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A B S T R A C T   

The large quantities of alkaline industrial wastes that are generated globally have the potential to be valorized in 
various applications instead of being landfilled. This study evaluated the potential reuse of green liquor dregs 
(GLD), wood ashes, coal ash, red mud, mussel, scallop, and oyster shells to control acid and metalliferous 
drainage (AMD). Low hydraulic conductivities (10− 7 to 10− 9 m/min) suggest that covers constructed from fine- 
grained GLD, red mud, coal ash and wood fly ash can limit the formation of AMD. Static and kinetic test leachates 
of pH 5.8 to 10.6 indicate that the tested materials can neutralize acidic drainage and immobilize metal(loid)s by 
precipitation. The alkalinity is proportional to the amount and reactivity of carbonate and hydroxide fractions 
with red mud followed by coal ash being the most alkaline over 100 weeks and wood ashes the least. The tested 
industrial wastes generate leachates with a low metal(loid) risk when screened against the Australian freshwater 
guidelines. However, oxyanions including Al, Cr, Cu, Se, and V were leached in deleterious concentrations ≤100 
times more than the guidelines because of their mobility in alkaline conditions. The outcomes of this study 
highlighted that alkaline industrial wastes can be potentially used in the long-term remediation of AMD as part of 
an environmentally sustainable and cost-effective integrated mine waste management strategy.   

1. Introduction 

About 7 Gt of alkaline solid materials are generated every year from 
global industrial processes (Renforth, 2019). The production of these 
materials is projected to increase with increasing global economic 
development, consumption, and population. Sources of alkaline wastes 
include papermaking (Molina-Sánchez et al., 2018; Quina and Pinheiro, 
2020; Simão et al., 2018), cement and lime manufacturing (Al-Bakri 
et al., 2022; Schorcht et al., 2013; U.S. Geological Survey, 2022), steel 
production (Word Steel Association, 2022), alumina refinery (Evans, 
2016; Silveira et al., 2021), fishery (FAO, 2022; Morris et al., 2019; 
Summa et al., 2022), coal combustion (Harris et al., 2019), and biomass 
combustion (Ondrasek et al., 2021). The annual global generation of 
alkaline industrial wastes from the sources listed above is summarized in 
Table 1. Typical pHs of these waste materials range between 6 and 13 
(Table 1) and they can cause environmental pollution by generating 
fugitive dust and leachates with high metal(loid) concentrations (Faisal 

et al., 2018; Gomes et al., 2016; Król et al., 2020; Schwartz et al., 2018). 
Historically, these wastes were landfilled near production sites or stor-
age facilities (Silveira et al., 2021). The increase in awareness for sus-
tainability and efforts towards a circular economy has increased the 
demand for the valorization of alkaline industrial wastes. There is po-
tential to reuse alkaline residues in applications such as construction, 
agriculture, energy generation, remediation of acid and metalliferous 
drainage (AMD), element recovery, and carbon capture and sequestra-
tion (Jiang et al., 2022; Khudhur et al., 2022; Moodley et al., 2018; Qin 
et al., 2022; Renforth, 2019). 

A detailed review of the valorization of industrial waste streams as 
AMD ameliorates is presented by several researchers (Kefeni et al., 2017; 
Maitra, 2019; Moodley et al., 2018; Sahoo et al., 2013; Skousen et al., 
2017, 2019; Weber et al., 2012). The alkaline industrial wastes are 
usually applied on mine wastes as top covers designed to limit acid 
generation by restricting water and oxygen infiltration into the mine 
waste piles, neutralize acid, and immobilize metal(loid)s by 
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precipitation (Duchesne and Doye, 2005; Germain et al., 2003; Jia et al., 
2014; Mäkitalo et al., 2015; Peppas et al., 2000). Alkaline organic wastes 
such as wood waste, municipal sludge, and animal manure also create 
anoxic conditions that inhibit the activity of Fe-oxidizing bacteria that 
accelerate acid-forming reactions. The anoxic conditions also reduce 
sulfates to sulfides, thus precipitating and reducing the mobility of metal 
(loid)s (Nancucheo et al., 2017; Rambabu et al., 2020). The inorganic 
alkaline industrial wastes have a diverse mineralogical composition, but 
they are all characterized by Na, Ca, K, and/or Mg carbonates, oxides, 
hydroxides, silicates, aluminates, and/or aluminosilicates, which 
dissolve or hydrate and generate alkalinity (Gomes et al., 2016; Xue 
et al., 2019). Besides generating alkalinity, industrial wastes also coat 
the sulfides and reduce the reactive surface area (Elghali et al., 2019). 

