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Abstract: Classification of waste is an essential part of waste management to limit potential 

environmental pollution; however, global systems vary. The objective was to understand the waste 

classification of high density sludge (HDS) from acid mine drainage (AMD) treatment, according to 

selected global systems. Three sludges from two limestone treatment plants, and three others from 

a limestone and lime treatment plant from the Mpumalanga coalfields of the Republic of South 

Africa (RSA) were evaluated. Systems for the RSA, Australia, Canada, China, and the United States 

Environmental Protection Agency (USEPA) were considered. The USEPA system rated all six 

sludges non-hazardous, Canadian and Chinese systems allocated a hazardous status to one sludge 

from the limestone treatment plants based on Ni solubility. The RSA system considered two of the 

sludges from limestone treatment plants to be higher risk materials than did the other countries. 

This was due mainly to the RSA system’s inclusion of Mn and use of appreciably lower minimum 

soluble levels for As, Cd, Pb, Hg, and Se. None’s use of lime resulted in higher soluble Mn. 

Minimum leachable concentration thresholds for Cd, Hg, Pb, As, and Se in the RSA system were 

below method detection limits for Toxicity Characteristic Leaching Procedure (TCLP) extracts, 

making the guidelines impractical, and revision is advised. Considering all the systems, the 

probability that the HDS from the coalfields of Mpumalanga, South Africa will be classified as 

hazardous waste increases if the material is only subjected to limestone treatment because of Ni 

solubility. 

Keywords: waste; classification; AMD; HDS; TCLP 

 

1. Introduction 

Neutralization of acid mine drainage (AMD) with lime (Ca(OH)2) or limestone (CaCO3) through 

conventional processes generates an inorganic solid, semi-solid or liquid waste referred to as sludge 

[1,2]. If the sludge is recycled and mixed with lime or limestone prior to AMD addition high density 

sludge (HDS) is generated [3–7]. Acid mine drainage is a mine impacted solution generated by the 

exposure of sulphide minerals (e.g., pyrite–FeS2) to water, oxygen, and catalytic bacteria (Thiobacillus 

ferrooxidans) [8–10]. The solution can be extremely acidic (pH 2.0 to 4.0) and contains transition metals 

and metalloids which can be toxic to the receiving environment. The treatment of AMD is therefore 

needed to neutralize its acidity and remove/precipitate these metals and metalloids from solution. In 

the case of transition metals, often as hydroxides by raising its pH to >10.5. The by-product (HDS) 

generated consists of gypsum (CaSO4·2H2O) and iron oxides [1,11]. There are other processes focused 

at limiting pollution and environmental risk of mines that also generate gypsum, for example flue 

gas desulfurization (FGD) process aimed at controlling sulphur dioxide (SO2) emissions during the 

combustion of fuel fossils. Flue gas desulfurization process facilitates dewatering of the sludge 



Sustainability 2018, 10, 4185 2 of 19 

generated and encourages gypsum crystallization [12,13]. However, what makes HDS different is the 

appreciable iron oxide content and transition metals are often partitioned with the iron oxide fraction.  

High density sludge solids content range from 15 to 70% (with dry bulk densities of 1050–1370 

kg m−3) compared to 5% solids for sludges from conventional methods [4,14]. The higher density is 

obtained through the recycling of sludge which promotes the precipitation of more solids by 

providing surfaces for heterogeneous nucleation (which catalyze precipitation) [4,15]. This 

concentration of solids can unintentionally increase the risk of HDS to be classified as hazardous 

waste because of high content and/or solubility of some of its constituents (e.g., Ni, Mn, Hg, Pb, Se, 

As) [3,6,16].  

Large volumes of HDS are generated daily and often stored in disposal facilities [6,17]. Maree et 

al. [17] pointed out that an estimated 20 tons of HDS is produced from each megaliter of AMD 

neutralized. For the coalfields of Mpumalanga, a discharge of 360 ML day−1 AMD is predicted [5,18–

22] translating to 7200 tons of HDS per day. If all this HDS is to be considered hazardous, this would 

have enormous logistical, cost, and environmental implications for operating mines and the 

government.  

Assessment of the risk HDS poses to the environment (soils, ground, and surface water) and to 

human health is critical. Risk assessment often includes various steps, for example, hazard 

identification, dose-response assessment, exposure assessment, and risk characterization [23,24]. 

However, this study focuses on waste classification, an important part of a risk assessment where the 

elemental make-up and solubility of the elements in the waste are determining. In general, waste 

classification systems are based on the solubility of specific constituents [25,26]. The chemical 

composition of the waste depends on the chemistry of the AMD neutralized and the efficiency of the 

neutralization process [5,6,27].  

The aim of the study was to investigate the classification of HDS from the neutralization of AMD 

from the Mpumalanga Coal Fields in South Africa using the waste classification systems of Australia, 

Canada (Ontario and Manitoba, British Columbia and Alberta), China, and the United States of 

America (USEPA). This was also done to ascertain if South African guidelines are perhaps too 

conservative, or indeed, too lenient,  

2. Materials and Methods  

2.1. Chemical Characterization of HDS Products 

To achieve the objectives, total concentration (TC) determined using X-Ray fluorescence (XRF) 

and leachable concentration (LC) data determined using Toxicity Characteristic Leaching Procedure 

(TCLP-1311) for HDS products (inorganic solid wastes) were obtained from literature and from 

collieries in the South African Coalfields, Mpumalanga Province, eMalahleni (Witbank) (Table 1). 

Data for Limestone–Site 1, an HDS Plant that uses limestone alone to treat AMD (coordinates; 

25°46′32.67″ S, 29°04′43.53″ E) was obtained from our own chemical characterization, done at the 

University of Pretoria. Data for Limestone–Site 2, an HDS Plant that also uses limestone alone to treat 

AMD was obtained from a South African Water Research Commission (WRC) report [17]. While the 

data for the Limestone (CaCO3) plus Lime (Ca(OH)2) Site was obtained from Anglo American Report [18]. 
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Table 1. Sources of data used for HDS. 

Site HDS Sludge Characterization  
Sources of 

Data 
1 Limestone (CaCO3)–

Site 1 
HDSCaCO3 

HDS–Mainly Gypsum with Fe oxides (own 

characterization) 
This study  

2 Limestone (CaCO3)–

Site 2 

HDSCaCO31 

HDS–Mainly Gypsum with Fe oxides, high 

environmental risk, deposited in a lined pond to 

prevent leaching of metals 
[17] 

HDSCaCO32 

HDS–Mainly Gypsum with Fe oxides, low 

environmental risk, deposited in a large area, 

leaching not a concern  

Limestone (CaCO3) plus 

Lime (Ca(OH)2) Site 

HDSCa(OH)21  HDS–Mainly Gypsum with Fe & Mn oxides  

[18] HDSCa(OH)22  
HDS (Fine textured)–90% Gypsum and 10% Brucite 

(Mg(OH)2) 

HDSCa(OH)23  HDS (Coarse textured)–approximately 98% Gypsum 

1,2 Limestones Sites 1 and 2 are HDS Plants/Processes that use limestone alone to treat AMD. 

