissolution of ettringite 

while the decrease observed at day 15 (pH = 11.5) could be either due to the 

incorporation of these oxyanions into the ettringite structure or as a result of the 

incorporation of vanadate and molybdate into precipitated calcite (Figure 6.10; 

Van Gerven et al., 2004; Cornelis et al., 2005).  
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Ettringite Ca6Al2(SO4)3(OH)12:26H2O is formed as a secondary phase during the 

leaching (weathering) of steel slag particularly in long term exposure scenarios. It 

has the potential to incorporate vanadate and molybdate into its lattice thereby 

decreasing their mobility. However, ettringite is unstable with respect to 

recarbonation reactions, and thus cannot be viewed as being an ultimate sink for 

oxyanions in exposed surface environments (Jones, 1995). 

Portlandite also controls the leaching of V and Mo, however it is only stable at pH 

above 12.4. Hence in the column experiments, portlandite is eventually converted 

to more stable calcite (Meima and Comans, 1998). As a result, in fresh or mildly 

weathered steel slag, leaching of V and Mo is likely controlled by ettringite and 

portlandite while in long term scenarios calcite controls vanadium and 

molybdenum solubility. 

6.4.3.2 Lithium and nickel 

The leaching of nickel in the columns is most likely controlled by pH and Ni (OH)2 

solubility. The solubility of nickel increases with decreasing pH hence nickel was 

more mobile in column C because of the lower pH of the leachates in this column 

relative to other columns. On the other hand, nickel was highly immobile in column 

B due to the relatively high pH of leachates in this treatment (Quina et al., 2009). 

The reason for the higher leaching of lithium in aerobic environments and nickel in 

anaerobic environments however remains unclear. 

6.4.4 Statistical analyses – interpretation 

Statistical analyses of the various column treatments showed significant 

differences (P < 0.001) between treatments for all variables (H = 27.42 – 86.66; DF 

= 3 for all) which are illustrated in Figures 6.6 – 6.9 and Appendix A10. It is 
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however worth mentioning that in as much as the Kruskal Wallis test highlights 

the fact that some populations in the data are statistically different, it is unable to 

provide information on which specific variables may be involved. 

6.5 Conclusions 

Aerobic leaching of compost-amended steel slag buffers the pH and alkalinity of 

hyperalkaline leachates by promoting carbonation reactions and biological activity. 

This is however dependent on the position of the compost within the steel slag – 

compost system. Alkalinity and pH buffering is more effective by increasing the 

contact between slag and compost via thorough mixing. Contrary to this, the 

alkalinity and pH of steel slag leachates increases by capping the surface of the 

steel slag with compost. In addition, the mobility of calcium, silicon and nickel 

decreases when compost-amended steel slag are leached aerobically while the 

release of elements like vanadium, molybdenum and lithium are enhanced under 

same conditions. The leaching behaviour of certain elements like sulphur, 

potassium and sodium in a compost-amended steel slag environment is 

independent of the physico-chemical parameters of the leachates. 

The leaching of most of the studied elements including sulphur, calcium, silicon, 

vanadium, molybdenum, lithium, and nickel were most likely controlled by the 

solubility of associated mineral phases. Similarly, the physical structural 

arrangement between the steel slag and the compost plays a key role in 

determining the leaching behaviour of the studied elements. By placing compost in 

between two layers of steel slag (Column D), the mobility of calcium, lithium, 

vanadium, and molybdenum were enhanced while thorough mixing of the slag and 

compost (Column C) increases the leaching of nickel, magnesium and silicon.  
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7 

Solid phase assessment of compost amended steel 

slag 

7.1 Introduction 

The effect of redox and the placement method of compost within a “compost 

amended” slag system have been investigated in the previous chapter where it was 

shown that certain conditions favour the release of some E-tech elements (notably 

vanadium and molybdenum; see Chapter 6). However, the geochemical processes 

affecting these and other elements within the system are not well understood. A 

particular concern comes from the observation that several well-studied elements 

display complex behaviours in the batch and column experiments, e.g. magnesium 

and silicon (see Chapter 4 – 6). Consequently interpretation of the leaching 

behaviours of all elements is currently based on geochemical modelling rather 

than observed processes. 

The research presented in this Chapter aims to provide a better understanding of 

the mechanisms controlling the leaching of these elements, and their fate. Since the 

flux of the metal leached into solution is a function of the dissolution flux minus 

reprecipitation flux, the very low levels of magnesium in solution (see Tables 4.2, 

4.5, 4.8 and section 6.3.2.2.2) could be due to either very heterogeneous 

dissolution or very high reprecipitation. Any reprecipitation process will have its 

own set of co-precipitation and distribution properties, and so it is key to constrain 
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this part of the system. The test is simple: is there a Mg-Si rich precipitate on the 

surface of the weathered solid?. 

Here, we use lithium as a reference element following the observation drawn from 

previous chapters (Chapter 4) that it is behaving conservatively. We investigate 

other elements relative to this conservative behaviour, and estimate the 

distribution behaviour between the aqueous and solid phase for each element (see 

equation 2.7), relative to “conservative” lithium and “non conservative” 

magnesium. A better constraint on the controls on leaching behaviour of other 

elements (Si, Ca, V, Ni, Mo) is provided. By undertaking the solid phase assessment 

of the steel slag obtained at the end of the column experiments (Chapter 6), we 

also more fully elucidate the fate of elements of interest in steel slag deposits that 

are in lower concentration in the leachate than they would be were they perfectly 

conservative. 

 

7.2 Experimental approach 

7.2.1 Sample preparation 

At the end of the column leaching experiment described in section 6.2.2, the 

columns were left to drain for a week until completely dry. Afterwards, the 

columns were split horizontally at 2 cm intervals using a cutting saw. The slag 

samples from the individual 2 cm sections were collected, recorded and sub-

sampled.  

7.2.2 Image analysis 

The examination of the surface of all the calcein stained compost amended and 

non-amended slag from the columns, see section 6.2.2.3 for staining details, was 
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done using fluorescent UV light (λ = 495 nm) and photographed using a 14 

megapixels Fujifilm FinePixS camera attached to a Jessops TP.323 Tripod (see 

plate 7.1). The UV light stimulates fluorescence in the calcein, revealing where Ca 

or Mg-rich precipitates have formed on the surface of the weathered slag and 

within the compost. Images of the slag samples in the top, middle and bottom 2 cm 

interval of the various columns were taken so as to assess the evolution of the 

reprecipitation process in the columns as a function of depth. 

 

Figure 7.1: Schematic set –up used for image analysis of calcein stained steel slags 

7.2.3 Thin section preparation  

A slag sample was randomly selected from the top 2 cm zone of each of the 

columns. Each selected slag sample was horizontally cut into two-halves using a 6’’ 

Buehler trim saw with a continuous rim diamond blade. One half was ground and 
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prepared for XRD analysis (see section 3.3.3) while a thin section of the other half 

was prepared as described below. 

The cut sample was polished using a Buehler metaserv grinding wheel fitted with a 

40 micron diamond plate operating at a speed of 300 rpm and lubricated using 

water. The polished surface was gently smeared with an epoxy mixture (resin and 

hardener) and heated at 100 °C on a hot plate for a period of 15 minutes so as to 

allow adequate penetration of the resin into the sample. The sample was then 

further polished using a 10 micron diamond plate in order to obtain a finer surface. 

The finely polished slag sample was placed in a 30 ml mould and epoxy resin mix 

was introduced then left to cure overnight. Afterwards, the impregnated sample 

was further polished with a 10 micron diamond plate coated with a fine abrasive 

(aluminium oxide) and then placed in an ultrasonic bath to get rid of surface 

impurities. A final polishing stage was achieved by smearing the surface of the 

sample with 1 micron mono-crystalline diamond suspension followed by 

continuous polishing on a grinding wheel.  