Although alkaline industrial wastes are regarded as cost-effective 
alternatives to alkaline chemicals such as limestone and lime, they 
may offer a solution to AMD challenges, but may also present problems 
such as organic acids, toxic metal(loid)s, or other compounds that may 
contaminate the environment (Sahoo et al., 2013). Several studies have 
reported green liquor dregs (GLD), wood ashes, and coal ashes to contain 
elevated levels of trace elements that may be harmful if mobile in the 
environment (Alakangas et al., 2013; Buha-Marković et al., 2020; 
Heviánková et al., 2014; Mäkitalo et al., 2014; Shang et al., 2006). Red 
mud may have high concentrations of trace elements (Table 1), but their 
mobility under normal environmental conditions is uncertain (Evans, 
2016; Sun et al., 2019; Yi et al., 2010). Localized pollution and climatic 
variations in the environment may cause the enrichment of hazardous 
trace elements in bivalve shells (Lyubas et al., 2021). However, the 
long-term leaching potential, alkalinity, and environmental risks of in-
dustrial wastes have not been evaluated in most studies. The environ-
mental applications of the industrial wastes as AMD ameliorates can be 
limited if the industrial wastes are a source of contamination. It is, 
therefore, necessary to determine the potential risk to human and 
environmental health by industrial wastes before undertaking any 
environmental application. This study tests the hypothesis that alkaline 
industrial wastes have long-term AMD neutralizing potential and pose 
no environmental risks if applied as part of a sustainable integrated mine 
waste management technique for legacy mine sites. 

2. Materials and methods 

2.1. Materials and sample preparation 

The industrial wastes investigated include GLD from Australian 
Paper - Maryvale Paper Mill, Victoria; red mud from Bell Bay 
Aluminium, Tasmania; coal ash (mixed bed and fly ash) from Energy 
Australia - Yallourn Power Station, Victoria; and wood bed and fly ashes 

from Norske Skog Paper Mills, Tasmania. Scallop and oyster shells were 
handpicked from a Tas Fisheries dump in St Helens, Tasmania, whereas 
crushed mussel shells (≈20 mm) were supplied directly from Springs 
Bay Seafoods, Triabunna. Bulk samples (~60 kg) were oven dried at 
40 ◦C before splits of the coarse samples (i.e., coal ash, bed ash, oyster, 
mussel, and scallop shells) were crushed to below 4 mm. Another split of 
each sample was milled to below 75 μm. Experimental work was con-
ducted at the Centre for Ore Deposit and Earth Sciences (CODES) 
analytical laboratories (CAL), University of Tasmania (UTAS). 

2.2. Physical analysis 

The particle size distribution of each industrial waste (n = 8) was 
analyzed at the Central Science Laboratory (CSL), UTAS with a Sym-
patec QICPIC particle analyzer using a GRADIS dry dispersion for coarse 
materials and LIXCELL wet dispersion for fine materials. Falling head 
permeability tests, compaction tests, and Atterberg limits of GLD, red 
mud, coal ash, bed ash, fly ash, and a mixture (equal wt. %) of oyster, 
scallop, and mussel shells (referred to herein as shells) were conducted 
by ADG Laboratories Pty Ltd, Tasmania using methods AS 1289 and 
ASTM D4318 respectively. Specifically, these properties were assessed 
to determine the behavior of industrial wastes under applied forces and 
to measure moisture content. 

2.3. Mineralogical and elemental analyses 

The bulk mineralogy of the industrial wastes was analyzed by X-ray 
diffraction (XRD) using a benchtop Bruker D2 Phase powder diffrac-
tometer at CAL, UTAS. The XRD used CoKα radiation operated at 30 kV 
and 10 mA. Mineral phases were identified using Bruker DIFFRAC. EVA 
software with semi-quantitative assessments of the mineral phases ob-
tained using TOPAS version 4.2. Total carbon (organic and inorganic), 
hydrogen, nitrogen, and sulfur (CHNS) analyses were conducted at the 
CSL using a Thermo Finnigan EA 1112 Series Flash Elemental Analyzer. 
The inorganic C, H and N concentrations were measured to indicate the 
amount of carbonate, hydroxide, ammonia, or ammonium available for 
acid neutralization. 

Near-total elemental analysis was conducted at Australian Labora-
tory Services (ALS; Springvale) using inductively coupled plasma mass 
spectrometry (ICP-MS) and inductively coupled plasma atomic emission 
spectroscopy (ICP-AES) after hot block digestion with HNO3, HCl, and 
H2O2. The laboratory’s quality assurance and quality control measures 
included laboratory duplicate, method blank, control and matrix spikes, 
recovery, and acceptance limits as established by USEPA, APHA, AS, and 
NEPM analytical procedures. The major and selected trace elements (Al, 
Ca, Fe, K, Mg, Mn, P, S, Si, Ti, and Zn) of industrial wastes were also 
analyzed on LiBO2–LiB4O7 fused discs by X-ray fluorescence (XRF) 
analytical method ME-XRF15b at ALS (Brisbane). Loss on ignition (LOI) 
of the industrial wastes was also analyzed at ALS (Brisbane) using a 
LECO TGA analytical method ME-GRA05. Both assays were performed 
in replicate within a 1–2% precision. 

