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ABSTRACT

Water quality impacts related to coal mining are mostly caused by exposing sulphide bearing
minerals, such as pyrite, to oxygen and water. The oxidation of sulphide bearing minerals
produces acid, metals, trace metals, and sulphate that could impact detrimentally on receiving
water courses. Some open cast pits tend to decant if the groundwater level intercepts the surface
topography. This study focuses on evaluating the feasibility of biological passive treatment
systems, specifically anaerobic bio-substrates, to effectively reduce sulphate from 700 mg/L
(decant water) to within acceptable regulatory standards (< 250 mg/L), as required by the
applicable catchment management agency, the Inkomati Usuthu Catchment Management
Agency. The feasibility of using biological passive treatment systems were investigated by means
of conducting the following tests on preselected compost and sand substrate mixtures: (1)
chemical signature of selected compost, (2) change in dissolved organic carbon concentration
over time within 100% compost and 100% sand substrates, (3) constant head permeability testing
to measure volumetric flow rate (Q) and hydraulic gradient (i), and calculate hydraulic conductivity
(K) as a function of cross-sectional area (A) of flow, (4) calculate dry density (Py) for each
substrate mixture, (5) calculate porosity (n) for each substrate mixture, and (6) conduct tracer
testing. These tests were conducted on the following substrate mixtures: 100% compost, 70%
compost 30% sand, 50% compost 50% sand, 30% compost 70% sand, and 100% sand. A kinetic
model was developed to evaluate sulphate reduction rates as a function of organic carbon
(acetate) availability and hydraulic residence time (HRT). The results from the experiments
conducted, as well as the kinetic model were used as input to an upscale model, specifically
designed for a decommissioned coal mine site that decants. The decant water is characterised
by elevated sulphate and metal concentrations. The outcomes from the research conducted
indicate that sulphate can effectively be reduced from 700 mg/L to 249,59 mg/L with a minimum
HRT of 3,5 days by means of an anaerobic bio-substrate that utilises sulphate reducing bacteria.
The lack of readily available acetate can be considered as a limiting factor for optimal sulphate
reduction. Anaerobic bio-substrates have a limited lifespan due to the depletion of organic carbon
over time. Additional organic carbon will have to be added to ensure sustainable reduction of
sulphate. The use of biological treatment systems will require frequent maintenance and
monitoring to ensure optimal functionality. Further research is, however, required to validate the

findings of the model.



KEY TERMS

Terms

Definition in context of this dissertation

Biological passive treatment system

(wetlands)

Refers to a constructed aerobic/anaerobic
water treatment system that consists of
microbial and/or phytological treatment

components.

Bio-substrate

Consists of organic material that host
sulphate reducing bacteria and provide
organic carbon for sulphate reduction to

occur.

Sulphate reducing bacteria (SRB)

Anaerobic bacteria that facilitate the process
of sulphate reduction, and sulphide metal

precipitation.

Substrate mixtures

Refers to compost and sand mixtures with

different sand to compost ratios.

Hydraulic Conductivity (K)

Is defined as the volume of water flowing
through a cross-sectional area under

hydraulic gradient (i).

Decommissioned mine site

An area where mining has been completed

and all of the operational work has ceased.

Decant water

Groundwater that intercepts the surface at a

topographical low.

Anaerobic

An environment in which microbes require

little to no oxygen to thrive.
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CHAPTER 1: INTRODUCTION

1.1. BACKGROUND ON COAL MINING IN SOUTH AFRICA WITH ASSOCIATED WATER
IMPACTS

South Africa uses the burning of coal for 77% of the energy generation (Eskom, 2016). The need
for energy is still increasing and more coal resources will have to be mined to supply the growing
energy demand, unless alternative energy sources are identified. Coal mining is one of the major
causes of environmental degradation, specifically water pollution (Tiwary & Dhar, 1994). Mccarthy
& Pretorius (2009) provides a brief history on the commencement of coal mining in South Africa:
commercial coal mining started in 1864 in the Eastern Cape, 1879 in Vereeniging, and during the
late 1880’s in Kwazula-Natal. Coal mining only commenced in 1895 in the Witbank coalfields,
which were ideally located to supply coal to power stations for energy generation to developing

industries. South Africa then became a coal supplier to international coal markets.

Many coal mines were decommissioned over the years as the resource was mined out. The
decommissioning of coal mines is accompanied by numerous environmental challenges. One of
the major challenges faced by decommissioned sites is impacts on water quality. A serious
environmental challenge is the generation of sulphuric acid that occurs as a result of reaction
between iron sulphide mineral (pyrite (FeS2)) in the coal and host rocks that comes in contact
with oxygen and water. During open cast mining, the coal seams and host rock are exposed to
the atmosphere, which enables the generation of acid. The produced acid water can dissolve
various metals such as iron and manganese. The generated acid and metals could end up in
downstream surface and groundwater systems, and impact detrimentally on aquatic ecosystem
health. The acidic environment can be neutralized by the addition of lime or associated chemical
agents, but one by-product of acid mine drainage is the generation of sulphate that ends up in

receiving water systems.

The exact impacts of excessive sulphate in mine impacted water on the environment, humans or
animals are still uncertain. The World Health Organization (WHO) recommends that authorities
are notified if sulphate concentration exceeds 500 milligrams per litre (mg/L). Some methods do
exist for the treatment of sulphate in water, which include: chemical treatment with mineral
precipitation, membranes, ion-exchange, and biological sulphate removal (Lorax Environmental,
2003). Decommissioned mines are characterised by very little to no service-infrastructure. The
use of conventional active treatment systems, such as reverse osmosis, is, therefore, limited on
sites where service-infrastructure is absent. Passive treatment has received more consideration

in recent years to act as a potential replacement for active treatment systems. The long term



sustainability of passive treatment systems is, however, still to be proven, specifically reducing

elevated sulphate concentration to within acceptable levels.

1.2. PROJECT SUBSTANTIATION

Further research into sustainable biological passive water treatment of mine impacted water is
still required. This is specifically the case for the removal of sulphate from mine impacted water
at decommissioned mine sites. Water related impacts will persist even after mining has ceased.
Environmental legislation in South Africa supports sustainable rehabilitation of disturbed areas.
The Mineral and Petroleum Resources Development Act 28 of 2002, section 43 (1) states (South
Africa, 2002):

“The holder of a prospecting right, mining right, retention permit, or mining permit remains
responsible for any environmental liability, pollution, ecological degradation, pumping and
treatment of extraneous water, and the management and sustainable closure thereof, until the

Minister has issued a closure certificate”.

The Mineral and Petroleum Resources Development Act 28 of 2002, section 43 (5) also states
(South Africa, 2002):

“No closure certificate may be issued unless the department has confirmed that the provisions
pertaining to health and safety and management of pollution to water resources and compliance

to the condition of the environmental authorisation have been addressed...”

For mines in South Africa to attain a closure certificate, sufficient rehabilitation of disturbed areas
must be conducted. The use of conventional water treatment methods, such as reverse osmosis,
is impractical on decommissioned sites. Alternative water treatment methods that require less
service-infrastructure and maintenance or monitoring must be investigated to manage and treat
mine impacted water in order to prevent impacts on the receiving environment at mine sites where

operations have ceased.
1.3. PROBLEM STATEMENT

The inspiration and initiative to focus on the use of biological passive treatment systems to reduce
sulphate concentration in mine impacted water developed from a case study where water is
decanting from a backfilled rehabilitated coal pit into the natural catchment. The decant water has
a pH of near neutral (7.5), with elevated concentration of sulphate, aluminium, manganese, and
iron. The sulphate concentration in the water ranges between 550-850 mg/L, with catchment
management agencies requiring a sulphate concentration of < 250 mg/L before discharged into

the natural catchment. Hydro-geochemical modelling was conducted to determine the potential



impact of the decant water on the receiving environment. The outcome from the model presents
that the decant water will impact detrimentally on receiving water courses, if no mitigation
measures are implemented. The site has been decommissioned in 2001, and the mining company
would like to apply for mine closure. The concentration of water quality constituents and the
availability of service-infrastructure are of such nature that active water treatment technologies

would not be a feasible solution, therefore, the potential to use biological passive treatment.
1.4. GAPS IN LITERATURE

Research has been conducted on the use of biological passive treatment systems in reducing
sulphate from mine impacted water. Uncertainty, however, still exists whether these systems can
be used as a long-term solution for effective and sustainable sulphate removal. The gaps
specifically relate to flow conditions that can be expected under constant head conditions in
organic substrates, as well as the suitability of such substrates to host sulphate reducing bacteria
for the purpose of reducing sulphate in mine impacted water. The initial use of biological passive
treatment systems was for the removal of metals from acid mine water by means of metal sulphide
precipitation, and not for sulphate reduction. Intensive research on sulphate reduction by using
biological passive treatment systems only occurred in the last two decades. The long-term
sustainability of biological passive treatment systems is still to be proven.

1.5. RESEARCH QUESTION

This research questions include the following:

1. Which substrate mixture will be suitable to use within the anaerobic component of the passive
treatment system? This specifically relates to evaluating the impact of different compost and sand

mixture ratios on flow parameters and hydraulic residence time (HRT).

2. Will organic carbon be readily available to support effective biological sulphate reduction?

1.6. RESEARCH AIMS AND OBJECTIVES

The aims of this project are to evaluate whether an anaerobic bio-substrate could be produced
for potential colonisation of SRB, to model the sulphate reduction that could potentially be
obtained through the bio-substrate, and to upscale the results to field conditions for potential use
of a treatment wetland at a decanting coal mine. Additionally, the aim of the model is to reduce
sulphate concentration in mine impacted water from 700 mg/L to < 250 mg/L (as required by the

Inkomati Usuthu Catchment Management Agency (IUCMA)).

The specific objectives of this study include the following:



» To develop a fundamental understanding of the processes required for effective
microbial sulphate reduction within an anaerobic bio-substrate.

» Conduct predictive kinetic modelling to evaluate the importance of organic carbon
on sulphate reduction rate.

» Coupling kinetic and hydraulic data to evaluate the feasibility of an anaerobic bio-
substrate as a sustainable water treatment solution, specifically for reducing

sulphate concentration in mine impacted water at a decommissioned coal mine.

1.7. CHAPTER OUTLINE

This thesis consists of the following chapters:

Chapter 1 Introduction: The project is introduced by firstly focusing on the background of coal
mining in South Africa, together with a brief discussion on the associated water quality impacts.
The importance of this research project is highlighted by means of the problem statement,
objectives, and research question.

Chapter 2 Literature overview: The study was inspired by a decommissioned coal mine, where
water from a backfilled coal pit is decanting into the natural catchment. The decanting water
contains an elevated sulphate concentration, which needs to be reduced to within regulatory
standards. The decommissioned site has little to no service-infrastructure, and treatment systems
utilising advanced technologies, such as reverse osmosis, will not be feasible. This scenario
inspired further research to be conducted on the use of microbes to remove sulphate from mine
impacted water. A detailed literature study was conducted focusing on the processes involved
during biological passive treatment, specifically anaerobic sulphate reduction within an anaerobic
bio-substrate. The literature study was conducted firstly by focusing on the current situation in
South Africa, specifically with regard to the impacts of coal mining on surface and groundwater
guality. The literature study provides a broad overview of current biological technologies used to
improve water quality. A number of design factors are highlighted that must be considered during
the design phase of a biological passive treatment system. This chapter is concluded by focusing
on the hydraulic parameters that should be considered during the design of such a system.

Chapter 3 Methodology: Research gaps were identified after the literature study was conducted.
This chapter provides a chronological approach to addressing the gaps identified. Focus is placed
on the methodology applied to design the experiments. An overview is provided of the kinetic

model development, as well as the design of the upscale model.



Chapter 4 Experimental design and setup: This chapter focuses on the experimental designs,
setups and execution of each experiment. Multiple factors play a role during biological sulphate

reduction, but only a few fundamental components were selected for further investigation.
The following experiments were conducted:

» Evaluating the suitability of selected compost to be used an organic carbon source.
This was conducted by means of determining the chemical signature of the
selected compost.

» Determining whether the selected compost would be an appropriate substrate to
host sulphate reducing bacteria, specifically whether dissolved organic carbon will
be readily available to sulphate reducing bacteria.

» Evaluating the hydraulic properties of different compost and sand mixture ratios
that could potentially be used as a substrate material in the anaerobic bio-substrate
treatment component. This was conducted by means of a constant head
permeability test.

» Calculating the dry density for each of the substrate mixtures.

» Calculating the porosity for each of the substrate mixtures as a function of dry
density and relative density.

» Conduct tracer testing to calculate hydraulic residence time (HRT), as well as

estimate seepage velocity and porosity from radial convergent test (RCT).

Chapter 5 Numerical modelling: This chapter focuses on the numerical modelling component
of this study. Kinetic data was obtained from literature to assess sulphate reduction rates as a
function of acetate availability and HRT. PHREEQC model code was used to simulate conditions

within an anaerobic bio-substrate.

Chapter 6 Results and discussion: The results obtained from the experiments conducted, as
well as the results obtained from the predictive modelling by means of PHREEQC model code,
are presented in this chapter. A detailed discussion on the results obtained is provided. Statistical
methods were used to critically discuss the results obtained. An error analysis was also conducted

to calculate the precision of the measurements taken.

Chapter 7 Case study: This chapter provides the case study of this research project. A site was
investigated where mine water is decanting into the natural catchment. The mine water contains
elevated metal and sulphate concentrations. Emphasis is, however, only placed on sulphate

reduction within an anaerobic bio-substrate. The results from the kinetic model, as well as the



experiments are used as input to an upscale model design, which entails the design of a site

specific biological passive treatment system with emphasis on the anaerobic bio-substrate.

Chapter 8 Conclusion and further research: This chapter concludes the findings of this
research project. A discussion on further research is also provided.



CHAPTER 2: LITERATURE OVERVIEW

2.1. THE MANAGEMENT OF ACID MINE DRAINAGE

South Africa is a water stressed country and sustainable water management has become a key
strategic issue. Mining activities are unfortunately associated with environmental impacts, such
as acid mine drainage. The perception is that acid mine drainage is mostly associated with gold
mines, while research and on-site evidence indicate that coal mines are also one of the major
contributors to environmental impacts, specifically water related impacts. The impacts of acid
mine drainage will not be solved in the short to medium term, and is most likely to persist. The
challenges associated with water will persist long after mining has ceased. It is, therefore, crucial

to investigate water treatment or management actions before the life of mine is over.

Acid mine drainage from coal mines is normally associated with elevated metals, sulphate and
acidity (Zagury et al., 2007). Enslin (2010) states that acid mine drainage with associated heavy
metals pose a significant aquatic ecological risk. Mine drainage can have detrimental effects on

the receiving environment, which include water bodies, fauna and flora, and infrastructure.

Coal mining will continue in South Africa for many more years to come. Environmental impacts
are, therefore, expected to persist long after mining operations have ceased, specifically water
guality and quantity related impacts. It is critical to ensure sustainable water treatment and/or
management methods are investigated still during the operational phase of a mine. This approach

will reduce the water liability of the mine during post-closure phases.

Coal mining is normally associated with the following residual or latent water related impacts
(Heath, et al., 2004):

» Impacts on surface & groundwater quality, which is mainly caused by acid and
sulphate that are generated from the oxidation of acid producing sulphide minerals,
such as pyrite. Metals are liberated when the pH of water becomes acidic;

» Impacts on surface and groundwater flow patterns, which is caused by the
disturbance of the aquifers during mining. This in turn impacts detrimentally on
surface water (disturbance of natural drainage lines) and groundwater flow
patterns (geohydrological properties, such as porosity and hydraulic conductivity

of aquifers, are altered).



Potential sources of acid mine drainage on coal mines include, but are not limited to: waste rock
dumps, discard facilities, open cast operations, discharge of poor quality water, seepage, and
spillages (Akcil & Koldas, 2006). The Mineral and Petroleum Resources Development Act, Act 28
of 2002 states that all mining operations must be rehabilitated and closed upon cessation of
activities, before a closure certificate can be obtained from the regulatory authorities (South Africa,
2002). Backfilled open cast coal mine pits have the potential to decant, which causes discharge

of poor quality water into the natural catchment, if no remedial actions are implemented.

Mccarthy & Pretorius (2009) presents the following management practices for mine impacted

water:

Evaporation dams: This method entails the construction of shallow dams that allow water to
accumulate and evaporate. The cost of these systems is high due to strict lining requirements
and high maintenance cost. The other downside to this method is that once the water is
evaporated, sludge remains and needs to be removed, which also contributes to additional
environmental risks and cost. In addition, these dams require large surface area for construction
and operation. The use of evaporation dams is, therefore, limited by high construction and
operating cost, as well as large footprint area requirements. The re-use of water is also not
possible when using these systems. Evaporation dams might be suitable to manage mine
impacted water on condition that these systems are lined to prevent leakages, which could impact
detrimentally on soil and groundwater quality (U.S. EPA, 1975). Each site must be assessed to

evaluate the suitability of evaporation dams for managing mine impacted water.

Irrigation: Research was conducted on using acid mine drainage water for irrigation purposes.
The acidic conditions need to be neutralized before irrigated, but might still contain high sulphate
and metal concentrations that could impact on soil quality and impede optimal vegetation growth.
Sulphate in irrigated water can accumulate in the soil, and impact on agricultural productivity, or
the sulphate could leach from the soil profile to the aquifers, contaminating groundwater systems.
This is normally the case where the topsoil is of insufficient depth. Irrigating with mine impacted
water is, therefore, a viable option, on condition that the irrigated water quality meets regulatory
standards. Vermeulen & Usher (2009) state that irrigating with mine impacted water could result
in salt built-up in the soil profile, specifically the upper 2 m. Vermeulen & Usher (2009) further
state that impacts on groundwater quality caused by irrigation with mine impacted water depend
mostly on the occurrence of clay lenses within the soil profile, and that impacts on groundwater

quality were more significant in areas overlain by sandy soils than clayey soils.



Limiting oxygen ingress into backfilled operations: Pyrite oxidation with subsequent acid
generation is dependent on various factors, of which oxygen availability forms an integral part.
Acid generation can be limited by preventing the ingress of oxygen into the backfilled pit, therefore
limiting the contact of backfill material with oxygen. Encapsulating the backfilled pit to prevent
oxygen ingress could limit acid, with associated metals and sulphate, to be generated and
liberated. Encapsulation can be conducted by means of replacing the overburden and topsoil
material that were removed during the initial phases of the mining process as soon as mining is
completed. Some open cast pits are flooded after backfilling to prevent oxygen ingress. Detailed
aquifer characterisation will be required to ensure water quality objectives are met. Villian (2014)
supports the method of limiting oxygen ingress into backfilled open cast pits. Proper capping of
the backfilled material in the open cast pit with topsoil will be required to ensure oxygen ingress
is limited. Appropriate soil type, thickness and compaction of replaced soil will be instrumental in
ensuring oxygen ingress into the backfilled sulphuric rich material is limited.

Acid neutralization: Acid water seeping from decommissioned coal mines can be neutralized by
the addition of neutralization agents such as sodium hydroxide or calcium carbonate (active
treatment). The construction, operations, and potential expansion of existing active treatment
systems can be costly (Taylor, et al., 2005) compared to passive water treatment systems. The
adaptability of water treatment systems on post-decommissioned mined sites is critical to ensure
system effectiveness and production of the desired water quality. This is specifically the case
where treatment of decant water is considered. The volume and quality of decant water can vary
considerably depending on the recharge characteristics of the open cast pit, as well as the
geochemical signature of the backfill material. The volume of decant can increase significantly
during high rainfall periods, and decrease considerably during dry periods. The neutralization of
acid water can be effective, but high sulphate concentration can still persist in the water. The
addition of chemicals to acid water for neutralization purposes is an ongoing process and requires
careful monitoring and maintenance. Active treatment of acid mine water is, therefore, only viable
for the short to medium term, but should not be considered as a permanent solution for post-

decommissioning scenarios (Younger, 2000).