2.1.1. Generation of HDS by Limestone Sites 1 and 2 

This discussion is meant to facilitate understanding of the source and characteristics of the 

sludges from Limestone Sites 1 and 2 (Table 1). The process generating HDS from two similar plants 

using CaCO3 treatment alone involves a single stage process. The process begins with mixing 

hydrated CaCO3 in a separate mixing tank/compartment with a portion of the recycled sludge from 

the clarifier or solids/liquid separation compartment. The mixture is then transferred into the 

neutralization and oxidation reactor where AMD is introduced. The solution is rapidly mixed to 

encourage oxidation of metals, raising the pH to >5. This pH facilitates precipitation of CaSO4·2H2O, 

iron oxides and various other metal oxides and hydroxides. From the reactor, the solution flows into 

the clarifier where solid/water separation is facilitated by addition of flocculants. Part of the sludge 

(designated as HDSCaCO3) produced is recycled back to the mixing tank/chamber and the remainder 

is transferred to a storage facility [4,14,17].  

2.1.2. Generation of HDS by Limestone Plus Lime Process 

The generation of the different sludges from the plant/site using CaCO3 plus Ca(OH)2 begins 

with the introduction of acid water emanating from coal mines and the process consists of three 

stages. Stage 1 involves neutralization of AMD with CaCO3 and Ca(OH)2 in a reactor, during this 

processes the pH is increased to about 9.5 while aerated. This pH facilitates the precipitation of 

CaSO4·2H2O and that of Fe and Mn as oxides. The solution overflows at the end of the reactors into 

clarifiers for solid/liquid separation; the clarified water feeds to green sand filters for further removal 

of solids. Part of the sludge generated (designated as HDSCa(OH)21) from the clarifier is recycled back 

to the reactors to enhance densification of the sludge and the other portion is transferred into storage 

tanks. From the filters the solution passes through self-cleaning strainers to remove coarse and finer 

particles, the solution is then passed through ultra-filtration membranes (reverse osmosis 

pretreatment) to a storage tank. From this point the solution is pumped through reverse osmosis 

membranes, where desalinization occurs producing a permeate and reject water of low total 

dissolved solids (TDS < 200 mg L−1). The permeate is transferred to limestone saturators to raise pH 

of the water and the reject water proceeds to Stages 2 and 3 underflows [28,29]. 

Stages 2 and 3 underflow treatment involves neutralization of rejected solution with Ca(OH)2 in 

reactor where the pH is raising to 10.5, encouraging the precipitation of CaSO4·2H2O and magnesium 

hydroxide (Mg(OH)2). The solution is then pumped through hydro-cyclones that separate solids into 

fine and coarse particles. The coarse fraction contains approximately 98% pure gypsum (designated 

as HDSCa(OH)23). Part of this material is recycled back to the reactor and the other portion is transferred 

into a gypsum pond. From the reactor the solution overflows into the clarifier and then follows the 

same steps as in Stage 1, the reject water proceeds to stages 2 and 3 fines [28,29]. 
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Stages 2 and 3 fines treatment; this is the same treatment where the coarse fraction (underflow) 

is produced. The fines are produced when the solution is pumped through hydro-cyclones separating 

them from coarse particles. The separated fine fraction contains approximately 90% CaSO4·2H2O and 

10% Mg(OH)2 (designated as HDSCa(OH)22). Part of this material is recycled back into the reactor and 

the other portion is transferred into a storage facility. From the clarifier the solution follows the same 

steps as in stage 1, part of the rejected water is transferred back to reactors and the other portion to 

brine pond [28,29].  

It is important to note that the focus of HDS plants is on the quality of water discharged into the 

various river catchments and not on ensuring that the HDS produced is of a particular quality. There 

are no plant specific or international criteria followed to ensure quality of generated sludge.  

In light of the focus on the quality of water discharged, HDS plants use natural mined limestone 

from nearby sedimentary sources and avoid using alkaline industrial byproducts as limestone or lime 

substitutes.  

2.2. HDS Sample Collection from Limestone–Site 1 Plant 

Samples were sourced in May 2016 from this site that neutralizes AMD using CaCO3 [14]. Three 

representative HDS samples were collected directly from the disposal pipe into the storage facility.  

2.3. Total Elemental Analyses of HDS from Limestone–Site 1 Using X-ray Fluorescence (XRF)  

Total elemental content was determined using ARL 9400XP+ Wavelength Dispersive XRF 

Spectrometer (Manufactured by XOSR, New York, NY, USA) as described by Loubser and Verryn 

[30].  

2.4. Solubility Assessment of HDS from Limestone–Site 1 Using the USA EPA TCLP-1311 Procedure 

The Toxicity Characteristic Leaching Procedure (TCLP 1311): from the Solid Waste Manual 846 

(SW-846), used by the US Environmental Protection Agency (EPA) [31] to assess the solubility of 

elements in solid wastes, was used in this study.  

2.5. Regulatory Guidelines Used to Assess HDS 

The various hazardous waste classification systems were the “instruments” in this study, it was 

deemed appropriate to briefly describe them under this section. This is a brief overview of the basic 

principles various systems are based on. In the results and discussion section the criteria are then 

used to classify sludges considered. The systems used can be separated into two groups: (1) systems 

using soluble and totals and (2) systems only using soluble. 

2.5.1. Systems Using Total and Soluble Concentrations to Classify Wastes 

Republic of South Africa (RSA) Guidelines 

The RSA guidelines consider 20 constituents, with 6 of them (Mn, Sb, V, Cl, SO4, NO3) appearing 

only in this system [32–34]. The guidelines compare TCLP analysis of the material against what is 

called Leachable Concentration Thresholds (LCTs) (Table 2, summarized in Figure 1). These 

thresholds are divided into LCT0 (minimum threshold), LCT1, LCT2, and LCT3 (the maximum 

threshold). According to the National Environmental Management: Waste Act No. 59 [32] and 

Costley [33], the LCT1 values were derived from the minimum values (LCT0) of the Standards for 

Human Health Effects for Drinking Water in RSA, by multiplying them by 50 (a generic Dilution 

Attenuation Factor (DAF)). This factor was suggested by the “Industrial Waste Resource Guidelines: 

Solid Industrial Waste Hazard Categorization and Management” of June 2009. The LCT2 values were 

derived by doubling the LCT1 values, while the maximum threshold (LCT3) values were derived by 

multiplying the LCT2 values with a factor of 4 to raise the thresholds, and this factor is also used by 

Environment Protection Authority (EPA) Australia, Victoria State, to calculate some of the thresholds 

from drinking water values.  
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The regulation further compares total elemental analysis of the material against stipulated Total 

Concentration Thresholds (TCTs). The TC thresholds are divided into TCT0 (minimum threshold), 

TCT1, and TCT2 (maximum threshold). The TCT0 values were obtained from RSA Soil Screening 

Values that are protective of water resources, while TCT1 values were derived from the Land 

Remediation Values for Commercial/Industrial Land determined by the Department of 

Environmental Affairs’ “Framework for the Management of Contaminated Land”, of March 2010. 