7.2.4 Microscopy and Mineralogy 

Thin sections, which were left uncovered, were subjected to SEM analysis in 

accordance with the procedure detailed in section 3.3.4. In addition, the SEM 

instrument was operated in the variable pressure mode due to the non-conductive 

nature of the sample, so as to avoid charging of the sample and the production of 

low resolution images since no sample coating was required. EDX analysis was 

carried out on selected regions within the slag for composition analysis. 

Mineralogical analysis of the ground slag was determined via XRD following the 

method described in section 3.3.3. 
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7.3 Results  

7.3.1 Weathered slag characterisation 

Precipitated mineral phases were observed on the surface of the weathered slag 

samples (see Figure 7.1), these were mostly whitish in colour. Here, the extent of 

reprecipitation has been assessed qualitatively as a function of the intensity and 

number of fluorescent slag samples within the columns. In the control column (A), 

the reprecipitation process was enhanced particularly in the upper zone of the 

column. However, the precipitation process decreases with increasing depth since 

fewer fluorescent samples were observed in the deeper zones of column A. On the 

contrary, in the compost amended columns (B, C, D), there was little / no 

observable fluorescence (Figure 7.1).   
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Figure 7.2: Photographic image of control and compost amended steel slag showing secondary precipitation as a function of depth. 
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There were visible changes observed around the rim region on the surface of clasts, 

both within the control and compost capped slag treatment (column B) samples, 

however this was not observed for the compost blend (C) and intermediate (D) 

samples (Figure 7.3).  

SEM analysis of the observed rim in the weathered slag samples (Figure 7.3), 

revealed the presence of three distinct zones. The inner zone was composed of 

large grey masses, with size > 1mm in most cases, and this made up the bulk of the 

core of the sampled slag (see point d, Figure 7.3 a). EDX analysis of the inner core 

(see Figure 7.3 a, point d) of the slag grain revealed that this zone was 

predominantly made of Mg and O, with traces of C, Ca and Si (Figure 7.3 b; see 

Appendix A6 for weight % composition). The majority of the grains were intact, 

but some had interstices which were filled with a bright coloured material (see 

point e, Figure 7.3 a). EDX analysis of the interstices (point e Figure 7.3 a) suggests 

that this zone was mainly composed of O and Mg with near-equal proportions of Ca, 

Si and C (Figure 7.3 b; Appendix A6). 

The middle zone was composed of a mix of bright grey and dark grey irregular 

shaped masses. These small masses varied in size and were distributed in a 

random fashion within this region (see points b, c, and A3 Figures 7.2 a and c). EDX 

analysis of points b and c revealed a similarity in the elemental composition of 

both points consisting of O, Ca, C, Si and Mg (Figure 7.3 b; Appendix A6). EDX 

analysis of point A3 (Figure 7.3 c) confirms the presence of O, C, Mg, Ca, Si with 

traces of Al, Fe, Cr, Mn (Figure 7.3 d; Appendix  A7).  

The outer zone was composed of fine well-stacked crystals, with a shrubby-like 

appearance, and which extend vertically up to approximately 20 µm in length. 

Semi – quantitative EDX analysis of the outer layer (see points a, A1, and A2 



176 
 

Figures 7.2 a & c), confirmed the predominance of O, C and Mg in this region with 

traces of Ca and Si (see Appendix A6 and A7 for representative weight 

composition).  
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Figure 7.3: Reaction rim of (a) control column – SEM image (b) control column – EDX spectrum (c) compost amended column – SEM image (d) 

compost amended column – EDX spectrum. 
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Mineralogical analysis of the weathered material from the control column (Figure 

7.4 a), confirmed the presence of periclase (MgO) as the main phase, with 

additional phases such as quartz (SiO2), larnite (Ca2SiO4), calcite (CaCO3), 

portlandite (Ca(OH)2), and clinoenstatite (MgSiO3). Also, XRD analysis of slag 

sample from compost amended column B (Figure 7.4 b) revealed the presence of 

calcite (CaCO3), larnite (Ca2SiO4), dolomite (Ca (Mg)(CO3)2), lime (CaO), periclase 

(MgO) and merwinite (Ca3Mg(SiO4)2. 
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Figure 7.4: Mineralogical analysis of selected slag sample from (a) control column – 

no compost (b) compost amended column (column top). 



179 
 

7.3.2 Distribution and leaching behaviour of elements 

In this section, the relative distribution coefficients of the elements of interest have 

been calculated (Equation 2.7), using lithium as the reference element due to its 

conservative behaviour (See Chapter 4). Similarly, elements such as sodium, 

potassium and sulphur also behaved in a conservative manner in the columns (see 

Appendix A8). The relative distribution coefficient help provide an understanding 

of the preferred phase for each element, relative to this conservative lithium 

species. The elements of interest that have been considered in this section include 

magnesium, calcium, silicon, nickel, vanadium and molybdenum.  

7.3.2.1 Magnesium 

Figure 7.5 presents a plot of the relative distribution coefficient (rKD) of 

magnesium with respect to conservative lithium over time, in the various column 

treatments. Magnesium was initially semi-soluble in the control column (A), 

compost top column (B), and the column intermediate column (D) but became less 

soluble over time. On the other hand, magnesium was slightly soluble throughout 

the experiment in the compost blend column (C), although its solubility decreased 

over time. 
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Figure 7.5: Relative distribution coefficient of magnesium in the investigated 

column treatments. A – Control, B - Compost top, C - Compost blend, D - Compost 

intermediate. 

 

7.3.2.2 Calcium, silicon, nickel, and vanadium 

Figure 7.6 presents plots of the relative distribution coefficient of calcium, silicon, 

nickel, and vanadium with respect to conservative lithium over time, in the various 

column treatments.  
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Figure 7.6: Relative distribution coefficient plots for (a) calcium (b) silicon (c) 

nickel (d) vanadium in column experiments. A – Control, B - Compost top, C - 

Compost blend, D - Compost intermediate. 

 

Calcium solubility was low in all the columns and there were slight differences in 

leaching behaviour for the different columns (Figure 7.6 a). The solubility of 

calcium increased rapidly over time in column B, reaching a rKD value of 0.30 by 

the end of the leaching experiment. The leaching behaviour of calcium in columns 

A and C were similar throughout the experiment, but were less soluble than 
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column B and with a rKD value of 0.10, reached by the end of the experiment. The 

distribution coefficient of calcium in column D plateaued after 10 days of leaching 

with a rKD value of 0.12, after which the solubility of calcium decreased for the rest 

of the experiment (Figure 7.6 a).  

Silicon was less soluble compared to calcium with a maximum rKD value of < 0.08 

(Figures 7.5 a and b). Similarly, just as calcium, silicon displayed different 

behaviours for the different treatments (Figure 7.6 b). In the control column A and 

column B, silicon became quite insoluble over time. In column D, silicon was 

initially semi-soluble however this decreased over time. The solubility of silicon 

was greatest in column C and also increased over time (Figure 7.6 b).  

The solubility of nickel was very low in all the columns (Figure 7.6 c). In column A, 

B, and D, nickel solubility was relatively constant over time while in column C, 

there was increased nickel solubility, although this remained within low levels 

reaching a rKD of 0.008 by day 50. Vanadium was slightly soluble in the columns, 

this solubility was however greater in column D compared to the other column 

treatments (Figure 7.6 d).  

 

7.3.2.3 Molybdenum 

Figure 7.7 presents a plot of the relative distribution coefficient of molybdenum 

with respect to conservative lithium over time, in the various column treatments. 

There was a variation in the behaviours of Mo in the various columns. 

Molybdenum exhibited a conservative behaviour and was more soluble in columns 

C and D while a non-conservative behaviour was observed in columns A and B.  
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Figure 7.7: Relative distribution coefficient of molybdenum in the investigated 

column treatments. A – Control, B - Compost top, C - Compost blend, D - Compost 

intermediate. 