Water purification: Conventional water treatment facilities can be constructed to improve water
guality. These treatment facilities, such as reverse osmosis, operate at a cost in excess of R
10.00/m? to treat impacted water to potable water quality standards. Capital expenditure (CAPEX)
in excess of R 300 million for a 20 mega litre (MI) treatment facility can be expected. The use of
conventional water treatment methods, such as engineered treatment facilities (reverse osmosis),
are accompanied by theft or vandalism, and require high maintenance and monitoring to ensure

sufficient treatment. Reverse osmosis plants produce a waste product (brine) from the water
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treatment processes (Hutton et al., 2009), which requires further management. Depending on the
feed water quality, the sludge is normally hauled to a designated landfill site, such as Holfontein

(South African waste management facility) for further disposal.

Controlled release: This method entails the release of poor quality water into a natural system
during high rainfall events. Water of poor quality is released into the natural catchment during
flood periods in such a manner that the concentration of contaminants is reduced by means of a
dilution effect (Mey & Van Niekerk, 2009). The impacted water is contained within the boundaries
of the mine and released during times when storm water run-off is high. This approach is,
however, not accepted by regulatory authorities. The management of discharge by means of
controlled release can only be effective when the mine is in operation. This approach will not be

feasible on decommissioned or closed mines, especially where service-infrastructure is limited.

The environmental impacts of coal mining in South Africa have not reached its peak yet. Various
operational coal mines are nearing the end of their life of mine, and have initiated the rehabilitation
of their operational footprints. Many mines neglected the approach of concurrent rehabilitation,
and abandoned mined sites without proper rehabilitation or management of poor quality water
(Munnik, et al., 2010). Other mines followed the approach of concurrent rehabilitation, whereby
the environmental impacts were better managed and mitigated. Concurrent rehabilitation of
disturbed sites enables mines to restore ecosystems still during the operational period of the mine.
A lack of concurrent rehabilitation could result in an overall higher environmental risk during the

post-mining phases (Van Zyl, et al., 2012).

Backfilled open cast pits tend to fill with water until a state of equilibrium is reached with the
surrounding groundwater levels (Ardejani et al., 2007). The flooding of open cast pits immediately
after backfilling could prevent oxygen ingress, and reduce the potential of acid generation
(Vermeulen et al., 2014). Some open-cast pits, however, are not flooded immediately, which
provide an opportunity for oxygen to enter the open cast mine workings, and promote acid
generation. The potential for open cast pits to generate acid and impact detrimentally on the
receiving environment is, therefore, high, and the best fit mitigation or management methodology

is still a pending matter.

Excess sulphate in water bodies can be considered an indicator for impacts from mining activities

(Bosman, 2009). It is evident that mining activities in the Mpumalanga coalfields are currently

impacting detrimentally on catchment water quality. Research, as conducted by Mccarthy &

Pretorius (2009), has shown that water from current mining operations in the Witbank coalfields

entering the Witbank and Middelburg dams add up to 30 Mm?®/a, which will increase to 44 Mm3/a
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in 2030. Improving the quality of this water will cost approximately R 440 million per annum in
2030. The longevity of acid generation depends on the pyrite content of the backfilled material,
the oxygen concentration, and water content within the pit voids. Acid generation will, therefore,
eventually decline as pyrite oxidation nears completion, but proactive measures must still be taken
to ensure that any potential impacts are sufficiently mitigated. Water in the Middelburg dam
deteriorated to such a standard that it is no longer fit for human consumption. It is expected that
water in the Witbank dam might represent a similar quality as in Middelburg dam, if no mitigation

is implemented.

Water quality data was obtained from the Department of Water & Sanitation (DWS) for the
Middelburg dam and Witbank dam. Figure 1 and Figure 2 present water quality data collected
from 2000 to 2017 in the Middelburg dam and Witbank dam. It is evident that sulphate
concentration in the Middelburg dam exceeds the set standard (250 mg/L) (DWS, 2017). The
water quality in the Witbank dam is of better quality, but sulphate concentration is bordering the
legal limit of 250 mg/L. Attempts have been made to improve water quality in the Witbank area
by means of installing a treatment plant in the Brugspruit area, but there are doubts about the
sufficiency of the plant to sustainably improve water quality in the long term (Limpitlaw et al.,
2005). The eMalahleni Water Reclamation Plant was also commissioned, which demonstrated
that it is possible to treat mine impacted water to drinking water quality standards. The cost
associated with this treatment is, however, extremely high. The plant has a capacity of 20MI per
day (Hutton et al., 2009), with a construction cost of approximately R 300 million (Naidoo, 2007).
The water quality of the Olifants River will, therefore, continue to deteriorate if no alternative water
treatment method is proposed. There are many different technologies that have been developed
to improve the quality of impacted water originating from the local mining areas. Some of these
treatment technologies have demonstrated to be successful in improving water quality, while

others have failed.

Many mines in South Africa are approaching the end of their life of mine and impacts on water
quality will, therefore, persist if no alternative treatment methods are developed, especially for
post-decommissioning sites. The use of biological passive treatment systems seem to be the
most feasible and practical solution for decommissioned sites, but further research is still required
to properly design these systems to be sustainable in improving water quality (Mccarthy &
Pretorius, 2009).
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Sulphate Concentration in the Middelburg Dam (2000-2017)
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Figure 1: Change in sulphate concentration in the Middelburg Dam (DWS, 2017).

12

2020-06-18



Sulphate Concentration in the Witbank Dam (2000-2017)
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Figure 2: Change in sulphate concentration in the Witbank Dam (DWS, 2017).
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2.2. BACKGROUND ON THE USE OF BIOLOGICAL PASSIVE TREATMENT SYSTEMS

Subsurface flow biological passive treatment systems (or anaerobic wetlands) can be used to
improve the quality of impacted water, specifically water containing elevated sulphate
concentration. Tilley et al., (2014), provides an illustration of a typical biological passive treatment

system (Figure 3).

inlet pipe and gravel for effluent outlet
wastewater distribution (height variable)

Qutlet Gravelpack

wetland plants (macrophytes
Inlet Gravelpack el )

wet well and cover

[iriet

Porous media

Figure 3: lllustration of a subsurface flow wetland (modified from Tilley et al., 2014).
These systems are mostly characterised by the following components:

Inlet: Impacted water requiring treatment will enter the wetland by means of a manifold distributer

pipe to ensure water is distributed across the entire bed or substrate area of the wetland.

Inlet Gravelpack: A gravelpack is placed immediately after the manifold distributer pipe to
prevent clogging of inlet pipes if backwashing occurs, as well as reduce direct impact of inflowing
water on the wetland substrate. The gravelpack also acts as a first phase treatment (physical

filtration unit).

Porous media (substrate): The substrate of the wetland can consist of a multitude of material
types, depending mostly on the quantity and quality of water requiring treatment, and the desired
product water quality. The substrate component of the wetland system provides a habitat for

microbes to establish, which play a pivotal role in biological passive treatment. The hydraulic
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conductivity (K) together with the porosity (n) of the substrate also determines the HRT of the
system, which are instrumental to effectively improve water quality. The substrate can be planted
with wetland vegetation to aid in water contaminant uptake. Aerobic (promotes oxidation)
treatment systems are more prone to be planted with wetland plants than anaerobic (promotes

reduction) treatment systems.

Outlet Gravelpack: This gravelpack component of the treatment system prevents biomass

washout from the substrate, and prevents clogging of the collection manifold.

Outlet: The treated water is then collected at a central point for discharge or re-use, depending
on the quality of effluent (product) water.

Conventional active water treatment technologies, such as chemical treatment, can be effective
for achieving water quality objectives. These systems, however, can be associated with high
construction and maintenance costs (Johnson & Hallberg, 2005). Development of effective
passive techniques to replace or complement active technologies can reduce water management

liability associated with mining activities, especially for post-decommissioned sites.

Various studies have focused on the impact acid mine drainage has on the receiving environment.
Some case studies indicate that water originating from mine residue deposits might have near
neutral pH conditions (Johnson & Hallberg 2005), but still have a detrimental impact due to
elevated sulphate concentrations (Madzivire et al., 2009).

Biological passive water treatment is accomplished by means of physical, biological, and chemical
mechanisms. Improving water quality in biological passive treatment systems is mostly

accomplished by means of the following mechanisms:

» Settlement of suspended solids (Mayes et al., 2009);
Physical filtration (Burke & Banwart, 2002);
Direct uptake of contaminants by plant roots (Batty & Younger, 2003);

lon exchange and organic complexation (Mayes et al., 2009);

YV V V V

Sulphate reduction and metal sulphide precipitation (Mayes et al., 2009).

Biological passive treatment systems (such as wetlands) have been recognised as a method to
improve water quality (Gusek, 2008). Local environmental conditions, redox state of ions to be
removed, and water chemistry determines whether these reactions will occur under oxidising

(aerobic) or reducing (anaerobic) conditions (Gusek, 2008).

The management of water quality is the primary environmental challenge faced by the mining

industry. The replacement of active treatment systems with passive treatment systems might
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reduce environmental and financial liabilities post-mine closure. The effectiveness and

sustainability of biological passive treatment systems are, however, still to be proven.

Researchers at the Colorado School of Mines considered sulphate reducing bacteria in an
anaerobic habitat as an appropriate treatment method for improving the quality of acid mine
drainage water (Gusek, 2008). The primary focus was, however, on metal removal from mine

impacted water and less research has been conducted on sulphate removal.

2.3. DIFFERENT TYPES OF BIOLOGICAL PASSIVE WATER TREATMENT SYSTEMS
IMPLEMENTED FOR TREATING ACID MINE DRAINAGE WATER

The design of biological passive water treatment systems is mostly determined by the chemistry
of the water to be treated. The Environmental Protection Agency (U.S. EPA, 2014) provides a list
of passive and active treatments systems that can be used for the treatment of mine impacted
water. The following section presents three types of biological passive treatment systems that can

potentially be used for metal and sulphate removal from mine impacted water:

2.3.1. Constructed wetlands

2.3.1.1. Technology description: These systems utilise soil, organic material, rock, and wetland
plants as substrate to host and facilitate microbial processes for water treatment. These systems
can either be aerobic or anaerobic, depending on the contaminant removal mechanisms required
(Costello, 2003). These systems are constructed to treat water passively over a long period. The
main mechanisms of contaminant removal are plant uptake, volatilization, biological reduction or
oxidation, precipitation, and settlement (Vymazal, 1998). Microbes are able to immobilise metals
in acid mine drainage water (Johnson and Hallberg, 2005). The primary advantage of these
systems is relatively low capital cost required for construction, and low maintenance and

operational cost compared to conventional treatment methods, such as reverse osmosis.

2.3.1.2. Water constituents treated: The constituents that can be treated include a wide
spectrum of constituents, such as vanadium, chromium, manganese, iron, cobalt, nickel, copper,
zinc, arsenic, selenium, aluminium, phosphorus, sulphur, molybdenum, gold, cadmium, antimony,
barium, mercury, titanium, silver, radium, uranium and lead (Gusek, 2009). Wetlands can treat
mine impacted water within a wide range of pH conditions (acidic, neutral, or alkaline mine
drainage water). The pH of influent water forms a critical part of the effectiveness of microbial

processes to remove contaminants from impacted water (Rodriguez-Sanchez, et al., 2014).

2.3.1.3. Operations: Wetlands are either anaerobic (subsurface flow, thus promoting reducing

conditions) or aerobic (water flows on surface, thus promoting oxidising conditions). In anaerobic
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wetlands, water flows through a substrate that consists of a porous media, such as gravel, sand,
or compost (or any other type of organic material) (Halverson, 2004). The substrate surface can
be planted with aquatic plants. Plants can either be planted on the surface of the substrate, or be
planted in a separate aerobic unit. Comments have been made in recent studies that the roots of
the plants might promote oxygen ingress into the substrate, and inhibit optimal microbial
functionality, specifically inhibiting the growth of sulphate reducing bacteria (Vymazal, 2011). A
designed aerobic wetland is similar to a natural wetland, with water flowing over the substrate
surface. The design of constructed wetlands for the treatment of mine impacted water varies from
site to site. The most important factors that must be considered include: pH of influent water,
substrate type, redox conditions, solid support, hydraulic residence time (HRT), sulphate
concentration of influent water, metal concentration of influent water, temperature, and chemical

oxygen demand (COD) to sulphate ratio (Gomez, 2013).

If mine impacted water has an alkaline pH, aerobic wetlands can be used to promote metal
oxidation (Budeit, 2007). An anaerobic wetland consisting of organic material can be used for
sulphate reduction (Morrison, 2005). A great benefit of constructed wetlands is the adoptability of
the system. Aerobic or anaerobic units can be added as required.

2.3.1.4. Maintenance & monitoring: Monitoring is required on a periodic basis to ensure that
treatment efficiency is maintained. Optimal functionality of microbes is highly dependent on
organic carbon as a source of nutrients. One of the limiting factors of these systems is the lack of
readily available organic carbon within the substrate (Mirjafari & Baldwin, 2016), which might be
an ongoing maintenance requirement (Kousi et al., 2015). Another factor that determines whether
the system will be effective in removing required contaminants is continuous flow through the
substrate. Challenges were also encountered with substrate clogging mainly caused by metal
sulphide precipitates (Figueroa et al., 2007). The replacement of the entire substrate might be
required after a period of operation (mostly 2 to 3 years), depending on the degree of clogging,

availability of organic carbon, and ability to manage HRT.

2.3.1.5. System limitations: Constructed wetlands require a large area of land and sufficient
supply of water to function optimally. Influent mine water might require pre-treatment, if the pH is
too low (Jong & Parry (2005) or metal concentrations are too high (Cabrera et al., 2006) for
sulphate reduction by sulphate reducing bacteria. The release of immobilised contaminants might
occur during high flow periods. The development of preferential flow paths within the substrate
could reduce HRT, which reduces the contact time between mine impacted water and microbes.
These systems might also not be appropriate if stringent product water qualities (potable

standards) are required.
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2.3.1.6. Effectiveness: The effectiveness of a constructed wetland to improve water quality in

Tennessee U.S.A. is illustrated in Table 1.

Table 1: Water constituents treated by a constructed wetland (ITRC, 2010).

Constituent Influent (mg/L) Effluent (mg/L)
pH (-log(H*)) 4,28 7,16
Aluminium 1,423 0,055
Iron 0,211 0,133
Manganese 1,148 0,294
Copper 0,197 0,017
Zinc 0,640 0,197
Sulphate 110 104
Hardness 97 142
Acidity 37 <1
Alkalinity <1 45

The effluent water quality obtained from a constructed anaerobic wetland in Tennessee indicated
that the wetland successfully reduced acidity and concentration of most metals. Only 10% to 30%
of the sulphate was reduced. Table 2 provides a general rule of practice that can be expected
regarding the treatment efficiency of constructed wetlands (ITRC, 2010).

Table 2: General treatment efficiency of constructed wetlands.

Constituents Removal rate (%)

Acidity 75-90%
Sulphate 10-30%
Iron >80-90%
Aluminium >90%
Copper >80-90%
Zinc >75-90%
Cadmium >75-90%
Lead >80-90%
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2.3.2. Biochemical reactors

2.3.2.1. Technology description: These systems operate very similar to anaerobic constructed
wetlands, except that vegetation normally does not form part of the treatment methodology. These
systems use microbes to transform contaminants and increase pH in the impacted water (Zagury
& Neculita et al., 2007). These systems are normally operated within a closed environment and
are operated anaerobically. These systems are also referred to as sulphate reducing bioreactors

or anaerobic bio-substrates.

2.3.2.2. Constituent treated: These systems can effectively increase pH and remove sulphate
and metals such as iron, manganese, copper, aluminium, zinc, cadmium, cobalt, nickel, and

mercury. Sulphate and nitrate can also be removed successfully (Hammack et al., 2006).

2.3.2.3. Operations: These systems can be active and/or passive. Active treatment refers to the
addition of chemicals to accelerate the chemical reactions. An organic carbon substrate is used
as a source of nutrients for bacteria (Johnson et al., 2016). A neutralization agent might be
required if influent water has high acidity. The optimal functioning of microbes plays an important
role in the effectiveness of these systems (Zagury,et al., 2007). The organic substrate can be a
mixture of carbon sources such as liquid ethanol, manure, wood chips, spent mushroom, fish
bones, chitin, and/or sewage wastes (Gomez, 2013). HRT can vary from 1 to 5 days, depending
on microbial kinetics and treatment intensity required. A benefit that bioreactors have over
constructed wetlands is that the environment in which the microbes function can be manipulated
or engineered to optimal condition as required, whereas in constructed wetland changes to the

environmental or microbial habitat conditions are not always possible.

2.3.2.4. Maintenance & monitoring: The maintenance of these systems is very similar to that of
constructed wetlands. Several components must be maintained to ensure effective functionality
of the system, which include: influent water pH, influent water metal concentrations, influent water
volume per unit of time to be treated, availability of organic carbon as nutrients for microbial
processes, sufficient HRT, and removal of any precipitates formed. The organic substrates will
also have to be replaced after a period of operation to ensure effective treatment is sustained.

Regular monitoring is required to track system success.

2.3.2.5. System limitation: The design of the system is based on specific parameters and

characteristics of influent water, such as pH, flow rate, temperature, and the type and

concentration of ions in water to be treated. The availability of sufficient surface area is a challenge

when considering these systems. Cold temperatures can inhibit optimal functioning of microbes.

The treatment system can, however, be designed to fit most environments. Controlling the influent

flow rate is a critical factor in system success. Other limitations also include: depletion of organic
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carbon, low pH conditions, very high metal concentration of influent water inhibiting optimal
microbial functionality, and sulphide toxicity to sulphate reducing bacteria. Substrate clogging
might also be another challenge that decreases the effectiveness of the system. Inert gravel can
be added to the substrate to prevent clogging by means of enlarging the pore spaces and
improving the porosity of the substrate. Maintenance and monitoring of system infrastructure will
be required to ensure optimal functionality. Another limitation to the system is the production of

waste that is produced from metal sulphide precipitates.

2.3.2.6. Effectiveness: A bioreactor was constructed and tested in South Africa, near Vryheid in
Kwazulu-Natal province in 2015. The treatment system was designed to neutralise acidity,
remove metals, and reduce sulphate concentration from acid mine drainage water. The results
obtained from the Vryheid Coronation Colliery bioreactor are indicated in Table 3 (Pulles et al.,
2016).

Table 3: Effluent results from biological passive treatment at Vryheid Coronation Colliery.

Constituent Influent (mg/L) Effluent (mg/L)
pH (-log(H")) 3,03 6,94
Sulphate 1594 621
Alkalinity 0 487
Aluminium 33,64 0,45
Iron 25,45 0,31
Manganese 14,38 7,12
Ammonia 0,3 17,48
Phosphate 0,86 10,7

It's evident from Table 3 that the treatment system at Vryheid Coronation Colliery was successful
in increasing the pH, and removing most contaminants from the water. Sulphate was removed by

more than 50%. Additional treatment would be required to further improve the water quality.

An integrated bioreactor was installed at an abandoned metal (gold, zinc, silver, and lead) mine
in Montana, U.S.A. The results obtained from the bioreactor are indicated in Table 4 (Bless et al.,
2006; Mine Waste Technology, 2004; NOAA, 2002).
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Table 4: Treatment efficiency for Surething Mine.

Constituent Influent (mg/L) Effluent (mg/L)
pH 2.58 7.31
Aluminium 29.5 <0.04
Arsenic 0.127 <0.01
Cadmium 0.208 <0.00009
Copper 2.35 <0.003
Iron 15 <0.014
Lead 0.151 0.004
Manganese 26.7 0.037
Zinc 22.7 <0.007
Ammonium 0.11 0.37
Sulphate 591 239

It is evident from Table 4 that sulphate was only reduced with approximately 60%. Some
challenges encountered with the bioreactor was prolonged exposure to acid mine water with high
metal concentrations. It also became evident that manganese require separate treatment with

aerobic treatment components.

2.3.3. Permeable reactive barriers

2.3.3.1. Technology description: These systems are an in situ permeable treatment zone
designed to improve water quality from a contaminated groundwater plume or seepage zone.
These systems can be constructed as a funnel-and gate or continuous permeable reactive barrier
(Courcelles, 2014). Both these methods require excavation to place the substrate and intercept
the groundwater plume. The rate of groundwater movement determines the size of the permeable

reactive barrier required to achieve desired water quality objectives (U.S. EPA, 1997).