TCT2 values were derived by multiplying TCT1 with a factor of 4 [32,33]. After the total and soluble 

data of the waste have been compared to the various TCT and LCT levels, the waste is classified as 

outlined in Table 2. 

Table 2. Classification of waste according to the Republic of South Africa (RSA) system [32–34]. 

Element or Chemical 

Substance 

Concentration 

Waste 

Type 
Risk Management 

LC > LCT3 or TC > 

TCT2 
Type 0 

Very high 

risk 

Direct landfilling not allowed, needs to be treated first, 

reassessed/classified, needs structure with lining (1H:H 

facility) for disposal to prevent leaching  

LCT2 < LC ≤ LCT3 or 

TCT1 < TC ≤ TCT2 
Type 1 High risk 

Treatment not a pre-requisite, needs a structure with 

lining (1H:H facility) for disposal to prevent leaching 

LCT1 < LC ≤ LCT2 and 

TC ≤ TCT1 
Type 2 

Moderate 

risk 

Needs a structure with lining (1H:H facility) for disposal 

to prevent leaching 

LCT0 < LC ≤ LCT1 and 

TC ≤ TCT1 
Type 3 Low risk  

Leaching is not a major concern, as such a structure 

without lining (2H:h facility) is used for disposal (can be 

explored for use in construction industry and agriculture) 

LC ≤ LCT0 and TC ≤ 

TCT0  
Type 4 Inert  

A structure without lining (2H:h facility) is used for 

disposal as leaching is not a major concern (can be 

explored for use in construction industry and agriculture) 

1H:H = Hazardous Waste Landfill with lining to prevent leaching, can receive from 1 up to 4 rated 

wastes; but 2H:h = Hazardous Waste Landfill without lining to prevent leaching, can only receive 3 

and 4 rated wastes. 

 

Figure 1. Simplified solid waste classification system of the Republic of South Africa (RSA). 

Australian (New South Wales) Guidelines 

The New South Wales (NSW) guidelines were considered as they are partially aligned to the 

National Waste Classification system that forms part of the Australian Waste Database (AWD). These 

guidelines consider a total of 9 (Table 3) elements [35]. Some of these elements (F, Mo, and Ni) were 

sourced from the Australian Drinking Water Guidelines [36,37], but As, Cd, Cr(VI), Pb, and Ag were 

adapted from USEPA 2012b. The threshold for Be was calculated based on Be in The Health Risk 

Assessment and Management of Contaminated Sites. Waste is initially screened (1st screening stage) 

by considering total content only (referred to as Specific Contaminant Concentrations (SCC)) (Figure 

2). In the case of General Solid Waste, i.e., putrescible (liable to decay), non-putrescible (equivalent to 

Types 3 and 4 of the South African system) the TC ≤ Minimum Specific Contaminant Concentrations 

(SCC1) Restricted Solid Waste (TC ≤ Maximum Specific Contaminant Concentrations (SCC2)) refers 

to waste that have the potential to pollute the environment (equivalent to Types 1 and 2 of the RSA 

Solid 
Waste

ANALYSIS
Total & 

TCLP 
extractable

ASSESSMENT AND CATEGORY
LC > LCT3 or TC > TCT2: Type 0
LCT2 < LC ≤ LCT3 or TCT1 < TC ≤ TCT2: Type 1
LCT1 < LC ≤ LCT2 and TC ≤ TCT1: Type 2
LCT0 < LC ≤ LCT1 and TC ≤ TCT1: Type 3
LC ≤ LCT0 and TC ≤ TCT0: Type 4 

CATEGORY 
DESCRIPTION

Type 0: Very High Risk
Type 1: High Risk
Type 2: Moderate risk
Type 3: Low Risk
Type 4: inert

MANAGEMENT
Types 0-2: HH: 
facility with 
lining to prevent 
leaching
Types 3-4: Hh: 
facility without 
lining
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system). If the TC of a constituent exceeds SCC1, further assessment with TCLP may be carried out, 

and if TC are equal or exceeds SCC2 thresholds, then TCLP assessment (2nd screening stage) must 

be done. At the second screening, using both SCC and TCLP thresholds, final clarity on the status of 

the waste is obtained, that is if TC > SCC1. At the second screening, TCLP is divided into TCLP1 

(minimum threshold) and TCLP2 (maximum threshold). Hazardous solid waste is equivalent to Type 

0 of the RSA system [34]. The application of this system for HDS classification can be seen under 

results section. 

 

Figure 2. Simplified solid waste classification system for Australia (New South Wales). 

2.5.2. Systems Using Only Soluble Concentrations of Constituents to Classify Waste 

The United States of America (USEPA) Guidelines 

The USEPA regulation is managed by the Resource Conservation and Recovery Act (RCRA) of 

1976, and classifies wastes based on hazardous properties [38]. It considers 8 elements (Table 3) of 

concern [38]. These elements are considered to cause acute or chronic health effects via the 

groundwater route and were sourced from the National Interim Primary Drinking Water Standards 

(NIPDWS) [38]. The consideration of these inorganic constituents was further facilitated by available 

and appropriate chronic toxicity reference levels (CTRLs) on which to base the calculation of 

thresholds. These elements also had adequate data for the fate and transport model used to establish 

element specific dilution attenuation factors used to convert CTRLs to thresholds. Furthermore, these 

constituents have been shown to have toxic, carcinogenic, mutagenic or teratogenic effects [38]. The 

main concern is the solubility of these constituents, and only analysis performed is a TCLP extraction, 

after which the data are evaluated against threshold level (summarized in Figure 3).  

The critical difference between the USEPA guidelines and the other guidelines considered, is 

that essential trace elements for plants/crops do not form part of their hazardous waste classification. 

These are B, Mn, Fe, Zn, and Cu. The USEPA regulation, therefore, opens the possibility for waste 

materials/by products from industry and mining that have low solubilities of non-essential elements 

for plants and environmentally harmful constituents, to be considered for use in agriculture.  

Chinese and Canadian (Alberta, British Columbia, Ontario and Manitoba) Guidelines 

The Canadian and Chinese regulations also only require a TCLP extract after which the data is 

compared against leachability thresholds (summarized in Figure 3). China adopted the USEPA 

guidelines [39] except that they consider Cu, Ni, Be, Zn in addition, but do not consider Se (Table 3). 