2.4. Characterizing the potential acid-neutralization and metal(loid) risk 

The acid-neutralizing and metal(loid) leaching potential of each 
material was tested in-house under broad geoenvironmental conditions. 
The acid-neutralizing capacity (ANC) was measured in triplicate ac-
cording to the modified Sobek method (Stewart et al., 2006). The 
alkalinity of the wastes was also measured in duplicate by the APHA 
2320 B Titration Method (APHA, 2017). The currently leachable metal 
(loid)s (i.e., those which are reactive, soluble, mobile, and bioaccessible) 
were assessed for each sample in triplicate using the field leach test 
(FLT) developed by the U.S Geological Survey (Hageman, 2007). The 
metal(loid)s that may leach under an extreme-case scenario (i.e., 
strongly acidic and strongly oxidizing conditions) were assessed in 
triplicates using the multi-addition net acid-generation (NAG) test 

Table 1 
Annual global production, pH, and trace elements of alkaline industrial wastes 
used in the remediation of AMD.  

Alkaline 
material 

Global annual 
production rate 

Typical 
pH 

Associated trace elements 

Iron and steel 
slag 

390–780 Mt 6–12 Cr, Al, Cd, Ni, Pb, Cu, and Zn 

Cement kiln 
dust 

600–800 Mt 12–13 Al, Cd, Cr, Pb, and Ni 

Lime kiln dust 35–65 Mt 11–13 Cr, Ni, Pb, and Cd 
Coal ash 1.2 Gt 9–13 As, Ba, B, Cr, Cu, Hg, Mn, Ni, 

Pb, Sb, Se, Ti, V, Zn, and Zr. 
Biomass ash 480 Mt 9–12 Al, Cd, Cu, Mn, Se, Ti, and Zn 
Red mud 120–200 Mt 7–13 As, Be, Cd, Cr, Cu, Ga, Hg, Mn, 

Ni, Pb, Sc, Th, U, V, Zn, and 
REE 

Pulp and 
paper 
sludge 

16–20 Mt 10–13 Al, Cr, Cu, Pb, Ni, and Zn 

Molluscs 
shells 

16–22 Mt 7.2–7.7 Al, Ba, Mn, and Sr  
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described in other studies (Parbhakar-Fox et al., 2018). A TPS LabChem 
Conductivity/pH meter was used to measure pH and electrical con-
ductivity (EC) in the static tests. Leachates from the FLT and NAG tests 
were analyzed for dissolved Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, 
Mo, Na, Ni, P, Pb, Rb, S, Sb, Se, Sn, Sr, U, V, and Zn concentrations using 
a Thermo Fisher ELEMENT 2 High-Resolution ICP-MS at CSL and an 
Agilent 7700x ICP-MS at CAL respectively. All elements were quantified 
against a 4-point calibration covering expected analyte concentration 
ranges. Quality controls included internal standards, matrix blanks, and 
drift correction with analytical accuracy verified from the multiple 
analysis of certified reference materials. The concentrations of analyzed 
metal(loid)s were compared to ANZECC (2000) freshwater guidelines. 

2.5. Assessing the potential long-term leaching behavior 

The potential environmental leaching behavior was first tested using 
a self-developed accelerated kinetic leach test on 6 g of milled sample in 
40 mm Buchner funnels leached with 30 mL of deionized water every 2 
days for 30 days then after every 10 days until 100 days had elapsed. The 
promising industrial wastes were further tested over 100 weeks using a 
kinetic leach test developed by AMIRA P387A (Smart et al., 2002). In the 
test, each cell containing 600 g of crushed shells and coal ash or as 
received red mud and GLD was irrigated weekly with 700 mL of 
deionized water and allowed to drain freely. In both kinetic tests, the 
materials were dried with heat lamps at 30–35 ◦C before the next irri-
gation. The wetting-drying pattern was adopted to encourage oxidation 
and flushing of oxidation products and simulate wet and dry seasons. 
The kinetic test leachates were analyzed for pH and EC after every 
irrigation. The concentration of dissolved metal(loid)s (as in the static 
test) in leachates from the long-term kinetic test was analyzed every 4 
weeks using a Thermo Scientific iCAP 7400 ICP-AES at the University of 
Queensland. The analyses followed the same quality controls and cali-
brations as at UTAS. 

3. Results and discussion 

3.1. Particle size distribution 

‘As received’ GLD, wood fly ash, and red mud were very fine mate-
rials with d50 ≈ 77 μm, 120 μm, and 120 μm respectively. In contrast, 
coal ash remained coarse after crushing with a d50 ≈ 625 μm, whereas 
the crushed wood bed ash, oyster, mussel, and scallop shells remained 
very coarse with d50 > 2 mm. The particle size distribution is shown in 
the Supplementary Material. Two assumptions can be made based on 
grainsize. First; GLD, wood fly ash, red mud, and coal ash have a larger 
surface area for acid-neutralizing reactions and metal(loid) sorption. 
Second; having a smaller grainsize may translate to less porosity, thus, 
covers constructed from these materials should be less permeable to 
water and oxygen percolation into the mine waste piles. The very coarse 
shells and bed ash have a comparatively smaller surface area for acid 
neutralization and more porosity; hence they are less suitable materials 
for constructing covers to prevent the formation of AMD. 