2.3.3.2. Constituent treated: These can include, but are not limited to: radionuclides, trace
metals, and anion contaminants. Trace metals treated include hexavalent chromium, nickel, lead,
uranium, technetium, iron, manganese, selenium, copper, cobalt, cadmium and zinc. Anion

contaminants include sulphate, phosphate, and arsenic (U.S. EPA, 2014).

2.3.3.3. Operations: The most commonly used permeable reactive barrier configuration is a
continuous trench in which the treatment material is backfilled to intercept the groundwater plume
(ITRC, 2005). The funnel-and-gate barrier can guide the groundwater plume to a designated

treatment zone. The continuous barrier design transects the plume, and contaminated
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groundwater flow through the reactive media. The permeable reactive barrier is normally installed
as close as possible to the bedrock to ensure that the water requiring treatment does not flow
underneath the treatment zone. Another critical factor is to ensure that the hydraulic conductivity
of the reactive media is greater that the hydraulic conductivity of the aquifer. This will prevent the
groundwater plume from flowing around the reactive barrier (U.S. EPA, 1998). The reactive
material degrades or immobilises contaminants by means of microbial processes. Several factors
must be addressed when considering permeable reactive barriers for contaminant remediation:
the geometric configuration of the plume, groundwater flow direction, hydraulic conductivity of
aquifer material, and contaminant concentrations must be known to achieve the required
treatment performance. The microbial processes within the reactive material must reduce the
contaminant concentrations to within acceptable standards. The precipitation of sulphide metals
could cause plugging (clogging) of the substrate.

2.3.3.4. System limitation: The system can take several years to reach optimal functionality,
mainly due to the time it takes for the microbes to stabilise and reach maturity. Controls must be
installed to monitor system performance. Plugging caused by metal sulphide precipitation can
reduce treatment efficiency of the reactive barrier if not managed properly. The reactive material
will have to be replaced if it becomes saturated and clogged with precipitates.

2.3.3.5. Effectiveness: A permeable reactive barrier was constructed at a uranium mine site in
Durango, Colorado, with influent water containing 359 ug/L selenium. Effluent (treated) water only
contained 8 ug/L selenium after treatment (U.S. EPA, 2014). Another permeable reactive barrier
at the Monticello Mill Tailings site in Utah was constructed to remove uranium, vanadium, arsenic,
selenium, molybdenum, and nitrate from mine impacted water. The hydraulic conductivity of the
substrate decreased due to sulphide precipitation and caused groundwater to flow over the

permeable reactive barrier. Desired water qualities were, therefore, not achieved.

In 2005, a pilot-scale permeable reactive barrier was installed at a metal smelting facility, located
near Helena, Montana, U.S.A. to treat arsenic in groundwater. Monitoring results indicated that
mine impacted water with arsenic concentrations > 25 mg/L were treated to concentrations < 2
mg/L in effluent water. Sulphate concentrations of effluent water were, however, not measured
(U.S. EPA, 2005 and 2008).

A permeable reactive barrier was also installed at a Nickel Mine in Ontario, Canada. The water
guality results are indicated in (Benner, et al., 1999; Benner et al., 2002; Johnson et al., 2000;
Mayer et al., 2006; RTDF, 2000).

22



Table 5 (Benner, et al., 1999; Benner et al., 2002; Johnson et al., 2000; Mayer et al., 2006; RTDF,

2000).

Table 5: Treatment efficiency of permeable reactive barrier at Nickel Mine.

Constituents Influent (mg/L) Effluent (mg/L)
pH 2.8-5.9 6.7
Aluminium 130 <1.0
Copper 3.0 <0.01
[ron 250-1350 80
Nickel 0.12-30 <0.1
Zinc 1.0 <0.015
Sulphate 2500-5200 840
Alkalinity <1-60 2300

(Benner, et al., 1999; Benner et al., 2002; Johnson et al., 2000; Mayer et al., 2006; RTDF, 2000).

Table 5 is indicative that sulphate was reduced significantly. Challenges were encountered with
regard to maintaining a constant hydraulic conductivity throughout the barrier, which reduces the

treatment efficiency over time.
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2.4. SULPHUR, PYRITE OXIDATION, AND MICROBES

2.4.1. Sulphur and microbes

Micro-organisms play an essential role in sulphur uptake from the environment. Sulphate is
consumed as a nutrient and reduced to sulphide. Sulphate reducing bacteria are anaerobic micro-
organisms that occur in anoxic habitats, where they use sulphate as a terminal electron acceptor
(reduction of sulphate) for the degradation (oxidation) of organic compounds Organic compounds
(amino acids, sugars and fatty acids) are fermented by fermentative bacteria. The fermentation
of organic compounds by sulphate reducing bacteria is optimal in an anaerobic environment
where sufficient sulphate and readily available organic carbon is available (Muyzer & Stams,
2008). The products from the fermentation process include acetate, propionate, butyrate, lactate
and hydrogen, which can be utilised by sulphate reducing bacteria (Muyzer & Stams, 2008). The
oxidation of sulphide bearing minerals can cause detrimental impacts to the receiving
environment by means of acid and sulphate that are produced, if exposed to oxygen and water.

A very common sulphide bearing mineral is pyrite (Muyzer & Stams, 2008).

2.4.2. Pyrite oxidation
Coal deposits in South Africa are associated with shales, mudstones, siltstones, and sandstones
(Karoo Supergroup) host rock. These deposits host coal seams, which contain minerals such as

guartz, carbonates, sulphides, and pyrite (Aphane & Vermeulen, 2015).

Acid mine drainage is generated when reactive minerals, such as pyrite, are exposed to oxygen
and water (Tsukamoto et al., 2004). The oxidation of pyrite can be illustrated by the following
reactions (Akcil & Koldas, 2006):

FeS,+ 7/20,+ H,0 — Fe?' + 2S0%,+ 2H"
(Reaction 1)

The above-mentioned reaction represents the oxidation of sulphide mineral that produces
dissolved iron, sulphate, and hydrogen. The dissolved iron, sulphate, and hydrogen contribute
the total dissolved solids (TDS) and acidity in the receiving water course. The following reaction

presents the oxidation of ferrous iron (Fe?") to ferric iron (Fe®"):

Fe?*+ 1/40,+ H* — Fe®* + 1/2H,0 (Reaction 2)
Ferric iron will precipitate at pH 2.3 and pH 3.5 as Fe(OH)z (Iron(lll) oxide-hydroxide) and jarosite
(KF93+3(OH)6(SO4)2).

Fe® + 3H,0 — Fe(OH)s soiia + 3H"

(Reaction 3)
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Pyrite can be oxidised by ferric iron that does not precipitate immediately:

FeS,+ 14Fe* + 8H,0 — 15Fe?" + 2507, + 16H*
(Reaction 4)

A combination of the above-mentioned reactions where Fe(OH)s precipitates, can be presented
as:

FeS;+ 15/40;,+ 17/2H,0 — Fe(OH); +2S0.* + 4H*
(Reaction 5)

The oxidation of pyrite by ferric iron can also be illustrated as:

FeS;+ 15/80, + 13/2Fe*" + 17/4H,0 — 15/2Fe*" + 2S0% 4+ 17/2H*
(Reaction 6)

Dissolved metals liberated by acidic conditions pose a danger to ecosystem health, if acidic water
enters natural water courses (Maree & Du Plessis, 1994). The consequences of acid mine
drainage differ from site to site, depending mostly on the pH, and metal and sulphate
concentrations of the acid mine drainage water. The primary factors that determine the rate of
acid mine drainage generation are (U.S. EPA, 1994):

Mineral composition of sulphide bearing mineral;
Type and quantity of neutralization minerals present;
Reaction surface area;

Oxygen and water content;

YV V V V V

Presence and type of bacteria.

When acid products are flushed from the sulphide rocks, it might encounter an acid consuming
mineral that has the capacity to neutralise the acidity (neutralization capacity of minerals). The
acid produced can be neutralized by minerals such as calcium carbonate. If the neutralization
capacity of the surrounding rocks is exceeded, then excess acid remains (Eary & Williamson,
2006). This excess acid can then be mobilised to the receiving environment. The neutralization
capacity of the surrounding rocks can, however, not remove any sulphate or metals produced
from the pyrite oxidation process. Any metals and sulphate produced from pyrite oxidation can be
flushed to the surrounding groundwater systems or be transported to surface water systems.
Many coal (and gold) mines encounter the challenge of excess sulphate concentration in

decanting or seepage water.
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The potential of coal discard material to generate sulphate and acidity, and potentially impact
determinately on the receiving environment, can be determined by means of the following
analytical methods (Lawrence & Wang, 1997; Price et al., 1997; Sober et al., 1978; Soregaroli &
Lawrence, 1998; and Usher et al., 2003):

» Acid base accounting (ABA): ABA is a general term used to describe the acid potential
(AP), neutralization potential (NP), and the net neutralization potential (NNP) of the
material. The NNP is calculated by means of subtracting the AP from the NP, which
provides an indication on whether any excess acidity will remain, or whether the material
will be able to neutralise the produced acid. A NNP < 0 entails that the host material does
not have the capacity to completely neutralise the produced acidity, while a NNP > 0
entails that the host material has the capacity to neutralise the produced acid. The
neutralization potential ratio (NPR) of the discard material can also be used to determine
the potential for acid generation. A NPR of < 1:1 is indicative that the discard material has
the potential to generate acid, while a NPR of > 4:1 shows no indication for acid
generation.

» Sulphur content: The sulphide-sulphur content of the material provides an indication on
whether the material has the potential to yield acidity. A sulphide-sulphur content of at
least 0.3% is required for sustainable long term acid-generation.

2.5. ENVIRONMENTAL, HUMAN, AND ANIMAL HEALTH IMPACTS CAUSED BY ELEVATED
SULPHATE CONCENTRATION IN WATER

The Department of Water Affairs (DWS) provides two water quality guidelines that can be used
as a baseline to assess the impacts of excess sulphate concentration on the receiving
environment. These two documents include: Water Quality for Livestock Watering (Volume 5,
1996) and Water Quality for Aquatic Ecosystems (Volume 7, 1996). These two guidelines are
very applicable to the South African mining context in that most coal mines aim at rehabilitating
disturbed areas back to grazing end land use. The impacts associated with decanting or seepage
water from decommissioned coal mines in South Africa are normally related to livestock and
aguatic ecosystems health. These two guidelines describe the characteristics of the sulphate

anion as follow:

Sulphate can form salts with various cations such as potassium, sodium, calcium, magnesium,
barium, lead, ammonium, and other metals. Sulphur has physiological roles in that it forms a
component of amino acids, hormones, enzymes, carbohydrates, and metabolic processes.

Excess sulphate can cause diarrhoea and poor productivity in livestock not adapted to higher
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sulphate concentration in water. The adverse effects of excess sulphate intake are normally
associated with sodium and magnesium sulphate. Calcium sulphate showed negligible effects as
compared to other sulphate salts. Sulphate concentrations in excess of 1000 mg/L in water can

cause the following symptoms in livestock (DWA, 1996):

> Diarrhoea;

> Adverse palatability effects;
» Poor productivity;
>

Poor water intake.

The effects of high sulphate concentration on livestock health depend on the age, type, and weight
of the livestock. Cadmium and zinc sulphate can have an adverse effect on fish. Copper and
manganese sulphate is normally soluble in water. Toxicity of zinc has been associated with salts,
such as zinc sulphate (DWA, 1996).

The World Health Organization (WHO) (2004) provides the following synopsis of sulphate
detectability and the effects on humans:

Sulphate can be tasted in drinking water at concentrations ranging from 250-1000 mg/L: 350 mg/L
for sodium sulphate, 250-1000 mg/L for calcium sulphate, and 400-600 mg/L for magnesium
sulphate (NAS, 1977). Sulphate concentration at which drinking water has an offensive taste is
approximately 1000 mg/L and 850 mg/L for calcium and magnesium sulphate respectively
(Zoeteman, 1980).

Cocchetto & Levy, (1981) state that the ingestion of 8.0 g of sodium sulphate could cause some
degree of diarrhoea. A laxative effect is caused when water with a sulphate concentration in
excess of 1000 mg/L is ingested (U.S. EPA, 1999b). Dehydration has also been reported as a
common side effect from the ingestion of high concentrations of magnesium or sodium sulphate
(Fingl, 1980). The dehydration is normally caused from diarrhoea (U.S. EPA, 1999a,b). The
development of cataracts has been reported to develop as a result of ingesting water containing
sulphate concentration in excess of 600 mg/L (U.S. DHEW, 1962 & Chien et al., 1968), although
humans can adapt to higher concentrations over time (U.S. EPA, 1985). A decrease in
gastrointestinal retention of food can be experienced with ingestion of high concentration sulphate
(Heizer, et al., 1997). It can be concluded that the ingestion of high concentration of sulphate can
have possible adverse effects on human, livestock, and ecosystem health. The above-mentioned
studies thus prove that mitigation measures are required to reduce elevated concentration of

sulphate in impacted waters before discharged into the natural catchment.
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2.6. SULPHUR TRANSFORMATION

The reduction of sulphate in mine impacted water by means of sulphate reducing bacteria requires
an environment that enables and promotes sulphate reduction to occur. The pathway for
biological sulphur transformation is illustrated in Figure 4. Sanchez Andrea et al., (2014) provide
a synopsis of the chemical and biological transformations of sulphur:

» Chemical sulphur transformation entails atmospheric and terrestrial redox processes.
» Biological sulphur transformation entails the use of micro-organisms that catalyse the
oxidation and reduction reactions of sulphur compounds. These reactions include:
o Dissimilatory sulphur reduction, where sulphate is reduced to sulphide, which is
coupled to energy preservation and biomass growth;
o Assimilatory sulphate reduction, where the reduced sulphide is assimilated in
biomass, proteins, amino-acids, fungi, and micro-organisms;
o Mineralization of organic compounds with hydrogen sulphide release;
o Sulphide oxidation by O,, NO7, Fe3*, or Mn*" as electron acceptors by lithotrophic
and phototrophic bacteria, producing sulphur and sulphate;
o Disproportionation, where oxidation and reduction of sulphur compounds

(thiosulfate, sulphide, and sulphur) to sulphate and sulphide occurs.
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Figure 4: The process of biological sulphur transformations (Sanchez-Andrea et al., 2014).

2.7. REDOX SEQUENCE FOR SULPHATE REDUCTION

The redox environment is instrumental in achieving optimal bacteria functioning (Alesia, 2014).

Understanding the sequence in which chemical species are reduced or oxidised are fundamental

to the success of any biological passive treatment system. The reduction of chemical species

occurs in the following sequence (Appelo & Postma, 2013): oxygen reduction, denitrification, Mn**

oxide — Mn?*, Fe®* oxide — Fe?*, SO4% reduction, and CH, fermentation. The oxidation reactions

occur in the following sequence: oxidation of organic matter, sulphide — SO4%, oxidation of Fe?",

NH."*— NOg', and the oxidation of Mn?*. These sequences in which oxidation-reduction reactions

occur are presented in the Figure 5.
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Figure 5: Sequence of redox reactions at pH 7 in natural waters. (Appelo & Postma, 2013).

Redox processes can play a fundamental role in the success of biological passive treatment
systems. The redox conditions within a biological passive treatment system are of critical
importance for optimal sulphate reduction. A reduction reaction will commence with an oxidation
reaction that is located at a lower pe (redox potential) (origin of arrow in Figure 5). The reduction
of sulphate can be combined with the oxidation of organic matter, but not with the oxidation of
ferrous iron, for example (Appelo & Postma, 2013). The redox conditions in biological passive
treatment systems have implications for the sequence in which contaminants are removed from
the mine impacted water. A critical controlling factor is the pH at which treatment occurs. For
example, biological oxidation of manganese does not occur rapidly in the presence of ferrous iron
(Liu, et al., 2014). Metal sulphide precipitation in anaerobic bio-substrates is not recommended

for manganese removal. It was found that pH 9.5 was optimum for Mn2*-oxidation. The presence
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of sulphate causes a deceleration of Mn-oxidation (Balcioglu & Demirkol, 2013). The removal of

manganese is, therefore, recommended prior to sulphate reduction.

Iron can either be removed in reducing or oxidising systems. In reducing systems, sulphate is
reduced to sulphide. Iron could couple with sulphide, and produce a metal sulphide precipitate
(FeS», FeS). Work undertaken by Batty & Younger, (2003) indicates that aerobic wetlands can be
used as a polishing stage to remove residual iron from the water. Oxidising systems remove iron
through oxidation of ferrous iron, once the pH has been raised sufficiently. The product water will
have a low pH once ferrous iron is oxidised to ferric iron (precipitate) (Akcil & Koldas, 2006). The
oxidation of ferrous iron depends on oxygen concentration and pH of water. The oxidation of
ferrous iron to ferric iron requires water to have high oxygen content, with a pH of ideally 8.5.
Cascading is a method by which aeration can be promoted, which is normally conducted during

the first stages of treatment.

2.8. BIOLOGICAL TREATMENT OF SULPHATE

2.8.1. Background on biological sulphate reduction and metal removal

Sheoran et al.,, (2010) state that sulphate reducing bacteria can occur in various anoxic
environments, such as wetland sediments, cattle rumens and geothermal vents. Sulphate
reducing bacteria are prokaryotes that function in reducing anaerobic environments that contain
sufficient sulphate concentration (Sheoran et al., 2010). Sulphate reducing bacteria is either
heterotrophic (using organic compounds) (Logan et al., 2005), or autotrophic (using hydrogen as

an electron donor and CO; as carbon source) (Kilborn Inc., 1996).

According to Lorax Environmental (2003), anaerobic wetlands are suitable for biological sulphate
removal from mine impacted water. This is accomplished by means of utilising sulphate reducing
bacteria. Maree et al., (2000) also states that sulphate, metals and acidity can be removed from

mine impacted water by means of biological sulphate reduction.

Biological treatment systems utilise sulphate reducing bacteria to reduce sulphate to sulphide,
which also lead to the removal of metals and acidity (Zagury et al., 2007). Sulphide is a product
formed when sulphate undergoes reduction. The produced sulphide can react with metal oxides
to form metal sulphide precipitate. The produced metal sulphides normally have a low solubility.
An additional carbon source must be introduced to increase the rate of sulphate reduction
(Brahmacharimayum & Kumar, 2012), if the initial pool of organic carbon is depleted. Sulphate
reducing bacteria can generate hydrogen sulphide and carbonate alkalinity, promoting metal

sulphide precipitation and increasing the pH of the water being treated. An increase in alkalinity
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of treated water is mostly experienced in sulphate reducing bioreactors, which is caused by the
oxidation of organic matter (Maree et al., 2000). Various applications of these biological passive
treatment systems have been considered to treat acid mine water. Some of these applications
include, but are not limited to: anaerobic bioreactors, constructed anaerobic wetlands and

permeable reactive barriers (Kilborn, 1999).

Simplified reactions that represent biological oxidation of acetic acid, sulphate reduction, and
metal sulphide precipitation, are illustrated in Reaction 7 and Reaction 8 (Middleton & Lawrence,
1977, and Doshi, 2006):

CH3COOH + SO4* — H,S + 2HCO3™

(Reaction 7)
H,S + M* — MS + 2H*

(Reaction 8)

CH3sCOOH represents acetic acid produced from the oxidation of organic matter. Sulphate
reducing bacteria uses simple organic compounds, such as acetic acid, as electron donors to
reduce sulphate and produce sulphide (Logan et al., 2005). The produced H.S reacts with a metal
(M#") to form a metal sulphide precipitate (MS) (Doshi, 2006). The presence of other electron
acceptors such as ferric iron and nitrate can prevent sulphate reduction or oxidise sulphides
produced by sulphate reduction (Loviley & Phillips, 1987).