Thresholds for all other elements, except for Hg, in both guidelines (China and USEPA) are identical. 

The Canadian guidelines are also similar to those of the USEPA, except that in addition, Alberta 

considers B, Co, Cu, Ni, Fe, U, Zn; British Columbia considers B, Cu, U, Zn, while Ontario and 

Manitoba consider B and U. The USEPA guidelines consider as that the guidelines in Canada exclude.  

Solid 
Waste

ANALYSIS
Total & TCLP 
extractable

1ST SCREENING 
TC ≤ SCC1: General Solid Waste (no 
further screening needed)
TC > SCC1 - may need 2nd screening
TC >, or equal to SCC2:  Needs 2nd

screening

2ND SCREENING 
TC > SCC1 but LC ≤ TCLP1: General 
Solid Waste
TC ≤ SCC2 & LC ≤ TCLP2: Restricted 
Solid Waste
TC > SCC2 & LC > TCLP2: Hazardous
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Figure 3. Simplified solid waste classification system for USEPA, China and Canada (Alberta, British 

Columbia, Ontario and Manitoba). 

In summary, the RSA system considers the most elements (20) and the most stringent. Both the 

total elemental content (referred to as “Total Concentration” determined by XRF) and the solubilities 

of the elements are assessed (refer to as “Leachable Concentration”). Four hazardous categories have 

been established (Types 0–4). Currently all waste, including type 4 (inert waste), must go to a 

managed storage facility. The Australia system has two screening levels. The first uses only total 

elemental content (referred to as “Specific Contaminant Concentration, or SCC” divided into SCC1 

and SCC2 determined by XRF. If the total elemental content of a waste exceeds SCC1 thresholds, 

further assessment against TCLP thresholds (2nd screening stage) may be carried out, but, if the total 

concentration exceeds SCC2 thresholds, then TCLP assessment must be done. A material can 

therefore be classified as either a General, Restricted or Hazardous Solid Waste. With USEPA, 

Canada, and China guidelines the main concern is solubility of constituents in a waste, and as such, 

the approach adopted considers leachable concentration data for the waste that are evaluated against 

TCLP thresholds. The elements considered by the various systems are summarized below (Table 3). 

Table 3. Summary of elements considered by each system. 

Constituent RSA 
Australia (New 

South Wales) 

Canada 

USEPA China Ontario & 

Manitoba 

British 

Columbia 
Alberta 

As X X       X X 

Ag   X X X X X X 

B X   X X X     

Ba X   X X X X X 

Be   X         X 

Cd X X X X X X X 

Co X       X     

Cr X X X X X X X 

Cu X     X X   X 

Fe         X     

Hg X   X X X X X 

Mn X             

Mo X X           

Ni X X     X   X 

Pb X X X X X X X 

Sb X             

Se X   X X X X   

U     X X X     

V X             

Zn X     X X   X 

Cl X             

SO4 X             

NO3 X             

F X X      

Total 20 9  9  11  14  8  11 

  

Solid Waste
ANALYSIS

TCLP extractable

ASSESSMENT
LC < TCLP: non-hazardous
LC > TCLP hazardous
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3. Results 

3.1. HDS Elemental Content and Solubility 

Manganese was the most abundant of all metals considered by the RSA guidelines (on both a 

mass and molar basis) (Table 4). This was expected based on the natural abundance of elements in 

geology and soil in this province. After Fe, Mn is the most abundant transition metal, and AMD 

dissolves and mobilises it as it percolates through geological formations and soil. The 

Limestone/Lime Site HDS was particularly rich in total Mn, but with low Mn solubility compared to 

Limestone–Sites 1 and 2 HDS. The Mn content varied across the HDS products considered and 

seemed to be an AMD treatment signature. An HDS process without lime treatment generates HDS 

with appreciable soluble Mn (TCLP extractable Mn). Examples of this are HDSCaCO3 and HDSCaCO31 

sludges with soluble Mn highlighted in grey. The mechanism for immobilisation is rapid oxidation 

of Mn2+ to Mn4+ and subsequent precipitation of sparingly soluble Mn(IV) oxides under high pH (9–

9.5) conditions [40]. The kinetics of oxidation is appreciably slower at the pH or alkalinity levels 

created by limestone, and results in incomplete oxidation of Fe2+ and Mn2+. Due to the specific 

interaction of Mn2+ and Fe2+ with carbonates, there is also the risk that these metals will temporarily 

precipitate with carbonates, most likely as surface precipitates on limestone particles, which will 

further decrease their propensity to be oxidized. X-ray diffraction (XRD) analysis (data not shown) 

for HDSCaCO3, detected ankerite, Ca(Mg,Fe,Mn)(CO3)2, confirming the presence of ferrous iron and 

Mn(II), as well as incomplete oxidation of the Fe and Mn in the HDS products. 

3.2. Assessment of HDS Using the RSA Guidelines 

The assessment with RSA was achieved by comparing HDS data (on the right) to the thresholds 

(on the left) in Table 5. For the sludge HDSCaCO3, from Limestone–Site 1, the only element not classified 

as Type 3 or 4, was Mn (Table 6). The TCLP extractable Mn of 259 mg L−1 (highlighted in grey) in 

Table 5 exceeded LCT3 (200 mg L−1) resulting in a Type 0 (Table 6) being allocated to this sludge, 

requiring treatment and reassessment according to RSA regulations before disposal in a lined facility. 

As discussed earlier, the high Mn solubility was attributed to the fact that the Limestone–Site 1 

process only uses limestone. The higher total Mn for HDSCaCO3 sludge can be attributed to various 

factors, for example, (1) the Mn concentration of the AMD may have been higher as a result of a 

general increasing trend or seasonal changes in mine water quality; (2) the limestone source used in 

the HDS process at the time of sampling. The Ni content of HDSCaCO3 was more in-line with the 

HDSCa(OH)21 and can either be related to temporal changes in AMD or quality of limestone used [13]. 

A more detailed discussion of this is beyond the scope of this study. A consistent and characteristic 

signature of the HDSCaCO3 was Ba, as HDSCa(OH)21 exhibited low levels of this element. This could also 

have been a limestone signature. 
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Table 4. HDS data, from own characterization, literature [17,18]. 