3.2. Compaction, permeability, and Atterberg limits 

A sand-silt-clay mix soil usually used to cover mine waste has a 
default maximum dry density (MDD) of 2.67 t/m3 and optimum mois-
ture content (OMC) of 11%–15% (Bera and Ghosh, 2011; Roy and 
Kumar Bhalla, 2017). Having a higher OMC means relatively less energy 
would be required to compact the industrial waste covers to their MDD 
compared to a soil cover (Table 2). However, the lower MDD values 
suggest that larger volumes of industrial wastes, especially coal and 
wood ashes, would be required to make a cover on a weight basis. The 
permeability coefficients (Table 2) show the very coarse shells and bed 
ash to have higher hydraulic conductivities (i.e., permeability coeffi-
cient) compared to finer materials. Despite being coarser, coal ash had 
lower hydraulic conductivity than fly ash and GLD suggesting the coal 
ash was less porous after compaction. In addition, cementitious and 
pozzolanic reactions of Al–Si-rich materials such as wood ashes, coal 
ashes, and GLD form calcium (aluminate) silicate hydrate gel that re-
duces a material’s hydraulic conductivity and porosity (Alhomair et al., 
2017). The lower hydraulic conductivities of red mud, coal ash, wood fly 
ash, and GLD indicate they are more suitable as cover materials on mine 
waste piles. 

The non-plastic behavior of shells and wood ashes (Table 2) shows 
they are likely to form hard and durable surfaces. In contrast, red mud, 
coal ash, and GLD transitioned to plastic and liquid states showing they 
are compressible. Although GLD has the highest compressibility, its 
plasticity index in the 7%–17% range indicates medium plasticity and 
low shear strength (O’Kelly, 2021; Roy and Kumar Bhalla, 2017). This 
highlights that GLD is likely difficult to apply at a slope. Whereas red 
mud and coal ash have lower plasticity, higher shrinkage, and a cracking 
tendency on drying. The effect of wet-dry climatic cycles is likely to 
destroy the microstructure of red mud and cause cracking as demon-
strated in other studies (Song et al., 2022). These Atterberg limits sug-
gest that GLD, red mud, and coal ash will have stability problems when 
applied as covers on mine wastes. 

3.3. Mineralogical composition 

The composition of wood fly and bed ashes (Table 3) is largely 
amorphous, which is attributed to the organic biomass content 
(Heviánková et al., 2014; Martins et al., 2007; Naik and Kraus, 2003). 
The only crystalline phases in the wood ashes are quartz polymorphs, 
mullite, and traces of calcite and maghemite. The XRD results are re-
flected by the high LOI, high Al and Si contents, and minor Ca and Fe 
contents (Table 4). 

The Victorian brown coal ash is mainly composed of iron oxides 
(magnetite and magnesioferrite), hydrocalumite, and amorphous phases 
(Table 3). Other calcium-bearing compounds; calcite, gypsum, and 
brownmillerite are present in minor quantities. Quartz, kaolinite, 
mullite, and ferrowyllieite are comparatively abundant (Table 3). The 
amorphous phases most likely include unburnt lignite and non- 
crystalline aluminosilicate glass, which is typical of lignite coal ash 
(Ward and French, 2006, 2005). The coal ash mineralogy determined by 
XRD corresponds to the high Al, Ca, Fe, Mg, S, and Si contents and the 
high LOI (Table 4). 

Table 2 
Permeability, compaction, and Atterberg limits of the industrial wastes.  

Sample Max dry density (t/ 
m3) 

Optimum moisture content 
(%) 

Permeability coefficient (m/ 
min) 

Liquid limit 
(%) 

Plastic limit 
(%) 

Plasticity index 
(%) 

Linear shrinkage 
(%) 

Bed ash 0.89 56.2 4.27 × 10− 6 – – – – 
Fly ash 0.72 78.9 7.21 × 10− 7 – – – – 
Coal ash 0.86 57.1 9.98 × 10− 8 63.0 62.0 1.0 3.0 (cracking) 
Red 

mud 
1.30 40.0 7.58 × 10− 9 41.0 36.0 5.0 5.0 (cracking) 

GLD 1.07 36.3 5.99 × 10− 7 83.0 71.0 12.0 1.0 
Shells 1.48 22.2 1.12 × 10− 6 – – – –  
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Table 3 
Mineralogical composition of wood bed ash (BA) and fly ash (FA), coal ash (CA), red mud (RM), GLD, mussel (MU), scallop (SC), and oyster (OY) shells.  