 

7.4     Discussion 

The surface reprecipitation process was greater in the control treatment compared 

to the compost-amended treatments (Figure 7.1), evidenced by the greater 

number of fluorescent samples and the low levels of calcium release in this column 

compared to others (Figure 6.8). This is likely due to the competition for available 

CO2 between the compost and steel slag in the compost treatments and greater CO2 

diffusivity into the control column (Houst and Wittman, 1994). Mineral 

reprecipitation as a mechanism controlling the leaching of trace elements at high 

pH is widely reported (Baciocchi et al., 2009; Huijgen et al., 2005; Pan et al., 2012). 

The examination of the weathered slag sample revealed that the inner zone was 
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composed of predominantly unaltered MgO (periclase) grains (Figure 7.3 a and b; 

point d) and possibly traces of CaO (lime) (Figure 7.4 b). Periclase and lime are 

unstable over time hence tend to be converted to a more stable form (Zussman et 

al., 2011). This is usually achieved via a 2 step process. In the case of lime, it alters 

to portlandite Ca(OH)2 and subsequently calcite CaCO3 (Bayless  and Schulz, 2003). 

Alternatively, periclase can weather to a carbonate phase via a 3 stage mechanism 

involving the initial alteration of periclase (MgO) to brucite Mg(OH)2, subsequent 

transformation to hydromagnesite (Mg5(CO3)4(OH)2·4H2O) (Wogelius et al., 1995), 

followed by surface dehydration. The weathered slag samples examined in this 

work show features typical of at least a two-step weathering process, for example 

the layered structure of the weathered material (Fig. 7.2) with the anticipated non-

carbonate weathering products in the intermediate layer (Fig. 7.2) and the 

presence of intermediate products in the weathered slag (Figure 7.3 a, c). However, 

not all the weathering products are consistent with the pathways described above. 

In the column experiments, simultaneous silification and carbonation initially 

occurs within the inner zone of the weathered slag. Here, the periclase and lime 

grains react with dissolved silica present in solution (0.11 ± 0.01 ppm; see Table 

4.2) and atmospheric CO2. The product is a mix of intermediary phases such as 

MgSiO3 (clinoenstatite), Ca2SiO4 (larnite), MgCO3 (magnesite), and CaCO3 (calcite), 

found within the middle zone around the rim of the examined weathered slag 

samples (see points b, c, and A3; see equations 7.1 – 7.4). The presence of these 

products was further confirmed using a combination of the EDX data of this region 

and the XRD data of the slag sample (Figure 7.3).  
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𝑀𝑔𝑂(𝑠) +  𝑆𝑖𝑂2(𝑎𝑞)   →   𝑀𝑔𝑆𝑖𝑂3(𝑠)                        (7.1) 

2𝐶𝑎𝑂(𝑠) +  𝑆𝑖𝑂2(𝑎𝑞)   →   𝐶𝑎2𝑆𝑖𝑂4(𝑠)                        (7.2) 

𝑀𝑔𝑂(𝑠) +  𝐶𝑂2(𝑎𝑞)   →   𝑀𝑔𝐶𝑂3(𝑠)                        (7.3) 

𝐶𝑎𝑂(𝑠) +  𝐶𝑂2(𝑎𝑞)   →   𝐶𝑎𝐶𝑂3(𝑠)                        (7.4) 

Clinoenstatite (MgSiO3) dominates within the middle (intermediate) zone (see 

Appendix A6 For quantification), reflecting the abundance of MgO in the bulk 

composition of the unweathered slag and the availability of dissolved silica 

compared to  apparently low dissolved CO2 concentration within the system. This 

magnesium silicate phase also extends between the interstices of the periclase 

grain (point e Figure 7.3 a). The presence of quartz (Fig. 7.3 a) is consistent with 

the clinoenstatite (MgSiO3) from the middle zone reacting with CO2(aq) to form 

crystalline silicate and magnesite (MgCO3). Magnesite constitutes the bulk of the 

outer precipitate zone of the slag sample (see points a, A1, A2 in Figure 7.3 a and c; 

equation 7.5). Consequently, we find the expected final weathering product and 

some of the reactions expected, but also evidence of an additional silica pathway 

for chemical weathering of these products.  

                       𝑀𝑔𝑆𝑖𝑂3(𝑠) + 𝐶𝑂2(𝑔)
 →  𝑀𝑔𝐶𝑂3(𝑠)

+  𝑆𝑖𝑂2(𝑠)
             (7.5) 

Magnesite and silica are more thermodynamically stable and unlikely to release 

further environmental pollutants. Furthermore, the precipitation of abundant 

insoluble magnesite on the surface of the slag adequately explains the 

unexpectedly low release of magnesium from these materials. Equally, the 

precipitation of quartz, detected via XRD (see Figure 7.4 a), could explain why little 



186 
 

silica is released despite its expected high solubility at this pH (mean pH > 11.0 ± 

0.3; Figure 6.6 a). 

In the control column where the most magnesite precipitation was observed, 

calcium behaved in a non conservative manner. However, calcite is minor 

compared to magnesite, implying that the leaching of calcium is likely controlled 

via the formation of a solid solution between magnesite and calcite, rather than by 

the direct solubility of calcite itself. Magnesite and calcite are isomorphous, 

partially or fully replacing one another to form partial or full solid solution series 

(Cornelis et al., 2008; Reeder, 1983). The electrical neutrality of the crystal is 

maintained regardless of substitution, as their ionic radii are relatively similar 

(0.99 Å in the case of calcium and 0.72 Å for magnesium; Barbalace, 2007), limiting 

the degree of distortion possible in the crystal lattice (Appelo and Postma, 2005). 

Consistent with this picture is the observation of dolomite in the weathered slag 

material (Figure 7.4 b). This is the stoichiometrically equal form (Ca Mg (CO3)2), 

and tends to assemble as alternating octahedral layers with slight rotation of the 

CO32– groups to accommodate the slightly different radii (Boffa Ballaran et al., 2007; 

Webb et al., 1998).  

In the column experiments, the solubility of nickel was controlled by the 

adsorption of nickel to magnesite forming on the slag surface. This is in line with 

the non-conservative behaviour observed for nickel in the control column (A) 

where magnesite precipitation was greatest, whereas in the blended column C, 

nickel exhibited a more conservative behaviour due to the relative unavailability of 

magnesite surfaces on which to bind (Figure 7.6 c). Indeed, the leaching behaviour 

of magnesium was similar to that observed for nickel in all the columns (Figure 7.5, 

Figure 7.6 c). The adsorption of nickel to mineral surfaces has been widely 
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reported as a controlling mechanism for trace element mobility (Carrillo‐González 

et al., 2006; Deverel et al., 2012; Smith, 1999). At pH values > 9.5, such as those 

reported in these experiments, sorption of nickel to the binding sites increases 

(Cappuyns and Swennen, 2008). This is because at such alkaline pH region, 

carbonate ions dominates, thus allowing the adsorbent surface (magnesite) to 

attract more positively charged Ni2+ to its surface (Deverel et al., 2012; Erol and 

Ozdemir, 2015). 

The leaching behaviour for molybdenum and vanadium were quite similar in all 

experiments, in terms of the relative leaching performance of the various 

treatments (Figures 7.5 c and d). The solubility of both of these elements were 

most likely controlled by the availability of organic ligands for complexation 

reactions and not governed by mineral precipitation. This is in agreement with the 

fact that the mobility of these elements were enhanced in the compost blend 

column (C) and the compost intermediate column (D), which had significantly 

higher dissolved organic carbon (DOC) content of 100 mg/L and 15 mg/L 

respectively, compared to the other two columns (control (A) and compost top (B)) 

with negligible DOC content of < 1 mg/L (Figure 6.7). Where high pH waters are in 

contact with organics, alkaline hydrolysis gives rise to enhanced leaching of 

dissolved organic carbon in the blended and compost intermediate treatments 

(Figure 6.7).  However, the architecture of these columns gives rise to different pH 

values, with the blended one (C) well-buffered by the mixed organic materials in 

solution. The humic and fulvic acids in the DOC are well known to chelate various 

metals including vanadium and molybdenum (Carrillo‐González et al., 2006).  