Constituents 

Limestone–Site 1 Limestone–Site 2 Limestone/Lime Site 

HDSCaCO3  HDSCaCO31 HDSCaCO32 HDSCa(OH)21 HDSCa(OH)22 HDSCa(OH)23 
1TC (mg kg−1) 2TCLP (mg L−1) 1TC (mg kg−1) 2TCLP (mg L−1) 2TCLP (mg L−1) 1TC (mg kg−1) 2TCLP (mg L−1) 1TC (mg kg−1) 2TCLP (mg L−1) 1TC (mg kg−1) 2TCLP (mg L−1) 

As 0.1 <0.01 N.R.  0.2 0.003 0.5 <0.05 <0.5 <0.05 <0.5 <0.05 

B   <0.01 N.R. N.R. N.R. 4.87 <0.24 6.39 <0.24 0.96 <0.24 

Ba 465 <0.01 N.R. N.R. N.R. 12 <0.1 4 <0.1 1 <0.1 

Ca 182,961 626 40,000 N.R. N.R. 180,300  557 237,000 559 224,500 628 

Cd  <1 <0.01 N.R. 0.3 0.01 <0.1 <0.04 <0.1 <0.01 <0.1 <0.01 

Co 73 2.9 N.R. 13 0.2 97.2 <0.04 2.9 <0.04 0.6 <0.04 

Cu 80 < 0.01 N.R. 0.1 0.002 3 <0.14 1 <0.14 <1 <0.14 

Cr 68 0.03 60 2 0.03 2.5 <0.03 <0.5 <0.03 <0.5 <0.03 

Fe 124,500 <0.01 40,000 26 0.4 42,040 <0.4 651 <0.4 152 <0.4 

Hg N.A. N.A. N.R. N.R. N.R. <0.1 <0.02 <0.1 <0.01 <0.1 <0.02 

K 83 9.9 200 N.R. N.R. 116  4.8 68  10.9 61 <2.0 

Mg 6513 61 3000 N.R. N.R. 47,310  107 35,190  115 2736 12 

Mn 7590 259 1000 211 4 6473 <0.04 949 <0.04 95 <0.04 

Mo 3.3 <0.01 N.R. N.R. N.R. <0.1 <0.04 0.1 <0.04 <0.1 <0.04 

Na 74 <0.04 3000 N.R. N.R. 612  <0.04 588  <0.04 279 <0.04 

Ni 108 2.9 N.R. 16.5 0.3 104.9 <0.04 2.2 <0.04 <0.7 <0.04 

P 44 0.05 N.R. N.R. N.R. N.R. <0.1 N.R. <0.1 N.R. <0.1 

Pb  <1 <0.1 N.R. N.R. N.R. 143 <0.1 163 <0.1 40 <0.1 

Sb N.A. N.A. N.R. N.R. N.R. <1 <0.04 <1 <0.04 <1 <0.04 

Se 25 <0.01 N.R. N.R. N.R. 2 <0.06 <1 <0.06 <1 <0.06 

V 56 <0.01 N.R. N.R. N.R. 4 <0.03 <1 <0.03 <1 <0.03 

Zn 285 3.7 400 20.3 0.3 330 <0.1 7 <0.1 5 <0.1 

Cl−  7  N.R. N.R.  10.2  25  1.3 

SO42− 55,343 2270  N.R. N.R.  1761  1946  1456 

NO3−  0.1  N.R. N.R.  <0.2  0.9  <0.2 

F−  0.8  N.R. N.R.  1.2  0.3  <0.3 

1TC = Total Concentration; 2TCLP = Toxicity Characteristic Leaching Procedure, N.A. = Not analyzed, N.R. = Not Reported. 
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Table 5. Waste classification of HDS using the RSA guidelines [32–34]. 

Const. 

TC Standards (mg kg−1) LC Standards (mg L−1) HDS TC and LC Data Compared to Standards on the Left 

1TCT0 1TCT1 1TCT2 2LCT0 2LCT1 2LCT2 2LCT3 

Limestone–Site 1 Limestone–Site 2 Limestone/Lime Site 

HDSCaCO3 HDSCaCO31 HDSCaCO32 HDSCa(OH)21 HDSCa(OH)22 HDSCa(OH)23 

mg L−1 mg kg−1 mg L−1 mg kg−1 mg L−1 mg kg−1 mg L−1 mg kg−1 mg L−1 mg kg−1 mg L−1 mg kg−1 

As 5.8 500 2000 0.01 0.5 1 4 <0.01 0.1 0.2 N.R.  0.003 N.R.  <0.05 0.5 <0.05 <0.5 <0.05 <0.5 

B 150 15,000 60,000 0.5 25 50 200 <0.01  N.R. N.R. N.R. N.R. <0.24 4.87 <0.24 6.39 <0.24 0.96 

Ba 62.5 6250 25,000 0.7 35 70 280 <0.01 465 N.R. N.R. N.R. N.R. <0.1 12 <0.1 4 <0.1 1 

Cd 7.5 260 1040 0.003 0.15 0.3  1.2 <0.01 <1  0.3 N.R. 0.01 N.R. <0.04 <0.1 <0.01 <0.1 <0.01 <0.1 

Co 50 5000 20,000 0.5  25  50  200 2.9 73 13 N.R. 0.2 N.R. <0.04 97.2 <0.04 2.9 <0.04 0.6 

Cr 46,000 800,000 N/A 0.1  5  10  40 0.03 68 2 60 0.03 60 <0.03 2.5 <0.03 <0.5 <0.03 <0.5 

Cr(VI) 6.5 500 2000 0.05 2.5 5 20  - - - - - - - - - - - 

Cu 16 19,500 78,000 2.0  100  200  800 <0.01 80 0.1 N.R. 0.002 N.R. <0.14 3 <0.14 1 <0.14 <1 

Hg 0.93 160 640 0.006 0.3 0.6 2.4 N.A. N.A. N.R. N.R. N.R. N.R. <0.02 <0.1 <0.01 <0.1 <0.02 <0.1 

Mn 1000 25,000 100,000 0.5  25  50  200 259 7590 211 1000 4 1000 <0.04 6473 <0.04 949 <0.04 95 

Mo 40 1000 4000 0.07 3.5 7 28 <0.01 3.3 N.R. N.R. N.R. N.R. <0.04 <0.1 <0.04 0.1 <0.04 <0.1 

Ni 91 10,600 42,400 0.07  3.5  7  28 2.9 108 16.5 N.R. 0.3 N.R. <0.04 104.9 <0.04 2.2 <0.04 <0.7 

Pb 20 1900 7600 0.01 0.5 1 4 <0.1 <1 N.R. N.R. N.R. N.R. <0.1 143 <0.1 163 <0.1 40 

Sb 10 75 300 0.02 1.0 2 8 N.A. N.A. N.R. N.R. N.R. N.R. <0.04 <1 <0.04 <1 <0.04 <1 

Se 10 50 200 0.01 0.5 1 4 <0.01 25 N.R. N.R. N.R. N.R. <0.06 2 <0.06 <1 <0.06 <1 

V 150 2680 10,720 0.2  10  20  80 <0.01 56 N.R. N.R. N.R. N.R. <0.03 4 <0.03 <1 <0.03 <1 

Zn 240 160,000 640,000 5.0  250  500  2000 3.7 285 20.3 400 0.3 400 <0.1 330 <0.1 7 <0.1 5 

Cl    300  15,000  30,000  120,000 7  N.R.  N.R.  10.2  25  1.3  

SO4    250  12,500  25,000  100,000 2270 55,343 N.R.  N.R.  1761  1946  1456  

NO3    11  550  1100  4400 0.1  N.R.  N.R.  <0.2  0.9  <0.2  

F    1.5  75  150  600 0.8  N.R.  N.R.  1.2  0.3  <0.3  

1TCT = Total concentration Threshold values and 2LCT = Leachable Concentration Threshold values. 
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Table 6. Classification results obtained from Table 5 using the RSA guidelines. 

