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EXECUTIVE SUMMARY 
______________________________________________________________________________________ 
 
This project had a two-pronged approach, the first part of which involved assessment of the potential to 
precipitate different ochres from acid mine drainage (AMD) by using various neutralising agents. This was 
achieved through computational simulations using the PHREEQC geochemical modelling code. Inferences 
could then be drawn from the simulations as to which neutralising agents (or a mix thereof) were suitable, 
considering the predicted treated water quality, types of ochres formed and their predicted yields. NaOH and 
MgCO3 were found to be the most suitable neutralising agents for this purpose, producing ochres with colours 
varying from yellow to orange and red. Other colours such as green and blue could also be produced following 
the addition of ferrous cyanide to the neutralisation reaction. Naturally, such colourations occur at tailings sites 
because of the presence of cyanide that is used as a lixiviant in gold extraction. The ochres were tested in 
simple artwork and were found to perform like commercial paints. Further testing of their applicability as paint 
pigments for building purposes remains possible and should be considered in future studies. The second part 
of the project explored the potential to repurpose high density sludge (HDS) generated from AMD treatment 
plants. The basis of the study was that ferric hydroxide (Fe(OH)3) and/or goethite (FeOOH) minerals in HDS 
can act as an adsorbent for conditioning of AMD from mine voids and waste disposal facilities. Another 
potential use of HDS as an adsorbent focused on the adsorption of phosphate from agricultural and sewage 
water. The aim of the latter was to apply the phosphate-laden HDS on mine tailings that have woodlots for 
phytoremediation.  
 
BACKGROUND 
 
Acid mine drainage (AMD) continues to pose a threat to water quality in active and abandoned mining areas 
globally. Stages of mining development (e.g. active and abandoned) result in the exposure of sulphide minerals 
(pyrite, chalcopyrite, galena, etc.) to atmospheric oxygen and moisture, resulting in the oxidation of these 
minerals (mainly pyrite) and subsequent release of sulphuric acid and potentially toxic trace elements, e.g. Pb, 
Cu, Zn, Ni and As among others. The effects of AMD are deleterious to plants, humans, wildlife, and aquatic 
life. Due to this complex problem, several researchers are looking for the development of cost-effective and 
sustainable environmental remediation solutions to deal with AMD. Several treatment methods have been 
used, including reverse osmosis, electrodialysis, ultrafiltration, chemical precipitation, ion exchange, and 
adsorption. Chemical precipitation (neutralisation) is the commonly used technique in large-scale AMD 
treatment plants such as the high-density sludge (HDS) treatment plants where polymeric components are 
added for flocculation and to densify the sludge. While the treated water, which is usually discharged into 
streams, contains elevated SO42- concentrations, most of the potentially toxic trace are removed through 
precipitation onto the sludge. The HDS process results in the generation of large volumes of sludge, which 
poses an environmental challenge in its disposal as it tends to act as a secondary source of pollution. The 
HDS is mostly disposed of at landfill sites or on tailings storage facilities. Not much has been done in AMD 
treatment plants (in the Witwatersrand Basin and elsewhere in the world) to explore alternative precipitation 
approaches and the potential to repurpose generated HDS. 
 
AIMS 

The main aim of the project was to explore the possibility of repurposing sludge produced from AMD treatment. 
The specific objectives of the project were: 
 

(1) To explore the possibility of selectively precipitating ochres from AMD that can be used in artwork 
and as paint pigments; 

(2) To repurpose the high-density sludge (HDS) produced in AMD treatment plants by using it for in 
situ conditioning and pre-treatment of AMD; 
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(3) To explore the possibility of using HDS for phosphate removal from agricultural and sewage water 
with the goal of using the sludge further as an amendment of tailings during phytoremediation with 
woodlots. 

 
METHODOLOGY 
 
As indicated earlier, this project was predicated around two approaches, viz: selective precipitation of ochres 
from AMD to recover value; and sorption studies to assess the potential of HDS for use in conditioning/pre-
treatment of AMD and removal of phosphate from contaminated water.  

Precipitation of ochres 

This part of the study was informed by the need to explore a different neutralisation pathway that will not result 
in the production of bulk and less useful HDS as is the case currently at the AMD treatment plants. Production 
of potentially useful ochres (as well as the resulting treated water) would likely reduce the footprint of HDS, 
making the treatment process environmentally friendly and economically exploitable. 

The study on precipitation of ochres involved conducting computational simulations from which the chemistry 
of the treated water and precipitates produced could be assessed. This was a virtual experimental design step 
to optimise parameters for use later in actual experimental studies. 

Geochemical simulations of the neutralisation (base dosage) and precipitation of ochres were conducted for 
different pH regimes and neutralising agents including sodium hydroxide, sodium carbonate, magnesium 
carbonate, lime, and limestone. Mine drainage from gold sites was used as the input solution and stepwise 
reactions (titrations) with the neutralising agents simulated. The effect of other parameters such as 
temperature, dissolved oxygen content, and the presence of other components were also assessed. The 
PHREEQC geochemical modelling code was used for simulations. 

The geochemical simulations provided a framework for designing the relevant and appropriate experiments. 
Stepwise precipitation reactions were conducted in benchtop experiments (e.g. using burettes and beakers) 
with filtrations conducted at appropriate intervals to separate the precipitates. The precipitates were dried and 
analysed using powder X-ray diffraction (PXRD) to identify the minerals. 

Sorption studies 

Sorption studies involved characterisation of the HDS collected at an AMD treatment plant in the Central Rand 
goldfield. The laboratory analysis included X-ray fluorescence spectroscopy (XRF), PXRD for mineral 
identification, sequential extractions (for phase partitioning), inductively coupled plasma optical emission 
spectroscopy (ICP-OES) for elemental analysis, and ion chromatography for anion (including phosphates) 
analysis. Batch and column studies were used to assess HDS potential as an adsorbent for potentially toxic 
trace metals (including Pb, Cu, Zn, Ni, Co, Cd, etc.) from mine drainage and phosphate (P-PO43-) from sewage 
water. Desorption studies were also conducted to assess the leachability of metals from the HDS as well as 
the possibility of slow release of the adsorbed P-PO43-.  

Computational simulations were conducted to understand the solution chemistry, adsorbent-solution 
interaction as well as to establish some parameters that were useful for column adsorption studies. 

Batch adsorption studies were conducted to determine important parameters including adsorbent dosage, 
effect of pH, effect of ion concentration, effect of contact time, effect of anions and other competing ions, and 
the effect of temperature on the adsorption of cations and anions (especially P-PO43- ion). Sorption isotherms 
were determined including Langmuir, Freundlich, Dubinin-Radushkevich, and Temkin isotherms. Time studies 
were determined to evaluate the reaction kinetics. Thermodynamic effects (activation energies, enthalpy, 
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entropy, etc.) were determined to understand the adsorption process. Desorption studies were also conducted 
to assess the potential release of the adsorbed cations (metals) and anions (P-PO43-). 

Column adsorption studies were conducted to assess the properties that are essential in a large-scale 
application of the HDS as an adsorbent. The provisional column dimensions were 30 cm in length and 2 cm in 
diameter. These were varied to assess the best configurations. The columns were assessed in the upward 
and downward flow modes. Parameters obtained from batch studies (including reaction kinetics and adsorption 
isotherms) were useful in establishing parameters for column studies that include adsorbent packing height 
and flow rates. Column adsorption studies are intended to test whether flow-through exposure of the sludge 
would be more effective than static in-container exposure. 

Computational simulations included hydrochemical modelling and reactive transport modelling. In the former, 
speciation of cations and anions in solution (in both synthetic and real AMD) was assessed. Also, adsorption 
processes at the solution-adsorbent interface could be elaborated from these simulations. In reactive transport 
modelling, simulations of reactions and solute transport through columns were conducted. This provided 
insight into the residence times and breakthrough times. Simulations were conducted using the PHREEQC 
geochemical modelling code. 
 
RESULTS AND DISCUSSION 
 
Precipitation of ochres 
Computational simulations were successfully used to predict optimal and best conditions for selective 
precipitation of ochres from AMD, with NaOH and MgCO3 identified as the best neutralising agents. Different 
colours of ochres were produced including yellow, orange, red and turquoise using the optimised conditions in 
the experimental work. These were comparable to the commercial versions when applied to simple art. The 
resulting treated water quality were within acceptable industrial discharge quality for most parameters except 
sulphate concentrations that exceeded the limits.  
 
Batch and column studies 
Batch studies in which HDS was used to condition or / pre-treat AMD showed promising results that pointed 
to the uptake of trace elements. The adsorption data best fitted the Langmuir isotherm and followed pseudo 
second-order kinetics, fitting both linear and non-linear models. The results corroborated those from 
computational simulations which had shown that hydrous ferric oxide (Hfo) was the dominant adsorption 
surface in HDS, like the pure Hfo that had been used in the simulations. 
 
The results also showed the effective uptake of phosphates, a reflection of the interaction between Hfo and 
phosphate in solution. Simulations showed this interaction to be based on surface complexation, a chemi-
sorptive process. Sodium hydroxide was found to perform effectively in the desorption of phosphate adsorbed 
onto HDS. Further work remains to be done related to the kinetics of the desorption process to assess the 
potential use of phosphate laden HDS to amend mine tailings.  
 
Simulations for reactive transport showed the expected trends such as longer breakthrough times for more 
cells (i.e. longer column length) and low concentrations. These results were observed in actual column studies 
for both AMD conditioning and phosphate removal and the data best fitted the bed depth service time model 
(which best describes breakthrough times). 
 
 
CONCLUSIONS 
 
The study has shown that AMD has the potential to produce ochres (in varied colours, e.g. yellow, orange and 
red) that can be used as pigments for paint and art applications. Thus, a separate train within the AMD 
treatment process can be introduced that will reduce the production of HDS and lessen environmental liability. 
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Batch and column studies showed the potential of HDS to be repurposed for conditioning/pre-treatment of 
AMD such as that in abandoned mine voids and shafts. This way, the AMD pumped out for treatment would 
not require as many neutralising agents and would produce a smaller footprint of AMD. Adsorption parameters 
showed favourable adsorption of trace elements and their effective removal from solution. This was apparent 
in the models that were found to best fit the adsorption process, e.g. the Langmuir isotherm and pseudo 
second-order kinetic models. These findings were further corroborated by computational simulations which 
proved useful as an experimental design step for all the parts of the study. HDS also showed promising results 
for the removal of phosphate from agricultural and sewage type water, indicating a strong interaction between 
Hfo and phosphate in solution. This implied that there is a possibility to control the release of this phosphate 
when the loaded HDS is used as an amendment on woodlots in mine tailings. 
 
RECOMMENDATIONS 
 
The results and findings indicate that NaOH and MgCO3 can be used in AMD trails for selective precipitation 
of ochres. The proposed new route of AMD treatment would include splitting of AMD, the other will undergo 
selective precipitation of ochres while another portion can continue through the current route which produces 
bulk HDS. However, the amount of HDS produced will be reduced and thus alleviating the environmental 
burden of its disposal. The HDS can then be tested for in situ or in-process (a series of pre-steps) 
conditioning/pre-treatment of AMD. This is currently done as a pre-step, but the volumes are very small 
resulting in the bulk of the sludge being disposed of in landfill sites. HDS may also be used for phosphate 
removal as has been indicated, using waste (HDS) to treat waste (phosphate containing wastewater) to derive 
value from waste by using the phosphate-laden HDS as a nutrient source for plants. Woodlots are grown on 
tailings dumps as a phytoremediation strategy. The dumps have no plant nutrient content in them, making 
phosphate-laden HDS an ideal source. Other nutrients such as nitrogen and potassium could be incorporated 
alongside phosphates, thus increasing the nutrient content of HDS. Slow release of these nutrients would be 
important to avoid their flushing out and to control dosages for the plants. 
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molecules of liquid or solute as a thin film. 

Chemical precipitation. The process of removing 
dissolved trace metals from AMD into insoluble 
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process utilised to remove solids from AMD 
influenced by the electrostatic charge particles 
suspended on aqueous solution.  

Economic implication. Actions that affect the 
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Geochemical process. Processes of change in the 
chemical composition of rocks and minerals.  

Geochemical simulations. Computational models 
used to optimise experimental parameters using the 
PHREEQC geochemical code. 

Gold-bearing conglomerate. Economic ore deposit 
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CHAPTER 1: BACKGROUND 
______________________________________________________________________________________ 
 
This chapter presents an overview of the work, providing a background to the study, its aims, scope, and 
limitations. 

1.1 INTRODUCTION 

 
The sector of mining in the South African economy contributes 
availability of economic ore resources (Akinwekomi, 2017). The challenge phased on the environment in 
mining activities is the formation of large volumes acid mine drainage (AMD) from mine voids as well as in 
tailing dumps and this threatens the biodiversity, groundwater, infrastructures (especially foundations) and 
health of communities around the area (Akinwekomi, 2017; Brindha et al., 2017). AMD continues to be a 
challenging water pollution problem in mining impacted areas worldwide (Akcil and Koldas, 2006; Brahaita et 
al., 2017). To solve this problem South African government has allocated billions of Rands for short term 
solution while still looking for long term solution (Akinwekomi, 2017). Acidic mine water is commonly 
experienced in coal and gold mine activities (Netshiongolwe, 2018). In both active and abandoned mines, once 
AMD is formed, it becomes more difficult to control the geochemical process and the remediation (treatment 
procedures) requires high capital (Brahaita et al., 2017; Brindha et al., 2017).  

The environmental impacts of AMD particularly on soil, water and aquatic environment changes the biodiversity 
of which some species may extinct (WHO, 2016; Atangana, 2019). The sulphide mineral ores including pyrite, 
chalcopyrite, and others, are the main source of AMD when they undergo oxidation (Johnson and Hallberg, 
2005; Kefeni et al., 2017; Moodley et al., 2018). These minerals are initially exposed to the environment at 
different stages of mining from mine development to its full operation (Netshiongolwe, 2018). Among the metal 
sulphides, pyrite (FeS2) is the common mineral that was found be more influential in the generation of AMD, 
as it can easily undergo oxidation when exposed to atmospheric oxygen, water, and microorganisms (Simate 
and Ndlovu, 2014; Dold, 2017). The challenge of AMD discharges is the salinity and metal content in surface 
and groundwater increases daily. 

AMD causes a severe environmental pollution and health problem to current and future generations, especially 
due to low hydrogen ion activity, high concentrations of potentially toxic trace metals dissolved in acidic mine 
water, and sulphates (Ochieng et al., 2017; Dutta et al., 2019). The high metal concentrations pose a health 
risk where water users are exposed to acidic mine water in streams and tailings ponds (Netshiongolwe, 2018). 
In particular, among the dissolved metals, ferrous ion (Fe2+) is the dominant ion in most of AMD (Park et al., 
2019). Fe2+ in the chemistry of AMD reacts with dissolved oxygen to produce iron oxide (Fe2O3) and hydroxide 
(Fe(OH)3) precipitates (Park et al., 2019). The formation of Fe(OH)3 precipitates makes the pollution problem 
worse by lowering the pH and damage majority of microorganism existing in it (Bejan and Bunce, 2015; Han 
et al., 2015; Siebert et al., 2019). AMD is corrosive and interacts with waste rocks containing different types of 
minerals from ore deposit and this influences the solubility of toxic metals (Siebert et al., 2019).  

The generated AMD raises the concentration of dissolved metals in the receiving water medium (particularly 
surface water) and negatively affects the plants and animal life in general (Skousen et al., 2019). The degree 
of pollution caused by AMD depends on its chemical composition and hydrogen ion activity, of which the main 
driving force depends on the geology of the area. For example, in South Africa, Fe2+ is very high; however, 
source depends on variations in concentration based on where the data was collected. Kefeni et al. (2015) 
detected the Fe2+ concentrations in coal and gold mines and were found to be 2135 -1 and 835 -1, 
respectively. Other Fe2+ concentrations of AMD reported in Spain were found to be 2040 -1 (Valente et al., 
2013; Carrero et al., 2015). These results reported in both South Africa and Spain clearly showed considerable 
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variation of mineral composition and dissolved metal ions in AMD based on the stratigraphy of the geology of 
where mining activities is taking place (Kefeni et al., 2017). The high concentration of iron in AMD can lead to 
recovery of potential Fe precipitates that can be used as art pigments. 

Therefore, the long-term solution for AMD remediation requires effective and efficient technology that can 
reduce its negative impacts on the environment (Bussiere, 2009; Akinwekomi, 2017). Remediation of AMD 
with more dissolved toxic metals is too complex and very expensive (Anawar, 2015). If there is no proper 
environmental management plan for AMD, it may result in environmental degradation, water, and soil pollution 
(Albanese et al., 2014; Ngure et al., 2014; Anawar, 2015; Mulopo, 2015; Netshiongolwe, 2018). Therefore, to 
preserve and protect the natural environment and enhance environmental sustainability, AMD generation 
should be prevented. However, once AMD is generated, urgent remediation becomes essential. The challenge 
with most remediation methods developed for AMD is that they are prohibitively expensive (Martí-Calatayud 
et al., 2014; Anawar, 2015). Some of the developed remediation options for AMD mainly focus on neutralising, 
stabilising, and removing contaminants through various physical, chemical, and biological processes 
(MacIngova and Luptakova, 2012). Other methods that have been reported in the literature include biological 
passive treatment using sulphate-reducing bacteria, environmentally friendly materials available (e.g. 
bentonite, lignite, and zeolite), magnetic nanoparticles, membrane technology, etc. However, AMD 
neutralisation (which results in chemical precipitation) is still preferred widely and results in the production of 
high-density sludge (Masukume et al., 2014; Qureshi et al., 2016; Kefeni et al., 2017; Akinwekomi, 2017). 
Precipitation of metals in water has been practiced as a prime method of treatment in industrial waters for 
many years (Kaur et al., 2018). The process involves the transformation of dissolved contaminants into 
insoluble solids, thereby facilitating the contaminant’s subsequent removal from the liquid phase by physical 
methods, such as filtration (Kaur et al., 2018). 

The conceptual mechanism of metal removal by chemical precipitation is:  

M2+ 2OH-  M(OH)2

The coagulation process involves destabilisation of colloidal particles by adding a coagulant, resulting in 
sedimentation (Beuche et al., 2017). To increase the particle size, coagulation is followed by flocculation of 
unstable particles into bulky floccules (Gautam et al., 2014). The general approach of this technique includes 
pH adjustment and involves addition of ferric/alum salts as a coagulant to overcome repulsive forces between 
particles (Creed et al., 2017). This type of flocculation is usually used in conventional potable water treatment 
plants. In HDS plants, a polymer is added as a flocculant and acts as a densifying agent for the produced 
sludge (Akinwekomi, 2017). While the treated water discharged into streams usually contains elevated 
concentrations of sulphates, most trace elements are co-precipitated with Fe and contained in the resulting 
hydrous ferric oxides (Hfo) that constitute the bulk of the HDS.  

For AMD treatment plants on the Witwatersrand Basin, environmental impact assessments (EIAs) on selected 
sites where construction of the plants was to take place were done. The main purpose was to pump acidic 
mine water from abandoned mine shafts to meet the environmental critical levels (ECL). For instance, there is 
a risk of AMD seeping into groundwater and this mine water threatens heritage sites like Cradle of the 
Humankind in the western basin of the Witwatersrand (Maree et al., 2010). With a total volume 200 M  d-1 of 
AMD produced, its neutralisation was a matter of urgency. The central and western basins AMD is 
characterised by elevated Fe concentrations of up to 1000 -1 and up to 4000 -1 of sulphates. Owing to 
this, treatment plants in these basins produce large volumes of HDS and gypsum as one of its major 
constituents.  

Disposal of this HDS poses an environmental challenge as it tends to act as a secondary source of pollution. 
The sludge is sometimes disposed of at landfill sites or on old mine tailings. Not much has been done (at least 
in AMD treatment plants in Witwatersrand Basin) to assess alternative uses of this sludge nor in modifying the 
treatment flow path to generate valuable products.  
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1.2 PROJECT AIMS 

The main aim of this study was to explore ways of repurposing the sludge generated from AMD treatment and 
to innovate around the neutralisation process to yield valuable products from it. This was achieved by pursuing 
the following objectives:  

1. To conduct computational simulations that would provide insights into the neutralisation process (using 
various neutralisation agents) and interactions between solutions and the adsorbent high-density sludge. 

2. To use optimal simulations in #1 to design experiments for selective precipitation of ochres from AMD and 
assess the potential of these for use in artwork and as paint pigments. 

3. To characterise HDS from an AMD treatment plant and use it, based on predictions from optimal 
simulations in #1, to conduct adsorption studies (batch and column) to assess its capability to remove 
contaminants in mine water. 

4. To conduct adsorption studies (batch and column) to assess the capability of sludge to remove phosphate 
in agricultural- and sewage-type of water. 

5. To assess release of the adsorbed phosphate and potential use of phosphate-laden sludge as an 
amendment in woodlots on mine tailings. 

1.3 SCOPE AND LIMITATIONS 

The scope of this project covered: the potential of conducting selective precipitation of ochres from AMD and 
assessing the potential use of such ochres in artwork and as paint pigments; potential use of the conventional 
high density sludge formed from the current neutralisation of AMD as an adsorbent for trace metals for in situ 
treatment of mine void and shaft water; and potential use of the sludge as an adsorbent for phosphate, with 
the intention to apply the phosphate-laden sludge as an amendment and source of phosphate for plants used 
for phytoremediation on mine tailings. To achieve this, geochemical simulations were used to optimise 
experimental parameters in both batch and column studies using the PHREEQC geochemical modelling code. 
The computational studies assisted to understand geochemical processes and speciation of trace metals and 
phosphates. 
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CHAPTER 2: LITERATURE REVIEW 
______________________________________________________________________________________ 

2.1 LITERATURE REVIEW 

This chapter gives an overview of gold mining on the Witwatersrand Basin and generation of AMD; methods 
that are used to prevent AMD generation; passive and active methods for remediation of AMD; and methods 
for the recovery of value from AMD, including those suggested and pursued by this project. 

2.1.1 Gold mining in the Witwatersrand goldfields 

Gold was mined in different gold bearing conglomerates in seven goldfields of the Witwatersrand Basin 
(Feather and Koen, 1975). Almost 70 minerals in the gold bearing ore deposits, including a variety of silicates, 
cobaltite (CoAsS), pyrite (FeS2), sphalerite (ZnS), arsenopyrite (FeAsS), chalcopyrite (CuFeS2), brannerite 
(UO3Ti2O4) and uraninite (U3O8) among others were found (Viljoen and Viljoen, 2004; Tutu et al., 2008). The 
basin (Figure 2.1) is replete with mine tailings (slimes dams and sand dumps) that are currently being 
reprocessed. 

 

 

Figure 2.1. Google Earth image showing the scatter of mine tailings from the West, through the Central to the 
East Rand Goldfields and the associated drainage systems, e.g. streams, rivers, wetlands, and dams. Most of 
these systems are impacted by acid mine drainage. 

 

Reprocessing activities are quite evident, characterised by tailings ponds and weathered tailings (Figure 2.2). 
The process involves pumping tailings slurry to plants where a mixture of NaCN, KCN and Ca(CN)2 in a high 
pH and aerated solution (to keep cyanide in solution) are applied in vat tanks (Figure 2.3). High stability 
complexes of gold (Au) and silver (Ag) are formed as illustrated by the Elsener reaction (Equation 2.1) 
(Adamson, 1972). 

4Au(s) + 8CaCN(aq) + O2(g) + 2H2O(I) 2(aq) + 4CaOH(aq)    (2.1) 
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(a) (b) (c)

Figure 2.2. Gold recovery from tailings (a) AMD generated in the Central Rand basin (b) and (c) ferrocyanide 
containing water at pH 9 that mixed with AMD in the stream at pH 2.5, resulting in the formation of Prussian 
blue.

Figure 2.3. Recovery techniques of gold using cyanide (Crown Gold Recovery, 2003)

2.1.2 Summary of the chemistry of acid mine drainage

The formation of AMD results when sulphur containing minerals in the ores and mine tailings are exposed to 
water and atmospheric oxygen during coal and gold mining (Bálintová and Singovszká, 2011; Chopard et al.,
2017). The AMD solutions formed sometimes display the apparent constituents in them, usually a red 
colouration that is typical of high Fe3+ concentrations (Figure 2.4). 
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(a) (b)

Figure 2.4. AMD formed on the tailing dumps in the (a) Central Rand basin (b) West Rand basin of the 
Witwatersrand goldfields. The deep red colouration shows the presence of high Fe3+ concentration (Coetzee, 
2010; Netshiongolwe, 2018; Naidu et al., 2019).

The chemistry of AMD involves the oxidation of FeS2 to Fe2+ and then further oxidation to form Fe3+ (Equations 
2.2 and 2.3) (Singer and Stumm, 1970):

2FeS2(s) + 7O2(g) + 2H2 2+(aq) + 4SO42+(aq) + 4H+(aq)    (2.2) 

4Fe2+(aq) + O2(g) + 4H+ 3+(aq) + 2H2O(l)       (2.3)

The Fe3+ reacts with water and to form a precipitate, (Fe(OH)3)(s), and this insoluble precipitate releases more 
acidity (Equation 2.4):

Fe3+(aq) + 3H2 3(s) + 3H+(aq)        (2.4)

The production of Fe3+ in abundance by reactions at the latter stage may also influence further oxidation of 
FeS2 to oxidize into Fe2+ and this becomes a self-perpetuating reaction (Equation 2.5):

FeS2(s) + 14Fe3+(aq) + 8H2 2+(aq) + 2SO42+(aq) + 16H+(aq)     (2.5)

As a result of the last reaction and the large volumes of acidity formed, AMD is known to continue for hundreds 
of years after active mining has stopped (Akcil and Koldas, 2006; Naidu et al., 2019). This also implies a 
continual release of toxic elements within the host ores. The above reactions have been simplified, but other 
factors such as microbial activity (Thiobacillus ferroxidans), the types of sulphur-containing minerals and 
temperature are very important (Singer and Stumm, 1970; Park et al., 2018). Further, AMD is propagated by 
the dissolution of secondary sources of contamination in the form of mineral crusts such as gypsum
(CaSO4.2H2O), melanterite (FeSO4.7H2O), copiapite (Fe2+Fe3+4(SO4)6(OH).20(H2O)) and jarosite 
(KFe3+3(OH)6(SO4)2) (Akcil and Koldas, 2006; Tutu et al., 2008; McCarthy, 2011; Grover, 2016). These 
minerals are formed during the evaporation of AMD solutions and are quite common on the fringes of receptor 
water systems. Even though gypsum (CaSO4.2H2O) is usually the predominant mineral and slightly increases 
the water pH on dissolution, its impact is overridden by that of the other acid-generating salts (Grover et al., 
2015; Grover, 2016).

2.1.3 Prevention of acid mine drainage (AMD) generation

Prevention of AMD generation should start with the protection of sulphide minerals from air, water, and 
bacteria, as this influences the chemical reactions (Igarashi et al., 2020). This can be achieved by several 
environmental management methods that can be implemented in tailings and waste rocks. In active mines, 
among other management methods, backfilling by using a mixture of mine waste materials including mixtures 
mine tailings and soil, quarried and crushed aggregate, sand, and Portland cement are used as binders to 
reduce acid generation (Kefeni et al., 2017). The mine wastes used as backfills are placed into underground 
mine tunnels and mine voids to improve the underground conditions (including the stability of the ground), and 
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this improves alkalinity to neutralise the acidic mine water (Johnson and Hallberg, 2005; Kefeni et al., 2017). 
Mine wastes used in backfilling can be dry, cemented, hydraulic, and paste backfills. In Canada, paste backfill 
is the common method implemented (Villain et al., 2013; DIIS, 2016). The main purpose of filling mined voids 
with mine wastes is to prevent atmospheric oxygen to interact with rocks to limit the oxidation of iron sulphides 
(Villain et al., 2013; Dold, 2014; Lebre et al., 2017). 

On the surface, several AMD generation prevention alternatives could be used like dry, cover, and oxygen 
consuming cover; and tailings disposal can be useful to act as oxygen barriers to prevent AMD generation 
(Blowes et al., 2014; Demers et al., 2015; Kefeni et al., 2017). Prevention of AMD generation is an essential 
task to prevent environmental risks in the future (Lu et al., 2014). In other countries like Sweden, dry and water 
cover are the most common methods used to prevent the oxidation of sulphides (Ljungberg and Öhlander, 
2001; Benner et al., 2002). In a dry cover, tailings with low-sulphide content, clay soils, alkaline materials, 
organic wastes, and other neutralising agents are used to prevent AMD generation (Smart et al., 2010; Olds 
et al., 2013; Demers et al., 2013; Demers et al., 2017; Kefeni et al., 2017). 

Recently, alkaline industrial by-products have also used to cover waste rocks and tailings to prevent AMD 
generation (Lottermoser, 2010; Grande et al., 2018; Igarashi et al., 2020). At Stockton mine (New Zealand), a 
small-scale trial was conducted, and high alkalinity generation was observed from a mixture composed of 
cement kiln dust to granite in a 1:4 ratio by volume (Allison and Margaret, 2015). The alkalinity generation 
stabilised after 31 weeks at approximately 500 mg CaCO3 eq. -1 (Olds et al., 2013). Abreu et al. (2012) 
conducted a study where seven waste cover options including waste rock; red mud-waste; limestone-waste 
rock; lime-waste rock; red mud; limestone, and lime were assessed for 100 days to prevent the generation of 
AMD. The mixture of red mud waste rock was found to be the best option to prevent AMD generation. A 
subaqueous tailing disposal was also used to restrict oxygen interaction with reactive materials in tailings to 
prevent the oxidation of iron sulphide (Blowes et al., 2014). 

2.1.4 Options for AMD Remediation 

AMD can present environmental risks that may lead to unaffordable costs if it is not identified, and its 
generation prevented at an earlier stage. To succeed in achieving sustainable mine rehabilitation, proper 
environmental management during active mining operations is important. In Canada, they have introduced 
various initiatives to address the pollution problem experienced in abandoned mines and AMD like National 
Orphaned and Abandoned Mine Initiative (Kojo et al., 2013; Sangiorgi et al., 2016). AMD treatment is classified 
as active and passive treatment methods. In active treatment methods, a variety of neutralising agents 
(alkaline) is used to ensure the water discharged after treatment meets the required discharge standard 
(Chopard et al., 2017; Pyrbot et al., 2019).  

The primary chemical and physical processes of active treatment in situ and in a fixed treatment plant such as 
precipitation (chemical neutralisation is generally adopted) which is influenced by pH control and 
electrochemical process; sulphate reduction through microbial intervention, flocculation, adsorption, and ion 
exchangers, filtration, and crystallization (Golder Associates, 2009; Zhang et al., 2021). In large scale AMD 
remediation, commonly used neutralising agents include caustic soda (NaOH), lime (Ca(OH)2) and limestone 
(CaCO3), magnesium oxide (MgO), and magnesium hydroxide (Mg(OH)2 (Akinwekomi, 2017). Due to CaCO3 
low cost among these neutralising agents, it is commonly used in acid neutralisation (Kefeni et al., 2017). 
However, the neutralisation and chemical precipitation through hydrogen ion activity change alone are not 
enough, particularly when trace metals including arsenic (As), molybdenum (Mo), mercury (Hg), selenium (Se), 
and chromium (Cr) form part of AMD matrix. Secondary treatment of effluent may be therefore necessary. 
Another environmental challenge of the neutralisation method is aqueous sludge produced with more than 

and containing trace metals (Xu et al., 2020).  
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In terms of cost analysis for AMD treatment, active treatments are considered expensive compared to passive 
treatment, especially in abandoned mines (Santos Jallath et al., 2018). Passive treatment methods mostly 
achieve precipitation of metal sulphide by creating reducing conditions and utilising organic substances as 
buffers or alkaline agents (Filipek et al., 2003). Passive treatment methods include aerobic wetlands, compost 
reactors, anoxic and open limestone drains and channels, bioreactors, and permeable reactive barriers. Active 
treatment methods on the other hand involve use of powered equipment such as pumps and include 
membrane technologies and neutralisation in tanks (Figure 2.5). 
 
 

 

Figure 2.5. AMD treatment technology categories (GARD Guide) 
 
 
Some of the methods are discussed below. 

Ion exchange 

Ion exchange is one of the most common techniques used to treat wastewaters. In this method, water (aqueous 
phase) flows through a bed (solid phase) which is an ion exchange material (Hou et al., 2020). The cations 
and anions in the wastewater are attracted to the surface of the material and make an exchange with those on 
the material surface (Hernandez-Santin et al., 2020). This technique has proved to be effective in treating 
water, especially at low trace metal concentrations. The exchange material has water-insoluble ion exchangers 
which are usually synthetic organic ion exchange resins (Shah and Daverey, 2021). Sodium (Na+) and 
hydrogen (H+) are ions in the exchangers which are replaced by trace metals from wastewater (Igalavithana et 
al., 2017). 

Membrane filtration 

The membrane filtration technique is one of the most widely utilised for the treatment of water and wastewaters 
(Ferreira et al., 2017). Several membrane filtration types including ultrafiltration and reverse osmosis are used 
and this is dependent on the size of the molecules (trace metal) that can be retained (Kirkelund et al., 2019). 
Permeable membranes that can separate trace metals from wastewaters are utilised in this method. The lower 
driving force and small space required are some of the benefits that led to the high usage of membrane filtration 
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(Song et al., 2019). The widely used ultrafiltration technique is the polymer-supported ultrafiltration method 
which uses polymeric ligands which are soluble in water. These ligands can bind trace metals from 
wastewaters and form complexes (Ahamed and Lichtfouse, 2020). This technique needs low energy, and it 
has high selectivity of the trace metal. In reverse osmosis, pressure is utilised to apply force on water through 
a semipermeable membrane that retains the trace metals and allows treated water to pass through to the 
receiver (Ahmed et al., 2021). The separation occurs at the dense barrier layer in the polymer matrix of the 
semipermeable membranes (Ahmed et al., 2021). This method is effective but has high operation costs (due 
to the expensive membranes) (Chen et al., 2018). 

Solvent extraction 

The solvent extraction technique is widely applied in hydrometallurgical processing to remove trace metals 
from wastewaters (Hoang et al., 2019). The significant three steps in this method include the extraction, 
scrubbing, and stripping step (Ahmed et al., 2021; Elizabeth Rani et al., 2021). In the extraction step, the 
wastewater interacts with the solvent extractant in a mixer-settler. In the mixer-settler, the trace metals are 
transferred to the water immiscible phase which is moved to another mixer-settler containing the stripping 
aqueous solution (Khan et al., 2015). The remaining solution is then submitted for recovery of other trace 
metals, discharged, or re-treated. The water-immiscible phase goes to the scrubbing step if the selectivity in 
the extraction step was lower (Li et al., 2019). Other metals in the matrix of the sample (impurities) are removed 
in this step. In the final step, the stripping step, the trace metals are stripped out of the water-immiscible phase 
to another solution, and this results in a concentrated aqueous solution of the trace metals (Mosa et al., 2019). 
The trace metals are then purified to obtain metal oxides or pure metals (OK et al., 2020). 

Electrochemical treatment 

Electrochemical treatment techniques can be utilised to remove trace metals from wastewaters. In this 
technique, power (electricity) is applied to pass current through the wastewater solution which has a cathode 
plate and an insoluble anode (Dutta et al., 2020). As electrons move from metal to metal, the current is 
generated (Jadhav et al., 2017). In the electrochemical process, the trace metals must be precipitated in a 
weak acid. Many chemicals (CaCO3, NaOH, etc.) are used to reduce trace metals so that they can be 
discharged (Deng and Lin, 2013).  

Phytoremediation 

Several studies focused on other advanced techniques (to find alternative solutions) for the recovery of trace 
metals (Bhargava et al., 2012; Alloway, 2013; Hazotte et al., 2017). Phytoremediation is one of those methods 
and it refers to the usage of plants for environmental remediation (Liu et al., 2018; Mirzaei et al., 2021). Its 
focus is on phytodegradation, phytoextraction, phytostimulation, phytovolatilization, phytostabilisation, and 
rhizofiltration (Mirzaei et al., 2021). In phytodegradation, plants uptake contaminants, store and degrade them 
within their tissues (Mandzhieva et al., 2016; Moameri and Abbasi-Khalaki, 2019). Phytoextraction is a process 
whereby plants adsorb contaminants from the soil matrix, translocate and store them into their root and shoot 
tissue (Mirzaei et al., 2021). This process can occur naturally through plants (hyperaccumulators) or can be 
induced by adding chelators which increase bioavailability (Nsanganwimana et al., 2021). Hyperaccumulators 
can absorb large amounts of trace metals than other plant species (Rossini-Oliva et al., 2018; Rusinowski et 
al., 2019). Phytostimulation uses rhizosphere associations between plants and symbiotic soil microbes to 
degrade contaminants (Sheoran et al., 2016). Phytovolatilisation is a process whereby plants uptake 
contaminants and transform them to other forms after which can be volatilised into the atmosphere (Zeng et 
al., 2019). This process occurs as plants uptake water and other organic contaminants (Nsanganwimana et 
al., 2021). In phytostabilisation, plant roots are used to reduce the movement of contaminants through 
adsorption and therefore reducing their bioavailability (Zehra et al., 2020). These contaminants can also be 
precipitated in the rhizosphere (Sheoran et al., 2016). The reduction in mobility of contaminants prevents their 
migration to surface and groundwater (Hazotte et al., 2017). Rhizofiltration is one of the phytoremediation 



Repurposing of sludge generated from the treatment of acid mine drainage 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯ 

______________________________________________________________________________________ 
10 

methods whereby contaminants are adsorbed or precipitated onto plant roots or even absorption into the roots 
(Mandzhieva et al., 2016). This process is like phytoextraction. Trace metals including Cu, Cd, Pb, and Ni have 
been removed from wastewaters using rhizofiltration with great success (Nsanganwimana et al., 2021).  

Bioremediation 

Bioremediation using microbes to remove contaminants from wastewaters has received much attention lately 
due to high efficiency and less costs (Sheoran et al., 2016). Bioremediation known as biosorption is a safe and 
economic physicochemical process that occurs in biological systems (Alam et al., 2018). The trace metals are 
adsorbed onto the cellular structure of microbes (Chen et al., 2019). Some of the advantages of this technique 
are that no energy is required, cost effective, less chemical, physical sludge, environmentally friendly, no waste 
generated, and self-sustaining (Liu et al., 2018). However, it is not easy to obtain microbes that can be used 
for trace metal remediation, it is time consuming, and it is not always suitable. In biosorption, the biological 
material (solid phase) and wastewater (liquid phase) containing trace metals come into contact and adsorb 
onto the cell walls of microbes (Fan et al., 2020). Carbonyl, hydroxyl, ketone, and amino groups in cell walls 
are responsible for the biosorption of trace metals (Li et al., 2018). Bacteria, fungi, and algae can be used in 
this process (Ayangbenro and Babalola, 2017; Nsanganwimana et al., 2021). The more attractive processes 
are reverse osmosis, ion exchange, and adsorption due to low costs and relatively high investment (Lian and 
Xing, 2017). Moreover, metal values can be easily recovered using these processes (Lian and Xing, 2017; Li 
et al., 2018). However, adsorption has been given more attention because of the readily available adsorbents 
which cost less, and the design is simple with a sludge free environment. 