Where the pH remains high and V mobile (such as in the compost intermediate 

treatment D) this leads to greater export of V from the column (See Figure 6.7).  In 
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the blended treatment the buffered pH is likely to limit the mobility of V and non 

conservative behaviour of V in the control and capped treatments were due to the 

absence of DOC in the columns.  At pH <10, V solubility is typically limited by 

sorption to hydrous ferric oxides and other mineral surfaces (Cornelis et al. 2007).   

7.5 Conclusions 

The solubility of silicon and magnesium, in both the control and compost - 

amended steel slag, is likely governed by the precipitation of quartz and magnesite 

respectively on the surface of the slag. This precipitation process occurs via a two-

step mechanism which leads to the formation of more stable reaction products. 

Magnesite is the main precipitating phase within the studied slag system and most 

likely controls the leaching of calcium and nickel. In the case of calcium, this 

leaching process is controlled by solid-solution formation with magnesite. On the 

other hand, the solubility of nickel within the studied slag system is controlled 

through surface adsorption to magnesite. In the case of vanadium and 

molybdenum, the leaching process is controlled by the availability of organic 

ligands for formation of organic complexes with either vanadium or molybdenum. . 

Compost amendment had an observable effect on the leaching behaviour for 

vanadium and molybdenum. The release of both elements is enhanced either by 

thoroughly mixing the compost and steel slag or leaching a high pH solution 

through the compost before contact with the steel slag. From a pollution control 

perspective where leaching is aimed to be prevented, leaching the steel slag in the 

absence of organics or capping the top of the steel slag with compost prior to 

leaching could be a viable approach. Also, since the reprecipitation process leads to 

the generation of silica, continuity in the formation of magnesite is ensured at the 

landfill site and also this process could also serve as a temporary storage for silica. 
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This knowledge could assist in the prediction of the long-term leaching behaviour 

of these wastes and possibly inform future remediation approaches. 
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8 

Conclusions, future work and recommendations 

8.1 Conclusions 

Steel slag is an integral residue formed during the manufacture of iron and steel. It 

has established recycling potential due to its unique inherent physical and 

chemical properties. However, historically most steel slag residues were dumped 

in unregulated disposal sites and at present, a significant proportion of generated 

steel slag are disposed in active landfills. A review of alkaline waste production 

statistics suggests that around 2000 Mt are generated globally every year, and 

steel slag constitute about one-eighth of this amount (Gomes et al., 2015).  

Using field investigations (Chapter 4), this study has highlighted the consistencies 

and discrepancies in the chemistry of steel slag obtained from a range of disposal 

sites. Steel slag and analogous lime waste leachates are characterised by high pH 

and alkalinity due to the dissolution of free lime and calcium silicates. At such sites, 

elements such as lithium, sodium and potassium behave conservatively in steel 

slag and are easily leached out into solution. In addition, the source material and 

associated leachates were also smothered with secondary carbonate precipitates, 

formed through weathering processes and pronounced upstream, which act as a 

possible sink for certain metals. Elements such as calcium, magnesium, silicon, iron, 

nickel, molybdenum, and vanadium were not as easily leached possibly controlled 

by the slow dissolution or simultaneous precipitation of insoluble mineral phases, 
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possibly magnesite, within the subsurface slag system. However, despite the 

precipitation of secondary phases containing trace elements, some exceed surface 

water regulatory guidelines e.g. vanadium and lithium, and thus pose 

environmental concern due to their toxic nature. As such, management of these 

leachates is likely to be an ongoing requirement of steel plants in the UK and 

beyond upon closure.  Some of these elements that leach from the slag also hold 

some potential value if they were recovered, providing a potential win-win for 

minimising environmental toxicity and offsetting legacy treatment costs. To 

further investigate this, the scope for recovery of lithium, molybdenum, vanadium 

and nickel from steel slag leachates in microcosm experiments were undertaken. 

Batch tests (Chapter 5) assessed some of the controls on leaching by comparative 

tests with water, strong acid and organic amendments.  The HCl led to significantly 

higher leaching of elements of interest, notably vanadium, and achieved 

concentrations of V in leachates that approximate to those used in primary ore 

mining (Shen and Guo, 2015). However, such hydrometallurgical processes are 

unlikely to be viable due to cost at legacy sites.  Organic amendments simulate the 

potential post-closure scenario for slag landfills and Chapter 5 demonstrated that 

compost amendment of steel slag enhances the leaching of molybdenum and 

vanadium by a factor of 3.6 and 2.5 respectively, above water leaching alone.  This 

is most likely ascribable to organic complexation. The organic amendments also 

decreased the leaching of lithium and nickel, most likely through surface 

adsorption to negatively charged sites on the slag surface. As such, implications for 

leachate quality at amended slag sites needs to account for this potential 

preferential leaching of some oxyanion forming metals. 
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Furthermore, batch and column experiments (Chapter 6) were used to investigate 

the effect of redox and the physical positioning between steel slag and compost 

respectively, on the leaching characteristics of vanadium, molybdenum, nickel, and 

lithium in a compost amended steel slag system. The results demonstrate that the 

redox condition of the leaching environment and the configuration of the compost 

within the slag system, controls the leaching behaviour of the studied elements. 

For instance, the leaching of vanadium, molybdenum, and lithium from steel slag 

can be enhanced by placing compost between layers of steel slag prior to aerobic 

leaching. This is likely ascribable to alkaline hydrolysis of organics within the 

system. On the other hand, the release of nickel can be maximised by thoroughly 

mixing the steel slag with compost prior to leaching under anaerobic conditions.  

Solid phase assessment of the weathered slag material obtained from the column 

experients (Chapter 7) were undertaken so as to provide a better understanding of 

the mechanisms controlling the leaching of elements of interest, and their fate. The 

results reinforced some of hypothesis made in previous chapters. The leaching of 

nickel was controlled by the adsorption to the precipitated phase (magnesite). 

Calcium release was governed by the formation of a solid-solution between calcite 

and magnesite. The results also showed that the precipitation of magnesite on the 

surface of the steel slag was not a single order process but at least two-step 

process. Furthermore, the results confirm that the leaching of vanadium and 

molybdenum was ascribed to organic complexation. 

The aim of this project was to improve our understanding of the environmental 

risks and metal recovery opportunities associated with steel slag deposits and trial 

options for in-situ metal recovery. It can be seen from the results presented in this 

thesis, that steel slag deposits are enriched with various valuable metals, some of 
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which holds potential environmental concern, however the recovery potential are 

enormous, and could serve as an established alternative reserve for metals given 

the large global demand for these metal resources. Furthermore, revenue 

generated from metal recovery can be used to compensate for the long term 

management of these residues. 

8.2 Management Implications / Recommendations 

This project demonstrated the potential issues with steel slag leachate under 

ambient leaching conditions at disposal sites.  These centre on elevated pH above 

regulatory standards, excess rates of carbonate precipitation and enrichment of 

some trace elements above water quality standards (e.g. V, Li).   Given the 

imminent need for long term legacy management at most steel plants in the UK 

(and to a lesser degree western Europe), there is a clear need for management 

plans to be formulated that can manage enduring issues of leachate production 

(Critchlow, 2015; Farrell and Smith, 2015; Farrell et al., 2015). Furthermore, steel 

production continues to grow globally, particularly in China, and as such 

opportunities for valorisation of steel by-products is also a priority within the 

industry (Li and Guo, 2014; Morone et al., 2014). 

The approach trialled in this project could potentially offset treatment costs 

associated with disposal and management. Some of these disposal sites have been 

generating alkaline leachates for over four decades and would potentially benefit 

from recovering material of modest value from these heaps. However, there are 

broader implications associated with the proposed compost amendment approach. 