Constituents Limestone–Site 1 Limestone–Site 2 Limestone/Lime Site 

 HDSCaCO3 HDSCaCO31 HDSCaCO32 HDSCa(OH)21 HDSCa(OH)22 HDSCa(OH)23 

As 4 3 4 Inconcl Inconcl Inconcl 

B - - - 4 4 4 

Ba 3 - - 4 4 4 

Cd Inconcl Inconcl Inconcl Inconcl Inconcl Inconcl 

Co 3 3 4 3 4 4 

Cr 4 3 4 4 4 4 

Cr(VI) - - - - - - 

Cu 3 4 4 4 4 4 

Hg - - - Inconcl Inconcl Inconcl 

Mn 0 0 3 3 4 4 

Mo 4 - - 4 4 4 

Ni 3 1 3 3 4 4 

Pb Inconcl - - Inconcl Inconcl Inconcl 

Sb - - - Inconcl Inconcl Inconcl 

Se 3 - - Inconcl Inconcl Inconcl 

V 4 - - 4 4 4 

Zn 3 3 3 3 4 4 

Cl 4 - - 4 4 4 

SO4 3 - - 3 3 3 

NO3 4 - - 4 4 4 

F 4 - - 4 4 4 

Overall Type 0 0 3 3 4 4 

Note: Inconcl = Inconclusive analysis. 

The only total analyses given for Limestone–Site 2 were for Cr, Mn, Zn, and the TCLP analyses 

reported were also limited for both HDSCaCO31 and HDSCaCO32 sludges. The Limestone–Site 2 HDS 

classification was therefore largely incomplete. However, some general trends were evident. Similar 

to HDSCaCO3, soluble Mn (Table 5) was the element condemning the HDSCaCO31 in a lined pond to Type 

0 (Table 6). However, the main difference between the two sludges was the higher soluble Ni in 

HDSCaCO31 compared to that of HDSCaCO3. Maree et al. [9] reported TCLP extractable Mn (211 mg L−1) 

in HDSCaCO31 sludge that exceeded LCT3 (200 mg L−1) and Ni exceeded its LCT2 threshold (7 mg L−1). 

The sludge, HDSCa(OH)21 from Limestone/Lime process had higher Co, Mn, Pb, Ni, and Zn content 

than HDSCaCO3 sludge and all these metals exceeded the TCT0 thresholds. For this sludge, HDSCa(OH)21, 

it seemed that Pb persists and is not effectively removed by the neutralization process. For both 

HDSCa(OH)22 and HDSCa(OH)23 sludges, Pb content exceeded the TCT0 threshold of 20 mg kg−1 (Table 5). 
The RSA guidelines have set low minimum TCLP values (LCT0), especially for As, Cd, Pb, Hg, and 

Se. Due to detection limit difficulties, this has resulted in inconclusive results and technically also an 

incomplete classification (Table 6) of the Limestone–Site 1, Limestone/Lime Site HDS for some of 

more important elements from an environmental point of view. A TCLP extract (or any other extract) 

from soil or solid waste at fairly low solution to solid ratios (20:1) creates a substantially more saline 

and a complex matrix. As a result, method detection limits (MDLs) are always higher (often an order 

of a magnitude) for extracts than for drinking water. The MDL is the lowest concentration of an 

element in a specific extractant/matrix where its signal is statistically separable from background 

“noise”. As, Cd, Pb, Hg, and Se are especially prone to matrix and spectral interferences resulting in, 

for example, false positive interferences. In order to measure LCT0 concentrations repeatedly with 

high confidence, the TCLP MDLs for these elements should be below LCT0 concentrations.  

Lead in general shows higher MDLs in TCLP and other extracts. Kavouras et al. [41] reported 

0.3 mg L−1 (Pb determined by atomic absorption spectroscopy using a graphite furnace), the 

Laboratory analysis of the Limestone/Lime Site, reported 0.1 mg L−1, while Lin and Chang [42] 

reported 0.016 mg L−1 for Pb in TCLP. Apart from the latter article, all the other detection limits in 
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TCLP were an order of a magnitude higher than the LCT0 for Pb. It is believed that a more extensive 

investigation on TCLP MDLs for commercial laboratories for these elements will confirm the trend 

that LCT0 levels for some or all these elements are below typical TCLP MDLs and are therefore of no 

meaning and should be revised.  

3.3. Assessment of HDS Using Australian (New South Wales) Guidelines 

The Australian guidelines define total F, Ag, Be levels where the RSA guidelines do not. As a 

result, analysis of these elements is not required for hazardous waste characterisation in RSA and a 

judgement on these elements with the Australian system could not be made. On the 1st screening 

stage (Table 7) the Australian regulations indicate that Ni (108 mg kg−1 highlighted in grey) for 

HDSCaCO3, from Limestone–Site 1, exceeded SCC1 (40 mg kg−1) allocating a Restricted Solid Waste 

status to the material, meaning it can pollute the environment. The material was then assessed against 

both SCC and TCLP, the 2nd Screening stage (Table 8). The elements considered for this sludge were 

found to be below SCC1 thresholds, but when compared against TCLP thresholds, only Ni (2.9 mg 

L−1 highlighted in grey) exceeded TCLP1 (2.0 mg L−1) confirming the classification of the material as 

a Restricted Solid Waste. This categorization is equivalent to Types 1 to 2 in the RSA system. Only Ni 

was highlighted as an element of concern because the Australian guidelines do not consider Mn. 

The sludge, HDSCaCO31, from Limestone–Site 2 was allocated a hazardous status (equivalent to 

Type 0 of the RSA system) since its Ni (16.5 mg L−1 highlighted in grey) exceeded TCLP2 (8.0 mg L−1) 

and HDSCaCO32 from the same site was categorized as a General Solid Waste, since all its TCs and LCs 

were below SCC1 and TCLP1 thresholds (Tables 7 and 8). The other sludges, HDSCa(OH)21, from 

Limestone/Lime Site had TCs for Pb (143 mg kg−1 highlighted in grey) and Ni (104.9 mg kg−1 

highlighted in grey) exceeding their thresholds (only in the 1st screening stage—Table 7), HDSCa(OH)22 

also had its TC for Pb (163 mg kg−1 highlighted in grey) exceeding its threshold (only in the 1st 

screening stage—Table 7), categorising both materials as Restricted Solid Wastes, but HDSCa(OH)23 

from the same site was categorized as a General Solid Waste (allowing exploration for use by either 

construction industry or agriculture). 