Adsorption 

Adsorption has been proven to be the most efficient and economical alternative technique for removing trace 
metals in wastewaters (Liang et al., 2017). The adsorption process uses adsorbents such as bentonite, 
zeolites, bentonite, polymers, chitosan, fly ash, and clay to remove trace metals (Lin et al., 2017; Liu et al., 
2021). Adsorption of trace metals can occur through chemical and physical processes (Liu et al., 2016). 
Adsorption is a mass transfer process whereby there is a transfer of trace metal (adsorbate) or substance from 
the liquid phase to the solid phase surface (adsorbent) and is bound through physical or chemical interactions 
or even both (Otunola and Ololade, 2020). In adsorption, two forces of interaction can occur between the 
adsorbent and the adsorbate through physisorption and chemisorption (Zou et al., 2016; Zhang and Ding, 
2018). The characteristics of both forces are described in Table 1. 

Table 2.1. Characteristics of physisorption and chemisorption  

Physisorption  Chemisorption 
 
Physical adsorption occurs in physisorption 
where the forces involved are van der Waals 
forces. 

 
Chemical bonds form which are based on 
chemical specificity. 

There is a minimal perturbation of the electronic 
states of the adsorbent and adsorbate. 

There are significant changes in the electronic 
state which can be detected by spectroscopy, 
electrical conductivity, and magnetic 
susceptibility. 

The adsorption and desorption of the adsorbate 
do not change the chemical nature of the liquid 
phase in which the adsorbate is contained. 

The adsorption may not be reversible thus 
desorption is impossible. 

Adsorption energy between the adsorbent and 
adsorbate is the same. Always exothermic. 

The chemical reactions can be exothermic or 
endothermic  

The elementary step does not include activation 
energy. 

The elementary step includes activation energy. 
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Physisorption  Chemisorption 
Equilibrium is reached between the adsorbate 
and the liquid phase. 

If the activation energy is large enough, 
equilibrium may be reached slowly or not 
reached at all. 

Multilayer adsorption occurs Monolayer adsorption occurs 
 
In physisorption, the adsorbate can move over the surface since the forces involved are weak, not fixed to a 
particular site (Yi et al., 2017). In chemisorption, the adsorbate is fixed on the surface due to the strong forces 
involved (Wuana and Okieimen, 2011; Wu et al., 2019). Electrostatic or covalent bonds exist between the 
adsorbent and the adsorbate with sorter bond lengths and higher bond energies (Vhahangwele and Mugera, 
2015). Four steps take place during the adsorption process: bulk solution transport, film diffusion transport, 
pore transport, and adsorption (Uddin, 2017). In the bulk solution, the adsorbate is transported from the bulk 
solution to the reaction sites on mineral surfaces through advection and dispersion (Wu et al., 2019). In film 
diffusion transport, the adsorbate is transported by diffusion through the stagnant liquid film to the surface 
(Sdiri et al., 2016). The pore transport occurs through the pores on the surface of the adsorbent where the 
adsorbate travels through the pores by a combination of molecular diffusion and by diffusion along the surface 
(Liu et al., 2016). Lastly, the adsorption involves the attachment of the adsorbate to the adsorbent at an 
available adsorption site.  
 
Chemical precipitation 

Chemical precipitation is another commonly used method whereby dissolved trace metals in wastewater are 
transformed into insoluble solids (Akinwekomi, 2017; Akinwekomi et al., 2020). In the treatment of mine 
impacted water, alkaline reagents including sodium hydroxide (NaOH), limestones (CaCO3), or lime (CaO) are 
used as coagulants or flocculants to enlarge trace metal species (Akinwekomi, 2017). The results obtained 
from this method, however, are not satisfactory; other treatment methods such as ion exchange are used for 
high efficiency (Kefeni et al., 2017). There are several disadvantages associated with the chemical precipitation 
method; some of the disadvantages are the high cost of waste disposal, hydroxides used are not always the 
proper chemicals and each of the dissolved trace metals have their pH for hydroxide precipitation (Abel-Denee 
et al., 2018; Akinwekomi et al., 2020). At certain pH regimes (it can be above or below) trace metals precipitates 
become soluble (Akinwekomi et al., 2020). Thus, even a slight change of pH can dissolve precipitated trace 
metals back into the aqueous solution (Akinwekomi et al., 2020). 

As indicated earlier, active treatment methods tend to be quite expensive, and this is more pronounced in large 
scale applications. For instance, the estimated capital expenditure and operating costs for the AMD treatment 
plants operated by the Trans Caledon Tunnel Authority on the East, Central and West Rand of the 
Witwatersrand Basin and have an average treatment volume of 80 M /day (TCTA, 2011) were given by the 
Department of Water and Sanitation (Figure 2.6). 
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Figure 2.6. Cost analysis of AMD treatment in the Eastern Rand, Central Rand, and West Rand basin for short- 
and long-term solutions (Department of Water and Sanitation, 2012). 

2.1.5 Reuse and resource recovery from AMD 

2.1.5.1 Reuse of treated acidic mine water 

Membrane technologies including reverse osmosis (RO) and nanofiltration (NF) have so far proved to be 
promising in the treatment of AMD for minimising discharge while achieving the water good quality for reuse 
(Chesters et al., 2016; Wadekar et al., 2017; Andalaf et al., 2018). These two methods are currently 
implemented at actual mining sites and in research conducted for AMD treatment (Crini and Lichtfouse, 2018). 
For example, Chesters et al. (2016) discovered that about 363 mines of which RO and NF membranes can be 
applicable in the treatment of contaminated mine water. In Peru and Chile, approximately 67 mining site RO 
was adopted to treat acidic mine water (Naidu et al., 2019). The RO and NF membranes has advantage as it 
easy in operation, with high treatment efficiency and the discharge effluent can meet the environmental 
discharge standards (Crini and Lichtfouse, 2018). The challenge that may be experienced during the AMD 
treatment it might be membrane fouling and pre-treatment might be necessary (Name and Sheridan, 2014; Gu 
et al., 2018). High concentration of Fe in AMD may affect the performance of membrane, pre-treatment is 
necessary to remove Fe in AMD to reduce membrane fouling (Meschke et al., 2015; Aguiar et al., 2018). Other 
previous studies utilised sand filtration, microfiltration (MF) and ultrafiltration (UF) membranes as well as 
several adsorbents for AMD pre-treatment before NF and RO implemented to increase hydrogen ion activity 
and removes major ions including Fe, SO42- and Mn (Aguiar et al., 2018; Wadekar et al., 2017; Wadekar and 
Vidic, 2018).  

Electrodialysis (ED) is an electrochemical and membrane-based treatment process (Luiz et al., 2018). The 
separation of ions occurs across cation and anion exchange semi-permeable selective membranes from non-
ionic analytes in AMD (Xu and Huang, 2008; Luiz et al., 2018). The cations and anions move towards the 
electrodes on application of a direct current (Buzzi et al., 2013). Cations move towards cathodes across a 
cation-exchange membrane. ED is a promising approach with limited chemical needed and this applied for 
water reuse and value recovery from seawater (Sadrzadeh and Mohammadi, 2008; Buzzi et al., 2013; Naidu 
et al., 2019), industrial effluents (Luiz et al., 2018; Naidu et al., 2016) and the acid industry (Cifuentes et al., 
2006). Buzzi et al. (2013) pointed out that that ED HAS potential for treatment of AMD, and it was also observed 
that  rejection to produce good water quality that fit for reuse. ED was also 
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used in the treatment of AMD with the aim of recovering pure sulphuric acid (H2SO4) (Martí-Calatayud et al., 
2014; Naidu et al., 2019). 

2.1.5.2 Resource recovery from AMD 

Acidic nature of AMD may assist in unlocking wealth by the recovery of H2SO4 from chemistry of AMD (Naidu 
et al., 2019). This may assist in the supply of acid to the chemical and metal industries that used acids in their 
various treatment processes (Naidu et al., 2016). The demand of H2SO4  is increasing due to its application as 
leaching agent in Cu, Co, Ni, and U industries (Simate and Ndlovu, 2014; Nleya et al., 2016; Naidu et al., 
2019). The high H2SO4 generated in AMD chemistry makes it to be more and corrosive (Gaikward and Gupta, 
2008; Davis et al., 2015; Etter and Langill, 2016). Recovery of H2SO4 from AMD assist in environmental 
protection as most trace metals dissolves under acidic medium (Naidu et al., 2019). Several methods were 
tested in the recovery of acids from industrial waste solutions including electrodialysis, diffusion dialysis, 
crystallization, acid retardation, solvent extraction, etc. (Cifuentes et al., 2006; Regel-Rosocka, 2010; Wei et 
al., 2010; Sheedy et al., 2012). Electro dialysis has the advantage that it can achieve highly concentrated and 
purified acid (Simate and Ndlovu, 2014).  

The bipolar membrane electrodialysis (BMED) on other electrodialysis (conventional electrodialysis), is the 
one that is so promising in AMD treatment (López et al., 2019). BMED uses multidisciplinary approach where 
electric field with bipolar membrane is applied to successfully separate cations (e.g. Pb) and anions (SO42-) 
into divided sections by separating water in a form of protons and hydroxide (Davis et al., 2015; Rozoy et al., 
2015). The advantage of BMED is that acid in AMD can be separated from base salts with no chemical dosage 
and it was also established by Martí-Calatayud et al. (2014) that the potential of ED to selectively recover 
H2SO4 from AMD may be due ion exclusion technique. However, the performance of ED may decrease due 
to precipitation on the membrane (Luiz et al., 2018). Recovery of H2SO4 influenced by the transport of SO42- 
ions via anion-exchange membranes and metallic hydroxide precipitate at the surface of cation-exchange 
membranes (López et al., 2019). The distillation membrane and freeze crystallisation methods are also 
promising in the recovery of high purity acid and their selectivity in H2SO4 recovery still need further clarity 

(Tomaszewska et al., 2001; Padhiyar and Thakore, 2013; Etter and Langill, 2016; Naidu et al., 2019). 

Many methods including chemical, electrochemical, and biological methods were adopted in the recovery of 
trace metals including Fe, Pb, Cu, Cd, Zn, Ni, and Co from AMD (Gaikward and Gupta, 2008; Michalkova et 
al., 2013; Kefeni et al., 2015; Nordstrom et al., 2017; Crane and Sapsford, 2018). Chemical precipitation 
remains the widely adopted method for the recovery of trace metals from AMD (Akinwekomi, 2017). Recovery 
of rare earth elements (REEs) from AMD has been drawing interest lately owing to the increased use of these 
elements in low-energy emission fields, renewable energy and in high technology defense-related applications 
such as in batteries, permanent magnets, and optical glasses (Binnemans et al., 2013; Haque et al., 2014; 
Ayora et al., 2016; Ziemkiewicz et al., 2016; Bonnail et al.; 2017).  

To revisit the method of chemical precipitation, its predominant variant is ODAS (O-oxidation, DA-dosing with 
alkali, and S-sedimentation), which is common in traditional wastewater treatment plants (USEPA 2000; 
USEPA 2004). Although the most common order of treatment in industrial wastewater treatment systems is 
ODAS, for treatment of AMD the most common order is DAOS (Younger et al., 2002). Dosing with alkali (DA) 
is typically the first step followed by oxidation (O) and sedimentation (S) (Figure 2.7). The AMD is pumped into 
a neutralising tank where neutralising agents such as limestone (CaCO3) are added before aeration and 
flocculation, or sedimentation (to precipitate iron) occurs in subsequent tanks. For the AMD treatment plants 
on the Witwatersrand Basin, after treatment processes, precipitated HDS and treated water are separated. A 
certain percentage of the HDS is pumped back to the neutralising tank as a conditioner while the 
rest is discharged to landfills. The neutralised mine water is discharged into natural streams. 

There remain some gaps to be exploited in relation with the current process as has been indicated earlier. 
There is a possibility to reconfigure the neutralisation route by splitting the AMD into another portion that will 
undergo selective precipitation of ochres (Figure 2.8) while another portion can continue through the current 
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route which produces bulk HDS. However, the amount of HDS produced will be reduced and thus alleviating 
the environmental burden of its disposal. Further, the current amount of sludge used for conditioning influent 
AMD is too little and is used only once. This application can be explored further to assess potential use in mine 
voids and shafts as well as removal of phosphate from contaminated water.

Figure 2.7. Schematic diagram of a typical HDS AMD treatment plant (GARD Guide)

Figure 2.8. Schematic diagram of a proposed new route of AMD treatment (Netshiongolwe et al., 2020).

A study by Akinwekomi et al. (2017) showed that it is possible to precipitate magnetite (Fe3O4), goethite 
(FeOOH) and hematite (Fe2O3) from synthetic acidic water. This project will introduce an approach involving 
predictive selective precipitation of Fe ochres using hydrochemical modelling, with a several neutralising 
agents and some combinations thereof considered. It also explores solution chemistry in this context to 
account for any type of AMD as well as assess solution-adsorbent interactions, in this case the adsorbent 
being HDS.
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CHAPTER 3: MATERIALS AND METHODOLOGY 
______________________________________________________________________________________ 
 

This chapter presents three cases: the first being the simulated precipitation of iron ochres using geochemical 
modelling, the second is the characterisation of high-density sludge (HDS) collected from an acid mine 
drainage (AMD) treatment plant, and the third is the assessment of the potential uses of HDS. In the first case, 
various neutralising agents and their combinations are used to simulate the neutralisation of AMD with the aim 
of getting treated water of better quality while precipitating iron ochres that can be used as paint pigments. In 
the second case, a sample of HDS is characterised in terms of composition, physical and physical-chemical 
properties. This is intended to shed some light on the HDS currently produced at the AMD treatment plants. In 
the third case, the focus is on the potential use of this HDS for further treatment of AMD and for adsorption of 
phosphates from contaminated water (e.g. agricultural and sewage water) as a way of repurposing the sludge.  

3.1 COMPUTATIONAL SIMULATIONS OF THE PRECIPITATION OF OCHRES  

The approach in this study involved simulating neutralisation of AMD and removal of trace metals from 
impacted waters, as well as the simulation of the precipitation of useful ochres. Several neutralising agents 
including MgCO3, MgO, CaO, CaCO3, and Na2CO3 among others as well as their combinations (mixtures) 
were used for the simulations. Other conditions considered in the simulations included varying pH regimes; 
equilibration with gases such as CO2 and O2; and varying temperatures. The simulations were conducted using 
the PHREEQC geochemical modelling code (US Geological Survey, USA). The PHREEQC model successfully 
predicted the removal of trace metals such as Mn, Cd, Fe, Al, Mg, and Zn from the mine water as well as the 
potential precipitation and formation of iron ochres such as goethite, hematite, Fe(OH)3, FeS, mackinawite, 
pyrite, and siderite. The pH of the resulting water was found to increase notably. It was also possible to fix the 
pH and assess the potential precipitates and the resulting water chemistry. MgCO3 was found to form the most 
desirable treated water and precipitates although it is more expensive than other neutralising agents. The 
findings of the study have revealed that computational simulations are important in designing experimental 
conditions, thus offering a cost-effective approach. 

3.1.1 Model set-up as an experimental design approach 

The previous descriptions have shown that the simulated neutralisation of AMD and subsequent precipitation 
of ochres can be used as an experimental design technique. It helps in gaining insights into the experimental 
set-up to be used and what can be anticipated. The forward geochemical modelling approach was used in 
which two or more initial states were used to determine the resulting state. For instance, reacting AMD (initial 
state 1) with a neutralising agent (initial state 2) while changing the temperature of reaction (initial state 3) will 
result in treated water (final state 1) and some precipitates (final state 2). 

The AMD composition used in the simulations in this study was taken from a previous study by Akinwekomi 
(2017), where 1  of the AMD was collected from coal washing and mine processes. The composition details 
of the initial water solution collected are shown in Figure 3.1. The PHREEQC geochemical model was used 
for assessing elemental speciation and solubility using the Phreeqc.dat database. The following neutralising 
agents (NA) were used for the treatment of the AMD contaminated water; MgCO3, MgO, Mg(OH)2, CaCO3, 
CaO, CaHCO3, Ca(OH)2, Na2CO3, Na2O, NaOH, NaHCO3, NH3, NH4OH. Each of the reaction steps 
represented a different simulation, e.g. in the reaction with CaCO3, 4 moles of the neutralising agents were 
used in 10 steps, i.e. at 0.4 moles per step. In a separate reaction step (Figure 3.2), MgCO3 is reacted with 
the same initial water to obtain a different output. In another step, a mixture of MgCO3 and NaOH was reacted 
with the initial water, giving another outcome. In yet another reaction step, MgCO3 was reacted with the same 
initial water at a fixed pH of 9.0 (shown as “Fix H+ -9.0 MgCO3 10”) to reach a different output. The output 
scripts (not shown here) would show the original AMD with the initial conditions, followed by the treated AMD 
and possible precipitated minerals (based on the saturation indices calculated for the system). Notable 
changes in treated water were in pH, pe (redox potential), and total alkalinity as the species change. Up to 
1130 simulations were conducted with about 200 proving to be satisfactory with respect to the desired 
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predicted treated water quality and ochres precipitated.  Figure 3.3 shows the solution that was equilibrated 
with carbon dioxide (CO2) while Figure 3.4 shows equilibration with atmospheric oxygen (O2). 

Figure 3.1. PHREEQC script for forward modelling of AMD

Figure 3.2. PHREEQC script for forward modelling of AMD at fixed pH values

Figure 3.3. PHREEQC script for forward modelling of AMD equilibrating with CO2
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Figure 3.4. PHREEQC script for forward modelling of AMD equilibrating with O2

3.2 PRECIPITATION OF OCHRES – EXPERIMENTAL WORK

3.2.1 Simulation of AMD (Experiment 1)

The aim of the experiments was to produce Fe precipitates using synthetic AMD (Table 3.1) based on that 
reported by Grover (2016) without heating (energy) throughout the experiments. A stepwise selective 
precipitation mechanism was applied to assess the effect of parameters such as oxidation, pH adjustment, 
settlement rates and temperature (experiments conducted at room temperature). All the weighted chemicals 
were transferred into seven 600 dissolved in 500 A magnetic stirrer 
was used to homogenize the samples at 2 rpm (Figure 3.5). 

Table 3.1. Chemicals (names, formula) and masses, m, used to synthesize AMD in Experiments 1 (m1) and 2 
(m2)

(a) (b) 
Figure 3.5. (a) pH adjustment on each beaker (b) Stirred solutions at 2 rpm without heating for 48 h.

3.2.1.1 Using NaOH as a neutralising agent

The pH values were measured in each beaker (Figure 3.6) after homogenisation through stirring and the 
recorded pH values (shown in brackets) were as follows: beaker A (2.80), beaker B (2.80), beaker C (2.79), 
beaker D (2.78), beaker E (2.78), beaker F (2.76) and beaker G (2.76). To precipitate iron oxides from 

Chemicals Chemical formula m1, g m2, g
Aluminium Potassium Sulphate dodecahydrate AlK(SO ) ·12H O 0.50 0.50
Manganous Sulphate monohydrate MnSO4.H2O 0.30 0.30
Ferrous Sulphate heptahydrate FeSO4.7H2O 1.00 1.00
Copper Sulphate anhydrous CuSO4 0.20 0.20
Calcium Sulphate dihydrate CaSO4. 2H2O 15.0 15.0
Ferric Sulphate anhydrous Fe2(SO4)3 1.00 1.00
Nickel nitrate hexahydrate Ni(NO3).6H2O 0.20 0.20
Cadmium nitrate tetrahydrate Cd(NO3)2.4H2O 0.20 0.20
Zinc nitrate tetrahydrate Zn(NO3)2.4H2O 0.30 0.30
Ferrocyanide [Fe(CN) – 1.00
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synthesised AMD, different pH values were obtained by a varying adjustment in each beaker. The pH in beaker 
A was adjusted to 3; beaker B to 4; beaker C to 5; beaker D to 6; beaker E to 7; beaker F to 8 and beaker G 

-1 -1, 
formula weight of 40 g mol-1 -1 solution, 

-1 NaOH were added to 
raise the pH depending on the targeted pH in each beaker. The seven beakers were stirred at 2 rpm for 48 h 
at room temperature. After 48 h, the beakers were removed from the magnetic stirrer to allow the precipitates 
to settle at the bottom through a vacuum suction using a 0.45 μm Whatman cellulose nitrate filter paper. After 
filtering the Fe precipitates, some of the filtrates were selected for re-treatment with NaOH for further 
precipitation to yield more precipitates. 

(a)  (b)  (c)  

Figure 3.6. (a) pH adjustment with NaOH in initial solutions (b) precipitates formed in solutions after stirring for 
48 h at 25°C (c) vacuum system used to filter precipitates. 

3.2.1.1 Using MgCO3 as a neutralising agent 

The experimental setup for neutralisation with MgCO3 was like that for NaOH, that is, the various AMD solution 
beakers were at the same initial pH values as above. Adjustment of pH was conducted using MgCO3, added 
as a powder followed by stirring. The beakers were stirred to the same temperature (room temperature, 25ºC) 
as was done for the experiments using NaOH. 

Selected filtrates from the above MgCO3 neutralisation were used for re-treatment with MgCO3 to assess the 
possibility of precipitating more ochres. 

3.2.2 Addition of ferrocyanide to chemicals used to simulate AMD (Experiment 2) 

To produce the turquoise Fe precipitates in Experiment 2, ferrocyanide ([Fe(CN)6] ) was added to the 
chemicals used to synthesise AMD (Figure 3.7). This was just a once-off experiment that was conducted to 
assess the possibility of obtaining such precipitates. Chemicals were transferred into four 600 

homogenize the samples 
at 2 rpm (Figure 3.7). pH values in each beaker after homogenisation ranged between 2.58 and 2.67. To 
precipitate the cyanide containing iron ochres from the synthesised AMD, different pH values were used by 
adding NaOH, ranging from pH 3 in beaker A to pH 9 in beaker D. After the pH adjustments, the precipitates 
were extracted through filtration. 
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(a)  (b)  

Figure 3.7.  balance and dissolved in 
deionised water (b) beakers stirred for 48 h to allow oxygen circulation in the reactions 

The pH values were measured in each beaker after homogenisation through stirring and the recorded pH 
values (shown in brackets) were as follows: beaker A (2.58), beaker B (2.59), beaker C (2.67), beaker D (2.59). 
To precipitate the iron ochres (in this case, cyanide containing ochres) from the synthesised AMD, different 
pH values were obtained by varying adjustments in each beaker using NaOH. The pH in beaker A was adjusted 
to 3; beaker B to 5; beaker C to 7; beaker D to 9. The pH adjustments were conducted as before followed by 
filtration of the precipitates. 

3.2.3 Collected AMD in the Central Rand of the Witwatersrand Basin (Experiment 3) 

The aim of the experiments here was to produce Fe precipitates using real AMD (Figure 3.8) using the same 
optimised parameters from the preliminary setup throughout the experiments. A stepwise selective 
precipitation mechanism was applied to assess the effect of parameters such as oxidation, pH adjustment, 
settlement rates and temperature (conducted at room temperature). AMD was transferred into eight 600 

 A magnetic stirrer was used to homogenize the samples at 2 rpm. 
 

(a)  (b)  (c)  

Figure 3.8. (a) Eight beakers stirred for 48 h to allow oxygen circulation in the reactions. (b) The pH values for 
precipitation increase from the extreme right beaker to the extreme left (i.e. pH 3 to 9). (c) Vacuum system 
used to filter the samples. 

The environmental parameters measured in the field for AMD sample include hydrogen ion activity (pH), 
temperature (T), electrical conductivity (EC), redox potential (Eh), salinity (salt), total dissolved solids (TDS) 
and dissolved oxygen (DO) (Table 3.2). Table 3.3 indicates the chemistry of raw AMD collected in abandoned 
gold mines, generated from the tailing dumps. 

Table 3.2. Field parameters for AMD sample 

pH T (ºC)  Eh (mV) Salinity (ppt) TDS ( -1)  DO ( -1) 

2.53 26.8 23.1  231  8.72  11.5  13.5    
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Table 3.3. Composition of AMD used in Experiments 3  

Al Ca Cd Co Cr Cu Fe Mg Mn Ni S Pb Zn  
Concentration -1 

350 179 2.9 13.8 6.8 8.8 1276 225 63 17 4002 3.5 18  
 

*Sulphate reported as sulphur 

3.2.3.1 Using NaOH and MgCO3 as a neutralising agent 

The similar experimental setup applied in Figures 3.5 and 3.6 were used in these experiments (Figure 3.9) 
 

(a)  (b)  (c)  

Figure 3.9. pH adjustment with (a) NaOH (b) MgCO3 (c) CaCO3 with precipitates formed in AMD after stirring 
for 48 h at 25°C  

3.2.3.2 Retreatment of filtrates with NaOH, MgCO3 and CaCO3  

The similar experimental setup applied in Figure 3.5-3.8 were used in these experiments (Figure 3.10) 
 

(a)  (b)  (c)  (d)  
 Figure 3.10. (a) Filtrates after AMD treatment (b) retreatment of filtrates with NaOH (c) retreatment of filtrates 
with MgCO3  (d) retreatment of filtrates CaCO3. pH adjusted from the extreme right beaker to the extreme left 
(i.e. pH 4 to 9) 

3.3 CHARACTERISATION OF HIGH-DENSITY SLUDGE 

In this part of the study, both fresh and aged (3 months) HDS were characterised to assess their physical 
properties as well as their chemical properties (through microwave digestion and leaching tests). The main 
aim was to set a benchmark for determining if either sludge is usable for further adsorption of elements from 
AMD (e.g. when pumped into mine voids) and to adsorb phosphates in agricultural- and sewage-type water. 

to aged HDS. Metal and sulphate concentrations in aged sludge were found to be higher than in fresh sludge. 
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3.3.1 Physical characterisation of HDS 

HDS samples were collected in 1  polypropylene bottles from the Central Basin AMD treatment plant 
(Johannesburg, South Africa) and they were characterised to determine mineralogy and other parameters. 
Fresh sludge was collected which was then divided into portions with some being aged through air-drying in 
the laboratory. Mineralogical composition was determined using powder X-ray diffraction (PXRD) D2 Phaser 
(Bruker, Germany). Elemental composition was determined using X-ray fluorescence (XRF) (PAnalytical, 
Netherlands). Scanning electron microscopy (SEM) (Bruker, Germany) was used to determine surface 
morphology before and after adsorption. Samples were attached to the sample stub and coated with palladium 
and gold for SEM analysis. Fourier-transform infrared spectroscopy (FTIR) (Bruker Corporation, USA) was 
used to determine the functional groups of the HDS. The surface area, pore size, and pore volume were 
determined using the TriStar 3000 V6.05 A Brunauer-Emmett-Teller (BET) technique (Micro metrics, USA). 

3.3.2 Chemical characterisation of HDS 

To determine the release of trace metals from the dried HDS, leaching and microwave digestion were done 
followed by analysis using inductively coupled plasma optical emission spectroscopy (ICP-OES) (Spectro 
Genesis, Germany) for metals and ion chromatography (IC) for anions, mainly sulphate. For the metals, 
microwave digestion of the HDS was conducted using aqua regia (a 1:3 mixture of nitric and hydrochloric 
acids) using a ratio of 0.1 g of HDS to 10 m  the aqua regia mixture followed by analysis using ICP-OES. For 
the sulphate content, 1 g of HDS:20 m
with a 0.45 μm cellulose nitrate filter paper and analysis using IC. Filtrates from microwave digestion were 
analysed for the targeted trace metals (i.e. Pb, Cu, Zn, Ni, and Co) using ICP-OES. Standard solutions used 

3 3 was utilised as a 
blank sample for calibration purposes. All analytical tests were conducted in triplicate with analytical results of 
relative standard deviation (RSD)  

3.4 COMPUTATIONAL SIMULATIONS FOR SLUDGE-MINE WATER INTERACTION 

Water pollution from gold mines is mainly associated with the leaching of trace metals from mine wastes. This 
has a bearing on the composition of water in abandoned mine shafts and voids. As part of the intention to 
repurpose HDS, it was necessary to assess the capability of hydrous ferric oxide (Hfo, represented chemically 

 to adsorb trace elements from AMD that is found in such mine shafts and voids. For this purpose, 
the PHREEQC geochemical modelling code was used for experimental design and to build a platform to 
understand the interaction between AMD and HDS. The approach involved using surface complexation models 
based on the Dzombak and Morel assumption of two surface sites (strong and weak sites) having densities of 
0.005 and 0.2 (mol Fe)-1. Trace metal adsorption onto pure Hfo was described by the Donnan diffuse layer in 
both strong (Hfo_sOH) and weak (Hfo_wOH) sites. The Hfo_wOH sites gave the best adsorption fit to the Hfo 
for Ni and Co, where they occupied 0.0022 mol (mol Fe)-1. This was based on an Hfo surface area of 600 m2/g 
and mass of 0.5 g. When the surface area and mass were reduced (to 200 m2/g and 0.2 g, respectively) for Ni 
and Co, the site moles were also reduced to 0.001124 mol (mol Fe)-1. The Hfo_sOH showed the best fit for 
the Hfo adsorption of Pb, Cu, and Zn giving a site density of 0.00055 mol (mol Fe)-1 for a surface area of 600 
m2/g and Hfo mass of 1 g. This site density for Pb, Cu, and Zn was reduced to 0.00028 mol (mol Fe)-1 for a 
surface area of 200 m2/g and Hfo mass of 0.5 g. The Hfo_sOH showed an elevated adsorption of Pb, Cu and 
Zn, accounting for 0.00055 mol (mol Fe)-1. Adsorption of metals onto the Hfo is important in the monitoring of 
trace metal attenuation and for understanding saturation capacities that will be important in determining the 
potential of adsorption for the Hfo, that is, if the HDS has further capacity of metal adsorption. 
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3.4.1 Generalised surface complexation simulations studies

The chemical composition of AMD collected at the treatment plant and the simulation of its interaction with Hfo 
(in PHREEQC) is shown in Figure 3.11. The Minteq.v4.dat database was used in all simulations. Different pH 
values, a varying mass of Hfo and different Hfo surface areas (strong and weak sites) were considered to 
assess the optimal conditions of adsorption of metals (Figure 3.11-3.14). In Figure 3.14, generalised surface 
complexation with calculated log k value of individual potentially toxic trace metals were assessed to look at 
the effect of pH to find out if adsorption of potentially toxic trace metals onto Hfo is through physisorption 
(adsorption) or surface complexation (chemisorption). The simulations were conducted for: Hfo surface areas 
of 600, 200 and 60 m2/g; Hfo_sOH concentrations of 2.2 x 10-3, 1.12 x 10-6, 2.80 x 10-5 and 5.62 x 10-5 moles; 
and Hfo_wOH concentrations of 2.2 x 10-3, 1.12 x 10-4, 5.5 x 10-4, 4.49 x 10-5.

Figure 3.11. Input PHREEQC script for the effect of pH

Figure 3.12. Input PHREEQC script for the effect of mass
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Figure 3.13. Input PHREEQC script for the effect of concentrations

Figure 3.14. Generalised surface complexation input script for the effect of pH 5

3.4.2 Parameter optimisation with PEST

The PHREEQC geochemical modelling code coupled with Parameter Estimation (PEST) was used to estimate 
generalised surface complexation (adsorption constants) and site density parameters using experimental data
for AMD-HDS interactions. What has motivated the use of PHREEQC coupled with PEST in this study was 
that while a built-in thermodynamic database and activity coefficient in PHREEQC is useful, PEST can optimise 
any number or type of parameters when the number of parameters are less than or equal to the number of 
observations. The advantage of using PEST is that it can avoid the non-convergence problem experienced by 
other models while fitting multiple model parameters.
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3.5 BATCH SORPTION STUDIES FOR HDS INTERACTION WITH MINE WATER  

As indicated above, further studies are required that will help in establishing parameters such as adsorption 
capacities (under varying conditions) that are important in the use of HDS as a generic adsorption surface in 
simulations. This is usually achieved through conducting batch adsorption studies. 

The idea of using this HDS in mineshafts and voids where the AMD is pumped from has been mooted for 
some time. This is predicated on the thinking that HDS has potential to further adsorb toxic elements contained 
in the AMD and to increase its pH. This increase will be useful in reducing the dosage of neutralising agents 
when AMD is pumped into reaction tanks. This part of the study used optimised parameters derived from 
above computational simulations to conduct batch studies to determine: the effect of pH; adsorbent dosage; 
concentration of metals (1-5 mg -1) and contact time; and desorption studies. Mineralogical characterisation 
showed that HDS consisted of goethite, ferrihydrite and gypsum (CaSO4.2H2O). Goethite and ferrihydrite are 
iron minerals like those constituting Hfo while gypsum is from precipitates following neutralisation of AMD with 
limestone (CaCO3), the current neutralising agent used at the plants.  

The following sections discuss sample preparation, set up of batch adsorption studies and data treatment 
(models) approaches used for the experimental data obtained. 

3.5.1 Sample preparation 

Standard solutions of the trace metal ions were prepared from AMD samples collected in the Central Rand 
-1 AMD stock solution was used to prepare lower concentration solutions 

-1) through serial dilution. Ultra-
solution preparation and dilutions. Adjusted pH values (2.5, 3.5, 4.5, 5.5, 6.5, 7.5, 8.5, 9.5 and 10.5) were 

-1 HNO3 -1 NaOH solutions. The pH of the solutions was measured using 
a pH probe (Hanna Instruments, Johannesburg). All glassware used was cleaned with dilute HNO3 

HNO3) and dried in the oven (at 100ºC) before use. HDS was used as an adsorbent in batch experiments 
conducted at room temperature (25ºC). 

3.5.2 Adsorption studies 

3.5.2.1 Batch adsorption studies 

Batch experiments were conducted in triplicate to determine the effect of HDS dosage on the adsorption of 
trace metals. Different masses (10, 20, 50, 100, 500 and 1000 mg) of HDS were contacted with 10 m  of 
synthetic AMD at room temperature. The effects of varying pH of the solution, adsorbent dosage, 
concentration, and contact time were studied. The volume of the solution (10 m
The centrifuge tubes were shaken using an elliptical benchtop shaker (Labcon, South Africa) at a constant rate 
of 150 rpm, allowing enough time for adsorption and equilibrium to be reached. The filtrates were analysed 
using ICP-OES. The point of zero charge (pHpzc) from previous studies of HDS was used to assess the effect 
of changes of surface charge on HDS adsorption during the experiments. The pHPzc value was 4.5, meaning 
that the surface is positive below this value and negative above it.  

The capacity (qe  

q   

( )            (3.1) 

%R =  
( )

100          (3.2) 
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where: Co is initial the concentration of adsorbate (mg -1), Ce is the concentration of adsorbate at equilibrium 
(mg -1), m is the mass of adsorbent (g), V is the volume of the solution (m ). 

3.5.2.2 Desorption studies 

The HDS residue after adsorption was dried for 5 h in an oven (80ºC) prior to conducting desorption studies. 
The desorption experiments were conducted for 24 h using deionized water and 0.5 mol -1 HCl in 50 m  
polyethylene centrifuge tubes. The filtrates were then analysed using ICP-OES. The desorption efficiency was 
determined as follows: 

Desorption efficiency =  100        (3.3) 

where: Cdes and Cads are the concentrations of trace metals desorbed and adsorbed onto HDS sorbent (mg -

1), respectively.  

3.5.3 Adsorption isotherms 

The data from the adsorption studies was modelled using the Langmuir, Freundlich, Dubinin-Radushkevich 
and Temkin isotherms. These isotherms are described below. 

3.5.3.1 Langmuir isotherm 

The Langmuir isotherm makes assumptions on the finite number of both strong and weak sites, constant 
binding energy in surface sites (binding energy is independent on the adsorption density) and the adsorption 
capacity is limited to monolayer coverage in both strong and weak sites. The equation for the isotherm is 
presented in the following form (Langmuir, 1918; Gerard et al., 2016):  

=  +            (3.4) 

where: Ce is adsorbate concentration at equilibrium (mg g-1). KL is the Langmuir equilibrium constant, and it 
can be correlated with the variations in surface area and adsorbent porosity (this means that large surface 
area and pore volume on the adsorbent, influences high adsorption (more attraction of analyte from the 
aqueous phase to adsorbent surface) on the adsorbent (adsorption capacity). Langmuir adsorption isotherm 
characteristics can be defined by its dimensionless constant (separation factor, RL). 

R =             (3.5) 

where: KL is the Langmuir adsorption constant (mg g-1), Co is the adsorbent initial concentration (mg g-1). RL 
values gives overview on either adsorption is unfavourable when RL L 
when RL = 1 and irreversible when RL = 0. 

3.5.3.2 Freundlich isotherm 

The Freundlich adsorption isotherm is applied in the sorption processes that occur on heterogeneous surfaces. 
It helps to understand the surface heterogeneity and the exponential distribution in both strong and weak sites 
and their surface energies. The equation for the isotherm is presented as follows (Chen, 2015):  

log q = log K +   . log C          (3.6) 
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where: Kf is the adsorption capacity (  mg-1) and 1/n is the adsorption intensity, it helps in understanding the 
relative distribution on the surface energy and the heterogeneity of the sites in the adsorbent. The choice of 
presenting results in different isotherms depends on the high correlation coefficients. 

3.5.3.3 Dubinin-Radushkevich isotherm 

The Dubinin-Radushkevich (D-R) adsorption isotherm is applicable to adsorption mechanisms with Gaussian 
energy distribution (in heterogeneous surfaces). It is temperature-dependent and the adsorption data at 
different temperatures are plotted as the logarithm function of the analyte adsorbed versus the potential energy 
square root. The equation for the D-R isotherm is presented as follows (Chen and Yang, 1994; Mosai et al., 
2017):  

ln q = ln q            (3.7) 

2 (kJ2)-1 represent the D-R isotherm constant is defined from the lnqe 2, qm (mg g-1) is the 
D-R adsorption capacity which is defined by the intercept of the plot and 
be presented as:  

= RT ln 1 +            (3.8) 

The adsorption energy, Es -1), is defined as free energy transfer of a mole of 

below. 

E =  
.

           (3.9) 

The mechanism is defined as follows depending on the value of Es obtained: Es l-1 (Ion exchange); 
Es -1 (Physisorption) and Es > 40 kJ mol-1 (chemisorption). 

3.5.3.4 Temkin Isotherm 

The Temkin isotherm has factor that considers the interaction between the sorbates. It assumes that the heat 
of adsorption of analytes in the adsorbents will decrease linearly than logarithmically with coverage and 
concentration averages. The heat of adsorption is determined by the uniform distribution in active sites (binding 
energies) that may influence maximum removal of contaminants (metals maximum binding energy). The 
Temkin model is expressed in the equation below: 

q  =  ln[A  C ]          (3.10) 

q  =  ln A + ln C          (3.11) 

B =              (3.12) 

q  = B ln A + B ln C           (3.13) 

Where AT is the Temkin isotherm equilibrium binding constant (L g-1), BT is the Temkin isotherm constant, B is 
the constant related to heat of adsorption. AT and bT were determined from the intercept and slope (the plot of 
qt against ln t). 
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3.5.4 Kinetic models 

The time-dependence of adsorption was studied, and the data were fitted using the pseudo first-order, pseudo 
second-order, Elovich, Intraparticle diffusion and Film diffusion models. The goodness of the models was 
determined using the correlation coefficient (R2 value).  