Compost amendment could help in terms of recovering vanadium and 

molybdenum from steel slag and possibly stabilise the slag material. However, 
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compost cover could limit potential bulk reuse of the steel slag for other 

applications e.g. construction. 

8.3 Additional work 

There are various lines of future enquiry highlighted throughout the thesis, these 

are summarised in Table 8.1. The proposed future investigations primarily focus 

on material quantification, scaling up laboratory trials to field conditions, 

development of efficient metal recovery technologies, and assessment of the 

influence of microbes on the leaching of e-tech metals from alkaline residues, some 

of which are currently been addressed by various workers elsewhere (Gomes et al., 

2015; Hocheng et al., 2014). This will reduce uncertainty in estimating the exact 

metal recovery potential of steel slag, and also help the future sustainable 

management of these leachates which are particularly timely given the dwindling 

state of the global steel industry and the closure of some, particularly in the UK. 
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Table 8.1: Proposed future investigations for this thesis 

Research needs Outcome 

Material quantification: 

- In Chapter 2, the global production of alkaline 

residues due to industries was estimated to be in 

the region of 2000 Mt/yr. While some of these 

waste streams are globally quantified (steel slag, 

coal fly ash, red mud), there has never been a 

precedent for measuring others particularly lime 

waste and paper and pulp waste. Furthermore, 

the fate and quantity of alkaline residues at 

abandoned legacy sites worldwide is unknown 

and it is likely that some of these historical sites 

hold a significant proportion of secondary metal 

reserves. Hence, a global mapping exercise is 

needed to fully locate these legacy deposits and 

exploit their maximum metal recovery potential. 

 

- Additional work is required in 

collaboration with material 

producers to create monitoring 

and reporting systems to 

understand the full extent of 

residue generation, disposal 

routes, possible reuse options 

and the potential for metal 

recovery.  

Laboratory trials 

- Optimisation of laboratory leaching process 

(e.g. parameters such as slag to compost ratio, 

particle size, contact time) 

- Sequential analysis of compost amended steel 

slag 

- Development of efficient metal recovery 

techniques from alkaline leachates (e.g. solvent 

extraction, ion exchange) 

- Investigation on microbial influence on 

leaching of metals 

 

 
- Maximise leachable volumes 

and modes of recovery 
- Improve understanding of the 

partitioning of metals of 
interest between organic and 
aqueous phases 

- Create an understanding of the 
importance and identity of 
microbes, if any, within a 
compost-amended steel slag 
system. 

Field trials : compost amendment under 

environmental conditions 

 

-Scaling up laboratory trials to field scale 

-Investigation of possible methods of 

remediation of leachates from aftermath of 

metal recovery (e.g constructed wetlands) 

- Greater certainty of leachable 

volumes with restoration 

strategies 

- Further improve the 

understanding of the influence 

of microbial and physical 

heterogeneity on treatment 

efficiency. 

- Greater certainty in flow rates, 

metal recovery rates and 

leachate buffering rates which 

will facilitate more robust 

engineering design guidance for 

remedial systems. 
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Appendix 

A1: Published paper and conference presentation abstracts 

(i) 

Hull S.L., Oty U.V., Mayes W.M., 2014. Rapid recovery of benthic invertebrates 

downstream of hyperalkaline steel slag discharges. Hydrobiologia 736, 83–97. 

Abstract  

This study assesses the physical and chemical characteristics of hyperalkaline steel 

slag leachate from a former steelworks on two streams in England and their 

impacts on benthic invertebrate communities. Using multivariate methods (CCA), 

we related invertebrate richness and diversity with chemical parameters along the 

environmental gradient from point sources to less impacted sites downstream. 

Point discharges are characterised by high pH (10.6–11.5), high ionic strength 

(dominated by Ca–CO3–OH waters), elevated trace elements (notably Li, Sr and V) 

and high rates of calcium carbonate precipitation. This combination of stressors 

gives rise to an impoverished benthic invertebrate community in source areas. The 

total abundance, taxonomic richness and densities of most observed organisms 

were strongly negatively correlated with water pH. Analysis using biological 

pollution monitoring indices (e.g. BMWP and Functional Feeding Groups) shows 

the system to be highly impacted at source, but when pH approaches values close 

to aquatic life standards, some 500 m downstream, complex biological 

communities become established. In addition to showing the rapid recovery of 

invertebrate communities downstream of the discharges, this study also provides 

a baseline characterisation of invertebrate communities at the extreme alkaline 

range of the pH spectrum. 
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(ii) 

Conference paper delivered at the 21st meeting of the International Mineralogical 

Association 1-5 September 2014 Johannesburg, South Africa.  

Oty, U., Rogerson, M., Greenway, G., Mayes, W., 2014. Accelerated weathering of 

steel slag using organic amendments, in: Chetty, D., Andrews, L., Villiers, J.d., Dixon, 

R., Nex, P., Reimold, W.U., Richards, J., Smith, B., Smith, C., Verryn, S., Viljoen, F. 

(Eds.), 21st meeting of the International Mineralogical Association (IMA), 

Johannesburg, South Africa.  

Abstract 

The leaching of oxyanionic metals such as V, Mo and Cr from steel slag at high pH 

can pose environmental problems at disposal sites and in slag used as aggregate. 

This study presents a novel biologically-mediated approach that both (1) 

accelerates the rates of slag weathering so the timescales over which 

environmental impacts are apparent is reduced, and (2) provides an opportunity 

for the recovery of valuable e-tech metals such as V and Li from leachates. A series 

of column and batch experiments were set up to investigate the effect of organic 

amendment of steel slags using municipal solid waste (MSW) compost. The impact 

of the physical structure of the treatments and the effect of microbial or redox 

controls versus the leaching rate of V and Li were also studied. Results showed that 

capping of steel slag with municipal compost accelerated the release of V and Li 

from initial concentrations of 250 ppb and 12 ppb to a four-fold and three-fold 

increase respectively within the equilibration period of 50 days. The leaching rate 

of various elements were found to be dependent on the structural arrangement of 

the compost within the slag, with high pH (10-11.5) water in contact with organic 

layers crucial for the solubilisation of V and Li. This is likely explicable by organic 

complexation of metals. Batch experiments highlighted that with and without 

organic amendment, under aerobic conditions, V concentrations in leachate from 

slag reached 1000 ppb a full order of magnitude faster than under anaerobic 

conditions. The effect of microbial processes on the leaching process however 

remains uncertain, even though the V concentration in sterilised aerobic flasks was 

lower compared to the unsterilised ones. In addition to the potential value 

recovery of materials from these by-products, the compost amendment holds the 
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promise to reduce the lifetimes over which polluting waters are released from the 

slag and minimise the hazard of fugitive dusts. 

(iii) 

Poster presented at the 24th Goldschmidt conference 8 – 13 June, Sacramento 

California USA. 

Poster title: Hyperalkaline waters: occurrence, impacts and management 

Oty U1*, Rogerson M2, Greenway G3, Mayes W1. 1 - Centre for environmental and 

marine sciences, University of Hull, UK. *u.v.oty@2010.hull.ac.uk 2 - Geography, 

earth and environmental sciences University of Hull. 3 - Department of chemistry, 

University of Hull.  

Abstract 

High pH leachates arising from steel slag and lime spoil disposal sites can pose 

serious threats to aquatic life and also cause groundwater pollution. Data are 

presented detailing the hydrogeochemistry of leachates (of average pH > 12) from 

two steel slag disposal sites and three lime spoil affected sites in the UK.  

Waters at the steel slag disposal sites are of the Na-CO3 type (Yarborough, Tata 

steel Scunthorpe), and Ca – OH type (Consett steelworks). Leachates from selected 

lime spoil affected areas in Derbyshire are dominated by Ca-OH type (Brook 

Bottom), Ca – CO3 type (Doveholes), Na and Cl- type (Peakdale Cement) waters. 