Sulphate reducing bacteria can survive in a wide range of environmental conditions (Muyzer &
Stams, 2008). The availability of organic carbon controls the rate of sulphate reduction (Eger &
Wagner, 2003). Insufficient organic carbon can be regarded as a potential limiting factor for
optimal sulphate reduction in biological passive treatment systems (Roychoudhury & Cappellen,
2003). A study conducted by Chen, et al., (2014) indicates that readily available organic carbon
could improve the rate of sulphate reduction significantly. Sources of organic carbon can include:
sawdust, cattle manure, wood chips, cow manure, horse manure, poultry manure, sheep manure,

sewage sludge, peat, pulp mill, molasses, and compost (Sheoran et al., 2010).

Data on the longevity of biological passive treatment systems are limited. Decreases in the rate
of sulphate reduction in biological passive treatment systems have been reported (Watzlaf et al.,
2000 and Benner et al., 2002). Biological treatment systems are normally associated with
vegetation planted on the surface of the substrate. Vymazal (2011) indicates that sulphate
reduction is higher in unplanted anaerobic biological treatment systems, which is indicative that

plant roots might inhibit microbial sulphate reduction, due to the development of preferential
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pathways that promote oxygen ingress into the anaerobic substrate via root canals formed. The

use of vegetation in anaerobic bio-substrates is thus not recommended.

There is still some concern whether biological passive treatment systems are effective in reducing
sulphate concentrations in mine impacted water to within acceptable or desired concentrations
(Kuchler et al., 2006). Optimising the design of these systems could improve the effectiveness of

treatment.

2.8.2. Biological treatment system design factors

There are several factors to consider when designing a biological substrate for sulphate reducing
bacteria to establish. These include: pH of influent water, substrate type, redox potential,
availability of solid substrate, hydraulic residence time, sulphate concentration of influent water,
metal concentrations of influent water, temperature, and chemical oxygen demand (COD) to

sulphate ratio. Each of these factors is briefly described below.

2.8.2.1. pH: Alkalinity is produced in bioreactors by processes associated with sulphate reducing
bacteria, such as the oxidation of organic matter to available carbon. These systems, therefore,
have the potential to neutralise acid rich water (Johnson & Hallberg, 2005). According to Jong &
Parry (2005), sulphate reducing bacteria can function within pH ranges from 4 to 6, but is inhibited
when the pH is < 3.5. Metal precipitation will require a higher pH, preferably > 7.5. Sulphide and
certain organic acids are known to be toxic to anaerobic bacteria, which become available at low
pH (Rzeczycka & Blaszczyk, 2005).

2.8.2.2. Substrate/energy sources: The substrate mainly has two purposes: (1) provide carbon
source, and (2) manage HRT through the system. The availability of an appropriate electron donor
is critical for successful biological sulphate reduction (Logan et al., 2005). Organic matter is
broken down by a variety of microbes. Studies indicate that slow decomposition of organic matter
into useable available products for sulphate reducing bacteria could be a rate limiting factor in the
sulphate reduction process (Logan et al., 2005). Drury (2006) states that a significant challenge
with biological passive treatment systems is determining the biodegradability of the organic
carbon source, which plays a pivotal role in the rate of sulphate reduction. Drury (2006) further
states that the biodegradability of the organic carbon source will decrease over time, thus also
reducing the rate of sulphate reduction. Cellulose is normally the main component of the substrate
after long periods of treatment. Sulphate reducing bacteria requires simple organic carbon
sources for optimal sulphate reduction. Simple organic compounds are those that are immediately
available to sulphate reducing bacteria, while complex organic compounds first need to undergo

degradation by other microbes before they become available to sulphate reduction bacteria.
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Simple organic carbon sources can include: alcohols (methanol and ethanol), organic acids
(acetate, lactate, formate, and pyruvate) and sugars (sucrose). Tsukamoto et al., (2004) concurs
that sulphate reducing bacteria uses easily degradable organic matter (methanol, ethanol, and
lactate), polylactic acid (Edenborn, 2004), and simple carbohydrate monomers (e.g., glucose or
sucrose) (Mizuno et al., 1998). Logan et al., (2005) states that a variety of substrates can be used
in biological treatment systems, which may include, but are not limited to: spent mushroom
compost, leaves, sawdust, leaf mulch, wood chips, molasses, hay, straw, cow manure, horse
manure, dried poultry waste, and sewage sludge. The most abundant source of organic matter is
plant material, consisting primarily of lignin and polysaccharides (Logan et al., 2005). Drury (2006)
modelled sulphate reduction within a biological reactor using sawdust and cow manure as organic
carbon source. Well degraded (high initial age) organic material performed better than organic
material that was less degraded (low initial age).

Logan et al., (2005) provides a synopsis of the decomposition process of organic matter. The first
step in the decomposition of organic matter is that polysaccharides are degraded into alcohols,
fatty acids, and H; by enzymes excreted by fermenting bacteria. Step two involves the
degradation of alcohols and fatty acids to acetic acid, formic acid, hydrogen and carbon dioxide.
The final step entails the oxidation of fermentative intermediates (acetate, formate, and hydrogen)
(Figure 6).
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Figure 6: Decomposition of organic matter to useable carbon (Logan et al., 2005).

The chemical signature of the organic carbon source within the substrate plays a pivotal role in
the success of any biological passive treatment system. A first stage evaluation on the adequacy
of the compost to be used within a biological system includes (Cornell Waste Management
Institute, 1996):

» Carbon-nitrogen ratio: Carbon and nitrogen are both essential nutrients for optimal
microbial functionality. A general good practice standard for C/N ratio is 30:1 (30 parts
carbon for 1 part nitrogen by weight). Lower ratios imply a low carbon and excess nitrogen
content. Lower ratios will lead to nitrogen being lost as ammonia gas. Higher ratios will
cause nitrogen content to be insufficient, which in turn might cause microbial death. The
C/N ratio also provides an indication of the degree of degradation. High ratios (> 30:1) is
an indication that the material still has a low initial age (not degraded significantly yet),
while lower ratios (< 10:1) entail that the material has degraded significantly.

» Trace metals and salts: The compost material must have low concentrations of trace
metals and salts. Guidelines for metal and salt concentrations in compost material are,

however, limited. Compost material can vary greatly with regard to its chemical signature.
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The concentration of these constituents should not impact detrimentally on effluent
(treated) water quality during the treatment period. This is especially the case during the
early stages of treatment when some salts and metals are liberated from the compost
material and ends up in the receiving water course. It’s indicated that these constituents
normally occur in ample concentrations in compost.

» pH: An ideal pH for compost to host microbes ranges from 4 to 6. The degradation of
organic matter is commonly associated with the release of organic acids that lower the
pH. Low pH conditions (pH < 3.5) could lead to a reduction in some microbial activity.

» Electrical conductivity (EC): This parameter is used to determine the overall salt content
of the compost. High EC (> 2000 mS/m) could cause negative impacts on the receiving
water course. Most salts are, however, flushed from the substrate during the early stages

of treatment.

2.8.2.3. Redox potential: For optimal performance, sulphate reducing bacteria needs an anoxic
and reduced microenvironment with a redox potential (Eh) < -250 millivolt (mV) (Martins et al.,
2008). Batch and column laboratory bioreactors successfully treated mine impacted water at Eh
values of =100 mV to —200 mV, at HRTs of 23 days and 150 days respectively (Cocos et al., 2002
and Gibert et al., 2004). The redox potential of each chemical species that requires treatment
must be considered and taken into consideration during the design phase of the treatment system.

2.8.2.4. Availability of solid substrate: Sulphate reducing bacteria requires a solid substrate
(sand and/or gravel) onto which they can attach (Lyew & Sheppard, 1999). Higher sulphate
reduction rates are achieved if sulphate reducing bacteria have access to a solid support,
compared to suspended bacteria (Glombitza, 2001). A substrate type with large pore spaces is
preferred, because it minimizes the plugging of the bioreactor and treatment is more efficient
(Sheoran et al., 2010). The substrate is also used to control the flow, specifically the HRT within
the system. The addition of sand to organic material should change the hydraulic properties of

the substrate, which impact on the HRT, and eventually the treatment efficiency of the system.

2.8.2.5. Hydraulic residence time (HRT): The hydraulic properties, such as porosity and
hydraulic conductivity of a substrate, influence the HRT required to achieve the desired water
quality standards. HRTs are, therefore, specific to each bioreactor, depending mostly on the
desired effluent (product) water quality (Sheoran et al., 2010). The general accepted HRT in
anaerobic bioreactors for optimal sulphate reduction is 5 days (Kuyucak et al., 2006). Different
organic substrates were tested for use in biological passive treatment systems. One study
indicated that sheep manure did not promote sulphidogenesis at a HRT of 0,73 days. Increasing

the HRT to 2,4 and 9 days improved sulphate reduction rates to 18% and 27% respectively (Gibert
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et al., 2004). A shorter HRT might not allow adequate time for sulphate reducing bacteria to
neutralise acidity, precipitate metals, or reduce sulphate sufficiently. Shorter HRTs might also
result in the washing out of biomass from the reactor substrate. Yarwood et al., (2006) stated that
bacterial growth and accumulation within a porous substrate significantly impacted the hydraulic
properties of a biological treatment system. Small variation in hydraulic conductivity of the
substrate could entail significant changes in HRTs, and might result in decreased sulphate
reduction (Benner et al., 2002). Recently, sawdust has been increasingly used as a substrate in
biological treatment systems, mainly due to a significantly higher hydraulic conductivity. When
sawdust is used, there is, however, an increased potential for substrate compaction. Pre-wetting
the substrate before treatment would aid to provide a more consistent hydraulic conductivity and
a more constant flow rate (Bolis et al., 1992). The HRT to achieve the required sulphate reduction
and metal sulphide precipitation will differ between reactor and substrate types. Different
substrate mixtures should, therefore, be investigated to obtain the desired HRT and treatment

efficiency.

2.8.2.6. Sulphate concentration: The effect sulphate concentration of the influent water has on
the performance of sulphate reducing bacteria varies between different biological passive
treatment systems. A trend is noticed where the efficiency of sulphate reduction, specifically
sulphate reduction rate, is higher at influent water containing sulphate concentration > 2000 mg/L,
compared to influent water containing < 400 mg/L sulphate concentration (Tsukamoto et al., 2004
and Jong & Parry, 2004). Sheoran et al., (2010) supports this statement by stating that an increase
in sulphate concentration from 1.0 g/L to 5.0 g/L improved the volumetric sulphate reduction rate
from 0.007 to 0.075 g/L/h respectively. Dev & Bhattacharya, (2014), however, states that sulphate
reduction rates and overall functionality of sulphate reducing bacteria decrease with sulphate feed

concentrations in excess of 1500 mg/L.

2.8.2.7. Effect of sulphide on sulphate reduction: It is shown that sulphate reducing bacteria
have two sulphide threshold inhibition levels: undissociated sulphide and total sulphide. These
threshold levels mostly depend on the environmental pH. At a pH < 7.2, undissociated sulphide
(H2S) is dominant (O’Flaherty & Colleran, 1998). At a pH > 7.2, the total sulphide is responsible
for the inhibitory effect (O’Flaherty & Colleran, 1998) and occurs mostly in the form HS™ and S*
(Al-Zuhair et al., 2008). The sulphate reducing bacteria is less sensitive for total sulphide when
the pH ranges from 6.8 to 8.0 and more sensitive for undissociated sulphide concentration.
Sulphate reduction rates can be inhibited by undissociated sulphide by as much as 50% when
the pH is > 8.0 (O’Flaherty & Colleran, 1998).
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2.8.2.8. Effect of metals: Sulphate reducing bacteria is capable of consuming high quantities of
metals (Elsilk et al., 2014). However, batch studies showed that high metal concentrations could
inhibit bacterial growth, decrease sulphate reducing capacity, and perhaps be fatal to microbes
(Cabrera et al., 2006). Mine impacted water normally contains heavy metals (iron, zinc, copper,
manganese and lead), which might become toxic or have an inhibitory effect on the activity of
sulphate reducing bacteria, if threshold concentrations are exceeded. A study conducted by Elsilk
et al., (2014) indicates that a certain strain of bacteria (PS2010) can tolerate heavy metals such
as cadmium, copper, cobalt, zinc and lead at minimum inhibitory concentrations of 0.6, 2.0, 0.8,
4.0, and 3 mM (millimol) respectively. Some strains of sulphate reducing bacteria have been found
to function in water containing 100 ppm (parts per million) copper and 30 ppm iron (Garcia et al.,
2001). It was noted that undissociated and dissociated metals can be inhibitory to sulphate
reducing bacteria (Cabrera et al., 2006).

2.8.2.9. Temperature: Doshi, (2006) states that low temperatures inhibit sulphate reducing
bacteria. Tsukamoto et al., (2004) states that sulphate reducing bacteria can still function
optimally at 6°C. Sulphate reduction can occur within a wide range of temperatures, depending
mostly on the type of bacteria. Optimum growth of Desulfovibrio bacteria has been found to be at
temperatures ranging from 20°C to 35°C (Sheoran, et al., 2010). Temperatures in excess of 40°C
could inhibit the optimal functioning of sulphate reducing bacteria (Sheoran, et al., 2010).
Decreasing the temperature to below 10°C could reduce the sulphate reducing rate by 50%
(Sheoran et al., 2010). It was found that temperature changes between 20°C and 35°C had
negligible effect on the functionality of sulphate reducing bacteria (Al-Zuhatri et al., 2008).

2.8.2.10. COD to sulphate ratio: This ratio is an important parameter affecting the competition
between sulphate reducing bacteria and other anaerobic bacteria (Gomez, 2013). Moon et al.,
(2015) state that the COD/sulphate ratio effects the decomposition of organic matter, specifically
the organic carbon end products (propionate, lactate, formate, acetate, butyrate) that are
produced from the oxidation or organic matter. Celis-Garcia et al., (2006) states that a COD to
sulphate ratio of 0,67 was sufficient for degradation of organic matter for optimal sulphate
reduction. Studies conducted by Dev & Bhattacharya (2014) indicate that optimal sulphate
reduction, specific growth rate, and sulphide generation were observed at a COD/sulphate ratio
of 8,94 in a medium containing marine waste extract. A general trend is observed where optimal

sulphate reduction occurs at COD/sulphate ratios > 1,0.

2.8.2.11. Selecting treatment components: Gusek (2008) developed a flow chart that facilitates

the process of selecting a passive water treatment system (Figure 7). The starting point is

characterising the influent water chemistry, and the flow rates. Metal concentrations of influent
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water will play a critical role in selecting the treatment components of the passive treatment
system. Net alkaline water with nitrate, selenium, sulphate, cyanide, uranium, and other metals
will entail that one of the treatment components should be a biochemical reactor for sulphate
reduction and metal removal through metal sulphide precipitation. Net alkaline water without
sulphate and metals will only require a settling pond, followed by an aerobic wetland. Net acidic
water will normally entail pre-treatment such as limestone drains to increase the low pH and

remove excess acidity.
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Figure 7: Selecting treatment components of a passive treatment system (Gusek, 2008).
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2.9. HYDRAULIC RESIDENCE TIMES WITHIN SUBSTRATES

2.9.1. Flow rate

The flow rate within substrates is primarily governed by the following factors (Heath, 1983):

» Hydraulic conductivity: Hydraulic conductivity (K) is defined as the volume of
water flowing through a cross-sectional area under hydraulic gradient (i).

> Bed slope: Steeper slopes will allow water to flow more rapidly through the
substrate as compared to a flatter slope.

» Inflow rate: If inflow rate is higher than what the system allows, a spill will occur,
unless the treatment system is a sealed unit in which pressure can build up.

» Intactness of substrate material and interconnectivity of voids: The
development of voids within the substrate (preferential flow paths) could cause
differentiated flow rates to occur. A continuous interconnected network of voids,
pore spaces, and fissures within the substrate will lead to an increased flow rate
through the substrate. The effective porosity of the substrate will be a governing
factor to determine the HRT. It is expected that the effective porosity will be similar
to the total porosity in unconsolidated material, whereas consolidated material will
present a lower effective porosity and higher total porosity. This is mostly due to
the occurrence of “dead-end-pockets” within consolidated material, which is
absent in unconsolidated material.

» Hydraulic gradient: The hydraulic gradient is a function of the pressure head. The
higher the pressure head, the higher the hydraulic gradient. The head at which
water flows into the treatment system also plays a pivotal role in the flow rate and
HRT within a substrate. The higher the head, the higher the flow rate will be, and
the shorter the HRT. Inflow is, therefore, related to the head, which governs

hydraulic gradient.

A critical success factor of anaerobic bio-substrates is determining the hydraulic conductivity (K)
of the selected substrate. Hydraulic conductivity can be calculated by means of the following

Darcy equation:

(Equation 1)
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Where,

Q = Volumetric flow rate (m®/unit time),

i = Hydraulic gradient (AH/L) (dimensionless),
A = Cross-sectional area of flow (m?),

K = Hydraulic conductivity (m/unit time).

Figure 8 illustrates the relationship between the parameters in Equation 1.

[

Figure 8: Darcy Apparatus (Aumann & Ford, 2002; Kresic, 2007).

Two other parameters that need to be calculated in order to calculate HRT within a substrate, is
Darcy velocity (Vq) and Seepage velocity (Vs). Darcy velocity assumes the entire substrate
contributes to flow (complete interconnectivity of pores), whereas Seepage velocity considers the
effective porosity of the substrate material. Seepage velocity is regarded as being more
representative of actual groundwater velocity, because it considers that not all pores within the
substrate are connected and contribute to discharge. Only the interconnected pores contribute to

flow and discharge within a porous medium. Darcy velocity can be calculated as:

Q

Vd:K

(Equation 2)
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Where,
Q = Volumetric flow rate (m®/unit time),
A = Cross-sectional area of flow (m?),

Vq= Darcy velocity (m/unit time).

Darcy velocity can also be calculated as a function of hydraulic conductivity (K) and hydraulic
gradient (i):

Vq=Ki
(Equation 3)
Where,
K = Hydraulic conductivity (m/unit time);
i = Hydraulic gradient (i);
V4 = Darcy velocity (m/unit time).

The interconnectivity of pores within organic material and pure washed river sand is regarded as
being significant. It is expected that effective porosity will be equal to total porosity due to the
unconsolidated nature of such materials (Nnaemeka, 2010), as well as the absence of “dead-end-

pockets”. The total porosity (hereafter referred to as porosity) can be calculated as (ASTM, 1998):
n=(1- 22 )x 100
=(1-52)

(Equation 4)
Where,
P, = Dry density (g/cm®),
P4 = Relative density (g/cm?®),
n = Porosity (%).

The Seepage velocity (Vs) is obtained from dividing the Darcy velocity by the porosity of the

substrate material, which can be calculated as (Watson & Burnett, 1995):
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(Equation 5)

Where,
Vg4 = Darcy velocity (m/unit time),
n = Porosity (index),

Vs = Seepage velocity (m/unit time).

2.9.2. Tracers and Reactors

Groundwater tracers are chemical or biological substances injected into groundwater systems to
provide an indication of aquifer characteristics (Eliot, 2014), by means of measuring changes in
concentration of the particular tracer over time and space. Tracers can be divided into
environmental or artificial tracers. Environmental tracers (chemical constituents, isotopes etc.) are
mostly used to obtain a regional understanding of the hydrogeology of an area, while artificial
tracer (radioactive tracer, chemical tracers, tracers that can be activated, labelling material etc.)
are used for site specific analysis (Centre for Water Sciences and Management, 2016). Tracers
are normally used in groundwater studies to determine HRT, flow paths, or degree of mixing within
an aquifer (Bruckner, 2016). Tracers used should at least hold the following characteristics: low
sorptivity, high water solubility, and not present as an environmental risk (Winter, 2006). Tracers

can also be used in reactors to determine the mixing properties within the substrate.

Tracers can be injected at a certain concentration into the substrate at the inlet of a reactor, and
the change in tracer concentration measured at the outlet over time. Davis & Davis (2003)
describe three types of flow within reactors. These are illustrated in Figure 9 to Figure 11. When
considering a plug flow reactor (PFR), it is assumed that every molecule spends an equal time
within the reactor. No mixing is expected within these systems (no axial mixing) (Figure 9). Tracer
is injected at a certain concentration at time to, and a sudden pulse is observed at the outlet at

time t;. The influent and effluent tracer concentration is very similar.
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Figure 9: Dispersion within a plug flow reactor (Colorado Education, 2014).