3.5.4.1 Pseudo first-order model  

The pseudo first-order model is represented by the equation below (Huang et al., 2014): 

log (q q ) = log q  
.

 t         (3.14) 

where: qt (mg g-1) is the amount of adsorbate adsorbed at a time (t ) per unit mass, t was presented in minutes 
(min) and k1 (min-1) is the pseudo first-order rate constant.  

3.5.4.2 Pseudo second-order model 

The pseudo second-order model is defined by the following equation (Qiu et al., 2009): 

=  +             (3.15) 

where: k2 in the above equation represents the pseudo second-order rate constant. 

3.5.4.3 Elovich kinetic 

The Elovich model is generally expressed as follows: 

qt = ln[ t] =  ln[ t] +  ln t         (3.16) 

-1 min-1) is the initial adsorption rate and the p -1) is related to the extent of 
maximum (saturation) surface coverage of adsorbate and activation energy for chemical adsorption 
(chemisorption). The kinetic results will be linear on a qt against ln(t) plot if the results best fit in an Elovich 
model. This model suggests that diffusion in the Elovich kinetics trend; pattern (form) to this equation might be 
taken as evidence that the rate-determining step is diffusion in nature and that this kinetic model should apply 
in conditions where desorption rate can be ignored. The kinetic curve of adsorption demonstrated good fitting 
with the model (R2 > 0.99) which may indicate that the diffusional rate-limiting is more particularly noticeable 
in potentially toxic trace metals adsorption by HDS. 

3.5.4.4 Intraparticle diffusion 

The mechanism of adsorption is either particle diffusion or film diffusion controlled. Before the adsorption 
occurs on adsorbent surface, many diffusion processes affect the adsorption process. The adsorbate diffuses 
through the bulk of the solution around the adsorbent (this involves the micro pores and macro pores of the 
HDS (adsorbent). The bulk diffusion resistance is reduced when sufficient agitation reduces the concentration 
gradient, the external mass transfer resistance and intraparticle mass transfer resistance. The rate of 
adsorption was assessed to analyse the rate controlling step and the intraparticle diffusion was explored which 
is represented by the Weber and Morris equation below: 

q =  k t / + C           (3.17) 
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Where C is the intercept related to the thickness of layer boundary, kip is the intraparticle diffusion rate constant. 
According to intraparticle diffusion model, if sorption of adsorbate is controlled by the intraparticle diffusion 
process, a plot of qt against t1/2, the R2 value is 0.99 (this gives a straight line). 

3.5.4.5 Film diffusion 

The kinetics of adsorption of contaminants on different adsorbents is controlled by several processes like bulk 
diffusion, external mass transfer, chemical reaction, film diffusion and intraparticle diffusion. The equation 
below indicates a linear driving force principle which develops a simple relationship: 
ln [1 ] = k t +  D           (3.18) 

Where  = qt/qe is the fractional attainment of equilibrium constant and kp is the rate constant. 

A plot of ln (1 ) against time (t) yields the rate constant as the slope of the graph and the DF is the 
dimensionless constant (as intercept).  

3.5.5 Thermodynamic Parameters 

Thermodynamic parameters including Gibbs free energy ( o o o) were 
considered to look at the effects of temperature during the adsorption of potentially toxic trace metals onto 
HDS. The above parameters can be determined from the variation in the equilibrium constant (K). The 
equations below indicate a change in Gibbs free energy: 

ln K =             (3.19) 

G =  RT ln K           (3.20) 

ln K =   
           (3.21) 

G =  H  T S           (3.22) 

o is the Gibbs free energy, T is the temperature, R is the gas constant, Kd H 
is the enthalpy and S entropy. 

The activation energy was derived from Arrhenius equation: 

ln K = lnA            (3.23) 

where: A is the Arrhenius constant, Ea is the activation energy 

3.6 COLUMN SORPTION SIMULATION STUDIES FOR HFO INTERACTION WITH MINE 
WATER  

Simulation studies were conducted for optimisation of parameters in the column adsorption studies. The 
PHREEQC geochemical modelling code was used for the simulations due to the availability of hydrous ferric 
oxide (Hfo) as a surface in its databases. Different parameters including the effect of pH, concentration of trace 
metals in the inlet, bed height and flow rates were considered. Parameters established from simulation studies 
were then used in the actual column experimental studies (simulation studies were providing a foundation for 
experimental design in this regard, in the same way as was observed for batch studies). 
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3.6.1 Reactive transport model construction

A sample of a reactive transport simulation script is presented (Figure 3.15). Simulations were conducted using 
the PHREEQC geochemical modelling code and based on the llnl.dat database for the Hfo surface and 
reactions. 

Figure 3.15. PHREEQC input script for transport model

The script can be explained as follows:

a) The solution to be contacted with the Hfo surface is defined as “Solution 0”. In this case, it is the 
simulated acid mine drainage (AMD).

b) The solution labelled “Solution 1-50” is the initial solution in the column. As indicated previously, the 
“column” in this case is imaginary as this is only computational simulations. The range of numbers “1-
50” are cells, from the first cell to the 50th cell. Thus, all cells have the same solution initially. It should 
be noted here that the solution is in contact with Hfo in each cell.

c) The Hfo is defined as both an “exchange” as well as a “surface”. An exchange defines the clayey 
nature of the Hfo and accounts for ordinary cationic exchange reactions (represented as “X”) while a 
surface accounts for the unidirectional surface complexation reactions (on strong (Hfo_s) and weak 
(Hfo_w) adsorption sites). As pointed out earlier, the exchange and surface cover all the 50 cells with 
Solution 1-50 being the pore water in them.

d) The next block has important instructions to effect a reactive transport simulation. The “Use Solution 
none” instructs the code to ignore any reactions that will mix the initial solution “Solution 1-50” in the 
cells with the new incoming solution “Solution 0”. This sounds a bit simplistic, but that mix, if allowed 
to occur, could complicate the simulation and result in clumsy results. To avoid that, the new solution 
is allowed to push the existing one out and new reactions between the surface and the new solution 
established.

The instruction “Transport 1-50” introduces the new solution into the 1st cell of the column and flushes it through 
the 50 cells. This is repeated 50 times as indicated by the number of “shifts”.
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e) The length of each cell is only arbitrary here. In the actual column experiments, it is determined by the 
flow rate and bed height of the adsorbent. 

f) Other factors such as dispersivity of the fluid in the cells have been ignored, making this a 1 
dimensional (1-D) reactive transport model. These factors are important in other models such as 2-D 
and 3-D models. 

g) The rest are just output options that the user defines, e.g. if the interest is in knowing the extent of 
adsorption in any cell after any number of shifts or knowing the resulting solution in any of those cells 
after the adsorption reactions have occurred. 

The reactive transport models were used for the optimisation of parameters that were used in the actual column 
experimental studies. 

3.6.2 Column sorption studies  

Adsorption studies of elements in a fixed-bed column as a setup for large scale operation is applicable in real 
mine water treatment. In this second part of the study, the application potential of HDS for the adsorption of 
Pb, Cu, Zn, Ni, and Co from mine water in a fixed-bed adsorption column was investigated. The effect of 
breakthrough parameters including initial elemental concentration, bed height, and the flow rate was 
investigated. Column adsorption experimental data were fitted to Thomas, Yoon-Nelson, Adam-Bohart, and 
Bed Depth Service Time (BDST) models under the column adsorption process.  

The following sections discuss sample preparation, set up of column adsorption studies and data treatment 
(models) approaches used for the experimental data obtained. 

3.6.2.1 Sample preparation 

Standard solutions of elements were prepared from an efflorescent crust (obtained from an abandoned mine 
site in the Central Rand Basin, Johannesburg). Efflorescent crusts are repositories of constituents of 
evaporated AMD and as such their dissolution in deionised water yields solutions that resemble the original 

-1 stoc
-1) were prepared through serial dilution. Ultra-pure water 

paration and dilutions. An adjusted pH value of 5.02 
-1 HNO3 -1 NaOH solutions. The pH of the solutions was measured 

using a pH probe (Hanna Instruments, Johannesburg). All glassware used was cleaned with dilute HNO3 

HNO3) and dried in the oven (at 100ºC) before use. HDS was used as an adsorbent in column experiments 
and all experimental studies were conducted at room temperature (25ºC). 

3.6.2.2 Column adsorption studies 

Column adsorption studies were conducted in triplicate to determine the effect of HDS dosage on the 
adsorption of trace metals. Different masses (1, 5, and 10 g) of HDS were used at flow rates 3, 5, and 7  
min-1 of AMD at 25ºC. The effects of varying pH of the solution, initial trace metal concentration, bed height, 
and flow rates were studied. The filtrates were analysed using ICP-OES. The pHpzc of HDS was determined 
through the steps described below. A 40 m  of potassium nitrate (KNO3) solution of known concentration was 
transferred into a series of volumetric flasks. The initial pH of the solution was adjusted from pH 2.03 to 6.01 
by adding drops of 0.1 mol -1 HCl and 0.1 mol -1 NaOH. The volume of the total solution was made up to 30 
m  by adding KNO3 solution of the same ionic strength. The initial pH of each solution was taken into 
consideration and 0.5 g of HDS was added to each volumetric flask. The heterogeneous mixtures that contain 
solid particles were shaken and allowed to equilibrate, with occasional stopping (through manual shaking). 
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The pH regimes of the clear liquid that lies above the solid residue after settling were noted. The change (  
between the initial pH (pHo) and final pH (pHi) was calculated using equation 6.1 (Gulicovski et al., 2008). 

o – pHi)          (3.24) 

The change between the initial and final pH was plotted against the pH and the point of the intersection of the 
 is equal to zero gave 

the pHpzc). 

The continuous fixed-bed adsorption experiment was conducted in an acrylic cylinder glass column with an 
internal diameter of 3 cm and a height of 10 cm. Filters were placed at both ends of the column to keep the 
HDS inside the column. HDS was packed into the adsorption column to obtain the required bed height. The 
initial solution concentrations were pumped downward through the adsorption column using a peristaltic pump. 
All experiments were performed at 25ºC, each sample was collected after 30 min (time intervals) and analysis 
was done using ICP-OES. The breakthrough point was considered as the time at which collected filtrates 

tion of bed was 

capacity of trace metals was estimated (equation 3.25) (Alslaibi et al., 2013; Lim and Aris, 2014). 

 
             (3.25) 

where Qfr is -1), tbr is the breakthrough time, Cin is -

1) and m is the mass (g) of HDS. The removal efficiency of trace metals was estimated (equation 3.26) 
(Abdulrazak et al., 2015). 

% =  100          (3.26) 

where Cin and Cef are influent and effluent trace metal concentration, respectively. The critical bed height is 
also described as the height of mass transfer zone (Zm) is related to bed height (Z), breakthrough time (tbr), 
and exhaustion time (tex) and are calculated (equation 3.25) (Guo et al., 2014). 

=  1            (3.27) 

The volume of the outlet (effluent), Vef  was calculated (equation 3.26) (Karunarathne and Amarasinghe, 
2013). 

=             (3.28) 

where Qfr  min-1 and tex is the exhaustion time (min). 

Effect of inlet trace metals concentration 

The inlet trace metal ions concentration was observed at different trace metal concentrations at 1, 3, 5 -1. 
The feed solution (inlet concentration) was pumped in a downward flow direction, at a constant flow rate of 3 
m  min-1 (the pH of the solution was fixed at 5.02). The filtrates were collected after 30 min (time interval) and 
analysed with ICP-OES. 

Effect of bed height 

AMD was pumped in a downward direction through the adsorption column which contained a separate bed 
height of 3, 6, 8 cm which has close similarity (corresponds) to 1, 5, 10 g of HDS. The inlet trace metal 
concentration and hydrogen ion activity of the solution were made constant (concentration at 1 mg -1 and pH 
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at 5.02, respectively). The filtrates were collected at an interval of half an hour (30 min) and analysis of trace 
metals was done using ICP-OES. 

Effect of flow rate 

The inlet solution was pumped in a downward flow direction at flow rates of 3, 5, and 7 m -1 separately 
through the adsorption columns. The bed height and hydrogen ion activity were fixed (maintained) at 10 g and 
pH 5.02, respectively. The filtrates were collected after every 30 min (time interval) and trace metal analysis 
was done using ICP-OES.  

3.6.2.3 Column desorption studies 

To conduct the desorption studies, the HDS was washed by pumping 1 -
-1 and after flushing some trace metals remaining on the outer sphere 

on HDS surface, the column was dried in a vacuum to remove water from the HDS surface. Desorption with 
-1 -1 H2SO4 -1 HCl and deionised water was conducted. After desorption 

studies were done, the HDS was rinsed once more to remove excess acid. The desorption efficiency was 
determined (equation 3.29). 

% =  100          (3.29) 

where: Cdes and Cads are the concentrations of trace metals desorbed and adsorbed onto HDS sorbent  
(mg -1), respectively. 

3.6.2.4 Sorption isotherms 

In the continuous fixed-bed column, the breakthrough time and the shape of the breakthrough curve are key 
parameters in determining the operational performance of the column. The breakthrough curve is achieved by 
plotting the ratio of Cin to Cef against t. Several models (Thomas, Yoon-Nelson, Adam-Bohart, Bed Depth 
Service Time models, etc.) were developed for use in the design of continuous fixed-bed adsorption columns. 
These models were applied in this study to identify the best model for predicting the behaviour of adsorption 
data (prediction of dynamic behaviour) from experimental data. 

Thomas model  

The Thomas model was applied to describe the breakthrough curve of a continuous fixed-bed column and the 
influence of adsorption parameters in a column. This model was represented through the second-order law of 
kinetic reaction (with no axial dispersion) when the bed height was at a minimum and the breakthrough curve 
formed immediately after flow stated. The Thomas model in a linearized form is expressed in equation 3.30 
(Lee et al., 2015). 

ln 1 =           (3.30) 

In the Thomas model, Co – is the inlet potentially toxic trace metals concentration, Ct – represent the outlet 
potentially toxic trace metals concentration, m – a mass of adsorbent in the fixed bed column (g), kTh – 

-1 mg), qo – is the maximum solid phase concentration 
(mg g-1) and t – is the total flow rate (time, min). The kTh and qo values can be determined from the linear plot 
of ln [(Co/Ct) – 1] versus t. 
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Adam-Bohart model 

The Adam-Bohart model is applied in the delineation of the continuous fixed-bed column (breakthrough curve) 
for the initial state of the column system. This model states that reaction does not automatically be model (it is 
based on the theory of the surface chemistry or reaction). When making assumptions that adsorption 
equilibrium occurs instantly, the relationship between Ct/Co and t (in the breakthrough curve) best describes a 
continuous flow adsorption mechanism. The Adam-Bohart model was presented in equation 3.31 
(Lakshmipathy and Sarada, 2016). 

ln =            (3.31) 

The kAB – represents the Adam-Bohart kinetic constant (L/mg min), No – saturation concentration (mg -1), Z – 
the bed height of column (cm), Uo – linear velocity (cm min-1) determined from the calculation of flow rate over 
the fixed bed section area (the area between the breakthrough and exhaustion point). The kAB and No can be 
determined from the plot of ln (Ct/Co) vs t. 

Yoon-Nelson model 

The Yoon-Nelson model was established based on the theory of adsorption and the breakthrough of analyte 
(adsorbate) probability. The rate of decrease in probability for each analyte molecule is proportional to the 
probability of analyte adsorption (also proportional to the probability of the analyte breakthrough on the 
adsorbent). This model is simple (involves less fixed-bed column parameters and this also include the data). 
The Yoon-Nelson model is mostly applicable in the single component system and linearized model equation 
described in equation 3.32 (Lim and Aris, 2014). 

 
=            (3.32) 

kYN – represent the rate constant (min-1) and  – 
The kYN and  can be determined from the linear plot of ln[Ct/(Co – Ct)] versus t. 

Bed depth service time model  

The bed depth service time (BDST) model is applicable when investigating the relationship between the bed 
depth (Z) and the breakthrough time (tbr) for effluent concentration provided. The BDST model is used in the 
evaluation of the capacity of the bed column at various breakthrough values percentage. It assumes that the 
rate of adsorption is proportional to both the residual capacity of adsorbent and the concentration of adsorbate. 
The BDST model was formed by Hudchins from partial or minor changes made from the Adam-Bohart model 
and this derivation made some assumptions that forces like intra-particle diffusion and external mass transfer 
are not important, considering that the trace metals are directly adsorbed on the adsorbent surface. BDST is 
simple and utilised to predict the effect of the different influent concentrations, bed depth, and flow rates in the 
performance of the fixed-bed column. It also assumes that the service time, breakthrough concentration, and 
the bed height are correlated with the adsorption process parameters including adsorption capacity and the 
adsorption rate constant (it is important in the determination of the adsorption process for the flow rates and 
the adsorbate concentrations). The BDST was calculated using equation 3.33 (Rangabhashiyam et al., 2016). 

=   ln 1          (3.33) 

where: t is the BDST model which assumes service time, C is the breakthrough concentration of trace metal 
(mg -1), No is the adsorption capacity of the bed column (mg -1), v is the linear velocity (cm min-1), and Ka is 
the rate constant (L/mg min). 
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3.7 INTERACTION OF SLUDGE AND PHOSPHATE CONTAINING WATER

Untreated sewage, agricultural and industrial wastewater contains an elevated concentration of phosphates. 
Such water is discharged into receiving water bodies, resulting in eutrophication which adversely affects 
aquatic life. Hydrous ferric oxide (Hfo, re
capacity and affinity for phosphate ions. The purpose of this study was to use the PHREEQC geochemical 
modeling code for experimental design in building a platform to understand adsorption of phosphates onto 
HDS which is enriched in Hfo. The approach involved using surface complexation models based on the 
Dzombak and Morel assumption of two surface sites (strong and weak sites) having densities of 0.005 and 0.2 
mol Fe-1, respectively. The Donnan diffuse layer in both strong (Hfo_sOH) and weak (Hfo_wOH) sites 
described phosphate adsorption onto pure Hfo. The Hfo_wOH sites gave the best adsorption fit to the Hfo for 
phosphate species (H2PO4-), where they occupied 0.0018 mol (mol Fe)-1. This was based on an Hfo surface 
area of 600 m2/g and a mass of 0.5 g. When the surface area and mass were reduced (to 200 m2/g and 0.1 g, 
respectively) for H2PO4-, the site moles were also reduced to 0.0011 mol (mol Fe)-1. The Hfo_wOH showed 
the best fit for the Hfo adsorption of H2PO4- species giving a site density of 0.00055 mol (mol Fe)-1 for a surface 
area of 600 m2/g and an Hfo mass of 0.1 g. This site density for H2PO4- was reduced to 0.00028 mol (mol Fe)-

1 for a surface area of 200 m2/g and Hfo mass of 0.5 g. Adsorption of phosphates onto Hfo is important in 
monitoring of phosphates in water and for understanding saturation capacities that are important in determining 
potential of adsorption for the Hfo. This is important in assessing the potential of repurposing HDS for removal
of phosphate from contaminated water.

3.7.1 Computational simulation studies for batch mode

Interaction of cations and anions (mainly phosphates) was studied using simulation with the PHREEQC 
geochemical modelling code (sample input script in Figure 3.16).

Figure 3.16. PHREEQC input script format for phosphates adsorption onto Hfo

To predict elemental speciation, the code creates a first run of “SOLUTION 1” to achieve the speciation 
calculation (in this case, phosphate species were considered). For the experimental design, the number of 
moles of both weak and strong surface sites, surface area, a mass of adsorbent, hydrogen ion activity, and 
temperature could be established. Experimental conditions used in batch studies were like those in the 
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simulation input script. Thermodynamic parameters were obtained from the Wateq4f.dat database as it 
contains phosphorous (P-PO43-) and other analytes of interest. The chemical composition of the initial 
wastewater and the generalised surface complexation simulation of the interaction with Hfo is shown in Figure 
3.17. Different pH values, varying masses of Hfo, and different Hfo surface areas (strong and weak sites) were 
considered to assess the optimal conditions of adsorption of P-PO43- (Figures 3.17-3.20). The simulations were 
conducted for: Hfo surface areas of 600, 200 and 60 m2/g; Hfo_sOH concentrations of 4.46 x 10-6, 8.93 x 10-

7, 4.46 x 10-7 and 8.93 x 10-8 moles; and Hfo_wOH concentrations of 1.79 x 10-4, 3.57 x 10-5, 1.79 x 10-5, 3.57 
x 10-6.

The sewage water used was collected in the Klip River, Soweto (Johannesburg). It was filtered using 0.45 μm 
cellulose nitrate filter paper and analysed for phosphate using ion chromatography (IC) (Metrohm, 

-1 phosphate among other anions such as NO3-, 
Cl- and SO42-. Serial dilution with deionised water was conducted to obtain concentrations of 10, 50 and 100 

-1 -1 HNO3 -1 NaOH 
solutions. The pH of the solutions was measured using a pH probe (Hanna Instruments, Johannesburg). All 
glassware used was cleaned with dilute HNO3 3), rinsed with deionised water, and dried in the oven 
(at 100ºC) before use. HDS was used as an adsorbent in column experiments and all experimental studies 
were conducted at room temperature (25ºC).

Figure 3.17. Input PHREEQC script for the effect of pH on phosphates adsorption onto Hfo



Repurposing of sludge generated from the treatment of acid mine drainage
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯

______________________________________________________________________________________
36

Figure 3.18. Input PHREEQC script for the effect of mass on phosphates adsorption onto Hfo

Figure 3.19. Input PHREEQC script for the effect of concentration on phosphates adsorption onto Hfo
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Figure 3.20. Input PHREEQC script for the effect of temperature on phosphates adsorption onto Hfo

3.7.2 Experimental batch studies 

Batch adsorption studies were carried out under different conditions to evaluate the effects of pH (4.03, 5.02,
and 6.03), adsorbent dosage (10, 20, 50, 100, and 500 mg), initial P-PO43- concentration (2, 10, 100, 300 and 
500 mg -1), and contact time (1-1080 min) on the adsorption of P-PO43- ions onto HDS. To evaluate the effect 
of the presence of coexisting ions (effects of competing ions) in HDS, batch experiments with sulphates, 
chlorides, nitrates, and phosphates were performed at optimal conditions. Solution pH was adjusted using 0.1 
mol -1 HNO3 -1

Centrifuge tubes were shaken using an elliptical benchtop shaker (Labcon, South Africa) at a constant rate of 
150 rpm, allowing for sufficient time for adsorption capacity to reach equilibrium. The filtrates were analysed 
using IC for anions (SO42-, NO3-, Cl-, PO43-, etc.) and ICP-OES for cations (Na+, Mg2+, K+, Ca2+, etc.). 

Adsorption capacity (qe equations:

  

( )            (3.34) 

% =  
( )

100          (3.35) 

where: Co is initial the concentration of P-PO43- (mg -1); Ce is the concentration of P-PO43- at equilibrium 
(mg -1); m is the mass of HDS (g); V is the volume of the solution (m ).

3.7.3 Experimental desorption studies of phosphates from HDS

-1 of P-PO43- solution. This 

residue in an oven (100ºC) for -1 -1

NaHCO3 solutions (Chitrakar et al., 2006) followed by analysis of the filtrates with IC for P-PO43- ions. Removal 
efficiency of P-PO43- was calculated using the following equation:
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% = 100 (3.36)

where: Cdes and Cads are the concentrations of P-PO43- ions desorbed and adsorbed onto HDS sorbent 
(mg -1), respectively.

Data from adsorption studies were modelled using the Langmuir, Freundlich, Dubinin-Radushkevich and 
Temkin isotherms (refer to 3.3.4). The Kinetic models to evaluate the time-dependence of adsorption was 
studied, and the data were fitted using the pseudo first-order, pseudo second-order, Elovich, intraparticle 
diffusion and film diffusion model. The goodness of fit of the models was determined using the correlation 
coefficient (R2 value) (Refer to 3.3.5). Thermodynamic parameters including Gibbs free energy ( Go), enthalpy 
( Ho), and entropy ( So) were considered to evaluate the effects of temperature during adsorption. The 
equations below indicate a change in Gibbs free energy (Refer to 3.3.6)

3.7.4 Reactive transport model construction for column studies

The PHREEQC geochemical modelling code (Parkhurst and Appelo, 2013) was used for reactive transport 
simulation (input script is presented in Figure 3.21) based on the Wateq4f database. The models produced 
parameters that were later used to design actual column experimental studies.

Figure 3.21. PHREEQC input script for reactive transport model

The script can be explained as follows: 

a) The solution to be contacted with the Hfo surface is defined as “Solution 0”. In this case, it is sewage 
wastewater. 

b) The solution labelled “Solution 1-50” is the initial solution in the column. As indicated previously, the “column” 
in this case is arbitrary as it is only for computational simulations. The range of numbers “1-50” are cells, from 
the first cell to the 50th cell. All cells have the same solution initially and the solution is in contact with Hfo in 
each cell. 
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c) The Hfo is defined as both an “exchange” as well as a “surface”. An exchange (represented as “X”) defines 
the clayey nature of the Hfo and accounts for ordinary anionic exchange reactions while a surface accounts 
for the unidirectional surface complexation reactions (on strong (Hfo_s) and weak (Hfo_w) adsorption sites). 
As pointed out earlier, the exchange and surface cover all the 50 cells with Solution 1-50 being the pore water 
in them.  

d) The next block has important instructions to effect a reactive transport simulation. The “Use Solution none” 
instructs the code to ignore any reactions that will mix the initial solution “Solution 1-50” in the cells with the 
new incoming solution “Solution 0”. This sounds a bit simplistic, but that mix, if allowed to occur, could 
complicate the simulation and result in clumsy results. To avoid that, the new solution is allowed to push the 
existing one out and new reactions between the surface and the new solution established.  
The instruction “Transport 1-50” introduces the new solution into the 1st cell of the column and flushes it 
through the 50 cells. This is repeated 50 times as indicated by the number of “shifts”. A shift can be thought of 
as a complete pore volume or total fluid volume to saturate a cell each time. 

e) The length of each cell is only arbitrary here. In the actual column experiments, it is determined by the flow 
rate and bed height of the adsorbent.  

f) Other factors such as dispersivity of the fluid in the cells have been ignored, making this a 1 dimensional  
(1-D) reactive transport model. These factors are important in other models such as 2-D and 3-D models.  

g) The rest are just output options that the user defines. For instance, if the interest is in knowing the extent of 
adsorption in any cell after any number of shifts or knowing the resulting solution in any of those cells after the 
adsorption reactions have occurred, the output options can be manipulated to reflect this information.  

The reactive transport models were used for the optimisation of parameters that were used in the actual column 
of experimental studies. 

3.7.5 Column adsorption studies 

Column adsorption studies were conducted in triplicate to determine the effect of HDS dosage on the 
adsorption of P-PO43-

min-1 of sewage wastewater at room temperature. The effects of initial P-PO43- concentration, bed height, and 
flow rates were studied. Filtrates were analysed using ion chromatography for anions (PO43-, NO3-, etc.) and 
ICP-OES for cations (Ca2+, Mg2+, K+, Na+, etc.) The point of zero charge (pHPZC) of HDS was determined 

3) of known concentration was 
transferred into a series of volumetric flasks. The initial pH of the solution was adjusted from pH 6.88 to 4.03 

-1 -1 NaOH. The volume of the total solution was made up to 30 
3 solution of the same ionic strength. The initial pH of each 

solution was taken into consideration and 0.5 g of HDS was added to each volumetric flask. The heterogeneous 
mixtures containing solid particles were shaken and allowed to equilibrate with stopping or ceasing for a time 
(through manual shaking). The pH regimes of the clear liquid that lies above the solid residue after settling 

3.37. 

Hi – pHf)          (3.37) 

The change between initial and final pH was plotted against the pH and the point of the intersection of the 
resulting curve was used to determine pHPZC (i.e.  

The continuous fixed-bed adsorption experiment was conducted in a glass column with an internal diameter 
of 2 cm and a height of 15 cm. A filter was placed at the end of the column to keep the HDS inside. HDS was 
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packed into the adsorption column to obtain the required bed height. The phosphate solutions were pumped 
upward through the column using the peristaltic pump. All experiments were performed at room temperature, 
with filtrates collected at 30 min intervals followed by analysis. The breakthrough point was considered as the 
time at which collected filtrat -PO43- concentration and the exhaustion of the 

-PO43- concentration. The adsorption 
capacity of P-PO43- was computed from equation 3.38. 

 
             (3.38) 

where: Qfr  -1), tbr is the breakthrough time, Cin  is the influent concentration (mg 
-1) and m is the mass (g) of HDS. The removal efficiency of P-PO43- was computed from equation 3.39. 

% =  100          (3.39) 

where: Cin and Cef are influent and effluent concentrations of P-PO43-, respectively. The critical bed height is 
described as the height of mass transfer zone (Zm) and is related to bed height (Z), breakthrough time (tbr), 
and exhaustion time (tex) based on equation 3.40. 

=  1           (3.40) 

The volume of the outlet (effluent), Vef  was calculated using the given in equation 3.41. 

=             (3.41) 

where: Qfr  min-1 and tex is exhaustion time (min). 

Effect of inlet phosphate concentration 

Solutions of P-PO43- at concentrations of 10, 50, 100 -1 were fed into the column in an upward flow direction 
at a constant flow rate of 1 m  min-1 (the pH of the solution was fixed at 4.03). Filtrates were collected at 30 
min and analysed with using ion chromatography. 

Effect of bed height 

Bed heights of 1, 3, 6 cm which closely corresponded to 1, 4, 8 g of HDS, respectively were used. As predicted 
from computational simulations, a P-PO43- of concentration of 10 mg -1 at a pH of 4.03 was fed into the column 
in an upward flow direction. Filtrates were collected at 30 min intervals followed by analysis using ion 
chromatography.  

Effect of flow rate 

Previous conditions (concentration of 10 mg -1, pH of 4.03 and bed height of 6 cm) were maintained with flow 
rates of 1, 3, and 5 m -1 being used followed by analysis of filtrates.  

3.7.6 Column desorption 

-1 to remove any 
-1 NaOH 0.1 NaHCO  as 

desorbing agents. Rinsing with deionised was then done to remove any excess desorbed phosphate remaining 
in the pore spaces. Desorption efficiency was determined using equation 3.42. 
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% =  100          (3.42) 

Where: Cdes and Cads are the concentrations of P-PO43- desorbed and adsorbed onto HDS sorbent (mg -1), 
respectively. 
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CHAPTER 4: COMPUTATIONAL SIMULATIONS 
_____________________________________________________________________________________ 
 
This chapter presents findings of computational simulations of the study according to the methodology 
discussed above. It covers simulations for: formation of ochres; interaction of hydrous ferric oxide with AMD; 
and interaction of Hfo with phosphate. Simulations of interactions of Hfo have been conducted for batch (or 
single cell reactions) as well as for column (or reactive transport). 

4.1 COMPUTATIONAL PREDICTION OF PRECIPITATES 

 
The results from simulations of selective formation of precipitates of the previously mentioned parameters are 
discussed below. They include individual neutralising agents; their combinations/mixtures; varying 
temperature; equilibration with gases; and varying concentrations (or dosage amounts) of the neutralising 
agents. 

4.1.1 Individual neutralising agents 

Different neutralising agents gave different pH values and varying amounts of iron minerals that precipitated 
(Table 4.1). The magnesium-based neutralising agents provided satisfactory results in terms of treatment of 
AMD, pH and the iron precipitates produced. In particular MgCO3, MgO and Mg(OH)2 proved to be the best 
neutralising agents as they raised the pH to above 9 which is in agreement with what the industries are 
currently allowing for waste disposal after treatment (Masindi et al., 2017). The advantage of using the MgCO3 
is that gypsum (CaSO4.2H2O) does not precipitate with the iron minerals, allowing its easy separation. This is 
a challenge with the current HDS process (using CaCO3) in treatment plants where co-precipitation with iron 
minerals is unavoidable, resulting in a heterogeneous and complex sludge as indicated previously. CaCO3 and 
Na2O also produced acceptable treated AMD and iron precipitates at pH>9.  

Using Ca(OH)2, NaOH, CaO, CaHCO3 and Na2CO3 as individual neutralising agents yielded acceptable pH 
and iron minerals, but poor overall water treatment results (e.g. ineffective removal of toxic elements and 
sulphates). Other neutralising agents such as NH3, NH4OH, and NaHCO3 gave poor results with respect to the 
precipitated minerals and the treated water. The maximum pH after the addition of these agents was less than 
7, resulting in ineffectively treated AMD. The iron precipitates were very few and had low SI, implying that they 
may not be precipitating effectively. Therefore, these neutralising agents were not used for subsequent 
simulations for the AMD treatment.  

At lower concentrations (0.2-1.0 moles) of the neutralising agents, goethite (FeOOH), hematite (Fe2O3) and 
siderite (FeCO3) could be separated at acidic pH (5-6.9) for all the neutralising agents that were used. Hematite 
was observed to be a derivative of goethite as in the treated water a small amount of hematite was observed. 
Essentially, a loss of water by goethite will result in the formation of hematite. At higher concentrations  
(1.2-2.0 moles), the following iron precipitates were observed: Fe(OH)3, FeS, goethite (FeOOH), hematite 
(Fe2O3), mackinawite (FeS), pyrite (FeS2), siderite (FeCO3) at varying pH for the effective neutralising agents 
as shown in Table 4.1. The neutralising agents were chosen based on the acceptable pH reached and the 
better quality of the water treated.  

Table 4.1. Neutralising agents for AMD treatment 

Neutralising 
agent 

 MgCO3 MgO Mg(OH)2 Na2O CaCO3 NaOH 

pH  9.44 12.15  11.34  12.77 9.43 9.65 
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4.1.2 Combined neutralising agents 

The main aim of combining the neutralising agents was to check the changes in pH, treated water composition 
and iron precipitates produced. This was done by combining the individual neutralising agents that were 
considered effective for AMD treatment and those that were deemed to be poor as individual neutralising 
agents. It should be noted here that the reasoning was premised on that a mixture of good and bad neutralising 
agents would produce acceptable effects. The pH range that was of interest was from 7-9 which is an 
acceptable pH range for discharging waste to the streams. At this pH range, the concentration of trace metals 
in the water is low, reducing their environmental threat. The iron minerals that precipitated were observed to 
be more compared to those produced by the individual neutralising agents.   

The combinations that yielded good precipitates, pH and treated water were: MgCO3+NH3, MgO+NaOH, and 
Mg(OH)2+NH4OH. The minerals Fe(OH)3, FeS, goethite (FeOOH), hematite (Fe2O3), mackinawite (FeS), pyrite 
(FeS2) and siderite (FeCO3) were the iron minerals that precipitated at higher concentrations of the 
combinations. Table 4.2 shows that the combined neutralising agents used still yielded a pH that is desirable 
(7-9). The benefit of using MgCO3, MgO, Mg(OH)2, CaCO3 and Na2O as neutralising agents is that the obtained 
minerals are not precipitated simultaneously with gypsum (Bologo et al., 2009). 

In other instances, depending on the individual and combined neutralising agents used, the iron minerals 
precipitated were observed to decrease. For instance, the combination of CaCO3 and Na2CO3 decreased the 

3 individually. The Mg(OH)2/NH4OH combination decreased the 
2 individually. Likewise, the MgCO3/NH4 combination decreased 

3 individually. The MgO had similar observations as 
MgCO3. When the Na2O/NH3 
to Na2O individually. The improvement when the neutralising agents were combined in the iron mineral 
precipitates yielded good pH and better water quality. 

 

Table 4.2. Effect of the combined neutralizing agents on pH of the treated AMD 

Combined Neutralizing Agents pH 

Na2O + NH3 9.17 

CaO + CaHCO3 9.47 

MgO + NaOH 9.84 

Mg(OH)2 + NH4OH 9.19 

MgCO3 + NH3 8.04 

MgCO3 + NaOH 7.23 

NH3 + NH4OH 6.50 

 

4.1.3 Equilibrating with CO2 

To assess the effect of carbon dioxide (CO2) in the AMD, the degassing of CO2 was conducted with individual 
and combined neutralising agents (Table 4.3). The highest pH reached was 9. Most individual neutralising 
agents gave satisfactory results when CO2 was introduced. Gypsum was observed to precipitate before the 
introduction of CO2, meaning that it would be possible to separate gypsum from other minerals by controlling 
equilibration with CO2. The treated water quality showed greater improvement and more iron precipitates were 
produced. The most common iron precipitate is siderite which varies with the type of neutralising agent used. 
Comparing individual MgCO3 which had a molality of 0.1091 and the combined MgCO3/NaOH which had a 

3 
is a good neutralising agent when equilibrated with CO2 as both individual and combined neutralising agent. 
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Table 4.3. Final pH-values in AMD for individual neutralizing agents equilibrated with CO2 

Neutralizing agent MgCO3 MgO Mg(OH)2 Na2O CaCO3 NaOH 

pH 9.58 9.58 9.58 9.76 9.51 9.64 

 

4.1.4 Equilibrating with O2 

The AMD was then equilibrated with atmospheric oxygen, where the highest pH of 8 was reached with most 
neutralisation agents as shown in Table 4.4. The iron precipitates and the resulting treated were not 
satisfactory for these neutralising agents even though Jarosite-K (KFe3(SO4)2(OH)6) was observed to 
precipitate. Jarosite-K was predicted to precipitate for both the individual and the combined neutralising agents 
when the system was equilibrated with oxygen. A less complex sludge would likely be obtained as the 
predictions showed that fewer precipitates would be produced. 

Table 4.4. Final pH-values in AMD for individual neutralizing agents equilibrated with O2 

Neutralizing agent MgCO3 MgO Mg(OH)2 Na2O CaCO3 NaOH 

pH 8.73 8.80 8.71 8.37 8.73 8.43 

4.1.5 Fixed pH  

The pH was fixed to assess changes in formation of iron precipitates and the treated water (Table 4.5). At 
acidic conditions, nitric acid was used to fix the pH at 3.0 and what was observed is that few iron minerals 
precipitated, which included Fe2O3, Fe(OH)3 and FeOOH which were common in the treated water of most of 
the neutralising agents. The composition of the treated water did not change much, and this was expected 
since the pH was acidic. However, the precipitation of these minerals means that if the interest is in precipitating 
them, the pH must be fixed at 3.0 with nitric acid. Whereas for alkalinity, the neutralising agents were used to 
fix the pH at 9.5 which was observed to be the maximum pH where the treated water was satisfactory (quality 
of water produced met the discharge limit) and the iron mineral precipitates were significant (judging from the 
molal yields predicted). The fixing of pH at 9.5 proved to work better than fixing the pH at values higher than 
10. This, of course, depends on the mineral of interest for a study. Although most iron minerals precipitated at 

3, MgO and Na2O improved water treatment. This then led to the conclusion that these 
neutralising agents can be used in the treatment of AMD.  