Caustic leachates at these sites are often supersaturated with secondary calcite 

deposits which can act as a sink for certain metals. Concentrations of trace 

elements such as V, Mo and Ni in these waters reach levels of up to 97, 60 and 61 

µg/L respectively. 

The potential for applying constructed wetlands to buffer the pH to acceptable 

levels by attenuating carbonate sediments is being trialled at the Scunthorpe site. 

The background to the system design and broader management options are 

discussed, including the potential for recovery of these valuable metals from these 

waters. 

 

 



224 
 

Appendix A2:  Sampling locations used in this research 
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Appendix A3: Leaching efficiencies of selected elements in steel slag (field samples) 

 Yarborough Consett 

Element slag 

concentration 

/ mg/kg 

leachate 

concentration 

/ ppm 

Leaching 

efficiency 

/ % 

slag 

concentration 

/ mg/kg 

leachate 

concentration 

/ ppm 

Leaching 

efficiency 

/ % 

Mg 20000 0.1 0.001 12000 1 0.008 

Ca 200000 23 0.012 202000 239 0.118 

Si 36000 0.114 0.0003 102000 1.29 0.001 

Li 2.4 0.035 1.46 21.8 0.822 3.77 

V 1910 0.079 0.004 1764 0.0518 0.003 

Mo 20.3 0.06 0.296 19.2 0.0234 0.122 

Ni 620 0.061 0.010 242 0.0089 0.004 

Ba 65.8 0.0041 0.006 422 0.0425 0.010 

Fe 167000 0.0034 0.000002 107000 0.98 0.001 

Appendix A4: Geochemical modelling data for the study sites showing predicted mineral 

phases. 

 Sites 

Phases YB HB BB DH 

Aragonite (CaCO3) 1.76 2.29 2.17 3.21 

Barite (BaSO4) -0.37 0.96 N.D 0.91 

Brucite (Mg(OH)2) 0.29 0.82 4.33 4.26 

Calcite (CaCO3) 1.91* 2.43* 2.32* 3.35* 

Chrysotile 

(Mg3Si2O5(OH)4) 

3.71 8.41 11.89 12.67 

Clinoenstatite (MgSiO3) -2.09 -0.05 -0.11 0.39 

Diopside (CaMgSi2O6) 0.87 5.09 4.56 5.19 

Dolomite (CaMg(CO3)2) 1.68 2.63 2.82 5.22 

Forsterite (Mg2SiO4) -2.03 0.52 3.96 4.4 

Magnesite (MgCO3) -0.72 -0.29 0.02 1.37 

Merwinite (Ca3MgSi2O8) -10 -4.76 0.67 0.86 

Monticellite (CaMgSiO4) -1.94 0.67 3.64 3.83 

Ni(OH)2 1.81 1.49 0.72 0.42 

Strontianite (SrCO3) 2.1 1.17 0.2 1.66 

Quartz (SiO2) -3.83* -2.3 -5.87 -5.31* 

Wollastonite (CaSiO3) -1.65 0.46 -0.05 0.17 

*Denotes presence of solid phase confirmed by XRD, N.D – not detected 

YB – Yarborough, HB – Howden Burn, BB – Brook bottom, DH – Doveholes
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Appendix A5: Saturation indices of potential solubility controlling phases in leachates for column experiments. N.D – not detected  

Mineral Formula A1 A19 A28 A50 B1 B19 B28 B50 C1 C19 C28 C50 D1 D19 D28 D50 

Calcite CaCO3 3.83 3.89 4.01 3.99 4.11 4.02 4.13 4.1 3.71 3.75 3.86 3.89 4.27 4.25 4.24 4.22 

Quartz SiO2 0.42 -0.51 -0.61 -0.54 -0.78 ND -1.94 -2.03 0.6 -0.41 0.24 0.13 0.44 -0.28 -0.32 -0.23 

Portlandite Ca(OH)2 -3.6 -2.72 -2.31 -2.76 -2.09 -2.17 -1.67 -2.01 -5.24 -4.44 -3.95 -3.99 -3.6 -2.33 -2.33 -2.77 

Brucite Mg(OH)2 0.21 ND ND ND 1.01 ND ND ND 0.02 0.86 1.6 1.07 1.33 ND ND ND 

Corundum Al2O3 0.78 0.64 0.94 1.28 0.12 1.34 1.55 1.56 2.16 0.84 0.96 1.13 -0.75 -1.12 -0.97 -0.52 

Aragonite CaCO3 3.68 3.75 3.87 3.84 3.97 3.87 3.99 3.95 3.57 3.61 3.72 3.74 4.13 4.11 4.1 4.07 

Strontianite SrCO3 3.38 3.73 3.38 4.36 3.82 4.02 3.96 4.52 3.38 3.58 ND ND 4.49 4.23 4.18 3.4 

Dolomite CaMg(CO3)2 6.39 ND ND ND 6.24 ND ND ND 7.59 7.73 8.18 7.76 8.38 ND ND ND 

Ettringite Ca6Al2(SO4)3(OH)12:26H2O 0.32 2.27 4.47 1.91 4.18 3.86 6.47 4.18 -3.99 -4.5 -2.61 -2.42 -1.3 1.25 1.15 -0.11 

Gypsum CaSO4:2H2O 0.18 -0.01 0.22 -0.3 0.18 -0.24 0.05 -0.37 -0.07 -0.59 -0.48 -0.42 0.18 -0.11 -0.19 -0.32 

Periclase MgO -4.83 ND ND ND -4.03 ND ND ND -5.02 -4.18 -3.44 -3.96 -3.71 ND ND ND 

Lime CaO -13.63 -12.74 -12.33 -12.78 -12.11 -12.19 -11.69 -12.02 -15.26 -14.46 -13.96 -14.01 -

13.61 

-

12.34 

-

12.34 

-

12.79 

Wollastonite CaSiO3 1.62 1.57 1.88 1.5 1.93 ND 1.19 0.77 0.16 -0.05 1.09 0.93 1.64 2.2 2.16 1.8 

Larnite Ca2SiO4 -4.14 -3.3 -2.58 -3.4 -2.3 ND -2.62 -3.38 -7.23 -6.64 -5 -5.2 -4.1 -2.27 -2.32 -3.11 

Rankinite Ca3Si2O7 -2.2 -1.4 -0.38 -1.58 -0.04 ND -1.11 -2.29 -6.75 -6.37 -3.59 -3.94 -2.13 0.25 0.16 -0.99 

Forsterite Mg2SiO4 1.58 ND ND ND 1.98 ND ND ND 1.38 2.05 4.17 3.02 3.83 ND ND ND 

Akermanite Ca2MgSi2O7 1.94 ND ND ND 3.39 ND ND ND -1.16 -0.74 2.29 1.45 3.12 ND ND ND 

Merwinite MgCa3(SiO4)2 -2.29 ND ND ND 0.67 ND ND ND -7.03 -5.81 -2.29 -3.17 -1.1 ND ND ND 

Calcium 

aluminium 

silicate 

Ca3Al2(SiO4)3 13.31 13.03 14.26 13.47 13.61 ND 12.81 11.55 10.32 8.37 11.92 11.62 11.87 13.15 13.19 12.58 

Spinel Al2MgO4 -2.04 ND ND ND -1.9 ND ND ND -0.85 -1.32 -0.46 -0.82 -2.44 ND ND ND 
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Appendix A6: Semi –quantitative EDX analysis of weathered slag from control column 

(Rim region) 

All results in weight % 

Region C O Mg Si Ca 

zone a 34.79 49.37 13.93 0.21 0.61 

zone b 20.41 38.29 7.09 11.49 22.40 

zone c 20.06 50.75 4.75 0.91 22.34 

zone d 12.38 41.87 45.25 0.07 0.23 

zone e 9.50 41.60 21.90 12.10 14.50 

 

Appendix A7: Semi –quantitative EDX analysis of weathered slag from compost amended 

column (Rim region) 