In a continuous stirred reactor (CSTR), the substrate mixture within the reactor is identical in
concentration and temperature to the effluent (products) (Figure 10). These systems are,
therefore, considered to be completely mixed. Tracer is injected at a certain concentration to, and

the tracer concentration of the effluent decreases gradually over time (t1).

Pulse Input

Gradual decrease in output concentration

Large degree of dispersion

Co

to t1

Figure 10: Dispersion within a continuous stirred reactor (Colorado Education, 2014).

Non-ideal flow reactors are characterised by dispersion that has an output concentration response
between a PFR and a CSTR. The tracer concentration of effluent at the outlet will increase
gradually (to), but then decrease more rapidly over time (t1) (Figure 11). It must be noted that the
change in outlet concentration can also increase rapidly, and decrease gradually, depending on

the degree of dispersion.
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Figure 11: Concentration of tracer species — non-ideal flow (Colorado Education, 2014).

The HRT of a substrate is a function of the change in outlet tracer concentration over time. If a
tracer is injected into a PFR, an impulse of the tracer will appear at the outlet, because there is
no fluid mixing occurring within the reactor substrate. If a tracer is injected into a CSTR, an
exponential decay in tracer concentration will be observed, which is caused by complete tracer
mixing within the reactor substrate. For non-ideal flow reactors, the outflow concentrations will be
between PFR and CSTR (Levenspiel, 1999; Davis & Davis, 2003)).

It is expected that anaerobic reactors consisting of organic substrates will be representative of
non-ideal flow characteristics. Non-ideal flow conditions are characterised by preferential flow

paths, channelling, recycling of the fluid, or dead zones in the substrate (Levenspiel, 1999).

The radial convergent test (RCT) can be used to interpret breakthrough curves obtained from
tracer analysis and model results obtained from tracer testing. RCT can be used to conduct 1-
dimensional transport modelling within an aquifer (Xu, et al., 1998). Radial convergent can be

calculated as:

(r-Vst)®

c(r, ) = 4D, t

exp[- ]

AM
2Q /TrocLVSt3

(Equation 6)
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Where,

AM = Injected mass of tracer per unit section (g/m?),
Q = Volumetric flow rate (m®/unit time),

a. = Longitudinal dispersivity (m),

Vs = Seepage velocity (m/unit time),

t=Time,

r = Radial distance of flow (m),

D. = Longitudinal dispersion coefficient (m?/unit time),

C (r,t) = Concentration at distance with time.

Equation 7 can be used to estimate porosity as a function of Darcy velocity (Vq) and fitted Seepage
velocity (Vs rited), as obtained from the RCT:

, Ki
Porosity =

s Fitted
(Equation 7)

Where,

K = Hydraulic Conductivity (m/unit time),

i = Hydraulic gradient (dimensionless),

Vs ried = Seepage velocity fitted during RCT.

The output concentrations obtained from tracer testing can also be used to calculate HRTs within

substrates. Levenspiel (1999) calculates the mean HRT as follows:

Yito ti ci AL

t=
Yiio Ci At

(Equation 8)
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Where,

ti=Time of measurement C;,

Ci= Concentration at time t;;

A ti = Time difference between consecutive measurements,

t = Mean hydraulic residence time.
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CHAPTER 3: METHODOLOGY

Biological passive treatment systems utilise a multitude of chemical, biological, and physical
processes to aid in improving the quality of impacted water. It is, therefore, not feasible to
address all gaps in a single study. The following gaps were identified for further investigation:

1. Chemical characterisation of selected organic carbon source: A wide spectrum of
organic carbon sources have been investigated to be used in biological passive treatment
systems in various studies. The selection of an organic carbon source depends on a multitude

of factors, such as:

» Chemical signature of the organic carbon source, specifically the C:N ratio,
metal concentrations, and electrical conductivity.

» Degree of organic material breakdown that occurred. Simple organics are
preferred by sulphate reducing bacteria oppose to complex organics.

» Local availability of material.

» Cost.

2. Investigation on whether dissolved organic carbon (DOC) will be readily available:
The capacity of the organic matter to release sufficient quantities of organic carbon for optimal
functioning of sulphate reducing bacteria.

3. Investigation of hydraulic properties within different substrate mixtures: Another
factor to consider is the hydraulic properties of the selected substrate mixtures. The hydraulic
conductivity (K) need to be calculated from volumetric flow rate (Q), hydraulic gradient (i), and
cross-sectional area (A) in order to design an anaerobic bio-substrate that would be suitable
to host sulphate reducing bacteria for sulphate reduction. The Seepage velocity (Vs) heeds to
be calculated to determine HRT.

Tracers can also be used to calculate HRT within each substrate mixture. The results obtained
from the tracer experiment can be validated by means of the radial convergent test (RCT),
during which the mass of tracer injected (AM), longitudinal dispersivity (a.) and seepage

velocity are used as fitting parameters.

4. Kinetic modelling of sulphate reduction rates with acetate as organic carbon source:
The kinetic model provides an indication of the expected sulphate reduction rates at an
experimentally measured available organic carbon source, as well as the impact that dissolved
organic carbon has on sulphate reduction rates. The kinetic model provides the HRT that is

required to reduce feed sulphate concentration to desired product sulphate concentration. A
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generalised mathematical function was developed from the kinetic model results that
represent sulphate reduction as a function of available acetate concentration and HRT.

5. Case study: Applying the outcomes from the conducted investigations to design a
site specific biological passive treatment system for a decommissioned mine site: The
outputs from all the experiments conducted, as well as the kinetic model, were used to design
a site specific biological passive treatment system, with emphasis on the anaerobic bio-
substrate. The objective was to reduce sulphate concentration in mine impacted water to
within acceptable concentration.

The above-mentioned gaps were addressed according to the following methodology:

3.1. CHEMICAL CHARACTERISATIONAND DISSOLVED ORGANIC CARBON (DOC) OF
SELECTED ORGANIC CARBON SOURCE

The chemical characterisation of the selected organic carbon source provides a point of
departure to evaluate the suitability of the organic carbon source to act as a substrate to host
sulphate reducing bacteria. The following experiments were conducted to determine the
suitability of the organic matter to act as an organic carbon source:

Experiment 1: Chemical sighature of organic carbon source

Compost was selected as the preferred organic carbon source to utilise in the anaerobic bio-
substrate of the biological passive treatment system. The organic carbon substrate mixtures
should be selected based on the chemical signature of the organic carbon source, potential of
the organic carbon source to provide sufficient dissolved organic carbon for sulphate reducing
bacteria to function optimally, as well as on the local availability of material relative to the
location of the site. The substrate mixtures consisted of compost as the organic carbon source,
and washed river sand as the solid support. The compost consists mostly of animal manure
(mixtures of chicken and horse manure), decomposed bark (mixtures of Pinus and Eucalyptus
bark), and woodchips. The compost used should preferably have as low as possible electrical
conductivity (EC), sulphur, nitrogen, and metal concentrations. The compost was obtained
from horses that graze primarily on pasture crops, mainly for the expected low nitrogen content
in the manure. Manure is required to activate the microbial processes within the substrates.
The decomposed bark and woodchips provide the organic carbon source for microbes.
Washed river sand was used together with compost to better control the HRT within each
substrate mixtures, prevent clogging caused by biofouling or plugging (metal sulphide
precipitation), and act as a solid support for microbes. The compost was analysed to determine
the concentrations of the following: nitrogen (N), sodium (Na), sulphur (S), phosphorus (P),

iron (Fe), manganese (Mn), copper (Cu), zinc (Zn), boron (B), arsenic (As), carbon (C), C:N
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(carbon nitrogen ratio), and electrical conductivity (EC). The results obtained from the analysis
would be indicative of the suitability of the compost to host sulphate reducing bacteria, and
eventually aid in improving the quality of mine impacted water.

Experiment 2: Dissolved Organic Carbon (DOC)

. The readily availability of dissolved organic carbon provide an indication of the potential of
the organic substrate to host sulphate reducing bacteria and successfully aid in improving
water quality. An experiment was conducted with pure compost and pure washed river sand
to evaluate the change in dissolved organic carbon concentration over time. A critical success
factor was to prevent oxygen ingress into the substrates in order to simulate field conditions
as best possible. The experiment consisted of two separate large columns that host the pure
compost and pure sand, each with a smaller column fitted to the top of the larger column. The
smaller columns were also filled with pure compost and pure washed river sand, similar to that
of the larger columns. The purpose of the smaller columns was to act as reservoirs to fill the
larger columns with water after water was extracted for measurements. The water from the
smaller columns was of similar quality, specifically with respect to dissolved organic carbon
concentration. A non-return valve was fitted to each of the columns to ensure that only gasses
produced within the columns could escape from the system. The experiment was conducted
over a period of 44 days during which dissolved organic carbon measurements were taken. It
was assumed that these two substrates would present end-members (maximum and

minimum) of expected dissolved organic carbon concentration.

The dissolved organic carbon was measured by means of a Sievers 900 TOC analyser. The
calibration entails a multi-point calibration (absolute 0, 0.5 mg/L, and 50 mg/L).

The instrument used to conduct the measurements, as well as the method of analyses and
results obtained, are approved by the South African National Accreditation System (SANAS).
Theinstrument undergoes regular inspection and calibration to ensure accurate results are

obtained.

3.2. HYDRAULIC PROPERTIES OF DIFFERENT SUBSTRATE MIXTURES.

Experiment 3: Constant head permeability test

A constant head permeability test was conducted on each of the substrate mixtures. The
constant head permeability test was specifically selected to simulate conditions in the field,
where a relatively constant pressure head drives flow through the substrate. Hydraulic
conductivity (K) can then be calculated, as a function of volumetric flow rate (Q), hydraulic
gradient (i), and cross-sectional area (A). Different compost and sand substrate mixtures were

developed and tested under specific experimental conditions.
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The substrate mixtures that were used during this experiment include the following (Table 6):

Table 6: Substrate compositions.

Compost Sand
Substrate 1 100% 0%
Substrate 2 70% 30%
Substrate 3 50% 50%
Substrate 4 30% 70%
Substrate 5 0% 100%

The design of an anaerobic bio-substrate is based on the groundwater flow principles of Darcy.
Each of the above-mentioned substrate mixtures were placed under specific experimental
conditions to obtain an understanding of the flow that occurs within each of the substrate
mixtures under constant head flow conditions. The calculated hydraulic conductivity (K) was
used as an input parameter to the upscale model. The Darcy velocity (Vq) was calculated as

a function of volumetric flow rate (Q), and cross-sectional area (A).

The substrate mixtures were placed in a column, after which flow was initiated for at least 12
hours to allow the material to settle. Flow was initiated at a constant hydraulic head. Volumetric
flow rate (Q) and hydraulic gradient (i) were measured in order to calculate hydraulic

conductivity (K) as a function of the cross-sectional area (A).
Experiment 4: Dry density, Relative density, and Porosity

The substrate mixtures were oven dried at 105°C for 12 hours, after which the samples were
weighed. The dry density was calculated by means of dividing the dry sample weight (post-
oven drying) by the total substrate volume (pre-oven drying). The relative density of the
material was determined by means of a Micromeritics AccuPyc Il 1340 Gas Pycnometer. The
pychometer provides the relative density of a sample relative to a reference density. This
method of density measurement is prescribed by the American Society for Testing and
Materials (ASTM D5550). Calibration of the Pycnometer is conducted by means of reference
volume spheres. The Pycnometer at the Civil Engineering Department of the University of
Pretoria was used for calculating the relative density of each substrate mixture. It was
confirmed that the Pycnometer was calibrated to produce accurate results. Porosity for each
substrate mixture was calculated as a function of dry density and relative density (ASTM,
1998).
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Experiment 5: Tracer testing and Radial Convergent Test (RCT)

The results obtained from the tracer test can be used to estimate seepage velocity, from which
HRT can be calculated. Tracer testing was conducted under similar hydraulic conditions as
presented in Experiment 3. A pulse injection tracer test was conducted by means of injecting
the tracer with a syringe at the inlet of each column. A tracer solution was developed from
potassium chloride (KCI), with a concentration of 0.005 M that was injected into each of the
substrate mixtures during active flow. 40 ml of tracer was injected into each of the substrates.
The electrical conductivity (EC) of the effluent (outflow) water was measured by means of an
Extech 400 EC meter. This unit has a self-calibration setting to allow for accurate
measurements. EC measurements were taken in random intervals from when the tracer was
injected until the output tracer concentration stabilised to pre-injection (baseline) levels.
Dispersivity and Seepage velocity were used as fitting parameters during the radial convergent
test (RCT), which was used to validate the results obtained from the tracer experiment. The
radial convergent test (RCT) was also used to estimate porosity from the fitted Seepage

velocity (Vs Fitted).

3.3. KINETIC MODELLING

A kinetic model was developed by using PHREEQC model code. The model is based on
available kinetic data as obtained from Middleton & Lawrence, (1977). The kinetic data,
together with the dissolved organic carbon concentration, as obtained from Experiment 2,
were used as inputs to the simulation. The modelling was conducted with different feed
sulphate concentrations and based on the dissolved organic carbon concentration released
from pure compost over a 44-day period (Experiment 2), as it is assumed that the pure
compost (100%) would yield the maximum organic carbon concentration. A model was also
conducted to determine the effect of available dissolved organic carbon on the rate of sulphate
reduction. The outputs from the kinetic model were used to develop a generalised
mathematical function that represents sulphate reduction as a function of available acetate

concentration and HRT.

3.4 CRITICAL REVIEW OF OBTAINED DATA

An error or uncertainty in experimentally obtained data can be a result of the following:

Systematic errors: These types of errors could occur as a result of poorly calibrated
measuring instruments or faulty readings caused by dysfunctional measuring devices.

Systematic errors impact on the accuracy of the measurements.
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Random errors: These errors impact on the precision of the measurements. Measuring
devices are mostly limited by the precision of their measurements. Sources of random errors

can be the smallest scale to which an instrument can measure.

Obtained data was critically evaluated by means of conducting an error analysis on
experimentally measured data. The effect of the error on the design of the upscale model was
then calculated. Statistical methods used to calculate the error on the data obtained are
presented in Appendix A.

3.5. CASE STUDY (UPSCALE MODEL)

The outcomes from the experiments and modelling were used to design a full-scale biological
passive treatment system, with emphasis on an anaerobic bio-substrate that is based on site
specific conditions at a decommissioned coal mine in Mpumalanga province of South Africa.
The lowest surface elevation of the pit has been decanting since 2012. A biological passive
treatment system was identified as a potential water treatment method. The design of the
biological passive treatment system consists of two stages: conceptual design and detailed

design.

3.5.1. Conceptual design

The conceptual design was conducted by means of the following methodology:

» The first step in selecting a biological passive treatment system is to
characterise the water chemistry of the mine impacted water that requires
treatment. Water from coal mines are normally characterised by a low pH, with
elevated iron, manganese, aluminium, sulphate, and other trace metal
concentrations (Oelofse, 2008). The pH levels of the decant water is, however,
near neutral.

» The removal of ferrous iron from solution will be the first step in the treatment
process. Ferrous iron will only precipitate if the pH is near neutral and the water
is well oxygenated (Florence, et al., 2016).

» The methodology that was followed to achieve these ideal conditions for ferrous
iron precipitation was to design a system that will increase the pH by using an
anoxic limestone bed. It is crucial to prevent any Fe-oxide formation within the
limestone bed, which will cause armouring of the limestone and cause the
limestone to become ineffective (Watzlaf, 2000).

» After the pH has been raised sufficiently, the second step will involve

oxygenating the water for ferrous iron precipitation as ferric iron by means of
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cascading. The ferrous iron will start to precipitate as ferric iron once the pH is
> 7 and the water is well oxygenated (Leavitt, 2016).

The third step entails the settlement of ferric iron precipitate within a settling
pond. The precipitation of ferrous iron as ferric iron is a rapid and aggressive
process. Other metals such as aluminium will precipitate together with ferric
iron, and most aluminium will be removed from solution in the first treatment
process. Co-precipitation is, however, dependant on sufficient dissolved
oxygen concentration in the water, and near alkaline pH levels (Bertsch, et al.
1989). The precipitation of ferric iron will lower the pH of the water.

The fourth step entails the removal of manganese (Mn?*) as Mn®* precipitate
(Hallberg, 2005). Manganese will not oxidise sufficiently if the pH is < 9
(Hallberg, 2005), ferrous iron is still present in high concentrations (Nairn &
Hedin, 1993), or the water is insufficiently oxygenated (Florence, et al., 2016).
The water will have a low pH after ferrous iron has precipitated as ferric iron,
which entails that the pH must be raised for manganese precipitation. The pH
is increased by using an anoxic limestone bed, and the water is oxygenated
through cascading. The manganese precipitate will then settle within the next
settlement pond.

Most iron, manganese, and aluminium are now removed from the water, but
the water still contains elevated sulphate concentration, which is removed from
solution through biological reduction in an anaerobic bio-substrate.

Sulphate reduction occurs optimally when the pH is near 5 (Jong & Parry,
2005), the dissolved oxygen concentration within the influent water is low
(Muyzer & Stams, 2008), and excessive metal concentrations are removed
from solution (Cabrera et al., 2006).

The water already has a relatively low pH due to the preceding manganese
precipitation process. High dissolved oxygen concentration in the water will
cause sulphate reducing bacteria to be less active near the inlet of the
anaerobic bio-substrate and only become effective near the outlet.

The fifth step involves the use of an anoxic sump to reduce the dissolved
oxygen concentration before entering the anaerobic bio-substrate. Residual
iron, aluminium and other trace metals such as, arsenic, copper, zinc,
cadmium, selenium, nickel, and lead will also be removed within the anaerobic
bio-substrate from solution through metal sulphide precipitation. The precipitate
will not be significant, because most iron, aluminium, and manganese have
been removed through oxidation and precipitation in the preceding treatment

processes.
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This methodology will cause less clogging of pores within the anaerobic bio-substrate by
means of first removing most of the metals. In an effective composted system, the effluent
(treated) water will have a low dissolved oxygen concentration and, therefore, it is regarded
as good practice to follow an anaerobic treatment system with an aerobic wetland, which
oxygenate water and remove residual iron, aluminium, and manganese by means of oxidising

processes and plant uptake.

3.5.2. Detailed design

The focus of this study is primarily the reduction of sulphate in mine impacted water. The
detailed design will, therefore, only focus on the anaerobic bio-substrate unit of the biological
passive treatment system. The detailed design of the anaerobic bio-substrate is based on site
specific conditions (available land area, feed water quality, volume of water to be treated per
day, groundwater level in relation to surface elevation), as well as results obtained from the

experimental work and modelling.
The dimensions of the anaerobic bio-substrate were calculated as follow:

» Length of treatment system, as a function of required HRT (from kinetic model), and
Seepage velocity (Vs) of substrate material.
» Cross sectional area (A) (depth and width) of treatment system, as a function of:
o Volume of water to be treated per day (Q);
o Hydraulic gradient (i) representative of field conditions;
o Hydraulic conductivity (K) as calculated from Q, i, and A from constant head
permeability test.

The sulphate concentration in the feed water determines the volume of compost required. The

volume of compost required is a function of:

» The fraction of compost that would become available to sulphate reducing bacteria
(simple organic carbon);

» Molar mass of compost;

» Maximum expected operational life of the treatment system;

» Moles compost required to remove sufficient quantities of sulphate from impacted
water;

» Sulphate/acetate utilisation rate;

» Dry density of compost.
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CHAPTER 4: EXPERIMENTAL DESIGNS AND SETUP

This chapter provides a discussion on the design and setup of each experiment. The

experiments conducted in this study include the following:

» Characterising the compost that is proposed to be used as an organic carbon
source;

» Determining whether a suitable redox potential could be achieved within the
compost substrate;

» Determine whether dissolved organic carbon would be readily available from
the compost;

» Determine the hydraulic properties within each substrate mixture under a
constant head flow;

» Conduct tracer testing to calculate HRT within each substrate mixture.