4.1.6 Varying temperature  

The temperature was varied from 25-100°C to assess the effect of heating the water before treatment. A 
temperature of 33°C, with other factors, held constant, was found to yield satisfactory (good recovery 
efficiency). This was ideal as this temperature is quite ambient and easily attainable.  

4.1.7 Varying concentration (or dosage) of neutralising agent 

Varying the dosage amounts of neutralising agents resulted in non-convergence of the simulation iterations as 
the highest pH reached was 14 at higher moles (10 moles). Calcite was observed to precipitate gypsum at 
higher amounts and pH. At higher concentrations, there were fewer precipitates predicted and the treated 
water quality was poor as most metals dissolved in the solution.  

To be certain that the model works, a different AMD was used with the same neutralising agents at a different 
temperature. It was observed that the identified effective neutralising agents worked best (Table 4.5). The 
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precipitated iron minerals were as follows: Fe(OH)3, FeS, goethite (FeOOH), hematite (Fe2O3), mackinawite 
(FeS), pyrite (FeS2), siderite (FeCO3) which were common in all the identified effective neutralising agents.  

 

Table 4.5. pH values produced by the effective individual neutralizing agents 

Neutralizing agent MgCO3  MgO Mg(OH)2 Na2O CaCO3  NaOH 

pH 9.02 9.51 12.21 9.57 8.89 9.05 

4.1.8 Indicative cost analysis 

An indicative cost analysis was performed for effective neutralising agents. According to Sigma-Aldrich/Merck 
(for the month of December 2018), the following prices were obtained (per 500 g): MgCO3 – R 3160, Mg(OH)2 

– R583.54, CaCO3 – R1447.64, MgO – R713.97 and Na2O – R1078. The actual experiments would determine 
how much exactly the respective neutralising agents are required for instance to treat 1  of AMD. These 
neutralising agents were identified to result in the precipitation of the following iron precipitates: Fe(OH)3 has 
a white to greenish colour; FeS has a brown colour; goethite (FeOOH) has a yellowish colour; hematite (Fe2O3) 
has a brown to reddish colour; mackinawite (FeS) has a bronze to white grey colour; pyrite (FeS2) has a pale 
yellow colour, and siderite (FeCO3) has light brown to yellow colour. A few grams (25 g) of an artist’s paint 
pigment can cost anywhere above R1500. Thus, precipitation of such ochres may provide an economically 
promising way of producing them. 

4.2 BATCH SIMULATION STUDIES FOR HFO INTERACTION WITH MINE WATER 

4.2.1 Effect of pH 

The pH of the AMD solution is a very important parameter in the sorption process. Its effect on the adsorption 
of trace metals into Hfo was studied at pH ranging from 2.5-10.5. The maximum adsorption capacity of Hfo 
was found to occur at pH 5.5. It should be noted here that the example presented in Figure 4.1 only shows the 
simulation at pH 5.02. When pH increased and adsorption capacity reached, a decrease in the recovery 
efficiency percentage was observed. A decrease in the surface area implied a few adsorption sites and a 
general decrease in adsorption capacity (Figure 4.1). The percentage efficiency must be read in the context 
of the two active sites, namely the weak and strong sites that have a higher and lower concentration per mole 
of Hfo, respectively. 

 

Figure 4.1. Effect of pH on removal efficiency 
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4.2.2 Effect of Hfo dosage  

The effect of adsorbent dosage on the adsorption of the trace metals onto Hfo was studied. The concentration 

adsorption following an increase in dosage. This could be attributed to an increase in active sites (Figure 4.2). 
The surface chemistry of Hfo on the adsorption of trace metals is through surface complexation and the 
reactions below indicate how surface complexation occurs on the Hfo surface: 

SOH + Pb2+   SOHPb+         (4.1) 

SOH + Cu2+   SOHCu+         (4.2) 

SOH + Zn2+   SOHZn+         (4.3) 

SOH + Ni2+   SOHNi+          (4.4) 

SOH + Co2+   SOHCo+         (4.5) 

 

Figure 4.2. Effect of HDS mass on removal efficiency 

4.2.3 Effect of concentration 

The effect of concentration of the metals on their adsorption onto Hfo was investigated. Varying concentrations 
-1) were contacted with Hfo surfaces (both strong and weak sites). The 

results showed an increase in the -1 were chosen 
and shown in the figure. The metal ions (Pb, Cu, Zn, Ni and Co) concentrations were reduced by 55-

-1), 15- -1), and 5- -1) after adsorption (Figure 4.3). 
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Figure 4.3. Effect of concentration on removal efficiency 

4.2.4 Conclusion 

Simulations of the adsorption of trace metals (Pb, Cu, Zn, Ni and Co) in mine water onto Hfo showed, by 
extension, the potential of HDS for removal of these elements. Varying of different factors showed the 
dependence of adsorption capacity on them. As expected, a high surface area and dosage of Hfo resulted in 
increased adsorption. A pH of 5.5 was found to give optimum adsorption for the metals. The adsorption 
capacities followed the order: Pb>Cu>Zn>Ni>Co for both strong sites (Hfo_sOH) and weak sites (Hfo_wOH). 
Owing to the complexity of HDS, it cannot be concluded at this stage how accurate it is to use Hfo as a 
surrogate adsorption surface. Further studies involving actual adsorption of HDS were done and that led to the 
determination of parameters that were used in a generalised surface complexation model. This way, it was 
possible to conduct different simulations of adsorption onto HDS. PHREEQC coupled with Parameter 
Estimation (PEST) was used to estimate generalised surface complexation (adsorption constants) and the site 
density parameters in HDS from experimental data.  

4.3 COLUMN SIMULATION STUDIES FOR HFO INTERACTION WITH MINE WATER   

Reactive transport models for continuous adsorption of Pb, Cu, Zn, Ni, and Co in a fixed-bed column were 
established using the Hfo surface (e.g. FeOOH) and only selected results are presented here. The 
breakthrough curves were predicted for the design of fixed-bed adsorption experimental studies. A 
breakthrough curve is influenced by the transport of analytes in the column, as well as the adsorbent, reflecting 
the uptake behaviour of elements being recovered. To examine the fixed-bed column parameters (initial 
element concentration, bed height, pH of adsorbate, flow rate, and particle size) and its interdependence on 
the column performance, adsorption transport simulations (for column studies) was applied for the 
experimental setup. Transport models were developed to evaluate the effect of process variables on the 
efficiency of the adsorption process in the fixed-bed column and the flow rate (in actual experimental work) 
was evaluated by keeping relevant parameters constant throughout. 

4.3.1 Effects of initial concentration of elements  

-1 (Figure 4.4). Breakthrough curves for different initial 
-1) at a constant flow rate (3 m  min-1) and a bed height of 8 cm 

(10 g of Hfo) were predicted in these simulation studies. Adsorption of divalent ions (Pb, Cu, Zn, Ni, and Co) 
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onto Hfo was performed at a similar pH of 5.02 in the column simulation studies, and this includes other 
optimised parameters. For the adsorption of divalent ions onto Hfo, increasing initial concentration from 1 to 5 

-1 has given less removal efficiency of analytes from the initial solution and at lower concentrations removal 
efficiency was much better (as observed in the improvement of water quality). 

Figure 4.4. Effects of initial concentration of elements (pH = 5.02, bed height = 8 cm (10 g of Hfo), concentration 
-1 -1)

4.3.2 Effect of bed height

The effect of bed height (3, 6 and 8 cm) was studied (Figure 4.5). Only the 8cm bed height (i.e. 10 g of Hfo) 
results are -1 were used 

-1 -1 presented. An increase in the bed height from 5 to 
8 cm resulted in a slight increase in breakthrough values (presented by the number of shifts and cells), increase 
for divalent ions adsorption by Hfo, whereas the exhaust point (time to reach this point) was increased when 
analytes contacted with Hfo surface area. Breakthrough time increased while the exhaust point was nearly 
unchanged for the adsorption of Pb, Cu, and Zn by Hfo when the bed height was changed from 5 to 8 cm. 



Repurposing of sludge generated from the treatment of acid mine drainage
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯

______________________________________________________________________________________
49

Figure 4.5 -1

min-1).

4.3.3 Effects of flow rate 

-1) was investigated and only the 
-1) are presented (Figure 4.6). The simulations for flow rate estimation 

were interpreted by looking at breakthrough curves. The initial solution pH of 5.02 with a bed height of 8 cm 
-1)

were used for Pb, Cu, Zn, Ni, and Co. The breakthrough curve and exhaust point for these divalent ions 
-1. This result has 

pointed out that in the column (transport model cells), it is more difficult to exhaust at low flow rates (e.g. 1 mg 
-1) due to the higher removal efficiency of elements in the fixed-bed column. The lower removal efficiency at 

high flow rates may be due to low contact time between Hfo and elements. At higher flow rates, adsorption 
efficiency in the fixed-bed column was reduced.
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Figure 4.6 -1 -1, pH = 5.02, bed height = 8 cm)

4.3.4 Conclusion

Fixed-bed column adsorption studies to remove Pb, Cu, Zn, Ni, and Co from contaminated mine water onto 
the Hfo surface (e.g. FeOOH) were conducted using computational simulations. The findings have shown the 
importance of simulations for situations in which experimental studies may be difficult to conduct. Several 
possible scenarios assessing the effects of elemental concentrations, flow rates and bed heights were studied. 
The well-known effect of increased adsorption with longer residence times (or bed heights) and lower flow 
rates and concentration was observed. This yielded delayed breakthroughs, giving valuable insight into how 
columns can be designed within this context. However, it should be noted here that the success of reactive 
transport modelling for Hfo does not necessarily imply that it can be substituted with any iron oxyhydroxide 
surfaces. Further studies will be necessary to determine the amount of Hfo and the existence of other unknown 
surfaces on which adsorption could be more pronounced.
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4.4 BATCH SIMULATION STUDIES FOR HFO INTERACTION WITH PHOSPHATE-
CONTAINING WATER  

4.4.1 Effect of pH  

The pH of the sewage wastewater solution is an important parameter in the adsorption process. The effect of 
pH on the adsorption of P-PO43- into Hfo was studied at pH ranging from 2.00-7.02 (Figure 4.7). The maximum 
adsorption capacity of Hfo was found to occur at pH 4.03. The presence of Na+, K+ and Mg2+ cations in sewage 
wastewater may also influence the adsorption of P-PO43- by making the Hfo surface more positive, and thus 
leading to the adsorption of P-PO43- by the formation of Na2HPO4, NaH2PO4, MgHPO4, and KH2PO4 species. 
It was observed that the P-PO43- adsorption pattern in sewage water containing Ca2+ differed significantly from 
that containing Na+, K+, and Mg2+. This is mostly due to the formation of hydroxyapatite ((Ca5(PO4)3(OH)) 
precipitates. The co-precipitation of P-PO43- in the solution started at pH 7.02. The co-precipitates observed in 
saturation indices from pH 7.02 to 13.03 were fluorapatite (Ca5(PO4)3F) and Ca5(PO4)3(OH) (Table 4.6). 
Ca5(PO4)3(OH) can be a good source of P-PO43- for plant growth (slow release of P-PO43- from Ca5(PO4)3(OH)), 
but this would need to be investigated further. When pH increases, a decline in the removal efficiency was 
observed from pH 4.03 to 6.01 (this was due to adsorption reaching equilibrium). A decline in adsorption 
capacity occurred when active adsorption sites decrease in the Hfo surface area. A high removal efficiency of 
P-PO43- was observed at weak sites compared to strong sites in terms of concentration per mole of Hfo. 
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Figure 4.7. Effect of pH on phosphates adsorption onto Hfo 

 
Table 4.6. Saturation indices (SI) of mineral phases at different hydrogen ion activity 

Phase (at pH 2.01-4.03)  SI  log IAP log K (298 K, 1 atm)  
Fluorapatite   -13.1  -30.7  -17.6 Ca5(PO4)3F 
Hydroxylapatite   -20.3  -23.5  -3.22 Ca5(OH)(PO4)3 

Epsomite   -4.91  -7.05  -2.14 MgSO4:7H2O 
Phase (at pH 7.02-13.03) SI  log IAP log K (298 K, 1 atm)  
Fluorapatite   6.16  -11.4  -17.6 Ca5(PO4)3F 
Hydroxyapatite   8.04   4.62  -3.42 Ca5(PO4)3OH 
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4.4.2 Effect of Hfo dosage  

The effect of adsorbent dosage on the adsorption of P-PO43- onto Hfo was studied. The concentration of P-
PO43- n increase in Hfo dosage (Figure 4.8). 
This could be due to sufficient active adsorption sites onto the Hfo surface area. The surface chemistry of Hfo 
on the adsorption of P-PO43- is through surface complexation (the OH- functional group play a role in surface 
complexation) and the reactions below indicate how surface complexation occurs on the Hfo surface: 

SOH + PO43- + 3H+  SO-H2PO4 + H2O        (4.6) 

SOH + PO43- + 2H+  SO-HPO4 + H2O        (4.7) 

SOH + PO43- + H+  SO-PO42- + H2O        (4.8) 
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Figure 4.8. Effect of Hfo dosage on phosphates adsorption 

4.4.3 Effect of initial P-PO43- concentration 

The effect of concentration of P-PO43- on adsorption onto Hfo was simulated. Varying concentrations of P-
PO43- -1) were contacted with Hfo surfaces (both strong and weak sites). The 
results showed an increase in adsorption of P-PO43- with concentration. The concentration of P-PO43- was 

-1 -1 -1 -1

-1) after adsorption (Figure 4.9). 
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Figure 4.9. Effect of initial P-PO43- concentration on phosphates adsorption onto Hfo 

4.4.4 Effect of temperature 

The effect of temperature on P-PO43- adsorption was simulated at various temperatures (Figure 4.10). The 
adsorption capacity of P-PO43- increased as the temperature increased and favoured the diffusion of 
unabsorbed P-PO43- o) values were negative, indicating 
the spontaneity of the adsorption of P-PO43- (Table 4.7). The increased ratio of the equilibrium concentration 
(Kc) values as a function of incr
adsorption of P-PO43- o) value further 
indicates the spontaneity of the adsorption.  
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Figure 4.10. Effect of temperature on on phosphates adsorption onto Hfo 
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Table 4.7. Thermodynamic parameters for P-PO43- adsorption onto Hfo 

Anion  Temperature  Go  Ho  So  K  
  (K)  (kJ mol-1) (kJ mol-1) (J mol-1 K-1) (L g-1) 
P-PO43-  298  -2.85  2.14  10.42  3.18 
  303  -3.64    10.36  3.46 
  313  -4.58    15.09  5.85 
  333  -5.34    16.31  6.58 

4.4.5 Conclusion 

The simulations of the adsorption of P-PO43- in sewage wastewater onto Hfo showed the potential, by 
extension, of HDS for the removal of P-PO43-. As expected, due to the availability of active sites, a high surface 
area and dosage of Hfo resulted in increased adsorption. A pH of 4.03 was found to give optimum adsorption. 
The adsorption process was found to be endothermic and spontaneous. Adsorption of P-PO43- onto Hfo was 
observed to occur in two distinct phases: through surface complexation caused by electrostatic interactions, 
followed by a slower process of adsorption of P-PO43- due to inner-sphere complexation. The presence of 
cations like Na+ and Mg2+ promotes P-PO43- adsorption and the adsorption process is electrostatic. In the 
presence of Ca2+, the formation and precipitation of Ca5(PO4)3(OH) plays an essential role in the removal of 
P-PO43- from the solution at pH 7.02. Electrostatic attraction and surface complexation interactions between 
P-PO43- and Hfo were the key mechanism for P-PO43- removal from sewage wastewater rather than 
intraparticle diffusion (this will be confirmed on the experimental data using HDS in a similar experimental 
setup). The adsorption capacities followed the order: H2PO4 > HPO42- > PO43- for weak sites (Hfo_wOH) and 
none was observed for strong sites (Hfo_sOH). 
 

4.5 COLUMN SIMULATION STUDIES FOR HFO INTERACTION WITH PHOSPHATE 
CONTAINING WATER  

Adsorption of P-PO43- in a fixed-bed column was investigated using the Hfo surface and only selected results 
are presented here. Breakthrough curves were predicted that were important for the design of fixed-bed 
adsorption experimental studies. To examine fixed-bed column parameters (e.g. initial P-PO43- concentration, 
bed height and flow rate) and their interdependence on column performance, adsorption transport simulations 
(for column studies) were applied for the experimental setup. Reactive transport models were helpful in 
assessing the effect of process variables on the efficiency of adsorption of P-PO43- in the fixed-bed column 
and the flow rate (in actual experimental work) was evaluated by keeping relevant parameters constant. 

4.5.1 Effects of initial P-PO43- concentration 

Breakthrough curves for different P-PO43- concentrations -1

min-1) and a bed height of 6 cm (8 g of Hfo) were observed for simulation studies (Figure 4.11). A pH of 4.03 
was used for the simulations. Increasing initial P-PO43- -1 showed a decrease 
in removal efficiency and thus quicker breakthroughs (Figure 4.11).  
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Figure 4.11. Effects of initial P-PO43- concentration (pH = 4.03, bed height = 6 cm (8 g of Hfo), flow rate = 1 
-1). 

4.5.2 Effect of bed height 

-1, 
-1 and 8 g of Hfo (Figure 4.12). An increase in bed height from 3 to 6 cm 

resulted in an increase in breakthrough times (i.e. delayed) because of increased residence time and 
adsorption. 
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Figure 4.12. -1 -1) 

4.5.3 Effects of flow rate  

Adsorption of P-PO43- -1) was investigated (Figure 4.13). Breakthrough 
times decreased with increasing flow rate due to less contact time between phosphate and Hfo. 
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Figure 4.13. -1, pH = 4.03, bed height = 6 cm (8 g of Hfo)). 

4.5.4 Conclusion 

Simulated fixed-bed column adsorption studies to remove P-PO43- from water onto the Hfo surface (e.g. 
FeOOH) were investigated. Based on the simulation results, a low-cost adsorbent highly rich in Fe (e.g. HDS) 
can potentially be used in the removal of P-PO43- from wastewaters. Simulations have helped in establishing 
and optimising parameters for use in designing actual experimental studies, thus giving the advantage of 
reducing time and costs that would be incurred if these were to be established by trial-and-error as is normally 
the case. The Hfo surface has shown good adsorption capacity, but it remains to be seen how closely this 
represents the performance of HDS.  
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CHAPTER 5: BATCH AND COLUMN STUDIES 
_____________________________________________________________________________________ 
 
This chapter presents experimental findings of the study according to the methodology and computational 
simulations discussed above. The chapter consists of: precipitation of ochres, their characterisation and 
potential applications; typical quality of the water following precipitation of ochres; characterisation of HDS and 
its interactions with AMD and phosphates in batch and column studies. Discussions are incorporated alongside 
the findings, supported by relevant literature where appropriate. Brief conclusions have been included at the 
end of each section whose findings are reported. 

5.1 FORMATION OF OCHRES FROM SELECTIVE PRECIPITATION 

In this section, the results related to formation of precipitates experimentally are presented and described. This 
includes the initial formation of the precipitates from the initial AMD solutions whose pH was adjusted with 
NaOH and MgCO3. From those, some filtrates were selected for further treatment with each neutralising agent 
to precipitate more ochres. The characterisation of the ochres is also presented as well as some illustrations 
of the applications of the ochres to paint and artwork. Lastly, the changes in water chemistry are presented, 
that is, the composition of the initial AMD and the composition after treatment with NaOH. 

5.1.1 Using NaOH as a neutralising agent 

The precipitates obtained at the seven pH values of precipitation (pH 3, 4, 5, 6, 7, 8 and 9) ranged from 
yellowish to brown to deep blue and turquoise (Figures 5.1 to 5.16). 

(a)  (b)  

Figure 5.1. (a) Seven beakers stirred for 48 h to allow oxygen circulation in the reactions. The pH values for 
precipitation increase from the extreme left beaker to the extreme right (i.e. pH 3 to 9) (b) Vacuum system 
used to filter the samples. 
 
The precipitates for the individual beakers in Fig. 5.1a are shown below (Figures 5.2-5.8, starting from the 
extreme left beaker to the extreme right beaker). The precipitates were dried at 180oC in the oven for an hour 
followed by pulverising with a mortar and pestle to yield a powder. It should be pointed out here that no 
difference in colouration and mineralogy was observed between these precipitates and those that had been 
air dried over 5 days. Thus, oven drying was chosen as it was a quicker method. 

(a)  (b)  (c)  
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Figure 5.2. Yellow precipitates (pH 3): (a) Filtered (25°C) (b) Dried (180°C for 1 h) (c) Ground with pestle and 
mortar after drying 
 

(a)  (b)  (c)  

Figure 5.3. Yellow-brown precipitates (pH 4): (a) Filtered (25°C) (b) Dried (180°C for 1 h) (c) Ground with pestle 
and mortar after drying 
 

(a)  (b)  (c)  

Figure 5.4. Yellow-brown precipitate (pH 5): (a) Filtered (25°C) (b) Dried (180°C for 1 h) (c) Ground with pestle 
and mortar after drying 
 

(a)  (b)  (c)  

Figure 5.5. Brown precipitate (pH 6): (a) Filtered (25°C) (b) Dried (180°C for 1 h) (c) Ground with pestle and 
mortar after drying 
 

(a)  (b)  (c)  

Figure 5.6. Light brown precipitate (pH 7): (a) Filtered (25°C) (b) Dried (180°C for 1 h) (c) Ground with pestle 
and mortar after drying 
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(a) (b)  (c)  

Figure 5.7. Reddish-brown precipitate (pH 8): (a) Filtered (25°C) (b) Dried (180°C for 1 h) (c) Ground with 
pestle and mortar after drying 
 

(a)  (b)  (c)  

Figure 5.8. Brown precipitate (pH 9): (a) Filtered (25°C) (b) Dried (180°C for 1 h) (c) Ground with pestle and 
mortar after drying 

Grinding with a mortar and pestle produced ochres that can be used for art paintings as will be discussed later. 
The brown to reddish colour was due to hematite (Fe2O3) and the yellowish colour was due to goethite 
(FeOOH) as confirmed by PXRD analysis. Further details are provided in the characterisation section (1.3.2). 
The recovered precipitates ranged from 22 to 28 g per litre of treated AMD solution (Table 5.1). 

Table 5.8. Mass (g -1) of precipitates recovered at different pH values using NaOH 

 
 
 
 
 
 

 

5.1.2 Retreatment of filtrates with NaOH 

After filtering the Fe precipitates above, three selected filtrates (i.e. those from pH of precipitation of 3, 5 and 
7) were retreated (or further neutralised) with NaOH followed by stirring for 48 h at 2 rpm and filtration. They 
produced new precipitates shown in Figures 5.9-5.11, respectively. This was done to assess if further 
precipitates could be recovered following the initial precipitation. Reddish-brown to black iron precipitates were 
obtained, implying that the filtrates had the potential to yield more precipitates. 

 

pH Colour of Precipitate m Precipitate 
3 Yellow 22.22 
4 Yellow-brown 22.00 
5 Yellow-brown 26.16 
6 Brown 27.82 
7 Brown 24.14 
8 Reddish-brown 27.36 
9 Brown 26.46 
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(a)  (b)  (c)  

Figure 5.9. Reddish-brown precipitate (pH 5): (a) Filtered (25°C) (b) Dried (180°C for 1 h) (c) Ground with 
pestle and mortar after drying 

(a)  (b)  (c)  

Figure 5.10. Brown precipitate (pH 7): (a) Filtered (25°C) (b) Dried (180°C for 1 h) (c) Ground with pestle and 
mortar after drying 
 

(a)  (b)  (c)  

Figure 5.11. Black precipitate (pH 9): (a) Filtered precipitates (25°C) (b) Dried (180°C for 1 h) (c) Ground with 
pestle and mortar after drying. 

The yields of the precipitates following retreatment with NaOH at different pH regimes are presented in Table 
5.2. As mentioned before, the filtrate of pH 3 was neutralised to a new pH of 5; the filtrate of pH 5 to pH 7; and 

 

 
Table 5.9 -1) of precipitates recovered at different pH regimes following retreatment of selected initial 
filtrates with NaOH  

 

 

 

5.1.3 Addition of ferrocyanide and precipitation with NaOH 

Bluish, greenish, and brownish Fe precipitates were obtained (Figures 5.12-5.16) following the addition of 
ferrocyanide to the initial AMD solution. Only 4 pH values of precipitation were assessed i.e. pH 3, 5, 7 and 9 
(beakers A, B, C and D in Figure 5.12, respectively). 

pH Colour of Precipitate m Precipitate 
5 Reddish-brown 2.7 
7 Brown 2.2 
9 Black 1.9 
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(a) (b)  

Figure 5.12. (a) Bluish, green, and brown precipitates forming at various pH regimes during neutralisation (b) 
Sample filtration with a vacuum system. 
 

(a)  (b)  (c)  

Figure 5.13. Light blue precipitates (pH 3): (a) Filtered (25°C) (b) Dried (180°C for 1 h) (c) Ground with pestle 
and mortar after drying 
 

(a)  (b)  (c)  

Figure 5.14. Dark blue precipitates (pH 5): (a) Filtered (25°C) (b) Dried (180°C for 1 h) (c) Ground with pestle 
and mortar after drying 
 

(a)  (b)  (c)  

Figure 5.15. Green precipitate (pH 7): (a) Filtered (25°C) (b) Dried (180°C for 1 h) (c) Ground with pestle and 
mortar after drying 
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(a)  (b)  (c)  

Figure 5.16. Brown precipitate (pH 9): (a) Filtered (25°C) (b) Dried (180°C for 1 h) (c) Ground with pestle and 
mortar after drying 

To recap, the precipitates formed were as follows: at pH 3 (light blue precipitate), at pH 5 (dark blue precipitate), 
at pH 7 (green precipitate) and at pH 9 (dark brown precipitate). The yield for the recovered precipitates ranged 
from 1.644 to 3.514 g per litre of the initial synthetic AMD solution as presented in Table 5.3. 

Table 5.10. Mass (g -1) of the recovered precipitates at different pH values (of ferrocyanide containing 
solutions) using NaOH 

pH Colour of Precipitate m Precipitate 

3 Light blue 1.6 

5 Dark blue 2.2 

7 Green 3.0 

9 Dark brown 3.5 

 

The precipitates involving ferrocyanide largely consist of Prussian blue (FeIII[FeIIIFeII(CN)6]3) and have been 
observed in previous studies (Bakatula and Tutu, 2016) in the vicinity of active gold tailings dumps (slimes 
dams) (Figure 5.17). 

 

(a)  (b)  (c)  

Figure 5.17. Prussian blue colouration: (a) in the foreground at an AMD affected stream (b) in a water retain 
dam of a slimes dam (photo courtesy Prof T.S. McCarthy) and (c) in a solution trench of a slimes dam (the 
pipe was discharging ferrocyanide containing water at pH 9 that mixed with AMD in the trench at pH 3, resulting 
in the formation of Prussian blue). 

The Prussian blue precipitates are formed via the following reaction: 

4Fe3+ + 3[Fe(CN)6]4- III[FeIIIFeII(CN)6]3 (5.1) 
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The precipitates obtained experimentally (Figures 5.13-5.15) show that they are quite persistent and tend to 
overshadow the other precipitates e.g. the yellow and brown ones. The distribution of the colourations 
observed in the field (Figure 5.17) substantiates this persistence as the bluish colouration is quite elaborate. 

5.1.4 Using MgCO3 as a neutralising agent 

The precipitates obtained following neutralisation with MgCO3 are shown in Figure 5.18. There are some 
similarities in colours to those obtained when using NaOH (Figures 5.2, 5.5 and 5.8). The similarities of colours 
were due to the same experimental conditions for both alkaline materials. The same salts were dissolved at 
room temperature and had similar fixed neutralisation pH values. Yellowish to brown Fe precipitates were 
obtained. The precipitates obtained are shown in Figures 5.19-5.25. Only precipitates obtained at pH of 
neutralisation 3, 6 and 9 are shown. 

(a)  (b)  

Figure 5.18. (a) Beakers stirred for 48 h to allow oxygen circulation in the reactions (b) Vacuum system used 
to filter the samples. 
 

(a)  (b)  (c)  

Figure 5.19. Yellow precipitates (pH 3): (a) Filtered (25°C) (b) Dried in oven (180°C) (c) Sample grinded with 
pestle and mortar after it was dried 

(a)  (b)  (c)  

Figure 5.20. Yellow-brown precipitates (pH 4): (a) Filtered (25°C) (b) Dried (180°C for 1 h) (c) Ground with 
pestle and mortar after drying 
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(a)  (b)  (c)  

Figure 5.21. Yellow-brown precipitate (pH 5): (a) Filtered (25°C) (b) Dried (180°C for 1 h) (c) Ground with pestle 
and mortar after drying 

(a)  (b)  (c)  

Figure 5.22. Yellow-brown precipitate (pH 6): (a) Filtered (25°C) (b) Dried (180°C for 1 h) (c) Ground with pestle 
and mortar after drying 

(a)  (b)  (c)  

Figure 5.23. Light brown precipitate (pH 7): (a) Filtered (25°C) (b) Dried (180°C for 1 h) (c) Ground with pestle 
and mortar after drying 
 

(a)  (b)  (c)  

Figure 5.24. Reddish-brown precipitate (pH 8): (a) Filtered (25°C) (b) Dried (180°C for 1 h) (c) Ground with 
pestle and mortar after drying 
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(a)  (b)  (c)  

Figure 5.25. Brown precipitate (pH 9): (a) Filtered (25°C) (b) Dried (180°C for 1 h) (c) Ground with pestle and 
mortar after drying 

The yields of the recovered precipitates are presented in Table 5.4. The yields are generally comparable to 
those obtained using NaOH. 

 

Table 5.11. Mass (g -1) of precipitates recovered at different pH values using MgCO3 

pH Colour of Precipitate m precipitate 

3 Yellow 17 

4 Yellow-brown 19 

5 Yellow-brown 27 

6 Yellow-brown 29 

7 Brown 25 

8 Reddish-brown 29 

9 Brown 32 

 

Some of the filtrates from the initial neutralisation experiments were used for further treatment with MgCO3 to 
assess any potential precipitates that could be obtained. The filtrates that were retreated were from beakers 
A, B, and C (i.e. they had an initial neutralisation pH of 3, 4 and 5, respectively). The targeted new pH values 
were 5 (for the filtrate that was at pH 3); 7 for the filtrate at pH 4; and 9 for the filtrate at pH 9. The precipitates 
formed from the retreatment are shown in Figures 5.26-5.28. 

(a)  (b)  (c)  

Figure 5.26. Reddish-brown precipitate (pH 5): (a) Filtered (25°C) (b) Dried (180°C for 1 h) (c) Ground with 
pestle and mortar after drying 
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(a) (b)  (c)  

Figure 5.27. Brown precipitate (pH 7): (a) Filtered (25°C) (b) Dried (180°C for 1 h) (c) Ground with pestle and 
mortar after drying 
 

(a)  (b)  (c)  

Figure 5.28. Brown-black precipitate (pH 9): (a) Filtered precipitates (25°C) (b) Dried (180°C for 1 h) (c) Ground 
with pestle and mortar after drying. 

The yields for precipitates obtained from the retreatment of filtrates with MgCO3 are presented in Table 5.5. 

 

Table 5.12. Mass (g -1) recovered from retreatment of selected filtrates with MgCO3 at different pH values 

pH Colour of Precipitate m Precipitate 

5 Reddish-brown 1.82 

7 Brown 2.04 

9 Black 1.96 

 

5.1.5 Formation of precipitates from AMD 

5.1.5.1 Using NaOH, MgCO3 and CaCO3 as a neutralising agent 

(a)  (b)  (c)  
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(d)  (e)  (f)  

(g)  (h)  (i)  

Figure 5.29. Precipitates using NaOH (pH 3-9): (a) to (i) Dried (180°C for 1 h), ground with pestle and mortar 
after drying. 
 

(a)  (b)  (c)  

(d)  (e)  (f)  

(g)  (h)  (i)  

Figure 5.30. Precipitates using MgCO3 (pH 3-9): (a) to (i) Dried (180°C for 1 h), ground with pestle and mortar 
after drying. 
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(a)  (b)  (c)  

(d)  (e)  (f)  

(g)  (h)  (i)  

Figure 5.31. Precipitates using CaCO3 (pH 3-9): (a) to (i) Dried (180°C for 1 h), ground with pestle and mortar 
after drying. 

5.1.5.2 Using NaOH, MgCO3 and CaCO3 as a neutralising agent 

Similar precipitates were observed using NaOH, MgCO3 and CaCO3 in the pre-treatment of filtrates. The pre-
treatment using CaCO3 was only presented in Figure 4.32.  

(a)  (b)  (c)  

(d)  (e)  (f)  

Figure 5.32. Precipitates using CaCO3 (pH 3-9): (a) to (i) Dried (180°C for 1 h), ground with pestle and mortar 
after drying. 
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5.1.6 Characterisation of Fe precipitates 

The iron precipitates were characterised using PXRD to determine their mineralogy. The results showed that 
the dominant Fe minerals were goethite, hematite, and magnetite. The mineralogy of Fe precipitates analysed 
showed elevated concentrations of Fe in the form of oxides and oxyhydroxides and this was confirmed by 
PXRD analysis (Figures 5.33).  

The precipitates for Prussian blue have not been included here, but as pointed out earlier, their characterisation 
has been conducted in separate studies. The pH in the experiments was found to be more influential in 
determining the colours of the precipitates produced than the temperature of the reaction. This was proven 
during experimental work in that even at room temperature, it was possible to produce the desired Fe 
precipitates. This implies that less energy (electricity) is required as no heating had to be done to enhance the 
production of the precipitates. The potential lower costs for recovering Fe precipitates from AMD makes it an 
attractive alternative to replace Fe oxides (ochre minerals) found in weathered natural iron ores (Lottermoser, 
2011).  

 

 

Figure 5.33. X-ray diffractograms (from left to right) of the yellow (goethite), reddish-brown (hematite) and black 
precipitate (magnetite). 
 

The compositions of the dominant Fe precipitates are presented in Table 5.6. 

 

Table 5.13. Major Fe precipitates and their composition 

Fe precipitate Chemical formula Chemical composition (wt %) Density (g cm-3) 
Goethite FeOOH Fe: 62.85; O: 36.01; H: 1.13 3.8 
Hematite Fe2O3 Fe: 69.94; O: 30.06 5.3 
Magnetite Fe3O4 Fe: 72.36; O: 27.64 5.2 

 

5.1.7 Application in paintings and artwork 

The potential of the produced precipitates for use in paintings and artwork was assessed (Figure 5.34). As 
pointed out earlier, the precipitates maintained their colours following the addition of water to make painting 
pastes. 
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(a) (b)  (c)  (d)  

Figure 5.34. Art paintings from Fe precipitates recovered from synthetic AMD: (a) environmental terrains (b) 
shepherd and flock (c) painted tree (d) soccer field (paintings by Khathutshelo Netshiongolwe). 

The potential precipitation of Fe precipitates from AMD and their subsequent use for painting and artwork may 
offer a potential affordable source of these precipitates while cleaning up the contaminated water. 

5.1.8 Water chemistry 

The nature of the synthesised AMD was influenced by the combination of chemicals dissolved in the solutions. 
The measured pH in the AMD solutions ranged from 2 to 3, with high electrical conductivity (EC) and elevated 
concentrations of Fe and sulphate. The addition of NaOH to one of the chosen solutions (of pH 2.76), for 
instance, increased the pH and precipitated some metals out of the solution as observed by significant 
decreases in the concentrations of metals in the solution (Table 5.7).  

Table 5.14. Analytical results for synthetic AMD and treated water (mg -1) for one of the solutions that was 
neutralised using NaOH; EC in μS/cm 

*Sulphate reported as sulphur 

 

suggesting that sulphate salts are formed in the precipitates. These were not observed in the PXRD 
diffractograms, most likely due to the dominance of Fe minerals that may shield the diffractograms of minor 
minerals. The equation for neutralisation by NaOH can be simplified as: 

NaOH(aq) + FeSO4 2(s) + Na2SO4(aq) (5.2) 
 

The oxidation of Fe2+ to Fe3+ results in the formation of Fe(OH)3. The Fe2+ precipitates are yellowish in colour 
while those for Fe3+ are reddish to brownish. The drying process results in the loss of the water component of 
the precipitated and formation of minerals such as FeOOH and Fe2O3. Magnetite (Fe3O4) forms because of 
the combination of oxides of Fe2+ and Fe3+. 

For neutralisation with MgCO3, the reaction can be simplified as: 

MgCO3(s) + FeSO4 3(s) + MgSO4(aq) (5.3) 
 
It should be noted here that the stability and existence of the carbonate depend largely on the pH. At low pH, 
it is easily destroyed. 

 pH EC Fe Al Ca Cu Zn Mn Cd Ni S 

Synthetic AMD 2.04 4680 369 1.1 16 0.05 0.10 0.28 0.05 0.36 188 

Treated AMD 6.34 363 7.6 0.06 0.29  0.01 0.03  0.01 92 
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While not shown in the results above, elevated concentrations of Na were recorded (as well as Mg in instances 
where MgCO3 was used). It is possible to recover salts such as epsom (MgSO4) from these additional ions, 
but that can be subject to further studies. 

5.1.9 Conclusion 

This study explored the possibility of deriving value from the AMD treatment process by forming Fe precipitates 
or ochres that can be useful for paint and artwork applications. Using conditions established in computational 
simulations, NaOH and MgCO3 were found to be the best choices for the neutralisation of AMD with the aim 
of precipitating desired ochres. Precipitates ranging in colour from yellow, brown to black were obtained by 
varying the pH of neutralisation from 3 to 9 at room temperature. This meant that recoveries could be done 
without any extra energy applied to the reactions. Sufficient yields of the precipitates were obtained e.g. above 
30 g per litre of AMD in some instances and further neutralisation of some of the filtrates showed that more 
precipitates could be obtained. The different ochres produced were used for artwork and proved viable, 
indicating a potential for pigment production. The water after treatment with the neutralising agents showed an 
elevated pH and a significant decrease in elemental concentrations. Thus, the study has demonstrated that 
the treatment of AMD can enable more value to be derived in the form of treated water and precipitation of 
useful ochres. The study underscored the importance of computational simulations as an experimental design 
tool that can be used to save on time and experimental costs. 

5.2 CHARACTERISATION OF HDS 

5.2.1 Powder X-ray diffraction (PXRD) 

The mineralogy of HDS was determined using PXRD and the results are presented in Figure 5.35. The 
dominant minerals included magnetite, hematite, goethite, maghemite, pyrophyllite, chloritoid, mica, chlorite, 
jarosite, pyrite, gypsum, copiapite and clay minerals, mostly kaolinite and montmorillonite. The observation of 
elevated concentrations of iron oxides in HDS was also confirmed by XRF analysis. The presence of iron 
minerals is apparent from the reddish-brown colouration of the sludge. The dominant iron oxide mineral in 
HDS was goethite. 