Mineral (wt. %) BA FA CA RM GLD MU SC OY 

Amorphous 56 56 18  38    
Anatase (TiO2)    7.7     
Aragonite (CaCO3)      26   
Boehmite [AlO(OH)]    41     
Brownmillerite [Ca2(Al, Fe)2O5]   1.5  1.9    
Calcite (CaCO3) 0.14 0.01 3.0 8.0 33 65 99 99 
Cancrinite [Na6Ca2((CO3)2)Al6Si6O24].2H2O]    5.0     
Cesanite [Na7Ca3(SO4)6(OH).0.8H2O]     4.2    
Cristobalite (SiO2) 1.4 0.11       
Dolomite [CaMg(CO3)2]     0.60    
Ferrowyllieite [(Na,Ca,Mn) (Fe,Mn) (Fe,Fe,Mg)Al(PO4)3]   4.6      
Gypsum (CaSO4.2H2O)   2.4  1.4 3.5   
Hematite (Fe2O3)    23     
Hydrocalumite [Ca4Al2(OH)12Cl2.6H2O]   27      
Kaolinite (BISH) [Al2Si2O5(OH)4]   2.4      
Maghemite (Fe2O3) 0.68 0.6       
Magnesian calcite (Cax, Mg1-x)CO3)      5.9 1.0 0.72 
Magnesioferrite (MgFe2O4)   19      
Magnetite (Fe3O4)   16      
Manganite [MnO(OH)]     2.4    
Mullite 3:2 (3Al2O3.2SiO2) 34.8 29 1.5      
Nosean [Na8Al6Si6O24(SO4).H2O]    9.0     
Pirssonite [Na2Ca(CO3)2.2H2O]     14    
Quartz (SiO2) 7.4 15 4.6 2.9     
Rutile (TiO2)    3.4     
Tychite [Na6Mg2(CO3)4(SO4)]     4.4     

Table 4 
Chemical composition of wood bed ash (BA) and fly ash (FA), coal ash (CA), red mud (RM), GLD, mussel (MU), scallop (SC), and oyster (OY) shells.  

Concentration (wt %) BA FA CA RM GLD MU SC OY 

LOI 17 22 37 13 36 45 43 44 
Al 14 13 1.7 21 1.0 <0.005 <0.005 0.021 
Ca 0.74 0.67 4.0 3.5 17 38 39 39 
Fe 1.4 1.4 20 13 0.68 0.010 <0.01 0.020 
K 0.33 0.29 0.066 0.042 1.1 0.033 0.017 0.025 
Mg 0.34 0.33 8.1 0.14 3.6 0.14 0.12 0.15 
Mn 0.020 0.030 0.22 0.020 0.67 <0.01 <0.01 <0.01 
P 0.020 0.030 0.010 0.10 0.030 0.040 0.040 0.040 
S 0.090 0.28 1.4 0.12 2.9 0.13 0.23 0.17 
Si 23 22 4.0 4.9 1.6 0.010 0.010 0.10 
Ti 0.66 0.66 0.078 5.1 0.036 <0.006 <0.006 0.010 
Concentration (mg/kg) 
As <5 9 12 6 <5 <5 <5 <5 
Ba 10 30 170 10 220 <20 <20 <20 
Ce 21.5 38.2 21.1 112 8 <0.2 0.3 <0.2 
Bi <0.1 7.7 <0.2 1 <0.2 <0.2 <0.2 <0.2 
Co <2 11 10 <2 10 <2 <2 <2 
Cr 42 18 20 252 49 <2 <2 <2 
Cu <5 36 15 <5 218 <5 <5 <5 
Ga 1.2 34.4 1.4 19 0.4 <0.2 <0.2 <0.2 
Ge 0.5 14.2 6.3 4.3 0.4 <0.2 <0.2 <0.2 
La 9.3 17.4 11.9 27.9 4.9 <0.2 <0.2 <0.2 
Li 2.4 5.6 1.8 1 1.8 1.7 3.4 0.9 
Mo <2 6 <2 <2 <2 <2 <2 <2 
Na 90 280 4980 29,400 95,600 4670 7400 2970 
Nb 0.4 0.2 0.9 7.9 0.8 0.6 <0.2 <0.2 
Nd 8.4 15.8 7.1 23.3 3.4 <0.2 <0.2 <0.2 
Ni 4 10 50 13 57 <2 <2 <2 
Pb <5 122 <5 30 6 <5 <5 <5 
Pr 2.2 4 1.9 6.4 0.9 <0.2 <0.2 <0.2 
Rb 0.4 1 5.3 0.4 48.4 <0.2 <0.2 <0.2 
Sb <5 6 <5 <5 <5 <5 <5 <5 
Sn <5 16 <5 21 <5 <5 <5 <5 
Sr 18 45 512 21 630 685 510 620 
Th 3.3 8 0.9 62.8 0.8 <0.2 <0.2 <0.2 
U 0.8 4.6 0.6 10.3 0.9 <0.2 <0.2 <0.2 
V 6 22 8 154 <5 <5 <5 <5 
Y 4.6 12.2 8 9.7 2.5 <0.2 <0.2 <0.2 
Zn 7 142 68 <5 471 <5 <5 <5 
Zr 11 23.6 6.9 90.4 11 <0.5 <0.5 <0.5  
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The red mud mineralogy is dominated by boehmite, hematite, 
anatase calcite, cancrinite, nosean, quartz, and rutile (Table 3). The XRD 
mineralogy corresponds to the high Al, Ca, Fe, Na, Si, and Ti, contents 
(Table 4). The composition of the red mud used in this investigation is 
typical of red mud reported in other studies (Duchesne and Doye, 2005; 
Evans, 2016). 