4.1. CHEMICAL CHARACTERISATION OF ORGANIC CARBON SOURCE

The objective of this experiment was to conduct a baseline characterisation of the compost

material proposed to be used in the anaerobic bio-substrate component of the biological

passive treatment system. The chemical signature of the compost was determined by means

of the following methodology:

>

Method references for % N: The Dumas (Gonick, 1945) combustion method was
used to calculate percentage nitrogen as total %.

Reference for ash % (to calculate % C): The material was ashed at 500°C.
Moisture 60°C: Weight loss at 60°C.

Cations: Cation concentrations were determined by means of nitric/perchloric acid
digestion. Readings were obtained from Inductively coupled plasma mass
spectrometry (ICP).

pH and EC: A 1:10 water extract was used to measure the pH and EC. Obtaining the
correct consistency is fundamental to ensure the extract is representative of the actual

compost pH and EC.

4.2. DISSOLVED ORGANIC CARBON (DOC)

An additional experiment was conducted to determine whether the selected compost would

be able to host sulphate reducing bacteria, specifically relating to dissolved organic carbon.

The objective of this experiment was to assess how dissolved organic carbon concentration

within pure compost changes over time in an anaerobic bio-substrate, with pure river sand as

control. The conceptual experimental setup is presented in Figure 12.
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Non-return valve

Reservoir column

Non-return valve

QOutlet with sieve and
tap

Main column

Final outlet

Outlets with sieve and
taps

Figure 12: Conceptual experimental design for dissolved organic carbon measurements.

This experiment was conducted as follows:

» 100% compost and 100% sand were used as substrates (it is assumed that these
would represent end-members (maximum and minimum) of potential changes in
dissolved organic carbon (DOC) concentration over time).

» The compost and sand substrates were placed in two separate columns, which were
sealed to prevent oxygen ingress (this was conducted to simulate conditions in an
anaerobic reactor);

» The columns were wrapped with dark plastic bags to prevent light from penetrating the
substrates;

» Each column was completely saturated with distilled water. This was accomplished by
means of pre-wetting the substrate before placed in the columns. Water was also
added sequentially as substrate material was placed within each column. This would
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ensure that the substrates are wetted equally across the column length, and that
differentiations in moisture condition across the substrate length are prevented.
Distilled water was used to more accurately measure dissolved organic carbon
released from the substrates.

» An additional shorter column was placed on top of the longer column for both the
compost and sand substrates. The purpose of the shorter columns was to act as
reservoirs for when water is tapped from the longer columns for DOC measurements.
The tapped water from the longer columns would need to be replaced by water that is
similar dissolved organic carbon concentration. The tapped water from the longer
columns was thus replaced by water from the shorter columns after each
measurement.

» Non-return valves were placed on the top of each column to prevent O ingress, but
allow gas (such as methane) outlet.

» Dissolved organic carbon concentration measurements were taken in intervals over a

period of 44 days. The measurements were taken in random intervals.

Figure 13 presents the experimental setup to evaluate how dissolved organic carbon
concentration change over time within pure compost (100%) and pure sand (100%).
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Figure 13: Experimental setup to track changes in dissolved organic carbon concentration

over time.

1: Reservoir columns 2: Taps to manage water flow from reservoir columns to main columns

3.: Main columns 4. Final outlet taps 5. Non-return valves to prevent Oz ingress, but allow CHa
outlet
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4.3. HYDRAULIC PROPERTIES OF SUBSTRATE MIXTURES

The objective of this experiment was to determine the hydraulic properties (volumetric flow
rate (Q), and hydraulic gradient (i), and hydraulic conductivity (K)) within the five (5) different
substrate mixtures under constant head flow. Figure 14 provides a conceptual design of the

experimental setup.

Head

Hi
H>

Outflow
Inflow

Inlet gravelpack

Outlet gravelpack
Datum Level 9 P

Figure 14: Conceptual experimental design for constant head permeability test.

The final site location of the anaerobic bio-substrate was not determined yet at the time that
the experiment was conducted. The experiment was developed to represent flow under a

constant head flow conditions. The following design specifications were applied:

» Constant head of 0.632 m (£ 0.018 m);
» Bed slope of 1:43 (or 2.3 %);

» Flow length of 250 mm;

> Cross sectional area of flow 0.0093 mZ.

The constant head permeability test was conducted as follows:

» The substrate mixtures were carefully placed within each column with no physical
compaction conducted.

» A gravelpack was placed at the inlet of each column to promote the distribution of flow
across the entire substrate area, and prevent the development of preferential flow
paths. The outlet gravelpack prevented substrate material to be washed out, and
prevent clogging of outlet pipe.

» The inlet and outlet tubes were fitted to the centre of each column. Flow was initiated

through the substrates in order for the substrate material to settle and compact under
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gravimetrical flow conditions. Substrate material was then added to each column after
settlement occurred to ensure each column is completely filled with substrate material.
Flow was initiated again and left for a period of approximately 12 hours before any flow
measurements were taken. It was crucial to ensure that the substrate mixtures were
completely saturated, and that steady state flow was achieved before measurements

were taken.

Figure 14 presents the experimental setup that was used to assess the change in hydraulic
gradient (i) and volumetric flow rate (Q) within each of the mentioned substrate mixtures.
Hydraulic conductivity (K) was then calculated as a function of volumetric flow rate (Q),

hydraulic gradient (i), and cross-sectional area (A).

The hydraulic gradient (i) was measured for each of the substrate mixtures. The hydraulic

gradient was calculated as follows:

. Hi-Hy
'S

(Equation 9)

Where,
(H1 — H2) = AH (change in water level relative to datum level),
L = Length of column,

i = Hydraulic gradient (i).

Figure 15 provides an illustration of the experimental setup for the constant head permeability

test.
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Figure 15: Experimental setup to assess hydraulic properties within each substrate mixture

by means of a constant head permeability test.

1: Bucket of water placed at 0.632m head  2: Columns containing substrate mixtures at 1: 43 bed slope
3. Outlet tubes fitted to the centre of each column 4: Gravelpack at inlet and outlet of each column
5. Hydraulic gradient test tubes 6. Outflow from outlets

4.4. DRY DENSITY, RELATIVE DENSITY, and POROSITY

A separate experiment was conducted to calculate the porosity (n) of each substrate mixture.
It is expected that the effective porosity will equal the total porosity due to the unconsolidated

nature of the substrate material.

The substrate mixtures were each placed in a graduated cylinder. The total volume of the

cylinder was 500 ml (0.00050 m3). The columns were filled with substrate material to align with
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the total volume of the cylinder (0.00050 m?). The substrate mixtures were only placed and
not compacted. The substrates were then oven dried for 12 hours at 105°C to remove all
retained water. The substrates were weighed post-drying to determine the dry substrate mass.
The dry density was calculated as a function of post-oven dried weight and total volume of
that substrate prior to drying. Dry density was, therefore, calculated as:

(Equation 10)
Where,
Mq = Mass of substrate material after oven dried,
M; = Total volume of substrate material prior to drying,
Py = Dry density.
The relative density was then determined for each of the substrate mixtures by means of a
gas Pycnometer (Figure 16). The volume and density of the substrate material were calculated
from the measured decrease in pressure when Helium gas of a known amount was injected
into the chamber. The Helium gas filled all available pore spaces, after which the volume and
density of the sample was calculated. The oven dried sample was weighed and placed in the
chamber of the Pycnometer, and volume and relative density were calculated as a function of
change in pressure. Average room temperature was 20,55°C. Three cycles of calculations

were conducted for each substrate mixture.

Figure 16: Sample measuring and Pycnometer to calculate relative density.

The porosity was then calculated according to Equation 4.
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4.5. TRACER TESTING

Tracer tests were conducted on the experimental setup as presented in Figure 15, under the
similar hydraulic conditions (volumetric flow rate (Q), hydraulic gradient (i), hydraulic
conductivity (K), and bed slope) as during the constant head permeability test. The same
experimental setup was used to conduct tracer tests on five different substrate mixtures (Table
6). The objective was to calculate the mean HRT within each of the substrates, as well as to
estimate porosity by means of the radial convergent test (RCT). Potassium Chloride (KCI) was
used as the tracer solution, mainly due to the inability of the substrate material to absorb the
substance. Tracer was injected through pulse injection by means of a syringe. 40 ml of tracer
solution with a concentration of 0,005 M was injected. An Extech 400 EC meter was used to
measure change in electrical conductivity (EC) (uS/cm) over time at the outlet. EC
measurements were taken until the outlet concentration of the tracer stabilised. Figure 17
presents the experimental setup to conduct tracer testing on each substrate mixture, which is
similar than the constant head permeability test. Three consecutive rounds of pulse injections

were conducted on each substrate mixture.

Tubes fitted to measure
hydraulic gradient
across column length

Figure 17: Experimental setup for tracer testing.
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CHAPTER 5: NUMERICAL MODELLING

5.1. STOICHIOMETRY AND KINETIC MODEL SETUP
Kinetic modelling was conducted using the geochemical software PHREEQC (Parkhurst &
Appelo, 1999), in order to obtain a first order estimation of the feasibility of sulphate reducing

bacteria within an anaerobic bio-substrate to reduce sulphate.

The following assumptions were made during the development of the kinetic model and
upscaling of model design:

Assumption 1: The availability of organic carbon might be a rate limiting factor for sulphate
reduction, if high sulphate concentration occurs and organic carbon (acetate) is not readily
available in sufficient quantities (as stipulate by Middleton & Lawrence (1977)).

Assumption 2: The dissolved organic carbon (DOC) concentration from pure compost
(100%) is the maximum to be available to sulphate reducing microbes (868 mg/L). It is
expected that other substrates that contain less compost will yield lower DOC concentration,
or require longer HRT to produce similar DOC concentration. This also accounts for the
achieved redox potential achieved in the pure compost. It is expected that substrate mixtures

with less compost will require a longer standing time to reach a suitable redox potential.

Assumption 3: The oxidation of compost will result primarily in the release of acetate, which

is readily available for sulphate reduction processes (as stipulated by Israel, 2015).

Assumption 4: The mol ratio of sulphate to acetate utilisation is 1:1 (as presented by reaction
9, CH3COOH + SO4* — H,S + 2HCO3* (Middleton & Lawrence (1977).

Assumption 5: The mol ratio of compost (woodchip based organic material) to acetate is 1.68

(as stipulated by Israel, 2015).

Assumption 6: Only 30% of organic matter (compost) by mass will be available for sulphate

reduction (as presented by Neculita et al., 2007b).

Assumption 7: Pure sand (100%) contains no compost. No organic matter will, therefore, be
available for oxidation. No sulphate reduction will be able to occur within the pure sand

substrate.

Assumption 8: The hydraulic residence times as used in the kinetic model are still below what
are required for methane production. It is assumed that all sulphate will be removed from the

mine impacted water, before methane is produced.
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Assumption 9: It is expected that the mixing properties of the substrate from which the kinetic
data was sourced will be similar to that of the anaerobic bio-substrates.

Assumption 10: The model developed in PHREEQC assumed that all of the dissolved
organic carbon is available for the bacteria to use, and this will be an overestimation in field

conditions.

Assumption 11: The model does not account for factors that might inhibit sulphate reducing

bacteria.

5.1.1. PHREEQC

PHREEQC is the model code used to conduct aqueous geochemical modelling. The
programme is based on an ion-association aqueous model with the ability to calculate
speciation and saturation-indices, batch reactions with 1-dimensional transport calculations

for reversible reactions and irreversible reactions.

5.1.2. Model Setup

PHREEQC model code was used to conduct predictive kinetic modelling for acetate utilisation
and sulphate reduction, as a function of time. Sulphate reduction kinetic data was obtained
from Middleton & Lawrence (1977). Dissolved organic carbon (DOC) was measured as part
of Experiment 2. The results obtained from experiment 2 were used as input to the PHREEQC
model. The outputs from the PHREEQC model firstly include sulphate reduction rates as a
function of varying sulphate feed concentration, with constant acetate concentration.
Secondly, sulphate reduction as a function of varying acetate concentration with constant
sulphate feed concentration. Israel, (2015) provides a brief overview of the breakdown of
wood. Most compost materials consist of a large portion of woodchips. The oxidation of a
simple organic carbon source can be illustrated by means of the following reaction (Middleton
& Lawrence, 1977):

CH3COOH + 5042_—> H,S + 2HCOs
(Reaction 9)

The degradation of woodchips is described by Browning (1963). Wood mostly consists of
carbohydrates, phenolic substances, terpenes, aliphatic acids, alcohols, proteins, and
inorganic substances. Fifty percent (50%) of the mature wood weight consists of
carbohydrates, whereas polysaccharides and lignin make up the larger part of wood. The
cellulose hydrolysis yields products of D-glucose, while the non-cellulose polysaccharides part
yields acetyl groups, uronic acids & methoxy-uronic acids, pentoses, and hexoses. Microbes

normally compete for nutrients from the oxidation of H;, acetate, and formate during microbial
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redox reactions (Israel, 2015). The rate of microbial growth can thus be linked to the availability
of the above mentioned organic carbon sources (Israel, 2015). During the breakdown of
organic matter to simple useable organic compounds, acetate can be considered to be the
first breakdown product (Israel, 2015). Acetic acid is regarded as being an immediate available
carbon source for well degraded organic material. Organic matter that has sufficiently
degraded should be used in the anaerobic bio-substrate. Figure 18 provides an illustration of

the breakdown products of wood.
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Figure 18: Breakdown of woodchips (Browning, 1963).

Uronic acid
(methoxy uronic
acid)
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Middleton & Lawrence, (1977) provide a kinetic model to simulate sulphate reduction with
acetate as organic carbon source. The Monod function can be used to best illustrate acetate
utilisation by sulphate reducing bacteria:

kS x
" ket S

re =

(Equation 11)

Where,

k = Maximum specific rate of organic carbon utilisation (T™);
S = Dissolved organic carbon concentration (M/L3);

x = Bacteria concentration (M/L3);

ks = Half-velocity coefficient (M/L3);

rs =Volumetric reaction rate of organic carbon (M/LT).

The relationship between bacterial growth and organic carbon utilisation can be illustrated

as:

ry =Yrg - bX
(Equation 12)
Where,
Y = Yield coefficient (M/M);
b = Decay coefficient (T™?);

r« = Volumetric rate of bacterial cell growth (M/L3) T.

The following steady state equations can be used to describe bacterial growth within a

completely mixed flow reactor. These include:

= | =
< |

(Equation 13)
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=0,
(Equation 14)

_ Ke (1+b8¢)
17 6, (Yk-b)-1
(Equation 15)
_ Y (Se-S1)
1+ b6,
(Equation 16)
So- S4
- s — e

(Equation 17)

C1= Co- a (Sp- S1- B X)
(Equation 18)
Where,
. = Solids retention time (T),
1 = Net specific growth rate of bacteria (T™),
6 = Hydraulic residence time (T),
S; = Dissolved organic carbon concentration of effluent (M/L3),
S, = Organic carbon concentration of influent (M/L3),
X = Bacteria concentration (M/L®),
Rs = Volumetric reaction rate of organic carbon (M/L®),
K = Maximum specific rate of organic carbon utilisation (T™),
Y = Yield coefficient (M/M),
Ke = Half-velocity coefficient (M/M),
b = Decay coefficient (T?),
C, = Electron acceptor concentration of influent (M/L?),
C. = Electron acceptor concentration of effluent (M/L3),

a = Mass of electron acceptor consumed to oxidise one unit mass of organic carbon, (M/M),
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B = Mass of organic carbon required to synthesize one unit mass of bacterial cells (M/M).

Equation 19 can be used for estimating bacterial mass, which is based on electron acceptor
utilisation:

1

1
X = B [ (So-S1) - E(CO' Cq)l

(Equation 19)

Equation 20 to Equation 22 describe the growth of bacteria, oxidation of acetate, and the

reduction of sulphate.

ds  kSX
di  ketS
(Equation 20)
dx _ dS
4 -Y & bX

(Equation 21)

(Equation 22)

Where
S = Organic carbon concentration (M/L3),
X = Biomass concentration (M/L3),

C = Electron acceptor concentration (M/L3).

It was required that acetic acid be defined in PHREEQC, as it is not a standard component in
the PHREEQC database. The data blocks SOLUTION _MASTER_SPECIES and
SOLUTION_SPECIES were used to define the thermodynamic properties of acetic acid
(Appendix B).
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Middleton & Lawrence (1977) present kinetics of sulphate reducing bacteria during sulphate
reduction through acetate utilisation in a batch reactor. The model setup was conducted in
PHREEQC model code, during which acetic acid and sulphate utilisation by sulphate reducing
bacteria were modelled as a base case model. The outputs of the base case model, as
compiled by Middleton & Lawrence (1977), are presented in Figure 19 and Figure 20. The
numerical outputs from the model can be viewed in Appendix C.

Acetic Acid Oxidation

N R? = 0.983
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¢ Experimental Kinetic Data -=Modelled Kinetic Data

Figure 19: Base case model-acetic acid oxidation (Middleton & Lawrence, 1977).

73



Sulphate Reduction
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Figure 20: Base case model—sulphate reduction (Middleton & Lawrence, 1977).

The kinetic model provided the HRT required to reduce sulphate concentration from feed
concentration to desired concentration, which was used as input to the upscale model. The
outputs from the upscale model include geometry of proposed anaerobic bio-substrate, as
well as volume of compost required to reduce a specific feed sulphate concentration to desired
concentration. Figure 21 presents a schematic on the developed model components.
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Figure 21: Schematic on model inputs and outputs.



CHAPTER 6: RESULTS AND DISCUSSION

This chapter provides the results obtained from the physical experimental work conducted,
as well as the kinetic model.

6.1. PHYSICO-BIOCHEMICAL EXPERIMENTS

The results for the experiments conducted in Chapter 4 are presented in this chapter. The

results are presented in the following sequence:
A. Chemical signature of the organic carbon source (compost)

B. Changes in dissolved organic carbon concentration within the 100% compost and 100%

sand substrates over time

C. Hydraulic properties of different substrate mixtures under constant head flow conditions
D. Dry density, relative density, and porosity

E. Tracer testing and RCT

6.1.1. Chemical signature of organic carbon source

Chemical analysis was conducted on pure compost material to determine the chemical

signature of the organic carbon source. The results obtained from the tests conducted are

presented in Table 7.
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Table 7: Chemical properties of compost used.

Constituent [ Unit Value
N % 0,77
Na mg/kg 960

% 0,12
P % 0,14
Fe mg/kg 21720
Mn mg/kg 338
Cu mg/kg 23
Zn mg/kg 73
B mg/kg 9
As % 47,35
pH 6,8
C % 30,61
C:N Ratio 39,75:1
EC mS/m 54,2

N: Nitrogen; Na: Sodium; S: Sulphur; P: Phosphorus; Fe: Iron; Mn: Manganese; Cu: Copper; Zn: Zinc; B: Boron;
As: Arsenic; C: carbon; C:N: Carbon Nitrogen Ratio; EC: Electrical Conductivity

The objective of the chemical analysis on the compost material was to obtain a baseline
understanding of the chemical signature of the compost. Compost can consist of a wide variety
of degraded material, and each compost type is, therefore, unique in terms of its chemical
signature. Product water quality will resemble the chemistry of the compost during the early
stages of treatment. Salts and nutrients will be flushed from the compost to the receiving water
courses during the early stages of operation. The quality of the compost impact directly and
indirectly on the effectiveness of the proposed anaerobic bio-substrate. Direct impacts entail
the release of salts, metals, or acidity to water flowing through the substrate. Indirect impacts
relate more to biodegradability of the organic material. Direct impacts to water quality are
normally noted during the early stages of treatment when some of the metals and salts are
flushed out of the substrate. Indirect impacts occur as a result of the biodegradability of the

compost, which is evident in the long term.
The results of the chemical analysis conducted on the compost (Table 7) present as follow:

Total nitrogen and carbon ratio (C/N): The nitrogen and carbon ratio of the compost is 39.7:
1. This entails that the compost material has sufficient concentrations of nitrogen and carbon
for optimal microbial functionality. The ratio also implies that the compost has a low initial age,

meaning that the organic matter has not undergone extensive degradation yet. This entails
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that the organic matter will release large quantities of electrons during the early stages of
degradation, but will reach a steady state during which the degradation is slower and more
consistent. The C/N ratio is thus ideal for optimal biological sulphate removal.