 

Figure 5.35. PXRD diffractogram of HDS 
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5.2.2 X-ray fluorescence (XRF) 

XRF analysis was conducted to determine the elemental composition of HDS. The observation of elevated 
concentrations of iron oxides in HDS was also confirmed by XRF analysis (Figure 5.36). The presence of the 
iron minerals is apparent from the reddish-brown colouration of the sludge. As indicated earlier, an elevated 
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Figure 5.36. X-ray fluorescence analysis of HDS 
 

The chemical composition of the fresh HDS after leaching with deionised water is shown in Figure 5.37. 

 

0

200

400

600

800

1000

1200

Fresh sludge

 Ca
 Mg
 Na
 S

      

0

5

10

15

20

25

Fresh Sludge

 Al
 As
 Co
 Fe
 K
 Ni
 Si
 U

 

Figure 5.37. Major (left) and minor (right) elements in fresh HDS (sulphate reported as sulphur) 
 

The results point to the presence of elevated concentrations of sulphur and trace metals such as U. These 
represent accumulated concentrations following precipitation and co-precipitation with iron precipitates during 
the neutralisation process. The sulphur results here are from ICP-OES and the equivalent sulphate 
concentration would be about three times that. The use of limestone and lime for neutralisation in these plants 
is shown by the elevated concentration of Ca. A combination of this and sulphates results in large amounts of 
gypsum being precipitated (as substantiated by the PXRD results). 

The results for the chemical composition of aged sludge are shown in Figure 5.38. The results show elevated 
concentrations of elements compared to the fresh sludge. The reason mainly lies in that in the fresh sludge 
most of the minerals are likely to be in the soluble phase while in aged sludge these have been allowed to 
precipitate onto the bulk sludge, resulting in the observed increased concentrations. 
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Figure 5.38. Major (left) and minor (right) elements in the aged HDS 
 

The sulphate concentration and other anions in the aged sludge is presented in Figure 5.39. The high sulphate 
concentrations corroborate the observations for the fresh sludge. Higher concentrations were observed here 
(three times those for fresh sludge). Low concentrations of nitrites, bromides and nitrates were recorded, 
meaning that these ions did not play a significant role in the chemistry of the sludge.  
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Figure 5.39. Major (left) and minor (right) anions in High Density Sludge 

5.2.3 Scanning electron microscopy (SEM) 

SEM analysis was done to determine the surface morphology before and after adsorption (Figure 5.40). The 
dominant mineral on the crystals was gypsum (CaSO4. 2H2O). After adsorption, the surface morphology was 
changed (more fine particles were formed) and the alteration of particle sizes creates more electrostatic forces 
(and has implications on adsorption). 
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(a) (b) 

(c)

Figure 5.40. (a) HDS before adsorption (b) HDS after adsorption (c) SEM-EDX to characterize the elemental 
composition of HDS

5.2.4 Fourier-transform infrared spectroscopy (FTIR) 

FTIR analysis was also done to check the functional groups of the HDS (Figure 5.41). It was observed that the 
sludge contains an OH- group possibly from ferrihydrite (Fe(OH)3), which is attributed to the broad peak at 
around 3349.2 cm-1 (Yan et al., 2010). The medium broad stretch at around 1458.1 cm-1 corresponds to the 
carbonyl functional group. The weakness of this stretch is because the carbonyl functional group is not well 
defined (i.e. distorted bond order) from the resonance nature of the ester group in polyacrylate polymer that is 
used to densify the sludge or possibly from free carbonate ions precipitated on HDS. The weak bend at around 
1083.9 cm-1 can be attributed to Me-O-M2+ in the metal complex (Parikh et al., 2014).

Figure 5.41. FTIR analysis to determine the functional groups of HDS
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5.2.5 Brunauer-Emmett-Teller (BET) surface area analysis 

The volume of HDS and its matrix (structure of pore spaces) may change with moisture (water) content, and 
this may be through shrinking and swelling processes. At a point of shrinkage, when mine water enters the 
macropores between the HDS matrix, mostly the part of macropores may be filled and the shrinkage volume 
will be nonlinear. When mine water enters the HDS macropores in all dimensions in its matrix (saturation point), 
the shrinkage volume forms linear functional of water content (linear pore space interaction). The surface area 
of HDS has sufficient space for interaction of the analyte with the adsorbent on its active sites (improves the 
adsorption capacity). The adsorption capacity of the HDS is based on its specific surface area and the pore 
volume. The textural parameters in BET surface analysis show that the HDS surface area and total pore 
volume were higher (Table 5.8). The results pointed out that the contribution of mesopores in HDS was 
dominant and the porous structure was well developed. Based on the BET surface analysis, HDS has 
adequate active sites for adsorption and has surface functional groups for electrostatic attraction and strong 
surface complexation with trace metals.  

Table 5.15. Textural properties of HDS before adsorption 

Sample  Surface area (m2 g-1)  Pore size (nm)  Pore volume (cm3 g-1) 
HDS     80.98    13.24   0.272 
 

5.2.6 Conclusion 

The physical and chemical properties of HDS showed some differences between fresh and aged sludge. Aged 
sludge showed an increase in stability compared to fresh sludge. Low concentrations of metals and high 
alkalinity in fresh sludge may reduce metals leachability. Aged HDS may transform its properties due to its 
mineral composition into carbonate rock enriched with iron oxide. The toxic metals may be accumulated in the 
matrix of solid sludge and be a secondary source of pollution. The acidic pH may leach trace metals out of 
HDS and transported downstream. Further characterisation (including comparing the surface area, secondary 
mineral phases, etc.) of both the fresh and aged sludge would shed some light as to the possibility of further 
adsorption that can occur on their surfaces. This will assist to understand the deeper chemistry of HDS, by 
also looking at the potential of HDS in the adsorption of both inorganic and organic contaminants in wastewater. 
This will make it possible to deduce if use in conditioning AMD or adsorption of phosphate is feasible. 

5.3 BATCH STUDIES FOR HDS INTERACTION WITH MINE WATER 

The findings of this study are presented and discussed following adsorption experiments (isotherms and 
kinetics), and the desorption study.  

5.3.1 Effects of pH on adsorption 

The results for the effect of pH on adsorption are presented in Figure 5.42. To optimise the pH for maximum 
removal efficiency and to avoid the precipitation of divalent cations (trace metals), the adsorption experiment 
was conducted from pH 2.5 to pH 5.5. When H+ ions dominate in the solution (low pH), the surface of HDS 
was surrounded by hydronium ions that compete with trace metal ions for binding sites on the HDS. The effect 
of pH on the removal of metals onto HDS was studied from pH 2.5-10.5, and the maximum removal efficiency 
of HDS was found to be 5.5. The adsorption percentage increased rapidly as hydrogen ions (H+) were replaced 
by hydroxide ions (OH-) in the solution, reaching an optimal pH of 5.5.  
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Figure 5.42 -1 
(solid:liquid  

PHREEQC coupled with Parameter Estimation (PEST) was used to estimate generalised surface 
complexation (adsorption constants) and site density parameters in HDS from experimental data (Figure 5.43). 
Further studies involving actual adsorption of HDS were done and that led to the determination of parameters 
that were used in a generalised surface complexation model.  
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Figure 5.43. Generalised surface complexation for metals sorption with PHREEQC coupled with PEST 

5.3.2 Effect of adsorbent mass on adsorption 

Results for the effect of adsorbent mass on adsorption are presented in Figure 5.44. The effect of adsorbent 
dosage (10, 20, 50, 100 and 500 mg) on the adsorption of the trace metals onto HDS was investigated. The 

1
efficiency increased with an increase in adsorbent dose. This pointed to the increase of active adsorption sites. 
The surface complexation reactions were envisaged to proceed as follows: 

FeOH + Pb2+   FeOHPb+         (5.4) 

FeOH + Cu2+   FeOHCu+         (5.5) 

FeOH + Zn2+   FeOHZn+         (5.6) 

FeOH + Ni2+   FeOHNi+         (5.7) 
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FeOH + Co2+   FeOHCo+         (5.8) 
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Figure 5.44. Effect of mass on the adsorption of trace metals onto HDS for a pH = 5.5; metal concentration of 
-1  

5.3.3 Effect of contact time on adsorption 

The effect of contact time on the adsorption of trace metals was studied and the results are presented in Figure 
5.45. The rate of adsorption initially increased rapidly, and the optimal adsorption efficiency was achieved after 
1 h. Further increase in contact time did not result in any improvement in adsorption as equilibrium had been 
reached.  

0 200 400 600 800 1000 1200 1400
0,0

0,2

0,4

0,6

0,8

1,0

qe
 (m

g 
g-1

)

Time (min)

 Pb
 Cu
 Zn
 Ni
 Co

 

Figure 5.45. Effect of contact time on the adsorption of trace metals onto HDS for a pH = 5.5; metal 
-1 (  

5.3.4 Effect of concentration on adsorption 

The effect of concentration on adsorption was studied and the results are presented in Figure 5.46. The results 
point to an increase in adsorption with an increase in concentration. This implies that there is likely to be more 
uptake of the metals before saturation is reached. 
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Figure 5.46. Effect of concentration on adsorption of trace metals onto HDS for a pH = 5.5; (solid:liquid ratio 
 

5.3.5 Adsorption isotherm models 

The Langmuir, Freundlich, Dubinin-Radushkevich and Temkin isotherms were applied for data fitting on the 
models (this has included the initial concentration and results from data). The results for these are presented 
in Table 5.9. The Langmuir isotherm best fitted the adsorption data for Pb, Cu, Zn, Ni, and Co. The maximum 
monolayer adsorption capacity (qmax) value that was calculated from the Langmuir isotherm model ranged from 
0.144 to 0.555 mg g-1 and these values were like those found in the experimental data. The adsorption 
mechanism may be proceeding through physical adsorption and the monolayer coverage chemical 
complexation in the inner sphere and outer sphere (this may be due to the heterogeneous surface of the HDS). 
The surface energy on the HDS was determined in the D-R isotherm model. The adsorption energy was 
between 8 and 16 kJ mol-1 for most metals, and this may be due to strong chemical ion-exchange on the HDS. 
The adsorption intensity onto HDS was greater than 1 and this confirms the chemical adsorption. The RL values 
of HDS ranged from 0-1 for all trace metals, implying favourable adsorption. 

 

Table 5.16. Isotherm’s parameters of adsorption of trace metals onto HDS (pH = 5.5; solid:liquid ratio of 1 g:10 
for 24 h; temp = 25°C) (  

Isotherms Metal ion   Estimated isotherms parameters 
     qmax (mg g-1) KL -1)  R2 

Pb   0.555  0.0624   0.997 
 Cu   0.347  0.0613   0.998 

Langmuir Zn   0.278  0.0312   0.996 
 Ni   0.205  0.0210   0.999 
 Co   0.144  0.0123   0.997 

  Metal ion  n Kf (mg g-1)/ (mol L-1)1/n  R2 
 Pb   2.340  3.457   0.991 
 Cu   2.234  1.016   0.995 

Freundlich Zn   1.931  2.706   0.995 
 Ni   1.750  1.231   0.997 
 Co   1.567  0.838   0.953 
 Metal ion  Xm (mol g-1) Es (kJ.mol-1)  R2 
 Pb   4.89  22.36   0.988 
 Cu   3.92  11.18   0.993 



Repurposing of sludge generated from the treatment of acid mine drainage 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯ 

______________________________________________________________________________________ 
79 

Dubinin- Zn   3.64  10.00   0.994 
Radushkevich Ni   3.45  7.905   0.996 
  Co   3.36  6.742   0.934 
  Metal ion  aT (L kg-1) bT (kJ mol-1)  R2 
  Pb   4.39  21.36   0.968 
  Cu   3.52  12.13   0.943 
Temkin  Zn   3.25  11.55   0.894 
  Ni   3.35  8.815   0.796 
  Co   3.41  7.344   0.934 
 

5.3.6 Kinetic models 

The results for kinetic models are presented in Table 5.10. The maximum adsorption of Pb, Cu, Zn, Ni, and 
Co was reached after 60 min of contact with HDS. The adsorption rate was observed to be much faster within 
5 min and after 1 h the adsorption capacity remains constant throughout. The results have pointed out that the 
sorption of metals onto HDS followed this order: Pb>Cu>Zn>Ni>Co. The pseudo first-order and pseudo 
second-order kinetic models were utilised to find out the mechanism that influences the attraction of trace 
metals onto the HDS surface (Table 5.10). The pseudo second-order model better fitted the kinetic data 
compared to the pseudo first-order (this was based on the R2 values that were greater than 0.999 for all trace 
metals). The experimental adsorption capacity was compared with the calculated adsorption capacity and for 
the pseudo second-order, the values were very close.  

 

Table 5.17. Kinetic parameters of trace metals removal onto HDS (pH = 5.5; concentration = 5 -1; 
solid:liquid ratio of 1 g:10 °C) (  

Kinetics  Metal ion   Estimated kinetic parameters 
    qe(exp)    K1  qcal  R2 
    (mg g-1)  (min-1)  (mg g-1) 
   Pb 0.919  0.003  0.802  0.951 
   Cu 0.798  0.004  0.695  0.923 
Pseudo first-order Zn 0.672  0.004  0.564  0.972 
   Ni 0.576  0.003  0.373  0.958 
   Co 0.492  0.005  0.387  0.973 
   Metal ion qcal (mg g-1) K2 (mg g-1 min)  R2 
   Pb  0.902  0.102   0.999 
   Cu  0.795  0.302   0.999 
Pseudo second- Zn  0.667  0.345   0.999 
order   Ni  0.573  0.321   0.999 
   Co  0.487  0.301   0.999 
  Metal ion a/(kg.mol-1.min-1) b/(kg.mol-1.min-1) R2 
  Pb  0.003   0.802   0.851 
  Cu  0.004   0.695   0.823 
Elovich  Zn  0.004   0.564   0.872 
  Ni  0.003   0.373   0.858 
  Co  0.005   0.387   0.873 

  Metal ion Ip  Kp   R2 
   Pb  0.003  0.802   0.951 
   Cu  0.004  0.695   0.723 
Intraparticle   Zn  0.004  0.564   0.872 
Diffusion model Ni  0.003  0.373   0.658 
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   Co  0.005  0.387   0.873 
Metal ion If  Kf    R2 

   Pb  0.003  0.802   0.751 
   Cu  0.004  0.695   0.823 
Film diffusion  Zn  0.004  0.564   0.972 
model   Ni  0.003  0.373   0.858 
   Co  0.005  0.387   0.873 
 

5.3.7 Thermodynamic studies 

Due to electrostatic attraction, the removal of cations (positively charged metals) could be possible when the 
surface is negatively charged (FeO- is the predominant on the HDS surface). The PXRD results also showed 
that the HDS mainly consisted of goethite (70
limestone used in AMD treatment). Therefore, due to relatively complexed composition of HDS, it was very 
important to explain the removal mechanism of potentially toxic trace metals by HDS in sorption studies. Batch 
sorption studies was conducted to assess the potential of HDS in the removal of potentially toxic trace metals 
in AMD. The adsorption capacity decreases with an increase in temperature. Physical adsorption seems to be 
the dominant adsorption mechanism as Ea of metals ranged from 1.73-3.79 kJ mol-1. Change in o o and 

o in the adsorption Pb, Cu, Zn, Ni and Co onto HDS can be related to Kd of the analyte between the HDS 
and AMD interactions. -1 -1 -1), Ni (19.33 mg 
-1 -1) onto HDS decreased slightly with an increase in temperature from 288-333 K (Figure 

5.47 o of -3.14, -4.47, -5.89, -7.15 and -7.88 kJ mol-1 for Pb, Cu, Zn, Ni and Co 
respectively, shows that the adsorption of potential toxic trace metals by HDS is exothermic, in which the 
adsorption of potential toxic metals decreases with an increase in temperature. The negative charge in 
adsorption Gibbs free energy show that the adsorption mechanism is through spontaneous reaction process. 

o confirms that the decreased randomness between the HDS and AMD interface 
during adsorption (Table 5.11). 
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Figure 5.47. Effect of temperature on the adsorption of trace metals onto HDS 
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Table 5.18. Thermodynamic parameters of potentially toxic trace metals 

Metal ion Temperature  o  o  o  K  
  (K)  (kJ mol-1) (kJ mol-1) (J mol-1 K-1) (L g-1)  
Pb  298  -3.89  3.14  11.38  4.21  
  308  -4.59    11.42  4.53  
  318  -5.62    16.13  6.95  
  333  -6.34    17.25  7.63  

Cu  298  -2.79  4.47  10.38  3.51  
  308  -3.13    10.50  3.48  
  318  -4.65    14.98  6.67  
  333  -5.33    16.32  6.88  

Zn  298  -2.72  5.89  9.22  3.12  
  308  -3.04    10.14  3.28  
  318  -4.43    11.78  4.41  
  333  -5.11    12.46  5.14  

Ni  298  -1.65  7.15  8.23  2.74  
  308  -2.98    9.33  2.55  
  318  -3.77    10.34  3.43  
  333  -4.09    11.02  4.67  

Co  298  -1.25  7.88  7.15  2.48  
  308  -2.45    8.44  2.51  
  318  -4.31    9.01  3.01  
  333  -4.69    10.34  3.57  

5.3.8 Desorption of trace metals 

The desorption study was done to assess the likelihood of release of metals already contained in the HDS. 
These are the metals that would have been precipitated out from the AMD treatment plant and disposed with 
the HDS. The results are presented in Figures 5.48 and 5.49. 

The results indicate that desorption capacity of the HDS increased in some trace metals (e.g. Pb, Cu, and Zn) 
with an increase in H+ in the solution and for Ni it was opposite (desorption decreased with HCl concentration). 
Deionised water leached out more Ni. At low pH these metals may become more soluble and compete based 
on their solubility constants, concentrations in the adsorbent, etc. To have better understanding, further studies 
are required to confirm this. 
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Figure 5.48. Desorption percentage of metals using deionised water as a desorbing agent. 
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Figure 5.49. Desorption percentage of metals using HCl as a desorbing agent. 

5.3.9 Conclusion 

The adsorption and desorption of Pb, Cu, Zn, Ni, and Co ions onto HDS were investigated. The selectivity 
sequence for adsorption followed the order: Pb>Cu>Zn>Ni>Co. The adsorption capacity of Pb and Cu were 
observed to be higher. An increase in adsorbent amount and concentration of metals resulted in increased 
adsorption. pH was found to result in the peaking of adsorption at 5.5. The Langmuir isotherm best fitted the 
adsorption data while the pseudo second-order model (rate limiting step is chemical sorption, in this condition 
the adsorption rate is dependent on the adsorption capacity not on the concentration of the adsorbate), 
implying that the mechanism was chemisorptive, best described the kinetics of adsorption. While desorption 
showed that it was possible to dislodge metals from HDS, this did not seem to affect metal adsorption. Thus, 
it would be expected that on contact with AMD, the net migration of metals will be to the HDS than from it via 
dislodging from its surface. Overall, the trend in adsorption onto HDS resembles that observed for HFO. 
However, the effect of components such as the polyacrylate polymer within the HDS structure was studied. To 
achieve this, generalised surface complexation model was useful in achieving this based on the results 
obtained. The findings showed that simulations could be successfully used where limited experimental data 
are available. 

5.4 COLUMN SORPTION STUDIES FOR HDS INTERACTION WITH MINE WATER  

Adsorption studies of elements in a fixed-bed column as a setup for large scale operation is applicable in real 
mine water treatment. In this second part of the study, the application potential of HDS for the adsorption of 
Pb, Cu, Zn, Ni, and Co from mine water in a fixed-bed adsorption column was investigated, deriving some 
parameters from the simulations conducted above. The effect of breakthrough parameters including initial 
elemental concentration, bed height and flow rate was investigated. The column adsorption experimental data 
were fitted to Thomas, Yoon-Nelson, Adam-Bohart and Bed Depth Service Time (BDST) models. The 
adsorption efficiency, breakthrough and exhaustion point in a fixed-bed column increased with an increase in 
bed height, and a decrease in adsorption efficiency was observed with an increase in flow rate and initial 
elemental concentration.  

5.4.1 Effect of inlet (trace metals) concentration 

Breakthrough curves for Pb, Cu, Zn, Ni, and Co adsorption onto HDS at various inlet concentrations (1, 3 and 
-1 -1 and 8 cm, were determined (Figure 5.50). 

Adsorption efficiency, breakthrough, and exhaustion time decreased with increasing inlet elemental 
concentration as observed from the computational simulations. The adsorption parameters in a fixed-bed 
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column at different concentrations are presented in Table 5.12. The tbr (min) at the inlet concentrations (1, 3, 
-1) are from 160-60 min, 150-50 min, 150-55 min, 120-50 min, and 120-40 min for Pb, Cu, Zn, Ni, 

and Co, respectively. The exhaustion time followed the trend: Pb (250-100 min), Cu (250-100 min), Zn (280-
90 min), Ni (190-80 min), and Co (200-90 min). When inlet trace metals concentration is very low, retention 
time becomes longer for the active site available for adsorption in the HDS to be exhausted due to the slow 
transport of trace metals. When inlet concentration increases, the slopes of the breakthrough curves become 
steeper and the breakthrough time becomes shorter as result of the HDS reaching saturation faster.

Figure 5.50
-1 -1)

Table 5.19. Fixed bed column parameters for adsorption of trace metals onto HDS at inlet concentrations of 
-1 -1, bed height = 8 cm, temp = 25ºC)

Inlet  Metal ions tbr tex  Vef Zm  Removal 
-1)   (min) (min)  (cm)  efficiency (%)

1  Pb  100 150  1500 4.56  99.52
  Cu  150 250  2500 2.03  99.03
  Zn  150 280  2800 8.03  97.87
  Ni  120 190  1900 3.50  95.12
  Co  120 200  2000 4.43  90.84

3  Pb  160 310  3100 2.29  97.78
  Cu  150 280  2800 4.14  96.35
  Zn  170 220  2200 2.52  95.67
  Ni  110 240  2400 2.54  94.03
  Co  140 200  2000 5.50  90.58
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5  Pb  170 240  2400 3.04  96.14
  Cu  110 250  2500 4.58  94.44
  Zn  120 200  2000 2.75  94.10
  Ni  180 220  2200 4.02  93.86
  Co  120 240  2400 5.42  88.57

5.4.2 Effect of bed height

Adsorption in a fixed bed column is highly affected by the adsorbent dosage used (higher bed height may 
increase surface area or mass transfer zone). The breakthrough curves for trace metals (Pb, Cu, Zn, Ni, and 
Co) adsorbed at different bed -

1 -1) were determined (Figure 5.51). The breakthrough 
time, exhaustion time, and recovery efficiency depend on the bed height (an increase in adsorption capacity 
with an increase in bed height was observed). The column adsorption parameters on the effect of bed height 
(8 cm), an increase in breakthrough time from Pb (90-240 min), Cu (70-230 min), Zn (60-200 min), Ni (80-160 
min) and Co (50-130 min) were observed (Table 5.13). An increase in bed height (increase in adsorbent 
dosage) has made an exhaustion time to be later from 100-210 min (Pb), 130-210 min (Cu), 110-200 min (Zn), 
100-140 min (Ni) and 80-140 min (Co). When bed height is lower (axial dispersion predominated the mass 
transfer), this reduces the trace metal diffusion like insufficient time for diffusion of trace metals onto HDS. 
Therefore, an increase in bed height makes more intense adsorption efficiency, breakthrough, and exhaustion 
time (this is due to the availability of active sites on the HDS, as bed height increases with adsorbent dosage).

Figure 5.51 5.02, concentration = 1 
-1 -1).
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Table 5.20. Fixed bed column parameters for adsorption of trace metals onto HDS at varying bed 
-1 -1, temp = 25ºC) 

Bed height Metal ions tbr tex  Vef Zm  Removal  
(cm)    (min) (min)   (cm)  efficiency (%) 
3  Pb  100 140  1400 5.46  93.73 
  Cu  170 120  1200 4.50  91.69 
  Zn  150 130  1300 3.55  90.08 
  Ni  150 200  2000 2.50  85.05 
  Co  90 220  2200 5.13  83.18 
6  Pb  140 210  2100 5.22  97.44 
  Cu  130 190  1900 4.24  95.85 
  Zn  160 130  1300 4.75  93.87 
  Ni  110 220  2200 5.86  91.56 
  Co  110 200  2000 6.03  90.82 
8  Pb  160 230  2300 4.66  99.43 
  Cu  100 230  2300 2.67  99.33 
  Zn  120 200  2000 5.21  99.28 
  Ni  80 110  1100 3.29  98.85 
  Co  110 240  2400 5.35  98.56 
 

5.4.3 Effect of flow rate 

The flow rate in a continuous fixed-bed column controls the retention time when trace metals contact the HDS 
surface. In wastewater treatment plants (large-scale application), the removal of trace metals from mine water 
was achieved in continuous fixed-bed columns. The breakthrough curves of trace metals (Pb, Cu, Zn, Ni, and 

-1 -1) and a 
bed height of 8 cm were determined (Figure 5.52). The assessment of the effect of flow rate was conducted 
and the results indicated that breakthrough time, exhaustion time, and adsorption percentage decreased as 

-1 (Table 5.14). The breakthrough time of each trace metal was 
observed as follows: Pb (60-200 min), Cu (70-190 min), Zn (60-190 min), Ni (50-140 min), and Co (50-130 
min). The exhaustion time also follows a similar selectivity sequence (this may be due to insufficient retention 
time of trace metals to interact with HDS) from 100-200 min, 100-220 min, 100-210 min, 90-140 min and 390-
240 min for Pb, Cu, Zn, Ni, and Co, respectively. As expected, at low flow rates retention time increased 
leading to increased contact with HDS (due to accessibility of active sites). The best performance of bed 

-1 and this means that when flow rate increases, the distribution 
of trace metals in the bed column becomes weaker (due to insufficient time of trace metals to diffuse into active 
sites in HDS responsible for adsorption). 
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Figure 5.52 -1 -1, 
pH = 5.02, bed height = 8 cm)

Table 5.21. Fixed bed column parameters for adsorption of trace metals onto HDS at varying flow 
-1 -1, bed height = 8 cm, temp = 25ºC). 

Flow rate Metal ions tbr tex  Vef Zm  Removal 
-1)   (min) (min)  (cm)  efficiency (%)

3  Pb  90 170  1700 5.21  99.12
  Cu  80 150  1500 4.29  99.04
  Zn  100 200  4800 3.94  98.98
  Ni  100 180  4200 4.89  98.38
  Co  110 190  3600 5.05  97.41
5  Pb  60 110  1100 4.29  96.31
  Cu  70 180  1800 4.94  94.08
  Zn  90 220  2200 6.09  93.31
  Ni  90 180  1800 5.50  93.07
  Co  100 200  2000 5.50  91.25
7  Pb  350 440  4400 3.75  89.78
  Cu  180 360  3600 6.50  83.46
  Zn  330 300  3000 5.50  82.58
  Ni  120 270  2700 6.44  77.18
  Co  90 240  2400 5.88  75.39
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5.4.4 Parameters of the sorption models 

Thomas, Yoon-Nelson, Adams-Bohart, and bed depth service time (BDST) models were fitted with acquired 
column experimental data (inlet trace metal concentration, bed height, and flow rate). The best results for 

-1, 
-1. The fitting of the best experimental data on the models was interpreted 

based on the correlation coefficient (R2) value. The R2 value (greater or equal to 0.998) was the best reference 
for assessing the best fit of column experimental data on the models applied in this study (Table 5.15). 

Table 5.22. Thomas, Yoon-Nelson, Adams-Bohart models and Bed depth service time model 
parameters for the adsorption of Pb, Cu, Zn, Ni, and Co onto HDS at varying bed heights (3, 6 and 

-1 -1). 
Thomas model 

Parameters  Metal ion kTh * 10-5 -1 mg) qo (mg g-1)  R2 

Bed height (cm) 
3   Pb  0.0038    240  0.987 
   Cu  0.0028    300  0.975 
   Zn  0.0058    210  0.974 
   Ni  0.0018    155  0.945 
   Co  0.0078    100  0.929 
6   Pb  0.0013    324  0.986 
   Cu  0.0027    250  0.958 
   Zn  0.0031    212  0.957 
   Ni  0.0038    337  0.951 
   Co  0.0045    125  0.943 
8   Pb  0.0014    430  0.995 
   Cu  0.0035    410  0.994 
   Zn  0.0033    320  0.993 
   Ni  0.0037    260  0.985 
   Co  0.0046    170  0.981 

-1) 
1   Pb  0.0096    120  0.998 
   Cu  0.0094    260  0.995 
   Zn  0.0086    230  0.975 
   Ni  0.0085    170  0.964 
   Co  0.0073    110  0.954 
3   Pb  0.0096    320  0.989 
   Cu  0.0089    200  0.987 
   Zn  0.0086    140  0.967 
   Ni  0.0082    220  0.965 
   Co  0.0068    142  0.923 
5   Pb  0.0089    510  0.997 
   Cu  0.0078    330  0.965 
   Zn  0.0071    240  0.964 
   Ni  0.0039    137  0.943 
   Co  0.0054    170  0.934 

-1) 
3   Pb  0.0013    420  0.998 
   Cu  0.0022    360  0.997 
   Zn  0.0029    330  0.985 
   Ni  0.0040    270  0.976 
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   Co  0.0046    150  0.954 
5   Pb  0.0044    540  0.989 
   Cu  0.0024    495  0.987 
   Zn  0.0075    360  0.956 
   Ni  0.0098    225  0.945 
   Co  0.0033    180  0.942 
7   Pb  0.0047    660  0.988 
   Cu  0.0021    360  0.963 
   Zn  0.0078    300  0.945 
   Ni  0.0012    240  0.944 
   Co  0.0035    180  0.926 

Adams-Bohart model 
Parameters  Metal ion kAB (L/mg min)  No -1)  R2 
Bed height (cm) 
3   Pb  0.0042    350  0.985 
   Cu  0.0027    300  0.964 
   Zn  0.0065    200  0.963 
   Ni  0.0020    150  0.946 
   Co  0.0086    100  0.936 
6   Pb  0.0014    425  0.987 
   Cu  0.0032    350  0.976 
   Zn  0.0031    312  0.965 
   Ni  0.0035    237  0.945 
   Co  0.0047    125  0.932 
8   Pb  0.0011    530  0.996 
   Cu  0.0022    410  0.995 
   Zn  0.0031    320  0.994 
   Ni  0.0041    260  0.987 
   Co  0.0046    270  0.980 

-1) 
1   Pb  0.0098    320  0.998 
   Cu  0.0092    260  0.997 
   Zn  0.0088    230  0.975 
   Ni  0.0085    170  0.967 
   Co  0.0073    110  0.955 
3   Pb  0.0095    520  0.989 
   Cu  0.0088    300  0.987 
   Zn  0.0085    440  0.967 
   Ni  0.0081    320  0.965 
   Co  0.0070    140  0.922 
5   Pb  0.0091    610  0.996 
   Cu  0.0080    530  0.962 
   Zn  0.0072    440  0.956 
   Ni  0.0038    335  0.944 
   Co  0.0053    230  0.921 

-1) 
3   Pb  0.0012    320  0.998 
   Cu  0.0032    260  0.997 
   Zn  0.0030    230  0.985 
   Ni  0.0038    170  0.984 
   Co  0.0045    100  0.955 
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5   Pb  0.0045    440  0.989 
   Cu  0.0023    395  0.987 
   Zn  0.0076    260  0.945 
   Ni  0.0097    125  0.937 
   Co  0.0032    100  0.925 
7   Pb  0.0045    560  0.987 
   Cu  0.0023    260  0.962 
   Zn  0.0076    200  0.944 
   Ni  0.0013    140  0.943 
   Co  0.0032    100  0.935 

Yoon-Nelson model 
Parameters  Metal ion kYN * 10--3 (L/mg min)   (min-1)  R2 
Bed height (cm) 
3   Pb  0.023    145  0.991 
   Cu  0.043    240  0.998 
   Zn  0.047    155  0.996 
   Ni  0.037    154  0.998 
   Co  0.012    115  0.979 
6   Pb  0.076    265  0.996 
   Cu  0.068    235  0.995 
   Zn  0.065    305  0.989 
   Ni  0.053    245  0.992 
   Co  0.062    125  0.988 
8   Pb  0.083    475  0.996 
   Cu  0.085    455  0.994 
   Zn  0.089    390  0.987 
   Ni  0.074    335  0.999 
   Co  0.052    305  0.987 

-1) 
1   Pb  0.093    395  0.963 
   Cu  0.098    337  0.997 
   Zn  0.097    305  0.985 
   Ni  0.089    245  0.998 
   Co  0.093    185  0.987 
3   Pb  0.091    335  0.924 
   Cu  0.087    305  0.965 
   Zn  0.088    245  0.988 
   Ni  0.081    185  0.997 
   Co  0.083    100  0.960 
5   Pb  0.082    245  0.934 
   Cu  0.081    185  0.967 
   Zn  0.074    125  0.987 
   Ni  0.069    120  0.945 
   Co  0.074    155  0.989 

-1) 
3   Pb  0.098    350  0.946 
   Cu  0.089    320  0.997 
   Zn  0.096    284  0.982 
   Ni  0.088    179  0.993 
   Co  0.085    240  0.988 
5   Pb  0.087    120  0.996 
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   Cu  0.082    260  0.995 
   Zn  0.085    189  0.984 
   Ni  0.074    140  0.997 
   Co  0.086    105  0.977 
7   Pb  0.082    450.56  0.999 
   Cu  0.076    240.65  0.997 
   Zn  0.072    205.55  0.967 
   Ni  0.069    325.44  0.998 
   Co  0.078    144.99  0.967 

Bed depth service time (BDST) model 
Trace metal ion  ka (L/mg min)   No -1)   R2 
Pb   0.0045    157.56    0.991 
Cu   0.0022    140.43    0.996 
Zn   0.0075    134.32    0.980 
Ni   0.0012    120.34    0.993 
Co   0.0031    115.45    0.987 
 

Based on all models fitted with experimental data, the Yoon-Nelson and Bed depth service time models were 
the best. The R2 value was used in the assessment of experimental data fitting (in Yoon-Nelson and bed depth 
service time models, the R2 was greater than 0.98). The indication was that these models are applicable, and 
constants obtained can be used in a large-scale process of the continuous fixed-bed column. The Yoon-Nelson 
model indicates that the rate of adsorption decreases in the probability of sorption of each analyte in the inlet 
solution. This means that decreasing rate of adsorption is directly proportional to sorbate adsorption and 
breakthrough on the HDS. The BDST assumed the relationship between bed depth and service time. 
Therefore, this assumes that experimental data follows the linear relationship that exists between the bed 
height and service time on the column adsorption models. The hydroxyl group in the HDS matrix bonds with 
trace metals as the surface becomes negatively charged (OH-) with a variation in pH. The effect of pH can also 
be revealed in terms of pHPzc (point where the surface positively or negatively charged functional group no 
longer affect the hydrogen ion activity of the solution). The surface of the HDS is negatively charged when 
hydrogen ion activity is greater than the point of zero charge and positively charged when hydrogen ion activity 
is less than the point of zero charge. The point of zero charge was found to be 4.5, which has favoured 
adsorption as surface is negatively charged. The surface reaction in HDS has pointed out that adsorption is 
through metal surface complexation. 

5.4.5 Desorption studies 

The desorption study was done to assess the likelihood of release of trace metals already contained in the 
HDS. Re-use of HDS was evaluated by its adsorption performance through adsorption and desorption studies. 
The desorption data with -1 HCl desorbing agent was only presented as best results obtained in 
desorption studies. The desorption data indicate that desorption capacity of metals from HDS increased when 
more H+ ions are introduced from the solution (Table 5.16). 
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Table 5.23. Desorption efficiency of trace metals from HDS 

Metal ion  tb (min)  te (min)  % Removal efficiency 
Pb   130  220  99.38 
Cu   110  200  99.16 
Zn   100  200  99.44 
Ni   90  180  98.65 
Co   90  180  97.23 

5.4.6 Conclusion  

Adsorption studies in a fixed bed column for adsorption of Pb, Cu, Zn, Ni, and Co from AMD by HDS was 
assessed. It was considered that the HDS has a potential (ability) to bind potentially toxic trace metals due to 
its high adsorption capacity and affinity. This was observed by its better performance in a fixed bed column 

-1

min-1. Breakthrough curves achieved during the experimental run indicated that the breakthrough point was 
achieved earlier when flow rate and elemental concentrations were increased. Increasing the bed height 
resulted in increased removal of elements and delayed breakthroughs owing to increased contact between the 
HDS and solution. The Yoon-Nelson and BDST models have described the column experimental data better. 
This has important implications if a column configuration is used in the conditioning of AMD prior to actual 
treatment. Generally, the success of the set-up suggests that HDS can potentially be used more extensively 
in the conditioning of AMD than the case now. 

5.5 BATCH SORPTION STUDIES FOR THE INTERACTION OF HDS WITH PHOSPHATE 
CONTAINING WATER  

In this study, high density sludge (HDS) rich in iron (Fe), generated from acid mine drainage (AMD) treatment 
was used as an adsorbent in the removal of P-PO43- in contaminated water bodies (sewage wastewater). The 
potential use of the loaded HDS as a virtual fertiliser was also assessed. Batch studies were conducted to 
check the effect of HDS dosage, hydrogen ion activity (pH), ionic strength, concentration, contact time, and 
competing ions on adsorption. The adsorption of P-PO43- was strongly dependent on pH and initial 
concentration of the solution. The adsorption process was via the chemisorptive (chemical ion exchange) 
mechanism in the rate-determining step. Batch adsorption results agreed with those of computational 
simulation studies conducted to optimise the experimental parameters (pH, adsorbent dosage, initial 
concentration, etc.). To assess the slow release of P-PO43- adsorbed onto HDS, desorption studies were 
conducted using deionised water, sodium hydroxide (NaOH), and sodium bicarbonate (NaHCO3) as desorbing 
agents. The desorption results showed that 0.1 mo -1 NaOH gave superior desorption compared to 
0.1 -1 NaHCO3.  

5.5.1 Effects of pH on adsorption 

Aqueous solution pH determines the relevant P-PO43- species dominating in the sewage water and it influences 
the strength of electrostatic attraction. The results for the effect of pH on P-PO43- adsorption are presented in 
Figure 5.53. To optimise the pH for maximum removal efficiency and to avoid the precipitation of P-PO43-, 
adsorption was conducted at pH 2.01 to 4.03. When H+ ions dominated in the solution (low pH), the surface of 
HDS was surrounded by hydronium (H3O+) ions that create a high adsorption affinity for binding sites on HDS. 
Maximum removal efficiency of HDS was found to occur at pH 4.03. Higher pH values (e.g. pH 7.02-13.03) 
were omitted to prevent precipitation that may occur in chemical reactions as was observed in simulation 
studies. When pH increases, strong competition occurs between P-PO43- species (H2PO4-, HPO42-, and PO43-

) and hydroxyl (OH-) ions as H+ are reduced or replaced by OH- ions, creating strong repulsions between P-
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PO43- and OH- that reduces P-PO43- adsorption. However, P-PO43- adsorption can also be stimulated and 
enhanced by the presence of free OH-, which could be replaced by P-PO43- ions on the HDS surface. The 
adsorption percentage increased rapidly as H+ ions were replaced by OH- ions in the solution, reaching an 
optimal pH of 4.03.  