All results in weight % 

Region C O Mg Si Ca Fe Al Cr Ti Mn 

zone A1 40.14 45.94 10.94 0.30 0.72 0.85 0.29 0.14 0.00 0.18 

zone A2 20.18 60.43 16.58 0.31 0.60 0.73 0.29 0.15 0.00 0.19 

zone A3 27.74 42.29 12.40 5.73 7.56 1.36 1.61 0.59 0.05 0.34 
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Appendix A8: Distribution coefficient values for selected conservative elements for 

different column treatments 

 

 

 
  

Column A Column B Column C

Time (days) Na K S Na K S Na K S

0.2 17.2 33.4 2.3 14.6 30.1 1.8 27.8 369.7 5.0

0.3 18.3 36.6 2.5 15.2 36.1 1.5 27.7 384.4 6.7

0.9 16.7 19.7 4.3 22.5 81.4 5.0 37.3 468.5 6.1

1.0 16.0 18.6 4.1 22.3 78.1 5.0 36.7 432.7 6.0

1.1 18.8 21.4 4.7 26.1 117.7 6.1 34.8 397.2 5.7

2.3 19.5 22.9 4.7 33.3 135.7 7.4 39.5 431.6 6.7

4.1 23.3 27.3 5.3 39.3 153.8 8.3 46.3 479.7 8.4

6.3 20.5 25.0 3.6 28.4 112.2 2.8 46.6 480.8 8.9

7.2 20.4 24.7 3.4 29.5 115.5 3.1 52.0 522.3 9.6

9.1 21.4 25.9 3.5 33.0 128.0 3.2 51.7 506.4 9.7

12.0 23.2 27.4 3.6 37.7 140.0 2.5 55.2 540.2 12.2

14.0 24.5 28.5 13.4 40.1 145.6 3.4 69.7 656.0 12.2

15.0 24.5 28.1 4.4 41.0 147.5 4.5 69.0 572.0 12.4

16.0 23.6 27.3 5.7 41.6 149.6 3.3 67.0 626.2 12.3

19.0 23.4 26.7 6.1 45.8 161.4 4.9 74.5 694.2 13.9

20.1 23.2 26.7 7.2 41.5 145.2 5.6 74.3 683.9 13.6

21.0 25.7 29.0 6.3 46.4 159.7 3.3 83.1 756.3 13.9

22.1 24.2 35.7 9.5 42.8 146.9 3.8 96.6 882.4 15.6

26.0 24.8 27.9 7.9 48.2 164.9 5.5 79.5 622.3 12.2

27.1 24.8 27.6 7.4 47.0 160.0 5.6 86.6 666.6 12.9

28.1 50.9 47.4 5.7 174.8 583.2 10.0 90.5 885.0 13.9

29.1 41.3 38.1 4.7 128.8 425.5 6.0 101.4 987.0 14.6

30.1 48.6 45.0 5.7 179.1 599.9 10.4 105.5 1015.3 13.7

33.1 48.6 45.0 5.5 175.4 581.7 14.4 116.1 1108.8 14.0

34.1 46.5 42.6 5.0 165.5 560.1 12.2 113.7 1086.8 13.4

35.1 44.5 40.9 4.8 158.0 548.4 12.5 105.6 1011.6 12.9

36.1 41.3 38.3 4.7 156.2 548.4 13.1 98.3 939.2 12.1

37.1 40.2 37.4 5.2 151.7 540.8 16.2 87.0 829.3 11.4

40.1 37.9 34.9 5.2 159.9 575.5 28.4 91.0 865.2 13.3

41.1 38.3 35.2 5.2 153.5 550.8 28.0 116.5 1103.6 21.7

49.1 51.4 59.1 6.8 239.7 889.1 12.3 183.8 1631.9 19.7

Column D

Time (days) Na K S

0 22.3 303.4 3.6

0.2 36.3 526.2 4.8

1.0 42.2 561.7 5.6

1.1 38.8 526.9 5.4

2.2 45.7 601.6 6.4

3.2 51.6 691.2 7.5

9.2 63.8 852.3 10.0

18.2 63.6 789.4 9.5

28.2 52.6 639.8 9.3

36.1 44.0 473.1 7.6

49.1 29.8 400.5 6.3
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Appendix A9: Statistical analyses showing differences in the various leaching (flask) 
treatments  
 
Kruskal-Wallis Test: pH versus Treatment  
 
Kruskal-Wallis Test on pH 

 

Treatment   N  Median  Ave Rank      Z 

Acid        6   9.445       3.5  -3.37 

Compost     6  11.765       9.5   0.00 

Water       6  12.140      15.5   3.37 

Overall    18               9.5 

 

H = 15.16  DF = 2  P = 0.001 

H = 15.19  DF = 2  P = 0.001  (adjusted for ties) 

 

  

Kruskal-Wallis Test: Cond versus Treatment  
 
Kruskal-Wallis Test on Cond 

 

Treatment   N  Median  Ave Rank      Z 

Acid        6  2.9750      15.5   3.37 

Compost     6  0.4585       3.5  -3.37 

Water       6  0.7200       9.5   0.00 

Overall    18               9.5 

 

H = 15.16  DF = 2  P = 0.001 

H = 15.17  DF = 2  P = 0.001  (adjusted for ties) 

 

  

Kruskal-Wallis Test: Ca versus Treatment  
 
Kruskal-Wallis Test on Ca 

 

Treatment   N   Median  Ave Rank      Z 

Acid        6  1443.85      15.5   3.37 

Compost     6    90.72       3.5  -3.37 

Water       6   156.85       9.5   0.00 

Overall    18                9.5 

 

H = 15.16  DF = 2  P = 0.001 

 

  

Kruskal-Wallis Test: S versus Treatment  
 
Kruskal-Wallis Test on S 

 

Treatment   N  Median  Ave Rank      Z 

Acid        6   60.39      15.5   3.37 

Compost     6   24.12       9.0  -0.28 

Water       6   15.73       4.0  -3.09 

Overall    18               9.5 

 

H = 14.00  DF = 2  P = 0.001 

 

  

Kruskal-Wallis Test: Mg versus Treatment  
 
Kruskal-Wallis Test on Mg 

 

Treatment   N     Median  Ave Rank      Z 

Acid        6  277.74657      15.5   3.37 

Compost     6    0.06404       9.2  -0.19 

Water       6    0.02462       3.8  -3.18 

Overall    18                  9.5 
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H = 14.36  DF = 2  P = 0.001 

 

  

Kruskal-Wallis Test: Si versus Treatment  
 
Kruskal-Wallis Test on Si 

 

Treatment   N  Median  Ave Rank      Z 

Acid        6  18.182      14.7   2.90 

Compost     6   1.756       8.3  -0.66 

Water       6   1.130       5.5  -2.25 

Overall    18               9.5 

 

H = 9.27  DF = 2  P = 0.010 

 

  

Kruskal-Wallis Test: Ba versus Treatment  
 
Kruskal-Wallis Test on Ba 

 

Treatment   N   Median  Ave Rank      Z 

Acid        6  1.00957      15.5   3.37 

Compost     6  0.06097       3.5  -3.37 

Water       6  0.29146       9.5   0.00 

Overall    18                9.5 

 

H = 15.16  DF = 2  P = 0.001 

 

  

Kruskal-Wallis Test: Sr versus Treatment  
 
Kruskal-Wallis Test on Sr 

 

Treatment   N  Median  Ave Rank      Z 

Acid        6  1.3854      15.5   3.37 

Compost     6  0.1880       4.7  -2.72 

Water       6  0.3023       8.3  -0.66 

Overall    18               9.5 

 

H = 12.78  DF = 2  P = 0.002 

 

  

Kruskal-Wallis Test: K versus Treatment  
 
Kruskal-Wallis Test on K 

 