The mineralogical phases of GLD are mainly compounds of Ca car-
bonates, Na carbonates, Na hydroxides, sulfides, and the amorphous 
phase (Table 3). The amorphous phase is likely to be inert wood residues 
and other chemical compounds such as Na2S, Na2S2O3, and ammonium 
salts, as suggested in the material data sheet provided by the supplier 
(Australian Papers) and reported in other studies (Manskinen et al., 
2011; Martins et al., 2007). The mineralogy of GLD is corroborated by 
the high concentrations of Ca and Na and high LOI (Table 4). 

The mineralogy of oysters, scallops, and mussel shells consists of 
96%–100% calcium carbonates with traces of gypsum (Table 3). The 
dominant carbonate is calcite in scallop and oyster shells, whereas 
mussel shells contained the dimorphs calcite and aragonite. It is typical 
for shellfish to have layers made of calcite and/or aragonite held 
together by chitin, protein, and glycoproteins (Cubillas et al., 2005; 
Martínez-García et al., 2017; Núñez-Gómez et al., 2019). The miner-
alogy corroborates the XRF results, showing Ca as the major constituent 
and the high LOI reflecting the CO3 component of calcite (Table 4). 

XRD analysis is only semi-quantitative for crystalline phases and 
does not determine the composition of amorphous phases that diffract X- 
ray ineffectively. Therefore, the mineralogical compositions determined 
here are not inclusive of any amorphous phases of the industrial wastes, 
which remain largely unknown, especially for GLD and the wood ashes 
as reported in other studies (Martins et al., 2007). 

3.4. Trace elements composition 

The investigated industrial wastes were generally not enriched in 
trace elements and most of the trace elements were below detection 
limits (Table 4). Elements below detection limits included Ag, Bo, Lu, 
Pd, Pt, Se, and Tl and those detected but below 5 ppm included Au, Be, 
Bi, Cd, Dy, Er, Gd, Hf, Sm, Te, and Yb. Whereas Cs, Eu, Hg, Ho, In, Re, Tb, 
Tm, and W were detected to be below 1 ppm. The results show that wood 
fly ash had the highest concentrations of Bi, Co, Ga, Ge, Li, Mo, Pb, Sb, 
and Y (Table 4). Generally, the trace elements were less concentrated in 
the wood bed ash than in the fly ash. The mussel, oyster, and scallop 
shells were only enriched in Sr and GLD was most enriched in Ba, Cu, 
Mn, Ni, Rb, Sr, and Zn. Coal ash was enriched in As, Ba, Ge, Mn, Ni, and 
Sr, whereas red mud was enriched in As, Ce, Cr, Ge, Hg, Pb, Sn, Ti, Th, U, 
and V (Table 4). The high concentrations of Ce, La, Nd, Th, U, and Zr in 
red mud are an indication of the presence of zircon (and/or substitution 
of Zr for Ti in rutile and anatase) and other trace minerals enriched in 
radioactive elements and REE, which is typical of red mud (Tóth et al., 
2019). 

3.5. Acid-neutralizing potential 

The high but variable ANC, total alkalinity, NAG pH, and FLT pH 
(Table 5) show that the tested materials are net acid-neutralizing. The 
highest ANC values obtained for the shells and GLD and the lowest for 
the wood ashes correspond to the weight % of carbonates and hydrox-
ides. Although the GLD, red mud, and coal ash had lower ANC, their 
NAG pH and alkalinity were higher than the shells (Table 5). Hydroxide 
chemicals such as NaOH and Ca(OH)2, which are commonly found in red 
mud generated from the Bayer process (Rivera et al., 2019) and GLD 
from the Kraft process (Mäkitalo et al., 2014), can attain a higher pH 
compared to carbonates such as CaCO3 and Na2CO3 (Trumm, 2010). 
Furthermore, the dissolution of biogenic CaCO3 of shells is reported to 
be approximately one order of magnitude lower than that of inorganic 
calcite because most of the surface area of the mineral is unreactive 
during dissolution (Cubillas et al., 2005). Alkalinity and ANC are pri-
marily a function of carbonate, bicarbonate, and hydroxide ions but may 
include contributions by borates, phosphates, or silicates present 
(APHA, 2017; McAllan et al., 2009; Zhou et al., 2019). 

The pHs of the industrial waste leachates in the FLT and NAG tests 
(pH 5.8–10.6) exceed the recommended pH of 4.0–6.5 for humic-rich 
Tasmania lakes and rivers (ANZECC, 2000). This indicates their alka-
linity may cause adverse environmental impacts, but if they are used to 
neutralize AMD generated by legacy Tasmanian mine wastes the excess 
alkalinity may be consumed. The immediately available alkalinity rep-
resented by FLT pH is higher than the alkalinity available under strongly 
oxidizing conditions as represented by NAG pH (Table 5). The genera-
tion of organic acids by carbonaceous (total organic carbon >5%) ma-
terials such as GLD, wood ashes, and coal ash may also lower the NAG 
pH causing the difference between NAG and FLT pHs (Stewart et al., 
2006). The high ANC of the industrial wastes shows they have the po-
tential to immobilize metal(loid)s by precipitation as hydroxides and 
carbonates in addition to surface ion exchange and adsorption on min-
erals such as cancrinite and hematite, and chemisorption on surfaces of 
Fe and Al oxyhydroxides (Bertocchi et al., 2006; Hua et al., 2017; Jiang 
et al., 2022). However, the static test results do not show the 
time-related acid-neutralizing behavior and may not be representative 
of the long-term acid-neutralization of the industrial wastes. 