The pH of the initial solution plays an important role in adsorption as many anions exist in different species at 
different pH values. The P-PO43- species adsorbed at pH 4.03 was H2PO4- and this was confirmed by the 
speciation distribution at different pH regimes (Figure 5.54). After maximum adsorption capacity was reached 
at pH 4.03, a decline in adsorption capacity was observed at pH 6.02 (this was due to a change in H+ ions in 
the solution that lowered the H2PO4- and a new HPO42- species in solution started to dominate). This may be 
due to the variation in operating pH, which also changes the HDS surface charge and P-PO43- degree of 
ionisation and dissociation of surface functional groups. Thus, the decrease in P-PO43- adsorption with an 
increase in OH- ions replacing H+ ions, may be due to electrostatic attraction (this may be due to reduction in 
electrostatic interaction and reduced inner-sphere complexation between the P-PO43- and HDS surface 
functional groups). The surface of the HDS can either be positively charged, negatively charged, or neutral 
(based on the pH of the initial solution used). The point of zero charge (pHpzc) on the HDS surface was pH 
4.5. In this study, pH 4.03 (positively charged HDS surface) was the main target for maximum adsorption 
capacity of P-PO43- ( -sphere mechanism. The 
proposed surface complexation reaction (  represent the surface site) was assumed to occur as presented 
below:  

43- + 3H+  -H2PO4 + H2O       (5.9) 

This agreed with simulation results in which the pH of the P-PO43- after adsorption was observed to drastically 
increase. An increase in pH could be attributed to the formation of OH- ions after adsorption occurred (H+ ions 
reduced in the solution).  
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Figure 5.53. Effect of pH on the adsorption of P-PO43- -1 (solid:liquid 
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Figure 5.54. The speciation distribution of P-PO43- at different pH regimes (Chubar et al., 2005) 

Estimation of generalised surface complexation (adsorption constants) and site density parameters in HDS 
from experimental data (Figure 5.55) was conducted using PHREEQC coupled with parameter estimation 
(PEST). This made it possible to conduct different simulations of P-PO43- adsorption onto HDS and the fit with 
experimental data gave confidence that in cases of limited experimental data or where experimentation is 
expensive, simulations can be used. This has proven useful at the time of conducting this work as most of the 
experimental work had been negatively impacted by the pandemic. 
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Figure 5.55. Generalised surface complexation for P-PO43- adsorption with PHREEQC coupled with PEST 

5.5.2 Effect of HDS dosage on adsorption 

Results for the effect of adsorbent mass on adsorption are presented in Figure 5.56. The effect of HDS dosage 
(10, 20, 50, 100, 300, and 500 mg) on the adsorption of the P-PO43- onto HDS was investigated. The P-PO43- 
ions in aqueous solution were reduced b
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This is due to an increase of active adsorption sites on the HDS surface (attributed to the fact that as the mass 
increases, more of the active sites for adsorption of P-PO43- on the HDS become available). HDS particle 
aggregation and repulsive forces between active adsorption sites may also cause incremental improvement in 
P-PO43- adsorption. However, P-PO43- sorption was maintained at high HDS dosages, possibly due to 
resistance in the P-PO43- mass transfer from the sewage water to HDS surface sites at high HDS dosage. A 
maximum adsorption capacity was observed at 100 mg of HDS as there were no significant changes observed 
after that, signifying that equilibrium had been established. 
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Figure 5.56. Effect of mass on the adsorption of P-PO43- onto HDS for a pH = 4.03; concentration of 50 -1 
 

5.5.3 Effect of contact time on adsorption 

Contact time plays an essential role in the adsorption process. It defines the adsorption equilibrium between 
P-PO43- ions and HDS, as well as a description of P-PO43- kinetics in adsorption. The effect of contact time on 
adsorption of P-PO43- was studied and the results are presented in Figure 5.57. The rate of adsorption initially 
increased rapidly, and optimal adsorption efficiency was achieved after 1 h. Further increase in contact time 
did not result in any improvement in adsorption as equilibrium had been reached. 
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Figure 5.57. Effect of contact time on the adsorption of P-PO43- onto HDS for a pH = 4.03; metal concentration 
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5.5.4 Effect of concentration on adsorption 

The effect of concentration on adsorption was studied and the results are presented in Figure 5.58. The results 
pointed to an increase in adsorption with an increase in P-PO43- concentration. This implies that there is likely 
to be more uptake of P-PO43- before adsorption capacity reaches an equilibrium point. 
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Figure 5.58. Effect of concentration on adsorption of P-PO43- onto HDS for a pH = 4.03; (solid:liquid ratio of 

 

5.5.5 Effect of competing ions 

Chemical composition of sewage wastewater does not only contain P-PO43- ions, but there are also co-existing 
ions such as nitrates (NO3-), sulphates (SO42-), chlorides (Cl-), etc. The coexistence of these ions in sewage 
wastewater may affect the adsorption of P-PO43- on HDS. In this study, the effect of these co-existing anions 
was evaluated with different adsorbent dosages (50, 100, and 500 mg) at a constant concentration of 50 mg 
-1 for each anion. Experimental results showed that co-existing anions affect the uptake of P-PO43- ions on the 

HDS surface, and this was observed by the high removal efficiency of P-PO43- as presented in Table 5.17. 
Anions of higher valence showed a more significant interfering effect than the monovalent anions in P-PO43- 
adsorption on HDS (SO42-, Cl-, NO3-, etc.). Divalent anions such as SO42- contributed notably to retarding 
adsorption of P-PO43- by HDS. This was also observed in weak sites of HFO in simulation studies. The 
decrease in the adsorption capacity may be due to the ion-exchange mechanism, in which SO42- has high 
affinity for the HDS and compete more with P-PO43- adsorption. 

Table 5.24. Adsorption percentage of P-PO43- on the HDS with the mixture of the co-existing anions 
in solution at different HDS dose 

Mass (mg)   Ce (mg/L)  qe (mg/g) % Removal efficiency 
50   0.176   19.96   85.8 
100   0.481   59.95   90.5 
500    0.927   85.98   98.9 

5.5.6 Adsorption isotherm models 

The Langmuir, Freundlich, Dubinin-Radushkevich, and Temkin isotherms were applied for data fitting on the 
models (this has included the initial P-PO43- concentration and results from data). The results for these are 
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presented in Table 5.18. The Freundlich isotherm best fitted the adsorption data for P-PO43-. This may be due 
to heterogeneous surfaces. Heterogeneous surface areas may exhibit the homogeneous adsorption site (at a 
constant enthalpy of adsorption). Sometimes the heterogeneous adsorption has a variable (enthalpy of 
adsorption) depending on the active sites occupied in HDS. When the P-PO43- concentration (pressure) is low, 
the high energy sites may be occupied and as the concentration of P-PO43- increases, few active sites (energy 
sites) result in a lower enthalpy of adsorption. The adsorption mechanism may be proceeding through physical 
adsorption and the heterogeneous coverage chemical complexation in the inner sphere and outer sphere (this 
may be due to the heterogeneous surface of the HDS). The surface energy on the HDS was determined in the 
D-R isotherm model. The adsorption energy was between 8 and 16 kJ mol-1 for P-PO43- and this may be due 
to strong chemical ion-exchange on the HDS. The adsorption intensity onto HDS was greater than 1 and this 
confirms the chemical adsorption. The RL values of HDS ranged from 0-1 for P-PO43- ions, implying favourable 
adsorption. 

Table 5.25. Isotherm’s parameters of adsorption of P-PO43- onto HDS (pH = 4.03; solid:liquid ratio 
of 500 mg:10 ° . 

Isotherms  P-PO43- ion Estimated isotherms parameters 
     qmax (mg g-1) KL -1)  R2 

Langmuir  H2PO4  85.9  3.47E+06  0.930 

   P-PO43- ion n Kf (mg g-1)/ (mol -1)1/n R2 

Freundlich  H2PO4  2.7  60.1   0.995 

P-PO43- ion  Xm (mol g-1) Es (kJ.mol-1)  R2 

Dubinin-  H2PO4  0.00133 15.3   0.941 
Radushkevich  
   P-PO43- ion aT (L kg-1) bT (kJ mol-1)  R2 
______________________________________________________________________________ 
Temkin   H2PO4  6.85  0.031   0.956 
______________________________________________________________________________ 
 

5.5.7 Kinetic models 

The results for kinetic models are presented in Table 5.19. The maximum adsorption of P-PO43- was reached 
after 1 h of contact with HDS. The adsorption rate was observed to be much faster within 5 min and after 60 
min the adsorption capacity remains constant throughout. The results have pointed out that the adsorption of 
P-PO43- onto HDS followed this order: H2PO4- > HPO42- > PO43-. The pseudo first-order and pseudo second-
order kinetic models were utilised to find out the mechanism that influences the attraction of P-PO43- onto the 
HDS surface (Table 5.19). The pseudo second-order model best fitted the kinetic data compared to the pseudo 
first-order (this was based on the R2 values that were greater than 0.998 for H2PO4-). The experimental 
adsorption capacity was compared with the calculated adsorption capacity and for the pseudo second-order, 
the values were very close.  
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Table 5.26. Kinetic parameters of P-PO43- removal onto HDS (pH = 4.03; concentration =  
50 -1; solid:liquid ratio of 500 mg:10 ° . 

Kinetics  P-PO43- ion   Estimated kinetic parameters 
     Qe(exp)    K1  Qcal  R2 
     (mg g-1)  (min-1)  (mg g-1) 
Pseudo first-  H2PO4  0.017  0.035  0.010  0.959 
order   
     Qcal (mg g-1)  K2 (mg g-1 min)  R2 
Pseudo second- H2PO4  0.017   2.786   0.998 
order           
     a/(kg.mol-1.min-1) b/(kg.mol-1.min-1) R2 
Elovich   H2PO4  0.0035   247.34   0.937 

      Ip  Kp  R2 
Intraparticle   H2PO4   0.003  0.001   0.891 
diffusion model 
      If   Kf   R2 
Film diffusion model H2PO4   -0.197   0.035  0.958 

5.5.8 Thermodynamic studies of phosphate adsorption 

Figure 5.59 shows the rate of increase of P-PO43- adsorption with an increase in temperature and this was 
observed in sewage wastewater with high initial P-PO43- concentration. Thermodynamic studies were 
conducted to have a better understanding of the nature of the adsorption process (Table 5.20). The parameters 

 H  (kJ/mol), and entropy change  (J/ mol/K) 
H  and is determined by slope and intercept of the distribution coefficient 

(ln Kd  confirm that the adsorption reaction of  
P-PO43- is endothermic, and the positive value of shows the good affinity of the HDS toward P-PO43- 

 for P-PO43- adsorption declined from -4.85 to -8.36 kJ mol-1 as the temperature rises from 
25-  at the conducted thermodynamic 
studies (effect of temperature) indicates that the adsorption of P-PO43- onto the HDS is highly favourable and 
spontaneous. Based on the thermodynamic studies conducted, the adsorption improved with an increase in 
temperatur

-PO43- removal in large scale 
application in wastewater treatment. 
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Figure 5.59. Effect of temperature on the adsorption of P-PO43- onto HDS 
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Table 5.27. Thermodynamic parameters for the adsorption of P-PO43- onto HDS 

Anion  Temperature  Go  Ho  So  K  
  (K)  (kJ mol-1) (kJ mol-1) (J mol-1 K-1) (L g-1) 
P-PO43-  298  -4.85  3.23  9.42  4.07 
  303  -6.64    9.36  4.39 
  313  -7.21    14.09  6.65 
  333  -8.36    15.31  7.53 

5.5.9 Desorption of P-PO43- 

The desorption study was done to assess the slow release of P-PO43- adsorbed on the HDS. To evaluate the 
slow release of the adsorbed P-PO43- ions were conducted after adsorption studies. The desorption of P-PO43- 
ions was to investigate the potential use of adsorbed P-PO43- on HDS (as a carrier of P-PO43-) as a fertiliser to 
support plant growth, specific for the plants species used for phytoremediation of 

-1 -1 NaHCO3 were used as the desorbing agents. The ionic strength of 
-1 -1 NaOH showed to be the best desorbing 

agent with high desorbing efficiency of P-PO43-. The results are presented in Figures 5.60-5.61.  
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Figure 5.60. Desorption percentage of P-PO43- using different desorbing agents. 
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Figure 5.61. (a) Effect of NaOH ionic strength during desorption of P-PO43- (b) Slow release of P-PO43- 
phosphates from HDS with deionised water. 
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The slow release of P-PO43- from HDS shows that HDS can be used as a P carrier to fertilise plants that are 
mostly used for phytoremediation of contaminated sites. 

5.5.10 Conclusion 

Simulations of adsorption of P-PO43- in sewage wastewater onto Hfo showed the potential for HDS to remove 
these ions. As expected, a high surface area and dosage of Hfo resulted in increased adsorption. A pH of 4.03 
was found to give optimum adsorption for P-PO43-. Due to the complexity of HDS, it could not be concluded at 
that stage how accurate it would be to use Hfo as a surrogate adsorption surface. Thus, further studies 
involving actual P-PO43- adsorption onto HDS were done that determined the parameters that were used in a 
generalised surface complexation model. Therefore, based on surface complexation results, it may be possible 
to conduct different simulations of P-PO43- adsorption onto HDS. Both adsorption and desorption of P-PO43- 
onto HDS were investigated. The selectivity sequence for adsorption followed the order: H2PO4- > HPO42- > 
PO43-. The adsorption capacity of H2PO4- was observed to be higher. An increase in HDS dose and 
concentration of P-PO43- resulted in increased adsorption. Hydrogen ion activity was found to result in the 
peaking of adsorption at 4.03. The Freundlich isotherm and pseudo second-order kinetic model fitted the 
experimental data (R2 value equal to 0.99) best, with the latter model showing that the mechanism was 
chemisorptive (chemical ion exchange). The high influent P-PO43- concentration affects P-PO43- removal as 
the adsorption process is through mass transfer (P-PO43-adsorption was inversely proportional to HDS dosage 
and temperature) and a high adsorption capacity of P-PO43- was observed as temperature increases. 
Thermodynamic studies have shown that the adsorption of P-PO43- onto the HDS surface was endothermic 
and the reaction was spontaneous. Desorption studies showed that it was possible for slow release of P-PO43- 
from HDS. Thus, it would be expected that in contact with sewage wastewater, the net migration of P-PO43- 
will be to the HDS than from its surface. Overall, the trend in adsorption onto HDS resembled that observed 
for Hfo. The effect of components such as the polyacrylate polymer within the HDS structure was studied 
further using a generalised surface complexation model. The findings showed that simulations could be 
successfully used where limited experimental data was available. 

5.6 COLUMN SORPTION STUDIES FOR HDS INTERACTION WITH PHOSPHATE 
CONTAINING WATER  

5.6.1 Effect of inlet P-PO43- concentrations 

Breakthrough curves for P-PO43- adsorption onto HDS were determined (Figure 5.62). Adsorption efficiency, 
breakthrough, and exhaustion time decreased with increasing inlet concentration. Adsorption parameters for 
different concentrations were also assessed (Table 5.21). The tbr (min) at the inlet P-PO43- concentrations (10, 
50, and 10 -1) is from 150-50 min and the exhaustion time is from 250-100 min. When inlet P-PO43- 
concentration is very low, retention time becomes longer for the active sites available for adsorption in the 
HDS to be exhausted. This trend is like that observed in computational simulation studies. When inlet P-PO43- 
concentration increases, the slopes of the breakthrough curves become steeper, and the breakthrough time 
becomes shorter. This may be since the active adsorption sites are covered by phosphate as the HDS reaches 
the saturation point faster. 
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Figure 5.62. Effects of initial P-PO43- 
-1). 

Table 5.28. Fixed-bed column parameters for adsorption of P-PO43- ions onto HDS at varying inlet 
-1 (flow -1, bed height = 6 cm, temp = 25ºC). 

Inlet conc. Anions  tbr tex  Vef Zm  Removal 
-1)    (min) (min)   (cm)  efficiency (%) 

10  PO43-  100 150  1500 4.56  99.75 
50  PO43-  160 310  3100 2.29  97.78 
100  PO43-  170 240  2400 3.04  88.57  
 

5.6.2 Effect of bed height 

Breakthrough curves for P-PO43- adsorbed at different bed heights (1, 3, 6 cm) corresponding to 1, 4, 8 g of 
-1 -1) were determined 

(Figure 5.63). The breakthrough time, exhaustion time, and recovery efficiency depend on the bed height. An 
increase in adsorption capacity with an increase in bed height was observed. An increase in breakthrough time 
was observed from 60-150 min. An increase in bed height (increase in HDS dosage) delayed exhaustion time 
from 100-200 min. When bed height is lower (axial dispersion predominated the mass transfer), which reduced 
diffusion of phosphate resulting in insufficient time for diffusion to occur. This means that an increase in bed 
height of adsorption column may lead to an extension of breakthrough point as well as the exhaustion time of 
HDS. Therefore, an increase in bed height increase adsorption efficiency, breakthrough, and exhaustion time. 
This is due to the availability of active sites on the HDS, as bed height increases with adsorbent dosage) (Table 
5.22). 
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Figure 5.63 -1, flow rate = 
-1). 

Table 5.29. Fixed bed column parameters for adsorption of P-PO43- onto HDS at varying bed height of 1, 3 and 
-1 -1, temp = 25ºC) 

Bed height Anions  tbr tex  Vef Zm  Removal  
(cm)    (min) (min)   (cm)  efficiency (%) 
1  PO43-  100 140  1400 5.46  93.73 
3  PO43-  140 210  2100 5.22  97.44 
6  PO43-  160 230  2300 4.46  99.88 
 

5.6.3 Effect of flow rate 

The flow rate in a continuous fixed-bed column controls retention time and the adsorbate-adsorbent interaction. 
-1 -1) and a 

bed height of 6 cm were determined (Figure 5.64). Assessment of the effect of flow rate was conducted and 
the results showed that breakthrough time, exhaustion time, and adsorption percentage declined as the flow 

-1. The breakthrough time of P-PO43- was observed from 50-100 min and 
exhaustion time also followed a similar selectivity sequence (this may be due to insufficient retention time), 
from 80-150 min for phosphates. It was observed that at low flow rate, retention time increased due to 
increased adsorbate-adsorbent interaction. The best performance of the bed column was observed at a flow 

-1 and this means that when the flow rate increases, diffusion of phosphate decreases (Table 
5.23). 
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Figure 5.64. -1, pH = 4.03, bed height 
= 6 cm). 

Table 5.30. Fixed-bed column parameters for adsorption of P-PO43- onto HDS at varying flow rate of 1, 3 and 
-1 -1, bed height = 6 cm, temp = 25ºC) 

Flow rate Anions  tbr tex  Vef Zm  Removal  
-1)   (min) (min)   (cm)  efficiency (%) 

1  PO43-  90 170  1700 5.21  99.52 

3  PO43-  60 110  1100 4.29  96.31 

5   PO43-  180 360  3600 6.50  83.46 

5.6.4 Parameters of the sorption models 

The Thomas, Yoon-Nelson, Adams-Bohart, and Bed depth service time (BDST) models were fitted with 
acquired column experimental data (inlet P-PO43- concentration, bed height, and flow rate). The best results 
for breakthrough and adsorption percentages were obtained at a bed height of 6 cm, flow rate of 1 -1, 

-1. The fitting of the best experimental data on the models was interpreted 
based on the correlation coefficient (R2) value. An R2 value (greater or equal to 0.997) was the best reference 
for assessing the best fit of column experimental data on the models applied in this study (Table 5.24). 
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Table 5.31. Thomas, Yoon-Nelson, Adams-Bohart models and Bed depth service time model parameters for 
the adsorption of P-PO43- -1), 

-1). 
Thomas model 

Parameters Anion  kTh * 10-5 -1 mg)  qo (mg g-1) R2 

Bed height  
(cm) 

1  PO43-  0.0038    240  0.978 

3  PO43-  0.0013    324  0.986 

6  PO43-  0.0014    430  0.995 
-1) 

10  PO43-  0.0096    120  0.998 

50  PO43-  0.0096    320  0.989 

100  PO43-  0.0089    510  0.967 
-1)         

1  PO43-  0.0013    420  0.998 

3  PO43-  0.0044    540  0.972 

5  PO43-  0.0047    660  0.958 

Adams-Bohart model 

Parameters Anion  kAB (L/mg min)   No -1) R2 

Bed height  
(cm) 

1  PO43-  0.0042    350  0.985 

3  PO43-  0.0014    425  0.987 

6  PO43-  0.0011    530  0.995 
-1)          

10  PO43-  0.0098    320  0.998 

50  PO43-  0.0095    520  0.939 

100  PO43-  0.0091    610  0.876 
-1)          

1  PO43-  0.0012    320  0.996 

3  PO43-  0.0045    440  0.951 

5  PO43-  0.0045    560  0.902 
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Yoon-Nelson model 
Parameters Anion  kYN * 10--3 (L/mg min)    (min-1)  R2 
Bed height (cm) 
1  PO43-  0.023    145  0.896 

3  PO43-  0.076    265  0.954 

6  PO43-  0.083    475  0.991 
-1)          

10  PO43-  0.093    395  0.987 

50  PO43-  0.091    335  0.942 

100  PO43-  0.082    245  0.914 
-1)          

1  PO43-  0.089    320  0.997 

3  PO43-  0.082    260  0.975 

5  PO43-  0.072    205  0.868 

Bed depth service time (BDST) model 
Anion   ka (L/mg min)   No -1)  R2 
PO43-   0.0022     140.43   0.998 
 

Based on R2 values for the models, the Adams-Bohart, Yoon-Nelson and bed depth service time models fitted 
experimental data better. The Yoon-Nelson model indicates that the rate of adsorption decreases in the 
probability of sorption of each P-PO43- ion in the inlet solution. The adsorption of each P-PO43- ion is 
proportional to the probability of the sorbate adsorption and sorbate breakthrough on HDS. The BDST 
assumes that experimental data follows a linear relationship between bed height and service time on column 
adsorption models. The adsorption of P-PO43- onto HDS was assumed to be controlled by surface chemistry 
between the P-PO43- and availability of adsorption active sites.  

Based on computational simulations, a strong dependency (influenced by pH) of P-PO43- adsorption on the 
HDS surface was observed. Adsorption efficiency of P-PO43- was based on the surface charge of the HDS and 
the different types of P-PO43- species at different pH (H2PO4- = 4.03, HPO42- = 7.02 and PO43- = 12.43). When 
hydrogen ion activity increases, P-PO43- adsorption decreases because the hydroxyl ion (OH-) competes with 
divalent anions for the active sites. A high adsorption capacity occurs at pH levels ranging from 3-4 consistent 
with simulation studies results. The hydroxyl group in the HDS matrix bonds with P-PO43- ion as the surface 
becomes positively charged (H+ ion is introduced to HDS surface). The P-PO43- ion complexation on the HDS 
depends on the OH- functional group (negatively charged HDS surface) and H+ ions that makes the HDS 
positively charged. The effect of pH can also be explained in terms of pHPzc (a point where the surface positively 
or negatively charged functional groups no longer affect the pH of the solution). The pHPzc in HDS is 4.5 and 
this means that surface charge below 4.5 is positive and above 4.5 is negative. 

5.6.5 Desorption studies 

Potential release of phosphate from HDS was assessed through desorption studies. Desorption with 0.1 mol 
-1 NaOH produced better 

exhaustion time of 220 min. Desorption data indicate that desorption capacity of P-PO43- from HDS increased 
as OH- ions are introduced into the solution. The reaction is likely an anion exchange, with OH- replacing 
phosphate on the adsorbent surface. 
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5.6.6 Conclusion  

Adsorption studies in a fixed-bed column for adsorption of P-PO43- from sewage water by HDS was assessed. 
The HDS is positively charged at lower pH and this favours adsorption of phosphate. This was observed to 
occur best at optimised parameters of solution pH of 4.03, bed height of 6 cm, inlet phosphate concentration 
of -1 -1. These parameters were established from computational simulations. 
Breakthrough curves indicated that breakthrough points were achieved at later times for reduced flow rates, 
lower inlet concentration and increased bed height. The Yoon-Nelson, Adams-Bohart, and BDST models better 
described the desorption process. The BDST gives better insight as it relates service time to the exhaustion 
of the adsorbent. 

-1 
NaOH. Further studies would be required to explore other desorbing agents that would closely simulate 
conditions under which phosphate laden HDS would be used. 
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CHAPTER 6: IMPLICATIONS OF FINDINGS 
______________________________________________________________________________________ 
 
The study has explored repurposing of sludge generated from treatment of AMD by using an approach 
involving: improvement of the produced sludge by fractionation or selective precipitation of ochres in the 
neutralisation stage and using the currently produced sludge for mine water pre-treatment and conditioning. 
The findings have some theoretical and practical implications which are discussed as follows. 

The study explored alternative pathways to precipitate ochres from AMD, that would create value beyond the 
conventional precipitation of bulk HDS. The possibility of achieving this was studied using computational 
simulations of reacting different neutralising agents and their mixtures with AMD of varying composition. It was 
found to be possible to precipitate out desired ochres based on manipulation of reaction conditions. The most 
ideal neutralising agents were found to be NaOH and MgCO3, which produced better yields of ochres and 
quality of treated water compared to other agents. Experimental follow through substantiated findings from 
simulations, which theoretically implied that it is possible to successfully design such experiments based on 
simulations. Combinations/mixtures of neutralising agents would still require further and comprehensive study 
in order to assess their effectiveness in comparison to single agents. This implies use of several mixing ratios 
in simulations and assessing the yields of ochres and quality of produced water. Some implications can be 
deduced here in that some ratios may lead to production of better yields, but poorer water quality and vice 
versa. Further, successful simulations of reactions may not all necessarily translate to predicted or desired 
outcomes experimentally as conditions may change in practice. These are considerations that would be useful 
in any pursuant studies. The successful use of MgCO3 implies that magnesite can be used to replace lime and 
limestone in the treatment process. Deposits of this mineral have remained largely unexploited. 

Experimental work on using the HDS currently produced at AMD treatment plants as an adsorbent for metals 
contained in AMD was also based on conditions predicted in computational simulations. This implied that batch 
and column mode experiments could be designed using such simulations. While simulations were based on 
hydrous ferric oxide (Hfo) as the major adsorption site, there was no evidence from experimental findings of 
any other site contributing to this. Characterisation of HDS showed presence of a polymer, polyacrylate, which 
is used for sludge densification during the treatment process. Theoretically, this would be expected to provide 
adsorption sites for metals. Similarities in adsorption trends of pure Hfo (as used in simulations) and HDS 
could be suggesting that the polymer does not play any role in adsorption. However, this will require 
substantiation in studies on further characterisation of HDS (before and after adsorption, including possible 
bonds formed between the metals and polymer functional groups). Successful adsorption in both batch and 
column modes implied that it could be possible to use HDS to pre-treat AMD in mine shafts and voids. This 
could have cost reduction implications as well since less neutralising agents will be used in the neutralisation 
process. 

Repurposing of HDS for phosphate removal from wastewater was found to be possible, with elevated 
adsorption of phosphate observed and agreed with predictions from simulations. This implied that Hfo played 
an important role in adsorption as it was the dominant constituent. This would be expected owing to the strong 
affinity that iron has for phosphates. Similar to the case involving adsorption of metals, the role of the polymer 
in HDS for phosphate adsorption could not be fully elaborated and would require further study. Desorption of 
adsorbed phosphate was studied using only NaOH, with high desorption efficiency observed. While 
theoretically this is an ideal desorbent, the practical implications would suggest the use of other desorbing 
agents that closely simulate the environment in which phosphate desorption is intended for. As indicated 
previously, the goal here is to use the phosphate-laden HDS as a source of phosphate for plants on woodlots 
at tailings dumps. These plants are for phytoremediation purposes and grow in very acidic tailings. As such, 
phosphate from HDS can be released in these environments for uptake by these plants. Since a complete 
flush of phosphate from HDS would not be suitable, slow release based on kinetics would be more useful.  
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS 
______________________________________________________________________________________ 

7.1 CONCLUSIONS 

The conclusions of the study are as follows: 

 Optimisation of parameters for use in small- and large-scale applications can be achieved using 
computational simulations. This was found to be an attractive approach as it has potential to reduce 
time-consuming and expensive experimental trials. Further, more insights about the chemistry of 
processes under study can be obtained that are usually not possible from conventional experimental 
work.  

 Simulations helped in exploring the possibility of deriving value from the current AMD treatment 
process by selectively precipitating ochreous minerals. Experimental trials based on these simulations 
yielded ochres with varying colours e.g. yellow, brown, red and turquoise that were comparable to 
commercial paints when applied to artwork. The application of these ochres as pigments in paint 
require further study to assess their viability for commercial production. 

 Simulations also helped in understanding the chemistry of AMD and processes governing interactions 
of AMD and high-density sludge (HDS). This provided informed platforms for designing batch and 
column experimental studies. 

 Both batch and column studies indicated the potential of repurposing HDS as an adsorbent for removal 
of trace elements from AMD to condition and pre-treat it before introduction to the main neutralisation 
process. This is important in that it provides the possibility of applying HDS in abandoned mine voids 
and shafts from where AMD is pumped and allow for in situ treatment. 

 Repurposing of HDS was extended to removal of inorganic phosphate in contaminated water with the 
intention to use the phosphate laden HDS as an amendment in woodlots on mine tailings. The results 
were very promising, but further studies would be required to obtain slow release of phosphate when 
it is applied in this context, and this will have to be considered in conjunction with potassium and 
nitrogen for its fertiliser value to be realised. The point of including the potassium and nitrogen, is to 
introduce NPK combination that support plant growth.  

7.2 RECOMMENDATIONS 

The following are recommended from the study: 
 
Use of computational simulations 
This would be important to consider as simulations also provide extended use in understanding processes e.g. 
exploring the efficiency of mixtures of neutralising agents beyond just their uses as individual entities. Different 
mixing ratios can be simulated to assess the quality of treated water and precipitates that would likely form. 
Many scenarios can be modelled from which important information about the AMD treatment process can be 
gleaned and used for process improvement or other innovation. 
 
Use of discharged in irrigation 
This is predicated on the fact that the water discharged from AMD treatment plants contains large amounts of 
undersaturated gypsum, an essential soil input for agricultural crops such as maize. This approach has been 
used elsewhere in AMD treatment in coal mining areas where the treated water containing elevated sulphate 
concentrations is used for irrigation purposes. However, further assessment of the water with respect to other 
elevated constituents such as magnesium would still be required to assess its suitability for irrigation purposes. 
Comparison with constituents of commercial gypsum will be also advisable. 
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Introducing a sulphate reduction step in the discharge facility 
Apart from deriving further value from the neutralisation process of AMD, attention should also be focused on 
deriving more value from the treated water. The very elevated sulphate concentrations can be treated with 
appropriate biological methods such as those involving sulphate-reducing bacteria to produce valuable 
elemental sulphur. This would likely be of better quality than that produced directly from AMD because of 
reduced concentrations of cations and trace elements. 
Evidence of natural production of sulphur following discharge of treated water into streams is apparent, 
particularly in wetland areas in the vicinity where patches of yellowish sulphur solids tend to form on surfaces. 
This is, in part, as a result of the presence of sulphate-reducing bacteria in these areas. Thus, it would be more 
appropriate to explore the possibility of adding a unit for this process to occur in the plant before the water is 
finally discharged. Simulations based on microbial reactions (e.g. those available in the Geochemist’s 
Workbench modelling code) should be possible to conduct as a way of establishing design parameters and 
optimal conditions for this process. 
 
Sulphate removal using membrane crystallisation 
Membrane crystallisation (MCr) is a fledgling technology that has potential to treat high saline wastewater such 
as that discharged from the AMD treatment plants. Similar to other membrane processes, it has small spatial 
footprints and can be operated with low grade energy such as solar. The working principle of MCr is based on 
a vapour pressure gradient (mainly induced through temperature) across a microporous hydrophobic 
membrane. The vapours pass through the pores of the membrane and all non-volatiles along with the liquid 
are retained by the hydrophobic membrane. Vapours passing through the membrane can be condensed on 
the other side of the membrane by using a cold water stream to produce clean water. Thus, MCr produces a 
high quality permeate stream (fresh water) independent of feed characteristics. On the other hand, valuable 
minerals e.g. gypsum and epsomite, in the case of discharged water from AMD treatment, can be recovered 
through a crystallisation process. 
 
Incorporation of potassium and nitrogen into high density sludge 
This work has accomplished the adsorption of phosphate onto high density sludge (HDS), with the possibility 
of using the phosphate-laden HDS as a virtual fertiliser in woodlots planted on tailings. The utility of this HDS 
can be increased by adsorbing nitrogen and potassium onto it to complete the essential NPK nutrient nexus. 
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APPENDIX A: OCHRES PRECIPITATION SIMULATION 
RESULTS 

______________________________________________________________________________________ 
 
----------------------------------------- 
Beginning of batch-reaction calculations. 
----------------------------------------- 
 
Reaction step 1. 
 
Using solution 1.  
Using reaction 1.  
 
Reaction 1.  
 