Treatment   N  Median  Ave Rank      Z 

Acid        6  12.001       9.5   0.00 

Compost     6  51.337      15.5   3.37 

Water       6   7.705       3.5  -3.37 

Overall    18               9.5 

 

H = 15.16  DF = 2  P = 0.001 

 

  

Kruskal-Wallis Test: Na versus Treatment  
 
Kruskal-Wallis Test on Na 

 

Treatment   N  Median  Ave Rank      Z 

Acid        6   21.00       9.7   0.09 

Compost     6   27.72      15.3   3.28 

Water       6   15.63       3.5  -3.37 

Overall    18               9.5 

 

H = 14.75  DF = 2  P = 0.001 
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Kruskal-Wallis Test: V versus Treatment  
 
Kruskal-Wallis Test on V 

 

Treatment   N  Median  Ave Rank      Z 

Acid        6  394.33      15.5   3.37 

Compost     6   90.02       9.5   0.00 

Water       6   29.86       3.5  -3.37 

Overall    18               9.5 

 

H = 15.16  DF = 2  P = 0.001 

 

  

Kruskal-Wallis Test: Mo versus Treatment  
 
Kruskal-Wallis Test on Mo 

 

Treatment   N  Median  Ave Rank      Z 

Acid        6  16.168      12.0   1.40 

Compost     6  18.683      13.0   1.97 

Water       6   4.803       3.5  -3.37 

Overall    18               9.5 

 

H = 11.47  DF = 2  P = 0.003 

 

  

Kruskal-Wallis Test: Li versus Treatment  
 
Kruskal-Wallis Test on Li 

 

Treatment   N  Median  Ave Rank      Z 

Acid        6  91.870      15.5   3.37 

Compost     6   6.770       3.5  -3.37 

Water       6  13.277       9.5   0.00 

Overall    18               9.5 

 

H = 15.16  DF = 2  P = 0.001 

 

  

Kruskal-Wallis Test: Ni versus Treatment  
 
Kruskal-Wallis Test on Ni 

 

Treatment   N  Median  Ave Rank      Z 

Acid        6  91.786      15.5   3.37 

Compost     6   5.470       6.5  -1.69 

Water       6   5.866       6.5  -1.69 

Overall    18               9.5 

 

H = 11.37  DF = 2  P = 0.003 

 
 
 
Appendix A10: Statistical analyses showing differences in the column treatments  
 
Kruskal-Wallis Test: pH versus C1  
 
Kruskal-Wallis Test on pH 

 

C1         N  Median  Ave Rank      Z 

ColumnA   31   11.43      53.5  -0.01 

ColumnB   31   11.70      90.5   7.96 

ColumnC   31   10.77      20.2  -7.16 

ColumnD   13   11.40      44.7  -1.10 

Overall  106              53.5 

 

H = 82.16  DF = 3  P = 0.000 
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H = 82.31  DF = 3  P = 0.000  (adjusted for ties) 

 

  

Kruskal-Wallis Test: Cond versus C1  
 
Kruskal-Wallis Test on Cond 

 

C1         N  Median  Ave Rank      Z 

ColumnA   31    1173      17.8  -7.69 

ColumnB   31    2129      57.1   0.78 

ColumnC   31    2192      74.3   4.49 

ColumnD   13    3120      80.3   3.36 

Overall  106              53.5 

 

H = 66.42  DF = 3  P = 0.000 

H = 66.43  DF = 3  P = 0.000  (adjusted for ties) 

 

  

Kruskal-Wallis Test: Eh versus C1  
 
Kruskal-Wallis Test on Eh 

 

C1         N  Median  Ave Rank      Z 

ColumnA   31  -280.0      53.2  -0.06 

ColumnB   31  -295.6      16.0  -8.07 

ColumnC   31  -241.0      88.4   7.52 

ColumnD   13  -279.3      60.2   0.84 

Overall  106              53.5 

 

H = 86.66  DF = 3  P = 0.000 

H = 86.66  DF = 3  P = 0.000  (adjusted for ties) 

 

  

Kruskal-Wallis Test: Ca versus C1  
 
104 cases were used 

2 cases contained missing values 

 

 

Kruskal-Wallis Test on Ca 

 

C1         N  Median  Ave Rank      Z 

ColumnA   31   72.63      51.0  -0.32 

ColumnB   31   93.47      71.9   4.27 

ColumnC   31   49.22      21.1  -6.93 

ColumnD   11  154.45      90.5   4.42 

Overall  104              52.5 

 

H = 64.06  DF = 3  P = 0.000 

 

  

Kruskal-Wallis Test: S versus C1  
 
104 cases were used 

2 cases contained missing values 

 

 

Kruskal-Wallis Test on S 

 

C1         N  Median  Ave Rank      Z 

ColumnA   31   77.76      38.1  -3.17 

ColumnB   31   73.06      36.0  -3.63 

ColumnC   31  131.62      71.7   4.22 

ColumnD   11  188.09      85.5   3.83 

Overall  104              52.5 

 

H = 41.97  DF = 3  P = 0.000 
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Kruskal-Wallis Test: K versus C1  
 
104 cases were used 

2 cases contained missing values 

 

 

Kruskal-Wallis Test on K 

 

C1         N  Median  Ave Rank      Z 

ColumnA   31   17.02      16.0  -8.03 

ColumnB   31   83.45      47.6  -1.08 

ColumnC   31  229.28      78.3   5.68 

ColumnD   11  547.60      96.4   5.10 

Overall  104              52.5 

 

H = 92.03  DF = 3  P = 0.000 

 

  

Kruskal-Wallis Test: Na versus C1  
 
104 cases were used 

2 cases contained missing values 

 

 

Kruskal-Wallis Test on Na 

 

C1         N  Median  Ave Rank      Z 

ColumnA   31   52.00      25.7  -5.89 

ColumnB   31   92.76      56.7   0.92 

ColumnC   31   98.91      64.4   2.63 

ColumnD   11  160.34      82.5   3.49 

Overall  104              52.5 

 

H = 40.74  DF = 3  P = 0.000 

 

  

Kruskal-Wallis Test: Li versus C1  
 
Kruskal-Wallis Test on Li 

 

C1         N  Median  Ave Rank      Z 

ColumnA   31  12.622      59.7   1.34 

ColumnB   31  12.743      50.5  -0.66 

ColumnC   31   8.971      36.1  -3.75 

ColumnD   13  20.471      87.5   4.25 

Overall  106              53.5 

 

H = 27.42  DF = 3  P = 0.000 

H = 27.42  DF = 3  P = 0.000  (adjusted for ties) 

 

  

Kruskal-Wallis Test: V versus C1  
 
Kruskal-Wallis Test on V 

 

C1         N  Median  Ave Rank      Z 

ColumnA   31  142.52      76.8   5.02 

ColumnB   31   53.67      23.4  -6.48 

ColumnC   31   70.84      41.6  -2.56 

ColumnD   13  438.61      98.1   5.58 

Overall  106              53.5 

 

H = 79.52  DF = 3  P = 0.000 

 

  

Kruskal-Wallis Test: Ni versus C1  
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Kruskal-Wallis Test on Ni 

 

C1         N  Median  Ave Rank      Z 

ColumnA   31   3.014      32.8  -4.46 

ColumnB   31   3.110      31.3  -4.79 

ColumnC   31  14.852      87.9   7.40 

ColumnD   13  11.156      73.9   2.56 

Overall  106              53.5 

 

H = 74.75  DF = 3  P = 0.000 

 

  

Kruskal-Wallis Test: Mo versus C1  
 
Kruskal-Wallis Test on Mo 

 

C1         N  Median  Ave Rank      Z 

ColumnA   31   21.61      17.0  -7.87 

ColumnB   31   44.56      48.3  -1.13 

ColumnC   31   78.04      80.9   5.89 

ColumnD   13  150.04      87.8   4.30 

Overall  106              53.5 

 

H = 85.47  DF = 3  P = 0.000 
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