3.6. Metal(loid) leaching potential 

Leachates from the NAG tests had low metal(loid) concentrations 
mostly below the water quality guideline values (Fig. 1) for slightly to 
moderately disturbed freshwater systems (ANZECC, 2000). Only wood 
fly ash leachate had Cd, Co, Mo, Ni, and Sb in concentrations exceeding 
the guideline values. All industrial wastes except GLD and mussel shells 
leached Al in concentrations above the guideline value. The potential 
leachability of Cr, U, V, and Zn from red mud, GLD, and wood ashes may 
be of environmental concern, especially under oxidizing conditions as 

Table 5 
Geochemical characteristics of industrial wastes under static leach tests.  

Sample aTalkalinity (mg/L CaCO3) bANC (kg H2SO4/t) Inorganic C (%) H (%) cFLT pH dNAG pH eEC (μS/cm) 

Wood bed ash 27 35 0.06 0.04 8.8 6.4 82 
Wood fly ash 14 36 0.45 0.13 7.8 5.8 230 
Coal ash 69 280 1.10 1.56 8.5 7.9 1800 
Red mud 140 250 1.26 1.16 9.3 7.8 530 
GLD 9000 780 7.78 1.25 10.6 10.1 7600 
Mussel shells 79 990 13.20 0.25 8.4 7.3 780 
Scallop shells 43 1000 12.28 0.20 8.8 7.2 650 
Oyster shells 53 1000 17.31 0.06 8.8 7.2 750  

a Talkalinity: total alkalinity. 
b ANC: acid-neutralizing capacity. 
c FLT: field leach test. 
d NAG: net acid-generating. 
e EC: electrical conductivity. 
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depicted by NAG tests. Copper can be potentially leached by all indus-
trial wastes excluding bed ash in concentrations deleterious to fresh-
water quality. Selenium can be potentially leached from coal and wood 
fly ashes in concentrations that exceed the freshwater guidelines. 
However, the relative leaching rates of potentially toxic metal(loid)s 
were not factored in the risk assessment and may considerably change 
the potential environmental risk. The kinetic leach results can therefore 
assess the potential metal(loid) risk of the industrial wastes better. 

3.7. Short and long-term acid-neutralizing kinetics 

The leachates generated by the industrial wastes were mostly alka-
line for the duration of both kinetic tests (Figs. 2 and 3), validating the 
acid-neutralizing capacities evaluated by the static tests. The pH profiles 
of the leachates varied between the industrial wastes, but a slight pH 
increase of ≤1 unit was observed regardless of the type of the industrial 
wastes when the wetting-drying cycles were changed from 2 to 10 days 
in the accelerated kinetic test (Fig. 2). Initially, GLD generated the most 
alkaline leachates with a pH of ≈10 but the alkalinity decreased grad-
ually within 30 days in the accelerated test and 30 weeks in the long- 
term test, resulting in leachates with a pH of ~7.9 and 7.5 respec-
tively (Figs. 2 and 3). A pH decrease of ≈1 unit from an initial pH of 9.2 
was observed with leachates generated by the red mud in both kinetic 
tests, making it ultimately the most alkaline industrial waste tested. The 
coal ash drainage maintained a pH of ≈7.9 in both tests after a slight pH 
decrease (≈0.6 pH units) from the initial pH. The mussel, scallop and 

oyster shells generated leachates with a slightly alkaline average pH of 
≈7.5 in both tests. However, a sudden spike was observed in the long- 
term test between weeks 8 and 13, which coincided with the appear-
ance of algae on the shells (Fig. 3). Wood fly ash leachates had the lowest 
pH in the accelerated kinetic test ranging between pH 6.2 and 7.6, but 
the wood bed ash maintained a slightly alkaline pH averaging pH 7.6 
(Fig. 2). The kinetic test pH profiles closely matched the NAG pH values, 
but the kinetic tests further showed how alkalinity changed with time. 

The pH profiles in the kinetic leach tests show that GLD and red mud 
had the fastest dissolving alkaline constituencies. The most alkaline pH 
(>8) corresponds with the highest concentration of dissolved Na and K, 
indicating that the fast-dissolving constituencies were dominated by Na 
and K compounds. The dissolution of Na and K hydroxide and Na car-
bonate is presented in equations (1)–(3). After the Na and K compounds 
had rapidly depleted, the slower dissolution of Ca and Mg compounds 
(equations (4)–(7)) became dominant in GLD, generating drainages with 
pH 7.4–8.0. However, Na remained dominant in red mud indicating that 
a washing step before disposal likely influenced the lower and longer 
alkalinity of red mud compared to GLD (Evans, 2016; Samal et al., 
2013). The alkalinity of coal ash was generated steadily by the disso-
lution of Ca and Mg-bearing compounds (equations (4)–(7)). The 
biogenic calcite had lower dissolution rates than inorganic calcite, hence 
the shells generated less alkaline drainage than all the other industrial 
wastes except wood fly ash. The alkalinity is generated mainly from the 
dissolution of calcite (equation (5)) and its derivatives in wood ashes 
and shells. The accelerated kinetic test also showed that longer drying 