   1.000e+00 moles of the following reaction have been added: 
 
                  Relative 
 Reactant            moles 
 
 Fe(CN)2              1.00000 
 
                  Relative 
 Element             moles 
 
 C                    2.00000 
 Fe                   1.00000 
 N                    2.00000 
 
-----------------------------Solution composition------------------------------ 
 
 Elements           Molality       Moles 
 
 Al                1.881e-02   1.796e-02 
 C                 2.095e+00   2.000e+00 
 Ca                1.260e-02   1.203e-02 
 Cd                9.558e-08   9.126e-08 
 Fe                1.164e+00   1.111e+00 
 K                 2.748e-05   2.623e-05 
 Mg                1.326e-06   1.266e-06 
 Mn                2.462e-03   2.351e-03 
 N                 2.095e+00   2.000e+00 
 S                 2.013e-01   1.922e-01 
 Si                5.364e-04   5.122e-04 
 Zn                3.287e-06   3.138e-06 
 
----------------------------Description of solution---------------------------- 
 
                                       pH  =  10.522      Charge balance 
                                       pe  =  -8.238      Adjusted to redox 
equilibrium 
                        Activity of water  =   0.941 
                 Ionic strength (mol/kgw)  =   1.831e-01 
                       Mass of water (kg)  =   9.548e-01 
                 Total alkalinity (eq/kg)  =   2.776e+00 
                       Total CO2 (mol/kg)  =   1.088e+00 
                         Temperature (°C)  =  25.00 
                  Electrical balance (eq)  =  -7.125e-02 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  = -31.42 
                               Iterations  =  21 
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                                  Total H  = 1.110227e+02 
                                  Total O  = 5.627713e+01 
 
------------------------------Saturation indices------------------------------- 
 
  Phase               SI** log IAP   log K(298 K,   1 atm) 
 
  Adularia          1.74    -18.83  -20.57  KAlSi3O8 
  Al(OH)3(a)       -0.49     10.31   10.80  Al(OH)3 
  AlumK           -38.56    -43.73   -5.17  KAl(SO4)2:12H2O 
  Alunite         -21.39    -22.79   -1.40  KAl3(SO4)2(OH)6 
  Anhydrite        -7.74    -12.10   -4.36  CaSO4 
  Annite           38.23    -47.42  -85.64  KFe3AlSi3O10(OH)2 
  Anorthite         4.55    -15.17  -19.71  CaAl2Si2O8 
  Aragonite         3.18     -5.16   -8.34  CaCO3 
  Artinite         -4.72      4.88    9.60  MgCO3:Mg(OH)2:3H2O 
  Basaluminite    -11.21     11.49   22.70  Al4(OH)10SO4 
  Bianchite       -20.12    -21.89   -1.76  ZnSO4:6H2O 
  Birnessite      -23.72     19.88   43.60  MnO2 
  Bixbyite        -15.18    -15.79   -0.61  Mn2O3 
  Boehmite          1.75     10.34    8.58  AlOOH 
  Brucite          -2.96     13.88   16.84  Mg(OH)2 
  Calcite           3.32     -5.16   -8.48  CaCO3 
  Cd(gamma)       -13.17      0.42   13.59  Cd 
  Cd(OH)2          -8.72      4.93   13.65  Cd(OH)2 
  Cd(OH)2(a)       -8.80      4.93   13.73  Cd(OH)2 
  Cd3(OH)2(SO4)2  -51.43    -44.72    6.71  Cd3(OH)2(SO4)2 
  Cd3(OH)4SO4     -37.53    -14.97   22.56  Cd3(OH)4SO4 
  Cd4(OH)6SO4     -38.44    -10.04   28.40  Cd4(OH)6SO4 
  CdMetal         -13.07      0.42   13.49  Cd 
  CdSiO3           -8.21      0.85    9.06  CdSiO3 
  CdSO4           -24.73    -24.83   -0.10  CdSO4 
  CdSO4:2.7H2O    -23.02    -24.90   -1.87  CdSO4:2.67H2O 
  CdSO4:H2O       -23.20    -24.85   -1.66  CdSO4:H2O 
  CH4(g)            2.88      0.02   -2.86  CH4 
  Chlorite14A       9.44     77.82   68.38  Mg5Al2Si3O10(OH)8 
  Chlorite7A        6.06     77.82   71.75  Mg5Al2Si3O10(OH)8 
  Chrysotile        1.26     33.46   32.20  Mg3Si2O5(OH)4 
  Clinoenstatite   -1.54      9.80   11.34  MgSiO3 
  CO2(g)           -4.69     -6.16   -1.47  CO2 
  Cristobalite     -0.52     -4.11   -3.59  SiO2 
  Diaspore          3.46     10.34    6.88  AlOOH 
  Diopside          3.48     23.37   19.89  CaMgSi2O6 
  Dolomite          3.00    -14.09  -17.09  CaMg(CO3)2 
  Dolomite(d)       2.45    -14.09  -16.54  CaMg(CO3)2 
  Epsomite        -13.92    -16.06   -2.14  MgSO4:7H2O 
  Fe(OH)3(a)        2.80      7.69    4.89  Fe(OH)3 
  Fe3(OH)8         13.61     33.83   20.22  Fe3(OH)8 
  FeS(ppt)          8.15      4.24   -3.92  FeS 
  Forsterite       -4.60     23.71   28.31  Mg2SiO4 
  Gibbsite          2.20     10.31    8.11  Al(OH)3 
  Goethite          8.72      7.72   -1.00  FeOOH 
  Goslarite       -19.95    -21.91   -1.96  ZnSO4:7H2O 
  Greenalite       26.36     47.17   20.81  Fe3Si2O5(OH)4 
  Greenockite       6.65     -9.28  -15.93  CdS 
  Greigite         22.02    -23.02  -45.03  Fe3S4 
  Gypsum           -7.58    -12.16   -4.58  CaSO4:2H2O 
  Halloysite       -0.06     12.43   12.50  Al2Si2O5(OH)4 
  Hausmannite     -10.46     50.57   61.03  Mn3O4 
  Hematite         19.47     15.46   -4.01  Fe2O3 
  Huntite          -1.98    -31.94  -29.97  CaMg3(CO3)4 
  Hydromagnesite  -13.17    -21.94   -8.76  Mg5(CO3)4(OH)2:4H2O 
  Illite            4.50    -35.77  -40.27  K0.6Mg0.25Al2.3Si3.5O10(OH)2 
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  Jarosite-K      -21.44    -30.65   -9.21  KFe3(SO4)2(OH)6 
  JarositeH       -31.10    -36.49   -5.39  (H3O)Fe3(SO4)2(OH)6 
  Jurbanite       -16.21    -19.44   -3.23  AlOHSO4 
  Kaolinite         5.00     12.43    7.43  Al2Si2O5(OH)4 
  Kmica            11.80     24.51   12.70  KAl3Si3O10(OH)2 
  Laumontite        7.47    -23.49  -30.96  CaAl2Si4O12:4H2O 
  Leonhardite      22.81    -46.95  -69.76  Ca2Al4Si8O24:7H2O 
  Mackinawite       8.89      4.24   -4.65  FeS 
  Maghemite         9.07     15.46    6.39  Fe2O3 
  Magnesite        -0.90     -8.93   -8.03  MgCO3 
  Magnetite        30.20     33.94    3.74  Fe3O4 
  Manganite        -7.74     17.60   25.34  MnOOH 
  Melanterite      -9.28    -11.49   -2.21  FeSO4:7H2O 
  Mn2(SO4)3       -99.43   -105.14   -5.71  Mn2(SO4)3 
  MnS(Green)       -2.70      1.10    3.80  MnS 
  MnSO4           -17.11    -14.44    2.67  MnSO4 
  Monteponite      -8.81      4.96   13.77  CdO 
  Montmorillonite-Ca   4.15    -40.88  -45.03  Ca0.165Al2.33Si3.67O10(OH)2 
  N2(g)             3.23     -0.03   -3.26  N2 
  Nesquehonite     -3.39     -9.01   -5.62  MgCO3:3H2O 
  NH3(g)           -2.34     -0.57    1.77  NH3 
  Nsutite         -22.68     19.88   42.56  MnO2 
  O2(g)           -74.11    -77.00   -2.89  O2 
  Otavite          -5.78    -17.88  -12.10  CdCO3 
  Phlogopite        2.23     45.53   43.30  KMg3AlSi3O10(OH)2 
  Portlandite      -5.15     17.65   22.80  Ca(OH)2 
  Prehnite         10.07     -1.62  -11.70  Ca2Al2Si3O10(OH)2 
  Pyrite           13.02     -5.46  -18.48  FeS2 
  Pyrochroite       0.12     15.32   15.20  Mn(OH)2 
  Pyrolusite      -21.50     19.88   41.38  MnO2 
  Pyrophyllite      7.23    -41.09  -48.31  Al2Si4O10(OH)2 
  Quartz           -0.13     -4.11   -3.98  SiO2 
  Rhodochrosite     3.64     -7.49  -11.13  MnCO3 
  Rhodochrosite(d)   2.90     -7.49  -10.39  MnCO3 
  Sepiolite        -0.36     15.40   15.76  Mg2Si3O7.5OH:3H2O 
  Sepiolite(d)     -3.26     15.40   18.66  Mg2Si3O7.5OH:3H2O 
  Siderite          6.53     -4.36  -10.89  FeCO3 
  Siderite(d)(3)    6.09     -4.36  -10.45  FeCO3 
  Silicagel        -1.09     -4.11   -3.02  SiO2 
  SiO2(a)          -1.40     -4.11   -2.71  SiO2 
  Smithsonite      -4.78    -14.78  -10.00  ZnCO3 
  Sphalerite        5.43     -6.19  -11.62  ZnS 
  Sulfur           -7.59    -22.62  -15.03  S 
  Talc              3.87     25.27   21.40  Mg3Si4O10(OH)2 
  Tremolite        15.44     72.01   56.57  Ca2Mg5Si8O22(OH)2 
  Wairakite         3.27    -23.43  -26.71  CaAl2Si4O12:2H2O 
  Willemite        -3.33     12.00   15.33  Zn2SiO4 
  Wurtzite          3.49     -6.19   -9.68  ZnS 
  Zincite(c)       -3.09      8.05   11.14  ZnO 
  Zincosite       -24.74    -21.73    3.01  ZnSO4 
  Zn(NO3)2:6H2O  -179.95   -176.51    3.44  Zn(NO3)2:6H2O 
  ZnMetal         -22.24      3.51   25.76  Zn 
  ZnO(a)           -3.26      8.05   11.31  ZnO 
  ZnS(a)            2.86     -6.19   -9.05  ZnS 
  ZnSiO3            1.02      3.95    2.93  ZnSiO3 
  ZnSO4:H2O       -21.19    -21.76   -0.57  ZnSO4:H2O 
 
**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 
 
------------------ 
End of simulation. 
------------------ 
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APPENDIX B: BATCH SIMULATION RESULTS FOR TRACE 
METALS 

______________________________________________________________________________________ 
 
 
------------------------------------------------------ 
Beginning of initial surface-composition calculations. 
------------------------------------------------------ 
 
Surface 1  
 
Diffuse Double Layer Surface-Complexation Model 
 
Hfo            
   6.521e-03  Surface charge, eq 
   1.178e-02  sigma, C/m² 
   1.213e-02  psi, V 
  -4.720e-01  -F*psi/RT 
   6.237e-01  exp(-F*psi/RT) 
   6.000e+02  specific area, m²/g 
   5.340e+04  m² for   8.900e+01 g 
 
Hfo_s          
   2.500e-03  moles 
                                    Mole                     Log 
 Species               Moles    Fraction    Molality    Molality 
 
 Hfo_sOPb+         2.157e-03       0.863   2.157e-03      -2.666 
 Hfo_sOCu+         3.236e-04       0.129   3.236e-04      -3.490 
 Hfo_sOHCa+2       8.261e-06       0.003   8.261e-06      -5.083 
 Hfo_sOH2+         4.666e-06       0.002   4.666e-06      -5.331 
 Hfo_sOZn+         3.089e-06       0.001   3.089e-06      -5.510 
 Hfo_sONi+         2.984e-06       0.001   2.984e-06      -5.525 
 Hfo_sSO4-         6.011e-07       0.000   6.011e-07      -6.221 
 Hfo_sOH           1.213e-07       0.000   1.213e-07      -6.916 
 Hfo_sOCo+         6.926e-08       0.000   6.926e-08      -7.159 
 Hfo_sOHSO4-2      3.112e-08       0.000   3.112e-08      -7.507 
 Hfo_sO-           7.226e-11       0.000   7.226e-11     -10.141 
 
Hfo_w          
   5.000e-03  moles 
                                    Mole                     Log 
 Species               Moles    Fraction    Molality    Molality 
 
 Hfo_wOH2+         3.247e-03       0.649   3.247e-03      -2.488 
 Hfo_wOCu+         1.155e-03       0.231   1.155e-03      -2.937 
 Hfo_wSO4-         4.184e-04       0.084   4.184e-04      -3.378 
 Hfo_wOH           8.444e-05       0.017   8.444e-05      -4.073 
 Hfo_wOPb+         6.705e-05       0.013   6.705e-05      -4.174 
 Hfo_wOHSO4-2      2.166e-05       0.004   2.166e-05      -4.664 
 Hfo_wONi+         2.801e-06       0.001   2.801e-06      -5.553 
 Hfo_wOZn+         2.252e-06       0.000   2.252e-06      -5.648 
 Hfo_wOMg+         8.610e-07       0.000   8.610e-07      -6.065 
 Hfo_wOCo+         1.359e-07       0.000   1.359e-07      -6.867 
 Hfo_wO-           5.030e-08       0.000   5.030e-08      -7.298 
 Hfo_wOCa+         4.412e-08       0.000   4.412e-08      -7.355 
 
 
 
 



Repurposing of sludge generated from the treatment of acid mine drainage 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯ 

______________________________________________________________________________________ 
143 

 
 
Surface 2  
 
Diffuse Double Layer Surface-Complexation Model 
 
Hfo            
   5.845e-03  Surface charge, eq 
   3.168e-02  sigma, C/m² 
   3.100e-02  psi, V 
  -1.207e+00  -F*psi/RT 
   2.992e-01  exp(-F*psi/RT) 
   2.000e+02  specific area, m²/g 
   1.780e+04  m² for   8.900e+01 g 
 
Hfo_s          
   5.000e-03  moles 
                                    Mole                     Log 
 Species               Moles    Fraction    Molality    Molality 
 
 Hfo_sOPb+         4.317e-03       0.863   4.317e-03      -2.365 
 Hfo_sOCu+         6.476e-04       0.130   6.476e-04      -3.189 
 Hfo_sOH2+         9.338e-06       0.002   9.338e-06      -5.030 
 Hfo_sOHCa+2       7.932e-06       0.002   7.932e-06      -5.101 
 Hfo_sOZn+         6.183e-06       0.001   6.183e-06      -5.209 
 Hfo_sONi+         5.972e-06       0.001   5.972e-06      -5.224 
 Hfo_sSO4-         5.228e-06       0.001   5.228e-06      -5.282 
 Hfo_sOHSO4-2      5.643e-07       0.000   5.643e-07      -6.249 
 Hfo_sOH           5.062e-07       0.000   5.062e-07      -6.296 
 Hfo_sOCo+         1.386e-07       0.000   1.386e-07      -6.858 
 Hfo_sO-           6.285e-10       0.000   6.285e-10      -9.202 
 
Hfo_w          
   2.500e-03  moles 
                                    Mole                     Log 
 Species               Moles    Fraction    Molality    Molality 
 
 Hfo_wOH2+         1.218e-03       0.487   1.218e-03      -2.914 
 Hfo_wSO4-         6.819e-04       0.273   6.819e-04      -3.166 
 Hfo_wOCu+         4.332e-04       0.173   4.332e-04      -3.363 
 Hfo_wOHSO4-2      7.359e-05       0.029   7.359e-05      -4.133 
 Hfo_wOH           6.601e-05       0.026   6.601e-05      -4.180 
 Hfo_wOPb+         2.515e-05       0.010   2.515e-05      -4.600 
 Hfo_wONi+         1.051e-06       0.000   1.051e-06      -5.979 
 Hfo_wOZn+         8.444e-07       0.000   8.444e-07      -6.073 
 Hfo_wOMg+         3.229e-07       0.000   3.229e-07      -6.491 
 Hfo_wO-           8.197e-08       0.000   8.197e-08      -7.086 
 Hfo_wOCo+         5.096e-08       0.000   5.096e-08      -7.293 
 Hfo_wOCa+         1.655e-08       0.000   1.655e-08      -7.781 
 
Surface 3  
 
Diffuse Double Layer Surface-Complexation Model 
 
Hfo            
   3.369e-03  Surface charge, eq 
   6.089e-02  sigma, C/m² 
   5.321e-02  psi, V 
  -2.071e+00  -F*psi/RT 
   1.260e-01  exp(-F*psi/RT) 
   6.000e+01  specific area, m²/g 
   5.340e+03  m² for   8.900e+01 g 
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Hfo_s          
   5.000e-03  moles 
                                    Mole                     Log 
 Species               Moles    Fraction    Molality    Molality 
 
 Hfo_sOPb+         4.293e-03       0.859   4.293e-03      -2.367 
 Hfo_sOCu+         6.441e-04       0.129   6.441e-04      -3.191 
 Hfo_sSO4-         2.931e-05       0.006   2.931e-05      -4.533 
 Hfo_sOH2+         9.287e-06       0.002   9.287e-06      -5.032 
 Hfo_sOHSO4-2      7.512e-06       0.002   7.512e-06      -5.124 
 Hfo_sOZn+         6.150e-06       0.001   6.150e-06      -5.211 
 Hfo_sONi+         5.939e-06       0.001   5.939e-06      -5.226 
 Hfo_sOHCa+2       3.322e-06       0.001   3.322e-06      -5.479 
 Hfo_sOH           1.195e-06       0.000   1.195e-06      -5.923 
 Hfo_sOCo+         1.379e-07       0.000   1.379e-07      -6.861 
 Hfo_sO-           3.524e-09       0.000   3.524e-09      -8.453 
 
Hfo_w          
   2.500e-03  moles 
                                    Mole                     Log 
 Species               Moles    Fraction    Molality    Molality 
 
 Hfo_wSO4-         1.442e-03       0.577   1.442e-03      -2.841 
 Hfo_wOH2+         4.568e-04       0.183   4.568e-04      -3.340 
 Hfo_wOHSO4-2      3.695e-04       0.148   3.695e-04      -3.432 
 Hfo_wOCu+         1.625e-04       0.065   1.625e-04      -3.789 
 Hfo_wOH           5.879e-05       0.024   5.879e-05      -4.231 
 Hfo_wOPb+         9.432e-06       0.004   9.432e-06      -5.025 
 Hfo_wONi+         3.941e-07       0.000   3.941e-07      -6.404 
 Hfo_wOZn+         3.167e-07       0.000   3.167e-07      -6.499 
 Hfo_wO-           1.733e-07       0.000   1.733e-07      -6.761 
 Hfo_wOMg+         1.211e-07       0.000   1.211e-07      -6.917 
 Hfo_wOCo+         1.911e-08       0.000   1.911e-08      -7.719 
 Hfo_wOCa+         6.207e-09       0.000   6.207e-09      -8.207 
 
------------------ 
End of simulation. 
------------------ 
 
------------------------------------ 
Reading input data for simulation 3. 
------------------------------------ 
 
------------------------------ 
End of Run after 0.86 Seconds. 
------------------------------ 
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APPENDIX C: REACTIVE TRANSPORT SIMULATION RESULTS FOR METALS 
______________________________________________________________________________________ 

 

sim state soln dist_x time step pH  pe Pb Cu Zn Ni Co  

1 
      
i_soln 0 -99 -99 -99 10.3 

 
10.6 8.20e-05 2.28e-04 1.62e-04 4.89e-04 3.33e-04 

1 
      
i_soln 1 -99 -99 -99 2.75 

 
8 0.0e+00 0.0e+00 0.0e+00 0.0e+00 0.0e+00 

1 
      
i_exch 1 -99 -99 -99 2.75 

 
8 0.0e+00 0.0e+00 0.0e+00 0.0e+00 0.0e+00 

1 
      
i_surf 1 -99 -99 -99 2.75 

 
8 0.0e+00 0.0e+00 0.0e+00 0.0e+00 0.0e+00 

1 
      
transp 0 0 0 0 10.3 

 
10.6 8.20e-05 2.28e-04 1.62e-04 4.89e-04 3.33e-04 

1 
      
transp 1 

         
0.5 0 0 2.76 

 
17.5 0.0e+00 0.0e+00 0.0e+00 0.0e+00 0.0e+00 

1 
      
transp 2 

         
1.5 0 0 2.76 

 
17.5 0.0e+00 0.0e+00 0.0e+00 0.0e+00 0.0e+00 

1 
      
transp 3 

         
2.5 0 0 2.76 

 
17.5 0.0e+00 0.0e+00 0.0e+00 0.0e+00 0.0e+00 

1 
      
transp 4 

         
3.5 0 0 2.76 

 
17.5 0.0e+00 0.0e+00 0.0e+00 0.0e+00 0.0e+00 

1 
      
transp 5 

         
4.5 0 0 2.76 

 
17.5 0.0e+00 0.0e+00 0.0e+00 0.0e+00 0.0e+00 

1 
      
transp 6 

         
5.5 0 0 2.76 

 
17.5 0.0e+00 0.0e+00 0.0e+00 0.0e+00 0.0e+00 

1 
      
transp 7 

         
6.5 0 0 2.76 

 
17.5 0.0e+00 0.0e+00 0.0e+00 0.0e+00 0.0e+00 

1 
      
transp 8 

         
7.5 0 0 2.76 

 
17.5 0.0e+00 0.0e+00 0.0e+00 0.0e+00 0.0e+00 

1 
      
transp 9 

         
8.5 0 0 2.76 

 
17.5 0.0e+00 0.0e+00 0.0e+00 0.0e+00 0.0e+00 

1 
      
transp 10 

         
9.5 0 0 2.76 

 
17.5 0.0e+00 0.0e+00 0.0e+00 0.0e+00 

 
0.0e+00 

1 
      
transp 11 

        
10.5 0 0 2.76 

 
17.5 0.0e+00 0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 
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1 
      
transp 12 

        
11.5 0 0 2.76 

 
17.5 0.0e+00 0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 13 

        
12.5 0 0 2.76 

 
17.5 0.0e+00 0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 14 

        
13.5 0 0 2.76 

 
17.5 0.0e+00 0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 15 

        
14.5 0 0 2.76 

 
17.5 0.0e+00 0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 16 

        
15.5 0 0 2.76 

 
17.5 0.0e+00 0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 17 

        
16.5 0 0 2.76 

 
17.5 0.0e+00 0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 18 

        
17.5 0 0 2.76 

 
17.5 0.0e+00 0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 19 

        
18.5 0 0 2.76 

 
17.5 0.0e+00 0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 20 

        
19.5 0 0 2.76 

 
17.5 0.0e+00 0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 21 

        
20.5 0 0 2.76 

 
17.5 0.0e+00 0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 22 

        
21.5 0 0 2.76 

 
17.5 0.0e+00 0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 23 

        
22.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 24 

        
23.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 25 

        
24.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 26 

        
25.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 27 

        
26.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 28 

        
27.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 29 

        
28.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 30 

        
29.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 31 

        
30.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 
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1 
      
transp 32 

        
31.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 33 

        
32.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 34 

        
33.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 35 

        
34.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 36 

        
35.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 37 

        
36.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 38 

        
37.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 39 

        
38.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 40 

        
39.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 41 

        
40.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 42 

        
41.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 43 

        
42.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 44 

        
43.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 45 

        
44.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 46 

        
45.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 47 

        
46.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 48 

        
47.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 49 

        
48.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 50 

        
49.5 0 0 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 51 50 0 0 

     
2.76 

      
17.5 0.0e+00 0.0e+00 0.0e+00   0.0e+00   0.0e+00 
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1 
      
transp 1 

         
0.5 0 1 

     
6.46 

      
14.4 3.23e-11 5.12e-09 1.82e-08 4.89e-04   3.33e-04 

1 
      
transp 2 

         
1.5 0 1 

     
2.76 

       
17.5 0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 3 

         
2.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 4 

         
3.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 5 

         
4.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 6 

         
5.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 7 

         
6.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 8 

         
7.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 9 

         
8.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 10 

         
9.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 11 

        
10.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 12 

        
11.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 13 

        
12.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 14 

        
13.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 15 

        
14.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 16 

        
15.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 17 

        
16.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 18 

        
17.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 19 

        
18.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 20 

        
19.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 
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1 
      
transp 21 

        
20.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 22 

        
21.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 23 

        
22.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 24 

        
23.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 25 

        
24.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 26 

        
25.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 27 

        
26.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 28 

        
27.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 29 

        
28.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 30 

        
29.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 31 

        
30.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 32 

        
31.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 33 

        
32.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 34 

        
33.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 35 

        
34.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 36 

        
35.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 37 

        
36.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 38 

        
37.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 39 

        
38.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 40 

        
39.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 
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1 
      
transp 41 

        
40.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 42 

        
41.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 43 

        
42.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 44 

        
43.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 45 

        
44.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 46 

        
45.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 47 

        
46.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 48 

        
47.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 49 

        
48.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 

1 
      
transp 50 

        
49.5 0 1 

     
2.76 

      
17.5 

  
0.0e+00 

  
0.0e+00 

  
0.0e+00   0.0e+00   0.0e+00 
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APPENDIX D: BATCH SIMULATION RESULTS FOR 
PHOSPHATE IONS 

------------------------------------------------------ 
Beginning of initial surface-composition calculations. 
------------------------------------------------------ 

Surface 1. 

Diffuse Double Layer Surface-Complexation Model 

Hfo
-3.293e-05  Surface charge, eq 
-5.297e-03  sigma, C/m² 
-1.828e-02  psi, V 
7.116e-01 -F*psi/RT
2.037e+00 exp(-F*psi/RT)
6.000e+02 specific area, m²/g
6.000e+02  m² for   1.000e+00 g 

Hfo_s
  5.620e-07  moles 

Mole Log 
Species Moles Fraction Molality Molality 

Hfo_sOHCa+2 5.059e-07 0.900   5.059e-07 -6.296
Hfo_sOH 3.914e-08 0.070   3.914e-08 -7.407
Hfo_sOH2+ 1.451e-08 0.026   1.451e-08 -7.838
Hfo_sO- 2.418e-09 0.004   2.418e-09 -8.616

Hfo_w
  2.248e-05  moles 

Mole Log 
Species Moles Fraction Molality Molality 

Hfo_wPO4-2 1.176e-05 0.523   1.176e-05 -4.929
Hfo_wHPO4- 1.046e-05 0.465   1.046e-05 -4.980
Hfo_wH2PO4 1.580e-07 0.007   1.580e-07 -6.801
Hfo_wOH 6.022e-08 0.003   6.022e-08 -7.220
Hfo_wOH2+ 2.233e-08 0.001   2.233e-08 -7.651
Hfo_wOMg+ 1.055e-08 0.000   1.055e-08 -7.977
Hfo_wO- 3.721e-09 0.000   3.721e-09 -8.429
Hfo_wOCa+ 6.197e-10 0.000   6.197e-10 -9.208
Hfo_wOHSO4-2 8.116e-11 0.000   8.116e-11 -10.091
Hfo_wSO4- 1.508e-11 0.000   1.508e-11 -10.822
Hfo_wOHF- 1.088e-12 0.000   1.088e-12 -11.963
Hfo_wF 2.605e-13 0.000   2.605e-13 -12.584

----------------------------------------- 
Beginning of batch-reaction calculations. 
----------------------------------------- 

Reaction step 1. 

Using solution 1. 
Using surface 1. 

------------------------------Surface composition------------------------------ 

Diffuse Double Layer Surface-Complexation Model 

______________________________________________________________________________________ 
151



Repurposing of sludge generated from the treatment of acid mine drainage 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯ 

______________________________________________________________________________________ 
152

Hfo
-3.293e-05  Surface charge, eq 
-5.297e-03  sigma, C/m² 
-1.828e-02  psi, V 
7.116e-01 -F*psi/RT
2.037e+00 exp(-F*psi/RT)
6.000e+02 specific area, m²/g
6.000e+02  m² for   1.000e+00 g 

Hfo_s
  5.620e-07  moles 

Mole Log 
Species Moles Fraction Molality Molality 

Hfo_sOHCa+2 5.059e-07 0.900   5.059e-07 -6.296
Hfo_sOH 3.914e-08 0.070   3.914e-08 -7.407
Hfo_sOH2+ 1.451e-08 0.026   1.451e-08 -7.838
Hfo_sO- 2.418e-09 0.004   2.418e-09 -8.616

Hfo_w
  2.248e-05  moles 

Mole Log 
Species Moles Fraction Molality Molality 

Hfo_wPO4-2 1.176e-05 0.523   1.176e-05 -4.929
Hfo_wHPO4- 1.046e-05 0.465   1.046e-05 -4.980
Hfo_wH2PO4 1.580e-07 0.007   1.580e-07 -6.801
Hfo_wOH 6.022e-08 0.003   6.022e-08 -7.220
Hfo_wOH2+ 2.233e-08 0.001   2.233e-08 -7.651
Hfo_wOMg+ 1.055e-08 0.000   1.055e-08 -7.977
Hfo_wO- 3.721e-09 0.000   3.721e-09 -8.429
Hfo_wOCa+ 6.197e-10 0.000   6.197e-10 -9.208
Hfo_wOHSO4-2 8.116e-11 0.000   8.116e-11 -10.091
Hfo_wSO4- 1.508e-11 0.000   1.508e-11 -10.822
Hfo_wOHF- 1.088e-12 0.000   1.088e-12 -11.963
Hfo_wF 2.605e-13 0.000   2.605e-13 -12.584

-----------------------------Solution composition------------------------------ 

Elements Molality Moles 

Br 6.135e-07   6.135e-07 
Ca 1.408e-04   1.408e-04 
Cl 5.785e-04   5.785e-04 
F 1.053e-06   1.053e-06 
K 6.703e-05   6.703e-05 
Mg 1.625e-04   1.625e-04 
N 7.606e-04   7.606e-04 
Na 2.620e-04   2.620e-04 
P 6.332e-03   6.332e-03 
S 1.490e-03   1.490e-03 

----------------------------Description of solution---------------------------- 

pH  =   8.030 Charge balance 
pe  =  11.338 Adjusted to redox 

equilibrium 
Activity of water  =   1.000 

Ionic strength (mol/kgw)  =   1.544e-02 
Mass of water (kg)  =   1.000e+00 

Total alkalinity (eq/kg)  =   5.793e-03 
Temperature (°C)  =  25.00 



Repurposing of sludge generated from the treatment of acid mine drainage 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯ 

______________________________________________________________________________________ 
153 

Electrical balance (eq)  =  -1.551e-02 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  = -93.53 

Iterations  =  16 
Total H  = 1.110193e+02 
Total O  = 5.553979e+01 

----------------------------Distribution of species---------------------------- 

Log Log Log mole V 
   Species Molality Activity  Molality  Activity Gamma   cm³/mol 

   OH- 1.219e-06   1.073e-06 -5.914 -5.970 -0.055 (0)   
   H+ 1.038e-08   9.333e-09 -7.984 -8.030 -0.046 0.00 
   H2O 5.551e+01   9.998e-01 1.744 -0.000 0.000 18.07 
   Br 6.135e-07 
   Br- 6.135e-07   5.417e-07 -6.212 -6.266 -0.054 (0)   
   Ca 1.408e-04 
   CaHPO4 6.247e-05   6.269e-05 -4.204 -4.203 0.002 (0)   
   Ca+2 5.387e-05   3.337e-05 -4.269 -4.477 -0.208 (0)   
   CaPO4- 1.791e-05   1.589e-05  -4.747 -4.799 -0.052 (0)   
   CaSO4 6.020e-06   6.041e-06 -5.220 -5.219 0.002 (0)   
   CaH2PO4+ 4.956e-07   4.398e-07 -6.305 -6.357 -0.052 (0)   
   CaOH+ 6.672e-10   5.934e-10 -9.176 -9.227 -0.051 (0)   
   CaF+ 3.028e-10   2.687e-10 -9.519 -9.571 -0.052 (0)   
   CaHSO4+ 3.740e-13   3.303e-13   -12.427 -12.481 -0.054 (0)   
   Cl 5.785e-04 
   Cl- 5.785e-04   5.094e-04 -3.238 -3.293 -0.055 (0)   
   F 1.053e-06 
   F- 1.050e-06   9.246e-07 -5.979 -6.034 -0.055 (0)   
   MgF+ 2.208e-09   1.952e-09 -8.656 -8.709 -0.054 (0)   
   CaF+ 3.028e-10   2.687e-10 -9.519 -9.571 -0.052 (0)   
   NaF 1.215e-10   1.219e-10 -9.916 -9.914 0.002 (0)   
   HF 1.289e-11   1.294e-11   -10.890 -10.888 0.002 (0)   
   HF2- 5.216e-17   4.591e-17   -16.283 -16.338 -0.055 (0)   
   H2F2 4.349e-22   4.364e-22   -21.362 -21.360 0.002 (0)   
   H(0) 0.000e+00 
   H2 0.000e+00   0.000e+00   -41.887 -41.885 0.002 (0)   
   K 6.703e-05 
   K+ 6.617e-05   5.827e-05 -4.179 -4.235 -0.055 (0)   
   KHPO4- 4.388e-07   3.893e-07  -6.358 -6.410 -0.052 (0)   
   KSO4- 4.186e-07   3.715e-07 -6.378 -6.430 -0.052 (0)   
   Mg 1.625e-04 
   MgHPO4 8.089e-05   8.118e-05 -4.092 -4.091 0.002 (0)   
   Mg+2 5.111e-05   3.196e-05 -4.291 -4.495 -0.204 (0)   
   MgPO4- 2.314e-05   2.053e-05 -4.636 -4.688 -0.052 (0)   
   MgSO4 6.773e-06   6.797e-06 -5.169 -5.168 0.002 (0)   
   MgH2PO4+ 6.044e-07   5.363e-07 -6.219 -6.271 -0.052 (0)   
   MgOH+ 1.395e-08   1.243e-08 -7.855 -7.905 -0.050 (0)   
   MgF+ 2.208e-09   1.952e-09 -8.656 -8.709 -0.054 (0)   
   N(-3) 0.000e+00 
   NH4+ 0.000e+00   0.000e+00   -55.046 -55.100 -0.054 (0)   
   NH3 0.000e+00   0.000e+00   -56.314 -56.314 0.000 (0)   
   NH4SO4- 0.000e+00   0.000e+00   -56.979 -57.032 -0.053 (0)   
   N(0) 1.960e-09 
   N2 9.800e-10   9.835e-10 -9.009 -9.007 0.002 (0)   
   N(3) 5.169e-14 
   NO2- 5.169e-14   4.564e-14   -13.287 -13.341 -0.054 (0)   
   N(5) 7.606e-04 
   NO3- 7.606e-04   6.679e-04 -3.119 -3.175 -0.056 (0)   
   Na 2.620e-04 
   Na+ 2.591e-04   2.291e-04 -3.587 -3.640 -0.053 (0)   
   NaHPO4- 1.725e-06   1.531e-06   -5.763 -5.815 -0.052 (0)   
   NaSO4- 1.174e-06   1.042e-06  -5.930 -5.982 -0.052 (0)
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   NaF 1.215e-10   1.219e-10 -9.916 -9.914 0.002 (0)   
   O(0) 4.900e-09 
   O2 2.450e-09   2.459e-09 -8.611 -8.609 0.002 (0)   
   P 6.332e-03 
   HPO4-2 5.563e-03   3.426e-03 -2.255 -2.465 -0.211 (0)   
   H2PO4- 5.804e-04   5.150e-04 -3.236 -3.288 -0.052 (0)   
   MgHPO4 8.089e-05   8.118e-05 -4.092 -4.091 0.002 (0)   
   CaHPO4 6.247e-05   6.269e-05 -4.204 -4.203 0.002 (0)   
   MgPO4- 2.314e-05   2.053e-05 -4.636 -4.688 -0.052 (0)   
   CaPO4- 1.791e-05   1.589e-05 -4.747 -4.799 -0.052 (0)   
   NaHPO4- 1.725e-06   1.531e-06 -5.763 -5.815 -0.052 (0)   
   MgH2PO4+ 6.044e-07   5.363e-07 -6.219 -6.271 -0.052 (0)  
   CaH2PO4+ 4.956e-07   4.398e-07 -6.305 -6.357 -0.052 (0)   
   PO4-3 4.926e-07   1.655e-07 -6.308 -6.781 -0.474 (0)   
   KHPO4- 4.388e-07   3.893e-07 -6.358 -6.410 -0.052 (0)   
   S(-2) 0.000e+00 
   HS- 0.000e+00   0.000e+00  -132.256 -132.311 -0.055 (0)   
   H2S 0.000e+00   0.000e+00  -133.401 -133.400 0.002 (0)   
   S5-2 0.000e+00   0.000e+00  -133.706 -133.876 -0.170 (0)   
   S4-2 0.000e+00   0.000e+00  -133.930 -134.110 -0.180 (0)   
   S6-2 0.000e+00   0.000e+00  -134.001 -134.162 -0.161 (0)   

S-2 0.000e+00   0.000e+00  -136.989 -137.199 -0.211 (0)   
S3-2 0.000e+00   0.000e+00  -137.372 -137.563 -0.191 (0)   
S2-2 0.000e+00   0.000e+00  -138.609 -138.809 -0.200 (0)   
S(6) 1.490e-03 
SO4-2 1.475e-03   9.072e-04 -2.831 -3.042 -0.211 (0)   
MgSO4 6.773e-06   6.797e-06 -5.169 -5.168 0.002 (0)   
CaSO4 6.020e-06   6.041e-06 -5.220 -5.219 0.002 (0)   
NaSO4- 1.174e-06   1.042e-06  -5.930 -5.982 -0.052 (0)   
KSO4- 4.186e-07   3.715e-07 -6.378 -6.430 -0.052 (0)   
HSO4- 9.311e-10   8.231e-10 -9.031 -9.085 -0.054 (0)   
CaHSO4+ 3.740e-13   3.303e-13   -12.427 -12.481 -0.054 (0)   
NH4SO4- 0.000e+00   0.000e+00   -56.979 -57.032 -0.053 (0)   

------------------------------Saturation indices------------------------------- 

  Phase               SI** log IAP   log K(298 K,   1 atm) 

  Anhydrite -3.16 -7.52 -4.36  CaSO4 
  Brucite -5.28 11.56 16.84  Mg(OH)2 
  Epsomite -5.40 -7.54 -2.14  MgSO4:7H2O 
  Fluorapatite 5.88 -11.72 -17.60  Ca5(PO4)3F 
  Fluorite -5.95 -16.54 -10.60  CaF2 
  Gypsum -2.94 -7.52 -4.58  CaSO4:2H2O 
  H2(g) -38.74 -41.89 -3.15  H2 
  H2O(g) -1.51 -0.00 1.51  H2O 
  H2S(g) -132.40 -133.40 -1.00  H2S 
  Halite -8.51 -6.93 1.58  NaCl 
  Hydroxyapatite 5.76 2.34 -3.42  Ca5(PO4)3OH 
  Mirabilite -9.21 -10.32 -1.11  Na2SO4:10H2O 
  N2(g) -5.75 -9.01 -3.26  N2 
  NH3(g) -58.08 -56.31 1.77  NH3 
  O2(g) -5.72 -8.61 -2.89  O2 
  Portlandite -11.22 11.58 22.80  Ca(OH)2 
  Sulfur -99.50 -114.52 -15.03  S 
  Thenardite -10.14 -10.32 -0.18  Na2SO4 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 

------------------ 
End of simulation. 
------------------
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APPENDIX E: REACTIVE TRANSPORT RESULTS FOR 
ANIONS 

______________________________________________________________________________________ 

------------------------------------ 
Beginning of transport calculations. 
------------------------------------ 

------------------------------- 
Equilibrating initial solutions 
------------------------------- 

Using solution 10. Solution after simulation 1. 
Using exchange 10. Exchange assemblage after simulation 1. 
Using surface 10. Equilibrate the column with sewage water 
Using pure phase assemblage 10. Pure-phase assemblage after simulation 1. 

-------------------------------Phase assemblage-------------------------------- 

Moles in assemblage 
Phase SI  log IAP  log K(T, P)   Initial       Final       Delta 

Gypsum 0.00 -4.58     -4.58    7.599e-01   7.599e-01  -1.110e-15 

------------------------------Surface composition------------------------------ 

Hfo
  2.303e-04  Surface charge, eq 

Hfo_s
  2.250e-04  moles 

Mole Log 
Species Moles Fraction Molality Molality 

Hfo_sOH2+ 2.249e-04 1.000   2.243e-04 -3.649
Hfo_sOHCa+2 6.972e-08 0.000   6.952e-08 -7.158
Hfo_sOH 2.007e-10 0.000   2.001e-10 -9.699
Hfo_sO- 4.103e-18 0.000   4.091e-18 -17.388

Hfo
  2.303e-04  Surface charge, eq 

Hfo_w
  2.250e-05  moles 

Mole Log 
Species Moles Fraction Molality Molality 

Hfo_wH2PO4 1.708e-05 0.759   1.703e-05 -4.769
Hfo_wOH2+ 5.300e-06 0.236   5.285e-06 -5.277
Hfo_wSO4- 1.165e-07 0.005   1.161e-07 -6.935
Hfo_wHPO4- 3.742e-10 0.000   3.731e-10 -9.428
Hfo_wOH 4.730e-12 0.000   4.716e-12 -11.326
Hfo_wOHSO4-2 2.068e-13 0.000   2.062e-13 -12.686
Hfo_wPO4-2 1.392e-16 0.000   1.388e-16 -15.858
Hfo_wOCa+ 4.326e-19 0.000   4.314e-19 -18.365
Hfo_wO- 9.668e-20 0.000   9.640e-20 -19.016

-----------------------------Exchange composition------------------------------ 

X                2.000e+00 mol 

Equiv- Equivalent Log  
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Species Moles alents Fraction Gamma 

HX 1.875e+00   1.875e+00   9.375e-01 -0.000
CaX2 6.249e-02   1.250e-01   6.249e-02 -0.000

-----------------------------Solution composition------------------------------ 

Elements Molality Moles 

Ca 1.755e-02   1.760e-02 
P 1.622e-04   1.626e-04 
S 7.983e-02   8.006e-02 

----------------------------Description of solution---------------------------- 

pH  =   1.241 Charge balance 
pe  =   4.911 Adjusted to redox 

equilibrium 
Activity of water  =   0.997 

Ionic strength (mol/kgw)  =   1.235e-01 
Mass of water (kg)  =   1.003e+00 

Total alkalinity (eq/kg)  =  -1.247e-01 
Temperature (°C)  =  25.00 

Electrical balance (eq)  =  -6.842e-05 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.04

Iterations  =   1 (10 overall) 
Total H  = 1.114580e+02 
Total O  = 5.598724e+01 

----------------------------Distribution of species---------------------------- 

Log Log Log mole V 
   Species Molality Activity  Molality  Activity Gamma   cm³/mol 

   H+ 7.037e-02   5.747e-02 -1.153 -1.241 -0.088 0.00 
   OH- 2.331e-13   1.737e-13   -12.633 -12.760 -0.128 (0)   
   H2O 5.551e+01   9.973e-01 1.744 -0.001 0.000 18.07 
   Ca 1.755e-02 
   Ca+2 1.011e-02   3.722e-03 -1.995 -2.429 -0.434 (0)   
   CaSO4 5.118e-03   5.266e-03 -2.291 -2.279 0.012 (0)   
   CaHSO4+ 2.304e-03   1.773e-03 -2.638 -2.751 -0.114 (0)   
   CaH2PO4+ 1.410e-05   1.094e-05 -4.851 -4.961 -0.110 (0)   
   CaHPO4 2.461e-10   2.532e-10 -9.609 -9.597 0.012 (0)   
   CaOH+ 1.368e-14   1.072e-14   -13.864 -13.970 -0.106 (0)   
   CaPO4- 1.344e-17   1.042e-17 -16.872 -16.982 -0.110 (0)   
   H(0) 6.833e-16 
   H2 3.417e-16   3.515e-16   -15.466 -15.454 0.012 (0)   
   O(0) 0.000e+00 
   O2 0.000e+00   0.000e+00   -61.487 -61.474 0.012 (0)   
   P 1.622e-04 
   H2PO4- 1.481e-04   1.148e-04  -3.830 -3.940 -0.110 (0)   
   CaH2PO4+ 1.410e-05   1.094e-05 -4.851 -4.961 -0.110 (0)   
   HPO4-2 3.533e-10   1.241e-10 -9.452 -9.906 -0.455 (0)   
   CaHPO4 2.461e-10   2.532e-10 -9.609 -9.597 0.012 (0)   
   CaPO4- 1.344e-17   1.042e-17   -16.872 -16.982 -0.110 (0)   
   PO4-3 1.025e-20   9.731e-22   -19.989 -21.012 -1.023 (0)   
   S(-2) 6.163e-14 
   H2S 6.163e-14   6.341e-14   -13.210 -13.198 0.012 (0)   
   HS- 1.693e-19   1.262e-19   -18.771 -18.899 -0.128 (0)   
   S5-2 1.115e-27   5.579e-28   -26.953 -27.253 -0.301 (0)   
   S4-2 7.003e-28   3.255e-28   -27.155 -27.487 -0.333 (0)   
   S6-2 5.427e-28   2.888e-28   -27.265 -27.539 -0.274 (0)   

S-2 7.552e-31   2.652e-31   -30.122 -30.576 -0.455 (0)
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   S3-2 2.706e-31   1.147e-31   -30.568 -30.940 -0.373 (0)   
   S2-2 1.672e-32   6.509e-33   -31.777 -32.186 -0.410 (0)   
   S(6) 7.983e-02 
   HSO4- 5.199e-02   3.962e-02  -1.284 -1.402 -0.118 (0)   
   SO4-2 2.043e-02   7.090e-03 -1.690 -2.149 -0.459 (0)   
   CaSO4 5.118e-03   5.266e-03 -2.291 -2.279 0.012 (0)   
   CaHSO4+ 2.304e-03   1.773e-03 -2.638 -2.751 -0.114 (0)   

------------------------------Saturation indices------------------------------- 

  Phase               SI** log IAP   log K(298 K,   1 atm) 

  Anhydrite -0.22 -4.58 -4.36  CaSO4 
  Gypsum 0.00 -4.58 -4.58  CaSO4:2H2O 
  H2(g) -12.30 -15.45 -3.15  H2 
  H2O(g) -1.51 -0.00 1.51  H2O 
  H2S(g) -12.20 -13.20 -1.00  H2S 
  Hydroxyapatite  -33.48 -36.90 -3.42  Ca5(PO4)3OH 
  O2(g) -58.58 -61.47 -2.89  O2 
  Portlandite -22.75 0.05 22.80  Ca(OH)2 
  Sulfur -5.73 -20.75 -15.03  S 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 

Transport step   1. 