3.4. Assessment of HDS Based on Canadian, US, and Chinese Guidelines 

Guidelines for these countries rely only on TCLP data (Table 9). To achieve the assessment, the 

TCLP extracted data presented on the right of Table 9 were compared to the thresholds presented on 

the left portion of the same Table. When comparing HDSCaCO3 sludge to the USEPA, Canadian, and 

Chinese guidelines, all of the LC values considered were below threshold levels, categorizing this 

material as non-hazardous waste. This suggested that no restrictions are needed for the disposal of 

this sludge and the potential for its use in agriculture or construction industry can be explored.  

HDSCaCO31 from Limestone–Site 2 had an LC for Ni (16.5 mg L−1 highlighted in grey) exceeding 

Canada’s (Alberta) and China’s TCLP threshold (of 5 mg L−1) thereby classifying the material as 

hazardous waste. The other three systems classified this sludge as non-hazardous. The source of the 

acid waters treated in the Limestone–Site 2 has not been confirmed as being solely of coal mining 

origin, and it should be noted that a major metalliferous processing organisation is situated upstream 

of the Limestone–Site 2 treatment plant. Analyses for HDSCaCO32 were below TCLP thresholds for all 

countries, assigning the material a non-hazardous status. When evaluating sludges from 

Limestone/Lime Site (HDSCa(OH)21, HDSCa(OH)22 HDSCa(OH)23) against the USEPA, Canadian, and 

Chinese guidelines, none of the LCs exceeded TCLP thresholds of any of the guidelines. 
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Table 7. Waste classification without TCLP data (1st Screening stage) [35]. 

Element 

Standards (mg kg−1)  HDS TC Data (mg kg−1) Compared to Standards on the Left 

1SCC1 (mg kg−1) 1SCC2 (mg kg−1) 
Limestone–Site 1 Limestone–Site 2 Limestone/Lime Site 

HDSCaCO3 HDSCaCO31 & HDSCaCO32 HDSCa(OH)21 HDSCa(OH)22 HDSCa(OH)23 

Ag 100 400 - -     

As 100 400 0.1 - 0.5 <0.5 <0.5 

Be 20  80 - -    

Cd 20  80 <1 - <0.1 <0.1 <0.1 

Cr 100 400 68 60 2.5 <0.5 <0.5 

F 3000 12,000 - -    

Pb 100 400 <1 - 143 163 40 

Hg 4 16 NA - <0.1 <0.1 <0.1 

Mo 100 400 3.3 - <0.1 0.1 <0.1 

Ni 40 160 108 - 104.9 2.2 <0.7 

Se 20 80 25 - 2 <1 <1 

Overall classification   RSW GSW RSW RSW GSW 
1SCC = Specific Contaminant Concentrations, N.A. = Not analyzed, RSW = Restricted Solid Waste and GSW = General Solid Waste. Note: If TC ≤ SCC1: General Solid Waste 

(no further screening needed), TC > SCC1: may need 2nd screening, TC ≥ SCC2: Restricted Solid Waste (needs 2nd screening). 

.



Sustainability 2018, 10, 4185 14 of 19 

Table 8. Assessment of sludge hazardous status based on both TCLP and SCC thresholds (2nd Screening stage) [35]. 

Element 

Standards HDS TCLP Extracted and TC Data Compared to the Standards on the Left 
2TCLP1 1SCC1 2TCLP2 1SCC2 Limestone–Site 1 Limestone–Site 2 Limestone/Lime Site 

mg L−1 mg kg−1 mg L−1 mg kg−1 
HDSCaCO3 HDSCaCO31 HDSCaCO32 HDSCa(OH)21 HDSCa(OH)22 HDSCa(OH)23 

mg L−1 mg kg−1 mg L−1 mg kg−1 mg L−1 mg kg−1 mg L−1 mg kg−1 mg L−1 mg kg−1 mg L−1 mg kg−1 

Ag 5.0 180 20 270 - - - -  - -  - - - - - - 

As 5.0 200 20 500 <0.01 0.1  -  - <0.05 0.5 <0.05 <0.5 <0.05 <0.5 

Be 1.0 100 4 400 - - - - - - - - - - - - 

Cd 1.0 100 4 400 <0.01 <1 0.3 - 0.01 - <0.01 <0.1 <0.01 <0.1 <0.01 <0.1 

Cr 5.0 1900 20 7600 0.03 68 2 60 0.03 60 <0.03 2.5 <0.03 <0.5 <0.03 <0.5 

F 2.0 75 8 300 0.8 - - - - - 1.2 - 0.3 - <0.3 - 

Pb 5.0 1500 20 6000 <0.1 <1 - - - - <0.1 143 <0.1 163 <0.1 40 

Hg 0.2 50 0.8 200 N.A. N.A. - - - - <0.02 <0.1 <0.01 <0.1 <0.02 <0.1 

Mo 5.0 1000 20 4000 <0.01 3.3 - - - - <0.04 <0.1 <0.04 0.1 <0.04 <0.1 

Ni 2.0 1050 8 4200 2.9 108 16.5 - 0.3 - <0.04 104.9 <0.04 2.2 <0.04 <0.7 

Se 1.0 50 4 200 <0.01 25 - - - - <0.06 2 <0.06 <1 <0.06 <1 

Overall Classif.     RSW HW GSW RSW RSW GSW 

1SCC = Specific Contaminant Concentrations, 2TCLP = Toxicity Characteristic Leaching Procedure, N.A. = Not analyzed, RSW = Restricted Solid Waste and GSW = General 

Solid Waste. Note: If TC > SCC1 but LC ≤ TCLP1: General Solid Waste, TC ≤ SCC2 & LC ≤ TCLP2: Restricted Solid Waste, TC > SCC2 & LC > TCLP2: Hazardous. 
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Table 9. Assessment of HDS based on leachable concentrations (LC) using regulatory guidelines for Canada, USEPA and China [3,38]. 