Fig. 1. Concentration of metal(loid)s in leachates from the NAG test of wood bed ash (BA) and fly ash (FA), coal ash (CA), red mud (RM), GLD, mussel (MU), scallop 
(SC), and oyster (OY) shells in comparison to ANZECC (2000) freshwater guidelines. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 2. pH profiles of the industrial wastes in the accelerated kinetic leach test.  
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periods led to higher evaporation rates, which increased the alkalinities 
of all the industrial wastes and no substantial changes in the concen-
tration of major elements. The leaching rate of the major elements 
relative to pH in the long-term kinetic tests is presented in the Supple-
mentary Material. 

NaOH(s) +H2O(l) → Na+
(aq) + OH−

(aq) (1)  

Na2CO3 +H2O → 2Na+
(aq) +HCO−

3(aq) + OH−
(aq) (2)  

KOH(s) + H2O(l)→K+
(aq) + OH−

(aq) (3)  

Ca(OH)2(s) +H2O(l) → Ca2+
(aq) + 2OH−

(aq) (4)  

CaCO3(s) +CO2(g) +H2O(l) → Ca2+
(aq) + 2HCO3

−
(aq) (5)  

MgO(s) +H2O(l) → Mg(OH)2 (aq) (6)  

Mg(OH)2 +H2O(l) → Mg2+
(aq) + 2OH−

(aq) (7)  

3.8. Leaching kinetics of trace elements 

The long-term leaching kinetics (Fig. 4) show that the investigated 
industrial wastes pose a low metal(loid) risk in freshwater as predicted 
by static leach tests. The metal(loid)s that exceed the freshwater 
guidelines in both kinetic tests included Co, Cu, and Se from all mate-
rials, Cr from GLD; Al, Cr, and V from red mud; and Al from coal ash and 
shells (Fig. 4). 

The metal(loid)s leached by industrial wastes are those that form 
oxyanions and are soluble and mobile at alkaline pH because they are 
weakly adsorbed to soils and sediments (Gomes et al., 2016). Given the 
alkalinity of the red mud and GLD controls, Cr is likely dominated by the 
less toxic trivalent species occurring as hydrated Cr3+, which is sparingly 
soluble in water at pH > 5 (Palmer and Puis, 1994; Taneez et al., 2018). 
It should also be noted that there is low confidence in the guideline value 
for Cr3+ in freshwater due to insufficient data, thus further consideration 
is required to calculate a site-specific guideline (ANZECC, 2000). The Cu 
concentration in the deionized water blank was usually higher than the 
leachates from industrial wastes suggesting the Cu concentration 
leached by the industrial wastes may be lower than that in the local 
waters. The leaching of Al by coal ash and red mud, which contain 
Al-bearing compounds such as boehmite and hydrocalumite (Table 3), 
may compromise their environmental application, but Al-(hydr)oxides 
may provide acid-buffering and metal(loid) immobilization (Dold, 2014; 
Guo et al., 2019; Hua et al., 2017). 

4. Conclusions 

The suitability of alkaline industrial wastes as a mine waste man-
agement strategy depends on their ability to limit AMD generation by 
restricting water and oxygen infiltration into the mine waste piles and/ 
or their ability to neutralize acid and immobilize metal(loid)s without 
posing environmental risks themselves. The smaller particle sizes, low 
hydraulic conductivities, and high compressibility of GLD, red mud, coal 
ash, and wood fly ash are appropriate for constructing less permeable 
covers that limit the generation of AMD, unlike wood bed ash, oyster, 
scallop, and mussel shells. All the investigated industrial wastes except 
wood ashes can generate long-term alkalinity from the dissolution of 
alkaline phases. The rapid dissolution of Na, Ca, and K hydroxide frac-
tions dominant in GLD and red mud generates leachates of pH > 8 and 
the slower and more stable dissolution of Ca and Mg carbonates, alu-
minosilicates, and phosphates generate leachates of pH 6–8. The 
generated alkalinity can immobilize metal(loid)s dissolved in AMD by 
precipitation and sorption to the secondary minerals. The industrial 
wastes leached most metal(loid)s in concentrations benign to freshwater 
quality with only oxyanions including Al, Cu, Cr, Se, and V being (≤100 
times) higher than the guidelines. The outcomes from this study 
confirmed the hypothesis that alkaline industrial wastes can generate 
long-term acid neutralization, but they do pose a low metal(loid) risk. 
This highlights that they are capable of environmentally sustainable, 
cost-effective, and long-term amelioration of AMD. The integrated waste 
management approach offers opportunities for value recovery of local 
and global alkaline wastes that are landfilled and simultaneously miti-
gates the anthropogenic effects of mine wastes. 
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