Transport step   1. Mixrun   1. 

Transport step   1. Mixrun   2. 

Transport step   1. Mixrun   3. 

Using solution 10. Solution after simulation 2. 
Using exchange 10. Exchange assemblage after simulation 2. 
Using surface 10. Equilibrate the column with sewage water 
Using pure phase assemblage 10. Pure-phase assemblage after simulation 2. 

-------------------------------Phase assemblage-------------------------------- 

Moles in assemblage 
Phase SI  log IAP  log K(T, P)   Initial       Final       Delta 

Gypsum 0.00 -4.58     -4.58    7.599e-01   7.598e-01  -6.349e-05 

------------------------------Surface composition------------------------------ 

Hfo
  2.303e-04  Surface charge, eq 

Hfo_s
  2.250e-04  moles 

Mole Log 
Species Moles Fraction Molality Molality 

Hfo_sOH2+ 2.249e-04 1.000   2.243e-04 -3.649
Hfo_sOHCa+2 6.976e-08 0.000   6.956e-08 -7.158
Hfo_sOH 2.008e-10 0.000   2.002e-10 -9.698
Hfo_sO- 4.107e-18 0.000   4.095e-18 -17.388

Hfo
  2.303e-04  Surface charge, eq 

Hfo_w
  2.250e-05  moles 
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Mole Log 
Species Moles Fraction Molality Molality 

Hfo_wH2PO4 1.708e-05 0.759   1.703e-05 -4.769
Hfo_wOH2+ 5.303e-06 0.236   5.288e-06 -5.277
Hfo_wSO4- 1.165e-07 0.005   1.162e-07 -6.935
Hfo_wHPO4- 3.743e-10 0.000   3.732e-10 -9.428
Hfo_wOH 4.735e-12 0.000   4.721e-12 -11.326
Hfo_wOHSO4-2 2.070e-13 0.000   2.064e-13 -12.685
Hfo_wPO4-2 1.393e-16 0.000   1.389e-16 -15.857
Hfo_wOCa+ 4.334e-19 0.000   4.321e-19 -18.364
Hfo_wO- 9.684e-20 0.000   9.656e-20 -19.015

-----------------------------Exchange composition------------------------------ 

X                2.000e+00 mol 

Equiv- Equivalent Log  
Species Moles alents Fraction Gamma 

HX 1.875e+00   1.875e+00   9.375e-01 0.000 
CaX2 6.255e-02   1.251e-01   6.255e-02 0.000 

-----------------------------Solution composition------------------------------ 

Elements Molality Moles 

Ca 1.755e-02   1.760e-02 
P 1.621e-04   1.625e-04 
S 7.980e-02   8.003e-02 

----------------------------Description of solution---------------------------- 

pH  =   1.241 Charge balance 
pe  =   4.921 Adjusted to redox 

equilibrium 
Activity of water  =   0.997 

Ionic strength (mol/kgw)  =   1.234e-01 
Mass of water (kg)  =   1.003e+00 

Total alkalinity (eq/kg)  =  -1.246e-01 
Temperature (°C)  =  25.00 

Electrical balance (eq)  =  -6.828e-05 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.04 

Iterations  =   1 
Total H  = 1.114578e+02 
Total O  = 5.598702e+01 

----------------------------Distribution of species---------------------------- 

Log Log Log mole V 
   Species Molality Activity  Molality  Activity Gamma   cm³/mol 

   H+ 7.033e-02   5.744e-02 -1.153 -1.241 -0.088 0.00 
   OH- 2.332e-13   1.738e-13   -12.632 -12.760 -0.128 (0)   
   H2O 5.551e+01   9.973e-01 1.744 -0.001 0.000 18.07 
   Ca 1.755e-02 
   Ca+2 1.011e-02   3.722e-03 -1.995 -2.429 -0.434 (0)   
   CaSO4 5.118e-03   5.266e-03 -2.291 -2.279 0.012 (0)   
   CaHSO4+ 2.302e-03   1.772e-03 -2.638 -2.752 -0.114 (0)   
   CaH2PO4+ 1.409e-05   1.093e-05 -4.851 -4.961 -0.110 (0)   
   CaHPO4 2.460e-10   2.531e-10 -9.609 -9.597 0.012 (0)   
   CaOH+ 1.369e-14   1.072e-14   -13.864 -13.970 -0.106 (0)   
   CaPO4- 1.344e-17   1.042e-17 -16.872 -16.982 -0.110 (0)
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   H(0) 6.531e-16 
   H2 3.265e-16   3.359e-16   -15.486 -15.474 0.012 (0)   
   O(0) 0.000e+00 
   O2 0.000e+00   0.000e+00   -61.447 -61.435 0.012 (0)   
   P 1.621e-04 
   H2PO4- 1.480e-04   1.148e-04 -3.830 -3.940 -0.110 (0)   
   CaH2PO4+ 1.409e-05   1.093e-05 -4.851 -4.961 -0.110 (0)   
   HPO4-2 3.532e-10   1.240e-10 -9.452 -9.906 -0.455 (0)   
   CaHPO4 2.460e-10   2.531e-10 -9.609 -9.597 0.012 (0)   
   CaPO4- 1.344e-17   1.042e-17   -16.872 -16.982 -0.110 (0)   
   PO4-3 1.025e-20   9.733e-22   -19.989 -21.012 -1.023 (0)   
   S(-2) 5.136e-14 
   H2S 5.136e-14   5.284e-14   -13.289 -13.277 0.012 (0)   
   HS- 1.411e-19   1.052e-19   -18.850 -18.978 -0.128 (0)   
   S5-2 9.296e-28   4.653e-28   -27.032 -27.332 -0.301 (0)   
   S4-2 5.841e-28   2.715e-28   -27.233 -27.566 -0.333 (0)   
   S6-2 4.527e-28   2.409e-28   -27.344 -27.618 -0.274 (0)   

S-2 6.299e-31   2.212e-31   -30.201 -30.655 -0.455 (0)   
S3-2 2.257e-31   9.567e-32   -30.647 -31.019 -0.373 (0)   
S2-2 1.394e-32   5.430e-33   -31.856 -32.265 -0.410 (0)   
S(6) 7.980e-02 
HSO4- 5.195e-02   3.960e-02  -1.284 -1.402 -0.118 (0)   
SO4-2 2.042e-02   7.090e-03  -1.690 -2.149 -0.459 (0)   
CaSO4 5.118e-03   5.266e-03 -2.291 -2.279 0.012 (0)   
CaHSO4+ 2.302e-03   1.772e-03 -2.638 -2.752 -0.114 (0)   

------------------------------Saturation indices------------------------------- 

  Phase               SI** log IAP   log K(298 K,   1 atm) 

  Anhydrite -0.22 -4.58 -4.36  CaSO4 
  Gypsum 0.00 -4.58 -4.58  CaSO4:2H2O 
  H2(g) -12.32 -15.47 -3.15  H2 
  H2O(g) -1.51 -0.00 1.51  H2O 
  H2S(g) -12.28 -13.28 -1.00  H2S 
  Hydroxyapatite  -33.48 -36.90 -3.42  Ca5(PO4)3OH 
  O2(g) -58.54 -61.43 -2.89  O2 
  Portlandite -22.75 0.05 22.80  Ca(OH)2 
  Sulfur -5.79 -20.81 -15.03  S 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 

Transport step   2. 

Transport step   2. Mixrun   1. 

Transport step   2. Mixrun   2. 

Transport step   2. Mixrun   3. 

Using solution 10. Solution after simulation 2. 
Using exchange 10. Exchange assemblage after simulation 2. 
Using surface 10. Equilibrate the column with sewage water 
Using pure phase assemblage 10. Pure-phase assemblage after simulation 2. 

-------------------------------Phase assemblage-------------------------------- 

Moles in assemblage 
Phase SI  log IAP  log K(T, P)   Initial Final Delta 

Gypsum 0.00 -4.58 -4.58 7.598e-01   7.597e-01  -1.654e-04
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------------------------------Surface composition------------------------------ 

Hfo
  2.303e-04  Surface charge, eq 

Hfo_s
  2.250e-04  moles 

Mole Log 
Species Moles Fraction Molality Molality 

Hfo_sOH2+ 2.249e-04 1.000   2.243e-04 -3.649
Hfo_sOHCa+2 6.987e-08 0.000   6.967e-08 -7.157
Hfo_sOH 2.011e-10 0.000   2.005e-10 -9.698
Hfo_sO- 4.118e-18 0.000   4.107e-18 -17.387

Hfo
  2.303e-04  Surface charge, eq 

Hfo_w
  2.250e-05  moles 

Mole Log 
Species Moles Fraction Molality Molality 

Hfo_wH2PO4 1.708e-05 0.759   1.703e-05 -4.769
Hfo_wOH2+ 5.307e-06 0.236   5.292e-06 -5.276
Hfo_wSO4- 1.166e-07 0.005   1.162e-07 -6.935
Hfo_wHPO4- 3.747e-10 0.000   3.737e-10 -9.428
Hfo_wOH 4.744e-12 0.000   4.731e-12 -11.325
Hfo_wOHSO4-2 2.074e-13 0.000   2.068e-13 -12.685
Hfo_wPO4-2 1.397e-16 0.000   1.393e-16 -15.856
Hfo_wOCa+ 4.349e-19 0.000   4.337e-19 -18.363
Hfo_wO- 9.717e-20 0.000   9.689e-20 -19.014

-----------------------------Exchange composition------------------------------ 

X                2.000e+00 mol 

Equiv- Equivalent Log  
Species Moles alents Fraction Gamma 

HX 1.875e+00   1.875e+00   9.373e-01 -0.000
CaX2 6.271e-02   1.254e-01   6.271e-02 -0.000

-----------------------------Solution composition------------------------------ 

Elements Molality Moles 

Ca 1.755e-02   1.760e-02 
P 1.619e-04   1.624e-04 
S 7.970e-02   7.993e-02 

----------------------------Description of solution---------------------------- 

pH  =   1.241 Charge balance 
pe  =   4.920 Adjusted to redox 

equilibrium 
Activity of water  =   0.997 

Ionic strength (mol/kgw)  =   1.233e-01 
Mass of water (kg)  =   1.003e+00 

Total alkalinity (eq/kg)  =  -1.244e-01 
Temperature (°C)  =  25.00 

Electrical balance (eq)  =  -6.811e-05 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.04 

Iterations  =   1 
Total H  = 1.114572e+02 
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Total O  = 5.598644e+01 

----------------------------Distribution of species---------------------------- 

Log Log Log mole V 
   Species Molality Activity  Molality  Activity Gamma   cm³/mol 

   H+ 7.023e-02   5.737e-02 -1.153 -1.241 -0.088 0.00 
   OH- 2.335e-13   1.740e-13   -12.632 -12.759 -0.128 (0)   
   H2O 5.551e+01   9.973e-01 1.744 -0.001 0.000 18.07 
   Ca 1.755e-02 
   Ca+2 1.011e-02   3.723e-03 -1.995 -2.429 -0.434 (0)  
   CaSO4 5.118e-03   5.266e-03 -2.291 -2.279 0.012 (0)   
   CaHSO4+ 2.299e-03   1.770e-03 -2.638 -2.752 -0.114 (0)   
   CaH2PO4+ 1.408e-05   1.092e-05 -4.851 -4.962 -0.110 (0)   
   CaHPO4 2.462e-10   2.533e-10 -9.609 -9.596 0.012 (0)   
   CaOH+ 1.371e-14   1.074e-14   -13.863 -13.969 -0.106 (0)   
   CaPO4- 1.347e-17   1.045e-17   -16.871 -16.981 -0.110 (0)   
   H(0) 6.547e-16 
   H2 3.273e-16   3.368e-16   -15.485 -15.473 0.012 (0)   
   O(0) 0.000e+00 
   O2 0.000e+00   0.000e+00   -61.449 -61.437 0.012 (0)   
   P 1.619e-04 
   H2PO4- 1.478e-04   1.146e-04  -3.830 -3.941 -0.110 (0)   
   CaH2PO4+ 1.408e-05   1.092e-05 -4.851 -4.962 -0.110 (0)   
   HPO4-2 3.532e-10   1.241e-10 -9.452 -9.906 -0.454 (0)   
   CaHPO4 2.462e-10   2.533e-10 -9.609 -9.596 0.012 (0)   
   CaPO4- 1.347e-17   1.045e-17   -16.871 -16.981 -0.110 (0)   
   PO4-3 1.027e-20   9.751e-22   -19.989 -21.011 -1.022 (0)   
   S(-2) 5.172e-14 
   H2S 5.172e-14   5.321e-14   -13.286 -13.274 0.012 (0)   
   HS- 1.423e-19   1.061e-19   -18.847 -18.974 -0.128 (0)   
   S5-2 9.386e-28   4.699e-28   -27.028 -27.328 -0.300 (0)   
   S4-2 5.898e-28   2.742e-28   -27.229 -27.562 -0.333 (0)   
   S6-2 4.571e-28   2.432e-28   -27.340 -27.614 -0.274 (0)   

S-2 6.359e-31   2.234e-31   -30.197 -30.651 -0.454 (0)   
S3-2 2.278e-31   9.660e-32   -30.642 -31.015 -0.373 (0)   
S2-2 1.407e-32   5.483e-33   -31.852 -32.261 -0.409 (0)   
S(6) 7.970e-02 
HSO4- 5.187e-02   3.954e-02 -1.285 -1.403 -0.118 (0)   
SO4-2 2.041e-02   7.089e-03 -1.690 -2.149 -0.459 (0)   
CaSO4 5.118e-03   5.266e-03 -2.291 -2.279 0.012 (0)   
CaHSO4+ 2.299e-03   1.770e-03 -2.638 -2.752 -0.114 (0)   

------------------------------Saturation indices------------------------------- 

  Phase               SI** log IAP   log K(298 K,   1 atm) 

  Anhydrite -0.22 -4.58 -4.36  CaSO4 
  Gypsum 0.00 -4.58 -4.58  CaSO4:2H2O 
  H2(g) -12.32 -15.47 -3.15  H2 
  H2O(g) -1.51 -0.00 1.51  H2O 
  H2S(g) -12.28 -13.27 -1.00  H2S 
  Hydroxyapatite  -33.48 -36.90 -3.42  Ca5(PO4)3OH 
  O2(g) -58.54 -61.44 -2.89  O2 
  Portlandite -22.75 0.05 22.80  Ca(OH)2 
  Sulfur -5.79 -20.81 -15.03  S 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 

Transport step   3.
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Transport step   3. Mixrun   1. 

Transport step   3. Mixrun   2. 

Transport step   3. Mixrun   3. 

Using solution 10. Solution after simulation 2. 
Using exchange 10. Exchange assemblage after simulation 2. 
Using surface 10. Equilibrate the column with sewage water 
Using pure phase assemblage 10. Pure-phase assemblage after simulation 2. 

-------------------------------Phase assemblage-------------------------------- 

Moles in assemblage 
Phase SI  log IAP  log K(T, P)   Initial       Final       Delta 

Gypsum 0.00 -4.58     -4.58    7.597e-01   7.594e-01  -3.237e-04 

------------------------------Surface composition------------------------------ 

Hfo
  2.303e-04  Surface charge, eq 

Hfo_s
  2.250e-04  moles 

Mole Log 
Species Moles Fraction Molality Molality 

Hfo_sOH2+ 2.249e-04 1.000   2.243e-04 -3.649
Hfo_sOHCa+2 7.007e-08 0.000   6.987e-08 -7.156
Hfo_sOH 2.016e-10 0.000   2.010e-10 -9.697
Hfo_sO- 4.140e-18 0.000   4.128e-18 -17.384

Hfo
  2.303e-04  Surface charge, eq 

Hfo_w
  2.250e-05  moles 

Mole Log 
Species Moles Fraction Molality Molality 

Hfo_wH2PO4 1.707e-05 0.759   1.702e-05 -4.769
Hfo_wOH2+ 5.310e-06 0.236   5.295e-06 -5.276
Hfo_wSO4- 1.166e-07 0.005   1.163e-07 -6.935
Hfo_wHPO4- 3.756e-10 0.000   3.746e-10 -9.426
Hfo_wOH 4.760e-12 0.000   4.746e-12 -11.324
Hfo_wOHSO4-2 2.080e-13 0.000   2.074e-13 -12.683
Hfo_wPO4-2 1.404e-16 0.000   1.400e-16 -15.854
Hfo_wOCa+ 4.376e-19 0.000   4.364e-19 -18.360
Hfo_wO- 9.774e-20 0.000   9.746e-20 -19.011

-----------------------------Exchange composition------------------------------ 

X                2.000e+00 mol 

Equiv- Equivalent Log  
Species Moles alents Fraction Gamma 

HX 1.874e+00   1.874e+00   9.370e-01 0.000 
CaX2 6.302e-02   1.260e-01   6.302e-02 0.000 

-----------------------------Solution composition------------------------------ 

Elements           Molality       Moles 
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Ca 1.754e-02   1.759e-02 
P 1.617e-04   1.622e-04 
S 7.951e-02   7.974e-02 

----------------------------Description of solution---------------------------- 

pH  =   1.242 Charge balance 
pe  =   4.934 Adjusted to redox 

equilibrium 
Activity of water  =   0.997 

Ionic strength (mol/kgw)  =   1.231e-01 
Mass of water (kg)  =   1.003e+00 

Total alkalinity (eq/kg)  =  -1.240e-01 
Temperature (°C)  =  25.00 

Electrical balance (eq)  =  -6.793e-05 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.04 

Iterations  =   1 
Total H  = 1.114561e+02 
Total O  = 5.598530e+01 

----------------------------Distribution of species---------------------------- 

Log Log Log mole V 
   Species Molality Activity  Molality  Activity Gamma   cm³/mol 

   H+ 7.004e-02   5.722e-02 -1.155 -1.242 -0.088 0.00 
   OH- 2.340e-13   1.745e-13   -12.631 -12.758 -0.128 (0)   
   H2O 5.551e+01   9.973e-01 1.744 -0.001 0.000 18.07 
   Ca 1.754e-02 
   Ca+2 1.011e-02   3.724e-03 -1.995 -2.429 -0.434 (0)   
   CaSO4 5.118e-03   5.266e-03 -2.291 -2.279 0.012 (0)  
   CaHSO4+ 2.293e-03   1.765e-03 -2.640 -2.753 -0.114 (0)   
   CaH2PO4+ 1.407e-05   1.091e-05 -4.852 -4.962 -0.110 (0)   
   CaHPO4 2.467e-10   2.538e-10 -9.608 -9.596 0.012 (0)   
   CaOH+ 1.374e-14   1.077e-14   -13.862 -13.968 -0.106 (0)   
   CaPO4- 1.353e-17   1.049e-17 -16.869 -16.979 -0.110 (0)   
   H(0) 6.098e-16 
   H2 3.049e-16   3.137e-16   -15.516 -15.504 0.012 (0)   
   O(0) 0.000e+00 
   O2 0.000e+00   0.000e+00   -61.388 -61.375 0.012 (0)   
   P 1.617e-04 
   H2PO4- 1.477e-04   1.145e-04 -3.831 -3.941 -0.110 (0)   
   CaH2PO4+ 1.407e-05   1.091e-05 -4.852 -4.962 -0.110 (0)   
   HPO4-2 3.537e-10   1.243e-10 -9.451 -9.906 -0.454 (0)   
   CaHPO4 2.467e-10   2.538e-10 -9.608 -9.596 0.012 (0)   
   CaPO4- 1.353e-17   1.049e-17 -16.869 -16.979 -0.110 (0)   
   PO4-3 1.030e-20   9.794e-22   -19.987 -21.009 -1.022 (0)   
   S(-2) 3.870e-14 
   H2S 3.870e-14   3.981e-14   -13.412 -13.400 0.012 (0)   
   HS- 1.067e-19   7.958e-20   -18.972 -19.099 -0.128 (0)   
   S5-2 7.057e-28   3.534e-28   -27.151 -27.452 -0.300 (0)   
   S4-2 4.434e-28   2.062e-28   -27.353 -27.686 -0.333 (0)   
   S6-2 3.437e-28   1.829e-28   -27.464 -27.738 -0.274 (0)   

S-2 4.779e-31   1.680e-31   -30.321 -30.775 -0.454 (0)   
S3-2 1.713e-31   7.265e-32   -30.766 -31.139 -0.372 (0)   
S2-2 1.058e-32   4.123e-33   -31.976 -32.385 -0.409 (0)   
S(6) 7.951e-02 
HSO4- 5.171e-02   3.942e-02  -1.286 -1.404 -0.118 (0)   
SO4-2 2.039e-02   7.086e-03 -1.691 -2.150 -0.459 (0)   
CaSO4 5.118e-03   5.266e-03 -2.291 -2.279 0.012 (0)   
CaHSO4+ 2.293e-03   1.765e-03 -2.640 -2.753 -0.114 (0)   

------------------------------Saturation indices------------------------------- 
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  Phase SI** log IAP   log K(298 K,   1 atm) 

  Anhydrite -0.22 -4.58 -4.36  CaSO4 
  Gypsum 0.00 -4.58 -4.58  CaSO4:2H2O 
  H2(g) -12.35 -15.50 -3.15  H2 
  H2O(g) -1.51 -0.00 1.51  H2O 
  H2S(g) -12.40 -13.40 -1.00  H2S 
  Hydroxyapatite  -33.47 -36.89 -3.42  Ca5(PO4)3OH 
  O2(g) -58.48 -61.38 -2.89  O2 
  Portlandite -22.75 0.05 22.80  Ca(OH)2 
  Sulfur -5.88 -20.91 -15.03  S 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 

Transport step   4. 

Transport step   4. Mixrun   1. 

Transport step   4. Mixrun   2. 

Transport step   4. Mixrun   3. 

Using solution 10. Solution after simulation 2. 
Using exchange 10. Exchange assemblage after simulation 2. 
Using surface 10. Equilibrate the column with sewage water 
Using pure phase assemblage 10. Pure-phase assemblage after simulation 2. 

-------------------------------Phase assemblage-------------------------------- 

Moles in assemblage 
Phase SI  log IAP  log K(T, P)   Initial       Final       Delta 

Gypsum 0.00 -4.58     -4.58    7.594e-01   7.588e-01  -5.250e-04 

------------------------------Surface composition------------------------------ 

Hfo
  2.303e-04  Surface charge, eq 

Hfo_s
  2.250e-04  moles 

Mole Log 
Species Moles Fraction Molality Molality 

Hfo_sOH2+ 2.249e-04 1.000   2.243e-04 -3.649
Hfo_sOHCa+2 7.041e-08 0.000   7.021e-08 -7.154
Hfo_sOH 2.025e-10 0.000   2.019e-10 -9.695
Hfo_sO- 4.175e-18 0.000   4.163e-18 -17.381

Hfo
  2.303e-04  Surface charge, eq 

Hfo_w
  2.250e-05  moles 

Mole Log 
Species Moles Fraction Molality Molality 

Hfo_wH2PO4 1.707e-05 0.759   1.702e-05 -4.769
Hfo_wOH2+ 5.313e-06 0.236   5.298e-06 -5.276
Hfo_wSO4- 1.166e-07 0.005   1.163e-07 -6.934
Hfo_wHPO4- 3.772e-10 0.000   3.761e-10 -9.425
Hfo_wOH 4.783e-12 0.000   4.769e-12 -11.322
Hfo_wOHSO4-2 2.089e-13 0.000   2.083e-13 -12.681
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Hfo_wPO4-2 1.415e-16 0.000   1.411e-16 -15.850
Hfo_wOCa+ 4.419e-19 0.000   4.406e-19 -18.356
Hfo_wO- 9.863e-20 0.000   9.835e-20 -19.007

-----------------------------Exchange composition------------------------------ 

X                2.000e+00 mol 

Equiv- Equivalent Log  
Species Moles alents Fraction Gamma 

HX 1.873e+00   1.873e+00   9.365e-01 0.000 
CaX2 6.352e-02   1.270e-01   6.352e-02 0.000 

-----------------------------Solution composition------------------------------ 

Elements Molality Moles 

Ca 1.752e-02   1.757e-02 
P 1.616e-04   1.621e-04 
S 7.921e-02   7.944e-02 

----------------------------Description of solution---------------------------- 

pH  =   1.244 Charge balance 
pe  =   4.921 Adjusted to redox 

equilibrium 
Activity of water  =   0.997 

Ionic strength (mol/kgw)  =   1.228e-01 
Mass of water (kg)  =   1.003e+00 

Total alkalinity (eq/kg)  =  -1.235e-01 
Temperature (°C)  =  25.00 

Electrical balance (eq)  =  -6.775e-05 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.04 

Iterations  =   1 
Total H  = 1.114543e+02 
Total O  = 5.598348e+01 

----------------------------Distribution of species---------------------------- 

Log Log Log mole V 
   Species Molality Activity  Molality  Activity Gamma   cm³/mol 

   H+ 6.974e-02   5.697e-02 -1.157 -1.244 -0.088 0.00 
   OH- 2.350e-13   1.752e-13   -12.629 -12.756 -0.127 (0)   
   H2O 5.551e+01   9.973e-01 1.744 -0.001 0.000 18.07 
   Ca 1.752e-02 
   Ca+2 1.011e-02   3.726e-03 -1.995 -2.429 -0.433 (0)   
   CaSO4 5.119e-03   5.265e-03 -2.291 -2.279 0.012 (0)   
   CaHSO4+ 2.283e-03   1.757e-03 -2.642 -2.755 -0.114 (0)   
   CaH2PO4+ 1.406e-05   1.091e-05 -4.852 -4.962 -0.110 (0)   
   CaHPO4 2.477e-10   2.548e-10 -9.606 -9.594 0.012 (0)   
   CaOH+ 1.381e-14   1.082e-14   -13.860 -13.966 -0.106 (0)   
   CaPO4- 1.364e-17   1.058e-17 -16.865 -16.975 -0.110 (0)   
   H(0) 6.424e-16 
   H2 3.212e-16   3.304e-16   -15.493 -15.481 0.012 (0)   
   O(0) 0.000e+00 
   O2 0.000e+00   0.000e+00   -61.433 -61.420 0.012 (0)   
   P 1.616e-04 
   H2PO4- 1.475e-04   1.145e-04 -3.831 -3.941 -0.110 (0)   
   CaH2PO4+ 1.406e-05   1.091e-05 -4.852 -4.962 -0.110 (0)   
   HPO4-2 3.546e-10   1.247e-10  -9.450 -9.904 -0.454 (0)   
   CaHPO4 2.477e-10   2.548e-10 -9.606 -9.594 0.012 (0)
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   CaPO4- 1.364e-17   1.058e-17   -16.865 -16.975 -0.110 (0)   
   PO4-3 1.035e-20   9.870e-22   -19.985 -21.006 -1.021 (0)   
   S(-2) 4.722e-14 
   H2S 4.722e-14   4.857e-14   -13.326 -13.314 0.012 (0)   
   HS- 1.307e-19   9.750e-20   -18.884 -19.011 -0.127 (0)   
   S5-2 8.680e-28   4.348e-28   -27.061 -27.362 -0.300 (0)   
   S4-2 5.453e-28   2.537e-28   -27.263 -27.596 -0.332 (0)   
   S6-2 4.227e-28   2.251e-28   -27.374 -27.648 -0.274 (0)   

S-2 5.875e-31   2.067e-31   -30.231 -30.685 -0.454 (0)   
S3-2 2.106e-31   8.940e-32   -30.677 -31.049 -0.372 (0)   
S2-2 1.301e-32   5.074e-33   -31.886 -32.295 -0.409 (0)   
S(6) 7.921e-02 
HSO4- 5.145e-02   3.923e-02 -1.289 -1.406 -0.118 (0)   
SO4-2 2.036e-02   7.083e-03 -1.691 -2.150 -0.459 (0)   
CaSO4 5.119e-03   5.265e-03 -2.291 -2.279 0.012 (0)   
CaHSO4+ 2.283e-03   1.757e-03 -2.642 -2.755 -0.114 (0)   

------------------------------Saturation indices------------------------------- 

  Phase               SI** log IAP   log K(298 K,   1 atm) 

  Anhydrite -0.22 -4.58 -4.36  CaSO4 
  Gypsum 0.00 -4.58 -4.58  CaSO4:2H2O 
  H2(g) -12.33 -15.48 -3.15  H2 
  H2O(g) -1.51 -0.00 1.51  H2O 
  H2S(g) -12.32 -13.31 -1.00  H2S 
  Hydroxyapatite  -33.46 -36.88 -3.42  Ca5(PO4)3OH 
  O2(g) -58.53 -61.42 -2.89  O2 
  Portlandite -22.74 0.06 22.80  Ca(OH)2 
  Sulfur -5.82 -20.84 -15.03  S 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1. 

Transport step   5. 

Transport step   5. Mixrun   1. 

Transport step   5. Mixrun   2. 

Transport step   5. Mixrun   3. 

Using solution 10. Solution after simulation 2. 
Using exchange 10. Exchange assemblage after simulation 2. 
Using surface 10. Equilibrate the column with sewage water 
Using pure phase assemblage 10. Pure-phase assemblage after simulation 2. 

-------------------------------Phase assemblage-------------------------------- 

Moles in assemblage 
Phase SI  log IAP  log K(T, P)   Initial       Final       Delta 

Gypsum 0.00 -4.58     -4.58    7.588e-01   7.581e-01  -7.488e-04 

------------------------------Surface composition------------------------------ 

Hfo
  2.303e-04  Surface charge, eq 

Hfo_s
  2.250e-04  moles 

Mole Log 
Species Moles Fraction Molality Molality 
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Hfo_sOH2+ 2.249e-04 1.000   2.243e-04 -3.649
Hfo_sOHCa+2 7.088e-08 0.000   7.068e-08 -7.151
Hfo_sOH 2.037e-10 0.000   2.031e-10 -9.692
Hfo_sO- 4.226e-18 0.000   4.214e-18 -17.375

Hfo
  2.303e-04  Surface charge, eq 

Hfo_w
  2.250e-05  moles 

Mole Log 
Species Moles Fraction Molality Molality 

Hfo_wH2PO4 1.707e-05 0.759   1.702e-05 -4.769
Hfo_wOH2+ 5.316e-06 0.236   5.301e-06 -5.276
Hfo_wSO4- 1.166e-07 0.005   1.162e-07 -6.935
Hfo_wHPO4- 3.794e-10 0.000   3.783e-10 -9.422
Hfo_wOH 4.814e-12 0.000   4.800e-12 -11.319
Hfo_wOHSO4-2 2.101e-13 0.000   2.095e-13 -12.679
Hfo_wPO4-2 1.432e-16 0.000   1.428e-16 -15.845
Hfo_wOCa+ 4.477e-19 0.000   4.464e-19 -18.350
Hfo_wO- 9.987e-20 0.000   9.959e-20 -19.002

-----------------------------Exchange composition------------------------------ 

X                2.000e+00 mol 

Equiv- Equivalent Log  
Species Moles alents Fraction Gamma 

HX 1.872e+00   1.872e+00   9.358e-01 0.000 
CaX2 6.423e-02   1.285e-01   6.423e-02 0.000 

-----------------------------Solution composition------------------------------ 

Elements Molality Moles 

Ca 1.751e-02   1.756e-02 
P 1.615e-04   1.619e-04 
S 7.879e-02   7.901e-02 

----------------------------Description of solution---------------------------- 

pH  =   1.247 Charge balance 
pe  =   4.929 Adjusted to redox 

equilibrium 
Activity of water  =   0.997 

Ionic strength (mol/kgw)  =   1.222e-01 
Mass of water (kg)  =   1.003e+00 

Total alkalinity (eq/kg)  =  -1.227e-01 
Temperature (°C)  =  25.00 

Electrical balance (eq)  =  -6.760e-05 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.04 

Iterations  =   1 
Total H  = 1.114518e+02 
Total O  = 5.598092e+01 

----------------------------Distribution of species---------------------------- 

Log Log Log mole V 
   Species Molality Activity  Molality  Activity Gamma   cm³/mol 

   H+ 6.930e-02   5.663e-02 -1.159 -1.247 -0.088 0.00 
   OH- 2.363e-13   1.763e-13   -12.627 -12.754 -0.127 (0)
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   H2O 5.551e+01   9.973e-01 1.744 -0.001 0.000 18.07 
   Ca 1.751e-02 
   Ca+2 1.010e-02   3.729e-03 -1.995 -2.428 -0.433 (0)   
   CaSO4 5.119e-03   5.265e-03 -2.291 -2.279 0.012 (0)   
   CaHSO4+ 2.268e-03   1.747e-03 -2.644 -2.758 -0.113 (0)   
   CaH2PO4+ 1.406e-05   1.091e-05 -4.852 -4.962 -0.110 (0)   
   CaHPO4 2.493e-10   2.564e-10 -9.603 -9.591 0.012 (0)   
   CaOH+ 1.390e-14   1.090e-14   -13.857 -13.963 -0.106 (0)   
   CaPO4- 1.380e-17   1.071e-17   -16.860 -16.970 -0.110 (0)   
   H(0) 6.113e-16 
   H2 3.056e-16   3.144e-16   -15.515 -15.503 0.012 (0)   
   O(0) 0.000e+00 
   O2 0.000e+00   0.000e+00   -61.389 -61.377 0.012 (0)   
   P 1.615e-04 
   H2PO4- 1.474e-04   1.144e-04 -3.832 -3.942 -0.110 (0)   
   CaH2PO4+ 1.406e-05   1.091e-05 -4.852 -4.962 -0.110 (0)   
   HPO4-2 3.560e-10   1.254e-10 -9.449 -9.902 -0.453 (0)   
   CaHPO4 2.493e-10   2.564e-10 -9.603 -9.591 0.012 (0)   
   CaPO4- 1.380e-17   1.071e-17   -16.860 -16.970 -0.110 (0)   
   PO4-3 1.044e-20   9.983e-22   -19.981 -21.001 -1.019 (0)   
   S(-2) 3.821e-14 
   H2S 3.821e-14   3.930e-14   -13.418 -13.406 0.012 (0)   
   HS- 1.064e-19   7.936e-20   -18.973 -19.100 -0.127 (0)   
   S5-2 7.103e-28   3.561e-28   -27.149 -27.448 -0.300 (0)   
   S4-2 4.462e-28   2.077e-28   -27.350 -27.682 -0.332 (0)   
   S6-2 3.460e-28   1.843e-28   -27.461 -27.734 -0.274 (0)   

S-2 4.804e-31   1.693e-31   -30.318 -30.771 -0.453 (0)   
S3-2 1.723e-31   7.320e-32   -30.764 -31.135 -0.372 (0)   
S2-2 1.064e-32   4.155e-33   -31.973 -32.381 -0.408 (0)   
S(6) 7.879e-02 
HSO4- 5.108e-02   3.897e-02 -1.292 -1.409 -0.118 (0)   
SO4-2 2.032e-02   7.077e-03 -1.692 -2.150 -0.458 (0)   
CaSO4 5.119e-03   5.265e-03 -2.291 -2.279 0.012 (0)   
CaHSO4+ 2.268e-03   1.747e-03 -2.644 -2.758 -0.113 (0)   

------------------------------Saturation indices------------------------------- 

  Phase               SI** log IAP   log K(298 K,   1 atm) 

  Anhydrite -0.22 -4.58 -4.36  CaSO4 
  Gypsum 0.00 -4.58 -4.58  CaSO4:2H2O 
  H2(g) -12.35 -15.50 -3.15  H2 
  H2O(g) -1.51 -0.00 1.51  H2O 
  H2S(g) -12.41 -13.41 -1.00  H2S 
  Hydroxyapatite  -33.44 -36.86 -3.42  Ca5(PO4)3OH 
  O2(g) -58.48 -61.38 -2.89  O2 
  Portlandite -22.74 0.06 22.80  Ca(OH)2 
  Sulfur -5.89 -20.91 -15.03  S 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 
  For ideal gases, phi = 1.

------------------ 
End of simulation. 
------------------
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APPENDIX F: ACID MINE DRAINAGE IN THE CENTRAL RAND 
BASIN OF THE WITWATERSRAND GOLDFIELDS 
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APPENDIX G: ACID MINE DRAINAGE TREATMENT PLANT IN 
THE CENTRAL RAND BASIN OF THE WITWATERSRAND 

GOLDFIELDS 
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APPENDIX H: OCHRES RECOVERED FROM ACID MINE 
DRAINAGE 
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APPENDIX I: ART PAINTINGS FROM OCHRES RECOVERED 
FROM ACID MINE DRAINAGE 
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APPENDIX J: COLUMN STUDIES USING HIGH DENSITY 
SLUDGE AS ADSORBENT TO REMOVE TRACE METALS FROM 

ACID MINE DRAINAGE 
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APPENDIX K: COLUMN STUDIES USING HIGH DENSITY 
SLUDGE AS ADSORBENT TO REMOVE PHOSPHATE IONS 

FROM SEWAGE WATER TYPE