Trace metals and salts: Literature provides an indication that trace metals and salts can
occur in ample concentrations in compost. The concentrations of trace metals and salts can
vary significantly between organic materials. Standard universal concentration thresholds are,
therefore, not available for organic material. It is, however, noted that the iron concentration is
> 20 000 mg/kg. The assumption can thus be made that the effluent (product) water will
contain high iron concentrations, which is flushed from the organic material. It is expected that
this phenomenon will only be for the initial treatment stage and reach a steady state as the
system operates.

pH: The pH of the compost is slightly acidic (6.8). This can be an indication that the compost
has started to degrade, during which organic acids are released. Reducing environments
might further lower the pH, causing excess acidity to become available, and inhibit optimal
microbial activity.

Electrical conductivity: The EC of the compost is 54,2 mS/m. Compost with an EC of > 2000
mS/m is regarded as being salty (Geolab, 2013). The available salt load within the compost
is, therefore, very low. The compost is ideal for biological passive water treatment from an EC

perspective.

The chemical signature of the compost proves to be suitable for usage in an anaerobic bio-

substrate.

6.1.2. Dissolved organic carbon

An experiment was conducted to track the change in dissolved organic carbon concentration
within pure compost and pure washed river sand over time. The experiment was conducted
over a period of 44 days. The results obtained from this experiment are indicated in Figure 22.

Tabulated results are presented in Appendix D.
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Figure 22: Change in dissolved organic carbon concertation within 100% compost and
100% sand substrates over time

The objective of the experiment was to evaluate whether dissolved organic carbon will remain
readily available over time. Dissolved organic carbon was only measured sporadically to
obtain a baseline understanding of changes that could occur over time. The dissolved organic
carbon concentration within the compost column remained high, whereas the dissolved
organic carbon concentration in the sand column remained low. No organic compounds were,
however, available for oxidation in the sand column. The dissolved organic carbon content
within the compost column reached a peak at day 19 (868 mg/L), and decreased towards day
34. This might be attributed to most of the dissolved organic carbon being readily available
during the first day of the experiment. As testing continued, most of this readily available
organic carbon was flushed from the substrate. The dissolved organic carbon then increased
slightly towards day 44, which implies that the organic compounds underwent further

oxidation, and released dissolved organic carbon to the pore water.

6.1.3. Hydraulic properties of substrate mixtures

Constant head permeability tests were conducted for five (5) different substrate mixtures
(Table 6). Volumetric flow rate (Q) and hydraulic gradient (i) were measured to calculate
hydraulic conductivity (K). Table 8 to Table 10 present the results obtained from the

experiment conducted. See Appendix E for detailed experimental results.
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Table 8: Volumetric flow (Q) rate results for different substrate mixtures.

Volumetric flow rate (Q) (m?/d)

Error Analysis

Round 1 Round 2 Round 3 Round 4 Round 5 Average | Standard Deviation Uncertainty
100%C 0,283 0,274 0,322 0,343 0,342 0,313 0,033 0,313 + 0,033
70%C30%S 0,162 0,321 0,351 0,365 0,351 0,310 0,084 0,310 + 0,084
50%C50%S 0,343 0,283 0,302 0,384 0,339 0,330 0,039 0,330 + 0,039
30%C70%S 0,254 0,217 0,204 0,286 0,256 0,243 0,033 0,243 + 0,033
100%S 0,178 0,562 0,565 0,640 0,635 0,516 0,193 0,516 + 0,193
Average 0,243 0,332 0,349 0,404 0,384
Table 9: Hydraulic gradient (i) for different substrate mixtures.
Hydraulic Gradient (i) (Index) Error Analysis
Round 1 Round 2 Round 3 Round 4 Round 5 Average | Standard Deviation Uncertainty
100%C 0,896 1,016 0,968 0,932 0,880 0,938 0,055 0,938 + 0,055
70%C30%S 1,396 1,200 1,136 1,000 0,916 1,130 0,186 1,130 + 0,186
50%C50%S 1,050 1,228 1,088 1,092 1,216 1,135 0,081 1,135 + 0,081
30%C70%S 1,368 1,440 1,444 1,332 1,360 1,389 0,050 1,389 + 0,050
100%S 0,760 0,788 0,780 0,680 0,680 0,738 0,054 0,738 + 0,054
Average 1,094 1,134 1,083 1,007 1,101
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Table 10: Hydraulic conductivity (K) for different substrates.

Hydraulic conductivity (K) (m/d)

Error Analysis

Round 1 Round 2 Round 3 Round 4 Round 5 | Average | Standard Deviation Uncertainty
100%C 33,762 28,791 35,623 39,546 41,687 35,882 5,049 35,882 + 5,049
70%C30%S 12,440 28,718 32,992 39,186 41,060 30,879 11,421 30,879 £ 11,421
50%C50%S 35,026 24,744 29,716 37,666 29,864 31,403 5,048 31,403 + 5,048
30%C70%S 19,909 16,147 15,140 23,021 20,162 18,876 3,213 18,876 + 3,213
100%S 25,110 76,532 77,674 100,949 100,131 76,079 30,812 76,079 + 30,812
Average 25,249 34,986 38,229 48,073 46,581
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Table 8 to Table 10 present data obtained from constant head permeability tests. The objective
of conducting constant head permeability testing was to determine the hydraulic properties
within each of the substrate mixtures under constant head flow. The data obtained from the
testing is input data to the upscale model. The primary outcome from the test work is to
calculate the hydraulic conductivity (K). Five rounds of consecutive measurements were taken
on each of the substrate mixtures. The objective of conducting five rounds of consecutive
measurements was to allow time for the substrate material to settle and prevent differential

movement within the column when subjected to constant head flow.

It is expected that the volumetric flow rate (Q) and hydraulic conductivity (K) should both
decrease with decreasing compost content, and that the hydraulic gradient (i) should increase
with decreasing compost content. The results obtained from the 100% sand substrate do not
present this trend. The results from the 100% sand substrate could potentially not be
representative of actual flow conditions within this substrate. This could be due to a humber

of reasons, such as:

» Experimental errors, such as changes in inflow rate, measurement or reading
errors, backwashing etc.

> Differential movement of material within column;

» Development of preferential flow paths within the substrate;

» Clogging of inlet and outlet tubes.

The results from the 100% sand substrate were, therefore, not used in further hydraulic
calculations. Only the results obtained from the 100% compost, 70% compost 30% sand, 50%
compost 50% sand, and 30% compost 70% sand substrates have been considered for

calculation purposes.

Volumetric flow (Q) (m3d): The 30% compost 70% sand substrate presented the lowest
average volumetric flow rate (0,243 m3d), while the 50% compost 50% sand substrate
presented with the highest average volumetric flow rate (0,330 m3®d). The 100% compost
presented with an average volumetric flow rate of 0,313 m®/d, while the 70% compost 30%
sand substrate presented an average volumetric flow rate of 0,310 m®/d. Variance is observed
between the results obtained from the different rounds of measurement for each substrate.
Standard deviation of the mean was used to calculate the uncertainty of the results obtained.
The results obtained from the standard deviation of the mean would be indicative whether the
average of the different rounds of measurement can be used as a design parameter. The
results from the standard deviation of mean are indicative that the deviation is significant. The
greatest uncertainty is observed with the 70% compost 30% sand substrate (0,310 + 0,084),
while the 100% compost substrate presented with the lowest uncertainty (0,313 + 0,033). The
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use of an average would, therefore, not be an accurate representation of volumetric flow within
the selected substrate. A correlation (R?) was calculated between change in percentage sand
versus change in volumetric flow rate (Figure 23). A weak negative correlation is observed
between change in percentage sand and change in volumetric flow rate. A decrease in

volumetric flow rate is observed with increasing sand percentage.
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Figure 23: Volumetric flow (Q) and percentage sand correlation (R?).

Hydraulic gradient (i): The 30% compost 70% sand substrate presented with the highest
average hydraulic gradient (1,389), while the 100% compost substrate presented with the
lowest average hydraulic gradient (0,938). The 70% compost 30% sand, and 50% compost
50% sand substrates presented with hydraulic gradients of 1,130 and 1,135 respectively.
Standard deviation of the mean was calculated to determine whether the average between
the different measuring rounds of a substrate mixture would be representative of the hydraulic
gradient within each of the substrate mixtures. The greatest uncertainty is observed in the
70% compost 30% sand substrate (1,130 + 0,186), while the 30% compost 70% sand
substrate presented with the lowest uncertainty (1,389 + 0,050). The uncertainty observed
from using the average is significant. The use of the average would, therefore, not be
representative of the hydraulic gradient within the selected substrate. A correlation (R?) was
calculated between the change in percentage sand in a substrate versus change in hydraulic
gradient. A moderately strong positive correlation was observed. The hydraulic gradient (i)

increases with increasing sand percentage (Figure 24).
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Figure 24: Hydraulic gradient (i) and percentage sand correlation.

Hydraulic conductivity (K): The hydraulic conductivity was calculated from the measured
volumetric rate (Q), hydraulic gradient (i), and cross-section area (A) (Equation 1). The highest
average hydraulic conductivity was obtained from the 100% compost substrate (35,882 m/d),
while the lowest hydraulic conductivity was observed in the 30% compost and 70% sand
substrate (18,876 m/d). The 70% compost 30% sand, and 50% compost 50% sand substrates
presented very similar hydraulic conductivities, 30,879 m/d, and 31,403 m/d respectively. The
most significant error was evident in the 70% compost 30% sand substrate (30,879 + 11,421),
while the 100% compost presented with the lowest error (35,882 + 5,049). The standard
deviation of the mean is significant, and the average hydraulic conductivity for each of the
substrates is not representative of the hydraulic conductivity within each substrate mixture. A
correlation was calculated between change in substrate sand percentage and hydraulic
conductivity (K). A moderately strong negative correlation is observed between change in
percentage sand and change in hydraulic conductivity. The hydraulic conductivity tends to

decrease as the percentage sand increases.
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Figure 25: Hydraulic conductivity (K) and percentage sand correlation.

The standard deviation between the five rounds of measurement for each substrate mixture
is significant. The variation in data can possibly be explained by the following experimental

errors.

Systematic errors:

» Stopwatch: The stopwatch was used to determine the time it takes to fill a 2000
ml cylinder for measuring the volumetric flow rate (Q). No error was observed
on the functioning of the stopwatch, and calibration is not applicable.

» Graduated cylinder: A cylinder was used to collect 2000 ml water from the
outflow of the substrate to measure volumetric flow rate (Q). No systematic
error was applicable.

» Ruler: A ruler was used to measure the height of the water column in pressure

tubes. No systematic error was applicable.
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Random errors:

» Stopwatch: The smallest measuring unit taken is 1 second. The error value on
the stopwatch, therefore, is £ 0.5 seconds. The error needs to be converted to
potential error on volumetric flow rate.

» Graduated cylinder: Outflow was measured from the substrate until the cylinder
was filled to the 2000 ml mark. No random errors noted during the
measurement.

» Ruler: The ruler used to measure height of the water column in the pressure

tubes measures up to 1 mm. The ruler, therefore, has an error of £ 0.5 mm.

The calculated standard deviations of the mean indicate that the average value for volumetric
flow rate and hydraulic gradient are not an accurate representation of flow within the substrate.
Calculating hydraulic conductivity from the average volumetric flow rate and hydraulic gradient
will yield results with significant error. Five rounds of measurements were taken to eliminate
potential significant differential movement of substrate material within the column. Correlation
(R?) was calculated between the change in substrate sand percentage versus change in
volumetric flow rate (Q), hydraulic gradient (i), and hydraulic conductivity (K). Round 5
presented the best correlation for calculated hydraulic conductivity.

The random (measurement) errors for volumetric flow rate, hydraulic gradient, and hydraulic
conductivity were calculated by using the “product” rule. The results from the error calculation
for round 5 results are presented in Table 11. The maximum error on hydraulic conductivity is
< 1%, which is indicative that the precision of the measurements is high. The variance in the
experimental results can possibly be ascribed to the development of preferential flow paths,

differential movement of material, or clogging of the outlets.
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Table 11: Experimental error calculation for hydraulic conductivity.

100%C | 70%C30%S | 50%C50%S | 70%S30%C
Q (m%/d)

Actual reading 0,342 0,351 0,339 0,256
Error 0,0007 0,0008 0,0007 0,0004
Error % 0,1980 0,2298 0,1962 0,1483
i

Actual reading 0,880 0,916 1,216 1,360
Error 0,0040 0,0040 0,0040 0,0040
Error % 0,4545 0,4367 0,3289 0,2941
A (m?) 0,0093 0,0093 0,0093 0,0093
k (m/d)

Actual reading 41,687 41,060 29,864 20,162
Error % 0,6526 0,6665 0,5251 0,4424
Error 0,2720 0,2737 0,1568 0,0892

6.1.4. Dry density, Relative Density and Porosity
Each of the substrate mixtures were dried in an oven at 105°C for 12 hours. The dry density
for each of the substrate mixtures were calculated by means of Equation 10. The following

results were obtained for each of the substrate mixtures (Table 12):

Table 12: Dry density for each of the substrate mixtures.
100%C 70%C30%S | 50%C50%S | 70%S30%C | 100%S

Dry density

(kg/m?) 469,90 +10 | 838,58+ 10 | 1033,00+ 10 | 1212,44 + 10 | 1464,28 + 10

The results obtained indicate that the 100% compost substrate has the lowest dry density
(469,90 £ 10), while the 100% sand substrate has the highest dry density (1464,28 £+ 10). The
other substrates have dry densities that fall between the 100% compost and 100% sand
substrates. An error analysis was conducted on the results obtained. The scale used to weigh
the substrate material has a precision error of 0,005 g. The calculated error value on the dry

density for each of the substrate mixtures is + 10 kg/m®.

A Pycnometer was used calculate relative density. The results obtained from the Pycnometer

are presented in Table 13.
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Table 13: Relative density for different substrate mixtures as obtained from gas Pycnometer.

Substrates

Cycle 1 (kg/m?3)

Cycle 2 (kg/m?3)

Cycle 3 (kg/m3)

Average (kg/m?3)

100%C

1608,50 + 0,05

1602,60 + 0,05

1596,09 + 0,05

1602,70 + 0,05

70%C30%S

2190,00 + 0,05

2185,20 + 0,05

2178,10 £ 0,05

2184,50 + 0,05

50%C50%S

2469,30 = 0,05

2464,10 £ 0,05

2461,90 £ 0,05

2465,10 £ 0,05

70%S30%C

2574,80 = 0,05

2569,20 + 0,05

2566,70 + 0,05

2570,20 = 0,05

100%S

2648,90 + 0,05

2645,90 + 0,05

2643,50 + 0,05

2645,33,10 + 0,05

Refer to Appendix F for results obtained from each cycle.
The pycnometer has a precision error of 0,05 kg/m? as indicated in Table 13.

Porosity (n) was calculated for each of the substrate mixtures as a function of dry density and
relative density (Equation 4). The results obtained are presented in Table 14.

Table 14: Porosity results.

100%C | 70%C30%S | 50%C50%S | 70%S30%C |  100%S
Porosity (n) | 0.7068 % 0,6161 + 0,5809 + 0,5282 * 0,4377 +
0,0084 0,0076 0,0073 0,0069 0,0052

The 100% compost substrate presented with the highest porosity (0,7068 + 0,0084), while the
100% sand substrate presented with the lowest porosity (0,4377 + 0,0052). The other
substrate mixtures presented with porosities that fall between the 100% sand and 100%
compost substrate. An error analysis was also conducted for the results obtained from the
Pycnometer (Table 14). The results present a strong negative correlation (R?) between the
change in percentage sand (per volume) versus the change in experimentally determined
porosity (Figure 26). It is, therefore, evident that an increase in a substrate’s sand content (by

volume) decreases the porosity, compared to compost that increases the porosity.
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Figure 26: Correlation between change in percentage sand versus change in porosity.

6.1.5. Tracer testing

Tracer testing was conducted to determine the HRT within each substrate mixture (Appendix
G). The tracer tests were conducted under similar experimental and hydraulic conditions as
the constant head permeability test, which include volumetric flow (Q), hydraulic gradient (i),
head, bed slope, and hydraulic conductivity (K).

Dispersion can be approximated by making use of the radial convergence test (RCT). The
longitudinal dispersivity (a.) provides an indication of the dispersion within the substrate. The
mass of tracer injected (AM), longitudinal dispersivity (a.), and Seepage velocity (Vs) were
used as fitting parameters. The longitudinal dispersion coefficient (D) was calculated as a
product of Seepage velocity (vs) and longitudinal dispersivity (a.). The radial flow (r) was set

as the length of the column. Table 15 present the results obtained from the RCT analysis.

It is evident from the results presented in Table 15 that the 100% sand substrate has the
greatest degree of longitudinal dispersion (a.) (0,065 m). This substrate, however, contains
no organic matter, which entail that this substrate will not be able to supply sufficient nutrients
to sulphate reducing bacteria for sulphate reduction. The results obtained from the constant
head permeability test also indicate that an error might have occurred during the experimental
run in the 100% sand substrate. The 100% sand substrate will, therefore, not be considered
for calculations. The 30% compost 70% sand substrate present with a longitudinal dispersion
of 0,035 m, which is higher than the longitudinal dispersion for the remaining substrate

mixtures.
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Table 15: Results from RCT analysis.

AM Q aL DL Vs

Round 1 0,010 0,00028 0,018 0,0006 0,0319

Round 2 0,012 0,00028 0,018 0,0006 0,0310

Round 3 0,012 0,00028 0,018 0,0006 0,0319

Round 1 0,017 0,00019 0,025 0,0004 0,017

70%C30%S | Round 2 0,016 0,00019 0,025 0,0005 0,018
Round 3 0,016 0,00019 0,020 0,0004 0,018

Round 1 0,010 0,00029 0,020 0,0008 0,038

Round 2 0,013 0,00029 0,022 0,0008 0,038

Round 3 0,012 0,00030 0,025 0,0010 0,042

Round 1 0,010 0,00021 0,035 0,0013 0,038

30%C70%S | Round 2 0,010 0,00021 0,020 0,0007 0,035
Round 3 0,010 0,00021 0,030 0,0010 0,035

Round 1 0,028 0,00035 0,060 0,0016 0,026

100%S Round 2 0,032 0,00035 0,065 0,0170 0,026
Round 3 0,032 0,00035 0,050 0,0012 0,024

AM: injected mass of tracer injected per unit section (g/m?) Q: volumetric flow rate (m3/minute) aL: Longitudinal dispersion (m)

D.: Longitudinal dispersion coefficient (m%/minute) Vs: Seepage velocity (m/minute)
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Porosity can be estimated from the RCT. The estimated porosity is calculated as a function of
Darcy velocity and fitted Seepage velocity (Equation 6). The estimated porosity for each
substrate mixture, together with the experimentally calculated porosity for each substrate
mixture is presented in Table 16.

Table 16: Porosity results (experimental and RCT fit).

100%C | 70%C30%S | 50%C50%S | 30%C70%S |  100%S
Experimentally calculated porosity
07068 | 06161 | 05809 | 05282 | 04377
Estimated porosity (RCT)
Round 1
Round 2
Round 3
Average 0,8034 1,4753 0,6501 0,5318 1,7918

During the constant head permeability test it was noted that the 100% sand substrate might
contain errors. The 100% sand substrate can, therefore, be regarded as unrepresentative of
flow conditions that can be expected under constant head flow conditions. The estimated
porosity values for the 100% sand substrate (1,7918) are, therefore unrepresentative of
substrate characteristics. The 70% compost 30% sand substrate also present porosity values
(1,4753) that are unrepresentative of substrate characteristics. All hydraulic parameters (Q, i,
K, and A) were kept constant during the constant head permeability test, as well as the tracer
experiment. The error in the results obtained for these two substrates can possibly be ascribed
to differential movement of material, development of preferential flow paths, or clogging of

outlet pipe that caused the skewed tracer results.