Constituents 

Standards (mg L−1) HDS TCLP Extracted Data (mg L−1) Compared to Standards on the Left 

Canada 
USEPA China 

Limestone–Site 1 Limestone–Site 2 Limestone/Lime Site 

Ontario & Manitoba British Columbia Alberta HDSCaCO3 HDSCaCO31 HDSCaCO32 HDSCa(OH)21 HDSCa(OH)22 HDSCa(OH)23 

Ba 100 100 100 100 100 <0.01 - - <0.1 <0.1 <0.1 

B 500 500 500 - - <0.01 - - <0.24 <0.24 <0.24 

Cd 5 5 1 1 1 <0.01 0.3 0.01 <0.01 <0.01 <0.01 

Cr 5 5 5 5 5 0.03 2 0.03 <0.03 <0.03 <0.03 

Co - - 100 - - 2.9 13 0.2 <0.04 <0.04 <0.04 

Cu - 100 100 - 100 <0.01 0.1 0.002 <0.14 <0.14 <0.14 

Fe - - 1000 - - <0.1 26 0.4 <0.4 <0.4 <0.4 

Pb 5 5 5 5 5 <0.1 - - <0.1 <0.1 <0.1 

Hg 0.1 0.1 0.2 0.2 0.1 - - - <0.02 <0.01 <0.02 

Ni - - 5 - 5 2.9 16.5 0.3 <0.04 <0.04 <0.04 

Se 1 1 1 1 - <0.01 - - <0.06 <0.06 <0.06 

Ag 5 5 5 5 5 - - - - - - 

U 2 10 2 - - - - - - - - 

Zn - 500 500 - 100 3.7 20.3 0.3 <0.1 <0.1 <0.1 

As - - - 5 5 <0.01 0.2 0.003 <0.05 <0.05 <0.05 

Be - - - - 0.02 - - - - - - 

Note: If LC < TCLP: non-hazardous, LC > TCLP hazardous. 
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3.5. Comparison of Assessments Using the US, Australian, Canadian, and Chinese Classifications with the 

South African System 

In summary (Table 10), the USEPA classification allocated a non-hazardous status to all six HDS 

assessed. Accordingly, all these sludges would be open for exploration for use in the construction 

industry or agriculture. Two elements, Mn and Ni, resulted in Type 0 or Type 1 categorisation by the 

RSA system for two of the sludges from the limestone treatment plants. With Australia, Ni and Pb 

remained the main soluble elements that allocated either a Restricted Solid Waste or hazardous status 

to some of the sludges. Soluble Ni was the only element that allocated a hazardous status to one of 

the sludges from the limestone treatment plants with Canadian (Alberta) and Chinese guidelines. 

Table 10. Summary of elements that influenced classification of HDS by the different systems. 

Element 

High Density Sludge 

Limestone–Site 1 Limestone–Site 2 Limestone/Lime Site 

HDSCaCO3 HDSCaCO31 HDSCaCO32 HDSCa(OH)21 HDSCa(OH)22 HDSCa(OH)23 

Mn RSA RSA None None None None 

Ni NSW RSA, NSW, Alberta & China None NSW None None 

Pb None None None NSW NSW None 

Note: NSW = New South Wales; RSA = Republic of South Africa. 

3.6. Should Mn Form Part of Hazardous Waste Classification? 

The HDSCaCO31 product, from Limestone–Site 2 was flagged by the majority of the guidelines 

(Canada, China, and Australia) based on soluble Ni (USEPA does not consider Ni). HDSCaCO3, from 

limestone–Site 1, and HDSCaCO31 were both flagged on the basis of Mn, but only by the RSA 

guidelines. The RSA guidelines are very thorough in the number of elements they consider, and 

sensibly omit Fe and Al. However, it is the only system that considers Mn. Like Fe, Mn forms 

sparingly soluble oxides and this is most likely the reason why most countries do not consider it to 

be an element of major concern. The critical aspect at HDS plants is whether lime or limestone has 

been used in the neutralizing process. Lime accelerates oxidation kinetics because of the higher pH. 

If limestone is used, more time is needed at the lower pH for complete oxidation and formation of 

Mn (IV) oxides. Once formed, Mn (IV) oxides are exceedingly insoluble as demonstrated by the 

HDSCa(OH)21 HDS which had almost 7000 mg kg−1 of Mn, yet the solubility was below 0.04 mg L−1.  

Mn is also a common soil constituent especially in a South African context. This is another 

environment where the low solubility of Mn from Mn(IV) oxides is demonstrated. The best example 

is the manganiferous soils derived from the Malmani dolomites in RSA which have been used for 

irrigation for 150 years or longer and have been critical in providing food for the large urban and 

peri-urban Gauteng population. These soils span important agricultural areas in Gauteng, parts of 

the Northwest and Mpumalanga Provinces of South Africa contain up to 13,000 mg kg−1 of Mn (more 

than double the Mn total content of the HDSCa(OH)21) [43]. This means that these soils would be Type 

1 (high risk) wastes if they were to be classified using the RSA system based on TC.  

Apart from their low solubility, Mn (IV) oxides also have various other benefits. Their metal 

scavenging abilities are well-known and have a particularly high affinity for B-type cations (soft 

metals), especially Pb [44]. They also have the ability to oxidize organic pollutants in the soil and are 

more likely playing a critical role in protecting environmental quality rather than harming it. 

Furthermore, the oxidizing propensity it lends to environments is well-known in soil research and 

commonly observed in dolomite derived soils [40]. Mn(IV) oxides will not only help buffer ferric 

oxide reduction and dissolution but also actively oxidize (or re-oxidize) ferrous iron and Mn2+. If As 

occurs in the waste, the presence of Mn will result in its oxidation to the less soluble As(V) arsenate [45].  

Based on the arguments made on the low solubility of Mn(IV) oxides and of the potential 

environmental benefits, it seems prudent to omit total Mn content from the South African system, as 

has already been done with Fe.  
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4. Conclusions 

The article attempted to address a pertinent question currently asked about HDS from coalmine 

water neutralisation. The approach followed was to determine the hazardous waste classification of 

various HDS products using various global systems. One consistency between the Canadian, 

Chinese, Australian, and RSA systems was the classification of HDSCaCO31 sludge from limestone–Site 

2 as hazardous waste. In the case of the Canadian, Chinese, and Australian systems it was because of 

Ni solubility. For the RSA system it was for both Ni and Mn solubility because it is the only system 

that considers Mn. Apart from this HDS, the Canadian and Chinese systems did not consider any 

other of the HDS assessed as hazardous. None of the sludges was considered by the USEPA 

guidelines as hazardous because Ni is not included in their system. The Australian system further 

classified three other sludges (HDSCaCO3, HDSCa(OH)21, HDSCa(OH)22) as Restricted Solid Wastes, based 

on Ni solubility, while two (HDSCaCO32, HDSCa(OH)23) were classed as General Solid Wastes. One other 

sludge (HDSCaCO3) was classified as highly hazardous due to Mn and Ni solubility by the RSA system 

and needs to be retreated before deposition in a lined facility. The remaining sludges were classed as 

type 3 or type 4 by the same system. The LCT0 values for several elements in TCLP extracts are below 

detection limits using methods available in South Africa. Consequently, incomplete classification of 

waste is at risk. Changing the LCT0 values for these elements to >MDL TCLP (below the Method 

Detection Limit in TCLP) would still be lower than the single soluble screening levels of the other 

systems. Considering all the systems, the probability for the HDS investigated to be classified as 

hazardous waste increases if the material is only subjected to limestone treatment. The element 

flagged was Ni.  
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