The expected HRT for each substrate under specific hydraulic conditions was calculated as a

function of column length by means of the following methods:

» Calculated Seepage velocity from constant head permeability test (Equation
5).

» Fitted Seepage velocity during radial convergent test (RCT) (Equation 6).

» Change in observed tracer output concentration from pulse injection

(Levenspiel method) (Equation 8).
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Table 17 presents the obtained HRTSs.

Table 17: Hydraulic residence times (HRTS).

Calculated Seepage velocity from CHPT

Round 1 | Round 2 | Round 3 | Round 4 | Round 5 | Average
100%C 7,90 8,07 6,86 6,44 6,46 7,61
70%C 30%S 11,23 5,68 5,20 4,99 5,20 7,37
50%C 50%S 5,08 6,15 5,78 4,54 5,14 5,67
30%C 70%S 6,43 7,53 8,01 571 6,39 7,32
100%S 8,26 2,61 2,60 2,30 2,31 4,49

Tracer output concentrations (Levenspiel method)

Round 1 Round 2 Round 3 Average
100%C 9,81 10,15 9,34 9,77
70%C 30%S 14,15 12,94 16,34 14,48
50%C 50%S 11,70 13,10 12,90 12,57
30%C 70%S 8,19 10,20 13,34 10,58
100%S 8,83 8,12 10,00 8,98

Fitted Seepage velocity (RCT)

Round 1 Round 2 Round 3 Average
100%C 7,80 8,00 7,80 7,87
70%C 30%S 14,40 13,80 14,10 14,10
50%C 50%S 6,70 6,70 6,00 6,47
30%C 70%S 6,50 7,20 7,20 6,97
100%S 9,50 9,50 10,30 9,77
RCT: Radial convergent test HRT presented in minutes C: Compost S: Sand

CHPT: Constant head permeability test

The possible error in the constant head permeability test for the 100% sand substrate and the
tracer test for the 70% compost 30% sand substrate is evident in the HRTs obtained for these
specific substrates. The 50% compost 50% sand substrate also present higher HRTs as
calculated from the tracer data, however, the porosity results are similar than the experimental
porosity calculated. The HRT for the 50% compost 50% sand as calculated from the RCT is

similar than the experimentally calculated HRT.

Pearson Correlation (r) and Root Mean Square Error (RMSE) were used firstly to test the
goodness of fit between observed tracer results and RCT, and secondly to assess the error

from the mean between model runs. Refer to Appendix H for RCT fits.
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6.2. KINETIC MODEL

Two kinetic models were developed to simulate sulphate reduction and acetate utilisation as
a function of HRT. The first model was developed to simulate the utilisation of sulphate and
acetate at varying feed sulphate concentrations with a single feed acetate concentration. The
feed sulphate concentrations include: 500 mg/L, 700 mg/L, 900 mg/L, and 1200 mg/L. The
dissolved organic carbon concentration of 100% compost was assumed to be the maximum to
be released (868 mg/L). The results obtained from the first model are indicative that the
available acetate concentration was insufficient to reduce feed sulphate concentration of 1200
mg/L to < 250 mg/L. The available acetate concentration was, however, sufficient to reduce
feed concentrations of 500 mg/L, 700 mg/L, and 900 mg/L to < 250 mg/L sulphate at HRTs of
2,2 days, 3,5 days, and 5,3 days respectively. It is evident from the model outputs that optimal
sulphate reduction rates are dependent on sufficient acetate concentration. The results from the
first model are presented in Figure 27 (numerical model data outputs presented in Appendix

.

The best fit line was plotted against the modelled data for varying feed sulphate concentrations
(first model). The following generalised mathematical function was used to find the best fit line

for each feed sulphate concentration:

Ar- Ay

@y

y:

(Equation 23)

Where,

X = Desired HRT (time unit),

y = final sulphate output concentration (mg/L).

Other function parameters are described by Equation 24 to Equation 27

A best fit line was plotted for each of the modelled sulphate concentrations. Each of the
parameters mentioned in Equation 23 were used to create the best fit line. The value for each
specific parameter is presented in Appendix I. The best fit line for modelled sulphate
concentration with varying feed sulphate concentrations provided the following functions for

each of the parameters:

A, =1,0168 x - 38,879
(Equation 24)
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A, =0,6299 x - 404,670
(Equation 25)

p =-0,964Inx + 9,424

(Equation 26)

Xo = 0,2799 x0-3%7
(Equation 27)

Where,

X = Sulphate feed concentration (mg/L)

A second model was developed to simulate the utilisation of sulphate and acetate at varying
feed acetate concentrations with a single feed sulphate concentration. The aim of this model
was to optimise the concentration of acetate required for sulphate reduction. This model was
conducted for the following acetate concentrations: 200 mg/L, 500 mg/L, 700 mg/L, and 800
mg/L. Sulphate was introduced at a concentration of 500 mg/L for each of the acetate feed
concentrations. The results obtained from this model are indicative that sulphate reduction is
dependent on sufficient supply of acetate. A feed acetate concentration of 200 mg/L was
insufficient to reduce feed sulphate concentration from 500 mg/L to < 250 mg/L. Acetate feed
concentrations of 500 mg/L, 700 mg/L, and 800 mg/L could reduce feed sulphate
concentration of 500 mg/L to < 250 mg/L at 3,0 days, 2,40 days, and 2,0 days respectively.
The results obtained from this model are presented in Figure 28 (numerical model data outputs

are presented in Appendix I).
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Figure 27: PHREEQC model results for different feed sulphate concentrations with a single feed acetate concentration.
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Figure 28: PHREEQC model results for impact of acetate concentration on sulphate reduction rates.
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CHAPTER 7: CASE STUDY

7.1. PROJECT BACKGROUND

An area was mined for coal resources by means of open cast methods between 1998 and
1999. The mined site is located approximately 10 km south west of Belfast town, in
Mpumalanga province, South Africa. The estimated extent of the open cast surface area
comprised 56 Ha. The maximum pit depth was estimated to be 25 m at the high-wall. The
open cast pit was backfilled after mining ceased in 2000, and the surface rehabilitated. An
official closure certificate, as required by the Mineral and Petroleum Resources Development
Act, Act 28 of 2000, was never obtained from the regulatory authority (Department of Mineral
Resources). The mining company, therefore, remains liable for the site until a closure
certificate is granted. After decommissioning, the site was only used for grazing purposes by
a local farmer. Environmental impacts, such as surface subsidence, sporadic soil surface
acidification, and decanting started to become evident on site. The responsible mining
company was, therefore, obligated to further rehabilitate the effected environment to as near
as possible to the pre-mining state. Emphasis was, however, placed on treating or better
managing the decant water, which currently is discharging into the natural catchment. A pre-
directive was issued by the applicable catchment management agency to rectify the decanting
situation as soon as possible. The end land use objective is to rehabilitate the site to a standard
where the rehabilitated open cast pit has little to no detrimental environmental impacts on the

receiving environment, and for the land to be used for grazing purposes by local farmers.

Biological passive water treatment was selected as the preferred method for managing the

decant situation, due to the following reasons:

» The decant water quality is of such nature that more intense treatment by
advanced treatment technologies is not required;

» The proposed water treatment system is less labour intensive as compared
other more advanced treatment technologies;

» Requires less maintenance and monitoring as compared to more advanced
technologies, such as reverse osmosis. The maintenance and management of
the system can be conducted by the end land user;

» Requires less service-infrastructure (electricity, pumps, pipes, filters etc.) as
compared to more advanced technologies;

» The aesthetic value of a biological passive treatment system is greater than

that of other technologies that require steel structures.
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7.2. POST-DECOMMISSIONING ENVIRONMENTAL CONDITIONS

7.2.1. Climate

The study area is located in the Eastern Transvaal Highlands, Mpumalanga province of South
Africa. The site obtains most of its rain during the summer months (October to April). The
average annual rainfall is 650 mm. No rain is expected to occur during the winter months. The
mean daily temperature in the summer varies from 14,5°C to 18,9°C, while the mean daily

temperature in the winter varies from 9,1°C to 12,3°C (EMPr, 1996).

7.2.2. Topography and drainage

The current site has an undulating topographical character. The site falls within two
Quaternary catchments (X11C and X11D). The current decant point is situated at an elevation
of approximately 1770 mamsl. North-flowing runoff and seepage enter the Klein Komati
catchment, while south-flowing runoff and seepage enter the Blesbokspruit catchment.
General hydrological characteristics of the catchments are provided in Table 18.

Table 18: Catchment Characteristics (Imperata 2012).

Mean annual Mean annual run | Mean annual
Catchment o _

precipitation off evaporation
X11C (Blesbokspruit) | 715 mm 10,3 million m® 1435 mm
X11D (Klein Komati) 744 mm 40,7 million m?3 1414 mm

Figure 29 illustrates the flow path of decant water discharging into the natural catchment. The
decant water only flows into the quaternary catchment X11C. Quaternary catchment X11D,
therefore, remains unaffected by run-off from the decant point. The topography and drainage

characteristics of the site and surroundings are indicated in Figure 30.
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Figure 29: Surface run-off from the site and possible receptors (Harck, 2014).
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Figure 30: Topography and drainage of study area.
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7.2.3. Geology and soils

The area is underlain by rocks of the Karoo Supergroup on older Mokolian intrusives and
extrusives. The Karoo Supergroup consists mostly of sandstones, shales, and coal. The
Vryheid formation contains the coal resources, which forms part of the Middle ECCA Group.
The sedimentary succession overlies the Dwyka Formation, comprising of diamictites and
tillites at the base of the Karoo sequence. Igneous intrusives (dolerite dykes) of late Karoo age
characterise the Mpumalanga coal fields, which were also mapped in the mined pit
(Steenekamp, 2011).

The number 2 coal seam was mined at this specific site. The upper seams (4 and 5 seam) that
occur above the number 2 seam have been eroded away. The mined coal seam varied in
thickness. This is clearly evident in the final geometry of the pit where a portion was not mined
due to the absence or too thin availability of the coal seam. The unsaturated soil zone is
composed of sandy loam soils (reddish-yellowish brown). According to the Soil Classification
Working Group (2006), the pre-mining soil forms vary from sandy loam soil forms
(Hutton/Clovelly) in the upper slope regions to soils with some wetness deeper in the profile
(Avalon) lower down the slopes. Katspruit soil form is also evident in lower lying areas. A
wetland soil form was identified at the decant point in the south-western corner of the site.

Figure 31 provides a representative borehole log of the pre-mining environment.

Borehole Log: BH 1

Lithology Description

0.00-3.00 m: Clayey Sandy Saoil

3.01-4.00 m: Clayey Soil

4.01-13.00 m: Sandstone

| | 13.01-14.00 m: Shale

14.01-16.00 m: Sandstone

20.01-25.00 m: Shale

Location: X: 101549.21 Y: 2860840.67 Z:

Figure 31: Typical borehole log drilled during exploration phase.
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7.2.4. Site specific groundwater recharge

The open cast pit was backfilled with overburden material, which primarily consists of waste
rock and coal discard. The surface was then covered with subsoil and topsoil. A soil depth
survey was conducted to evaluate whether the thickness of the replaced soil adhere to
commitments made in the EMPr. The results from the soil survey indicated that soil depth
varies between 141 mm to >1000 mm across the rehabilitated open cast pit area. The
hydraulic conductivity and thickness of the replaced soil layer determine the infiltration rate,

amount of run-off, and the effective recharge to the underlying aquifer (Steenekamp, 2011).

A hydrogeological study was conducted by Steenekamp, (2011) to obtain a baseline
understanding of groundwater flow characteristics. The following results were obtained:

The decant point has an elevation of approximately 1770 mamsil;

A total void volume of 3 600 000 m® was estimated for the open cast pit;
A porosity of 25% (0.25) was applied during the modelling;

The surface area of the pit was estimated to be 56 Ha;

YV V V V V

Decanting started (2010) approximately 10 years after decommissioning

(2000);

» This calculates to an effective recharge rate of 22% (0.22) of MAP (mean
annual precipitation) in backfilled pit;

» An effective recharge rate of 2% of MAP has been estimated for the natural

(undisturbed) regional area.

7.2.5. Groundwater level

SRTM 90 elevation data was used as the digital elevation model (DEM). Groundwater level
data was obtained from the National Groundwater Archive (NGA), as well as from field
measurements. The correlation between topography and groundwater level was calculated.
Figure 32 illustrates that a high correlation occurs between the groundwater level elevations
and the topography. Bayesian interpolation was then used to generate the groundwater level

map.
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Figure 32: Correlation between surface topography and groundwater level.

Figure 33 presents the spatial distribution of the boreholes used in generating the groundwater
contour map (See Appendix J for borehole information). Figure 34 presents a groundwater
contour map generated for the site.
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Location of boreholes used to develop groundwater contour map relative to the mine site boundary.
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Figure 34: Groundwater contour map for study area.
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7.3. DECANT WATER QUALITY AND EXPECTED IMPACT

A monitoring borehole was drilled in the deepest part of the backfilled open cast pit to obtain
a sample of backfilled material. Chemical analyses (static acid base accounting) were
conducted on the waste rock material, primarily to determine the sulphur content and acid

generating potential. The results from the analyses are presented in Table 19:

Table 19: Results from acid base accounting analysis.

Parameter Value
Total Sulphur (%) 0,40
Sulphate Sulphur as S (%) 0,21
Sulphide Sulphur (%) 0,19
Paste pH 5,9
Acid Potential (kg/t) 6,25
Neutralization Potential (NP) 0,993
Nett Neutralization Potential (NNP) -5,3
Neutralization Potential Ratio (NPR) (NP: AP) 0,16
Interpretation Potentially acid generating

The results presented in Table 19 entail the following:

» Paste pH: The paste pH of the sample is slightly acidic (5,9), which entails that acidity
can be generated and mobilised in the short-term. The origin of the acidity could be
from oxidation and weathering of sulphide minerals.

» Total sulphur: The total sulphur is 0,4%, of which 0,19% is sulphide sulphur, and
0,21% is sulphate sulphur. The sulphate sulphur could be the source of the acidity that
is evident in the paste pH. The potential of the discard to generate acidity is indicated
by the sulphide sulphur content. Sulphide sulphur < 0,3 % is considered as containing
insufficient sulphide to generated acidity over the long term. Short term acid can,
however, be generated by the oxidation of the discard material.

» Acid generating potential (AP): The acid generating potential is calculated to be 6,25
kg CaCOalt, which is significantly higher than the neutralization potential (NP) of 0,993
kg CaCOs/t. This is indicative that the acid neutralization potential of the discard
material is limited.

> Nett neutralization potential (NNP) (NP-AP): The nett neutralization potential is
negative for potential acid generating material. The NNP for the discard presented as

-5,3, which is indicative of being potentially acid forming.
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» Nett neutralization potential ratio (NNR) (NP/AP): The nett neutralization potential
ratio for the discard material is 0,16 which is indicative of material that is potentially
acid generating.

The results from the ABA analysis are indicative that the discard material within the backfill pit
still has the potential to generate acid, which could develop into acid drainage. A portion of the
sulphide sulphur in the discard material already oxidised to sulphate, which is evident in the
water quality at the decant point. The pH of the decant water is, however, near neutral, which
is indicative that the material still has sufficient neutralization potential to inhibit acid to be
liberated from the oxidation zone, or that the results obtained from the single discard sample

are not representative of all discard in the backfilled pit (Harck, 2014).

Hydrogeochemical modelling was conducted to determine the impact on downstream water
guality, specifically relating to impacts caused by elevated sulphate concentration in the
decant water. The results from the modelling indicated that the elevated sulphate
concentration (approximately 700 mg/L) in the decant water could potentially impact
detrimentally on the receiving environment, if no mitigation measures are implemented (Harck,
2014). Figure 35 illustrates the location of the decant point and discharge flow direction.
Downstream of the decant point is an existing attenuation dam that is used for drinking

purposes by cattle.
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Location of Decant and Pit Borehole
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Figure 35: Location of decant and pit borehole.
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7.4. PROPOSED CONCEPTUAL WATER TREATMENT SYSTEM

A conceptual biological passive treatment system was designed to fit site specific conditions.

The following factors were considered during the design phase of the treatment system:

» Available land area: The area of land available for implementation of the water
treatment system can be a limiting factor. Land availability is fortunately not a limiting
factor at the study area. The decant point is situated directly upstream of a non-
perennial drainage line. An area of approximately 8.1 Ha is available for construction
of the proposed water treatment system.

» Topography: The site area selected for construction of the proposed treatment system
presents with a change in surface elevation of 5 m over a 500 m distance. This
calculates to a gradient of 0,01. The bed slope of the biological passive water treatment
system will be mended to fit desired flow velocity within the substrate. The desired
gradient of the bed slope is approximately 0,05 for each of the different substrate
mixtures.

» Volume of water to be treated per unit time: The volume of water that decant is
mostly dependant on the amount of rainfall and effective recharge. The decant volume
averages at approximately 100 m®/day. A safety factor of 10% will be applied to allow
sufficient treatment capacity. The treatment system will, therefore, be designed to treat
a maximum of 110 m3/day.

» Water quality constituents to be removed: The primary water quality constituent to
be removed is sulphate. Sporadic elevations of aluminium, manganese, and iron also
require removal in order to meet discharge standards. The proposed treatment system
will be designed to remove a minimum of 450 mg/L sulphate (feed concentration of
700 mg/L sulphate, to a target water quality of 250 mg/L sulphate). Successful removal
of sulphate by means of an anaerobic bio-substrate is dependent on a number of
factors. These factors include the following:

o pH of inflow water: The pH of inflow water is near neutral (pH 7). Sulphate
reducing bacteria requires a slightly acidic pH to function optimally.

o Substrate type: Anaerobic bio-substrates utilise microbes that reduce or
oxidise the constituents of concern. In the case of this study, the microbes will
oxidise the organic carbon source in order to reduce the sulphate anions in the
decant water. The microbes require easily degradable carbon sources, such
as acetate, which is a breakdown product of organic matter, such as compost.
The laboratory experiment conducted on the pure compost present the
maximum concentration of dissolved organic carbon released. It is expected

that substrates containing less compost might produce lower concentrations of
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dissolved organic carbon, or require further degradation to produce the desired
organic carbon concentration. This will, however, lead to a more rapid depletion
of the total organic pool in substrates that contain less compost and more sand.
It is expected that the compost contains natural spores of sulphate reducing
bacteria that will be activated once a suitable redox state is achieved, and
sufficient nutrients become available. Inoculation may be required if bacterial
growth is insufficient.
Redox potential: The redox potential within the substrate is a critical factor to
consider when designing an anaerobic bio-substrate. The feed water should
contain low dissolved oxygen concentration. The ingress of oxygen into the
substrate must be prevented in order to ensure sulphate reducing bacteria
functions optimally. Excess oxygen could inhibit optimal growth, or even cause
microbial death. A redox potential of at least -200mV must be obtained within
the anaerobic bio-substrate.. A long lag time might be required before a suitable
redox potential for sulphate reducing bacteria is achieved in substrates that
contain less compost.
Solid support: The selected organic matter should be accompanied by an
appropriate solid support, such as sand. The purpose of the sand is to prevent
microbes from being flushed from the system. The microbes attach to the sand,
retaining the microbes within the anaerobic bio-substrate. Different substrate
mixtures presented with differentiating hydraulic characteristics. A detailed
discussion on the selection of an appropriate substrate will follow.
HRT: The HRT of substrates is a function of the hydraulic properties of a
particular substrate, specifically the Seepage velocity (Vs) and distance of flow.
The proposed anaerobic bio-substrate needs to be designed to ensure
sufficient sulphate reduction occurs. The results from the kinetic model,
specifically the generalised mathematical model, were used to approximate the
required HRT to remove sufficient sulphate from feed water. A detailed
discussion on HRT and how that applies to the design of the anaerobic bio-
substrate will follow.
Feed sulphate concentration: The proposed anaerobic bio-substrate is
designed for a feed sulphate concentration of 700 mg/L.
Metal concentrations: The removal of metals prior to sulphate reduction could
enhance the success of sulphate removal from mine impacted water. The pre-
treatment processes include:

» Further increasing the pH of feed water by means of an anoxic

limestone drain to promote precipitation of iron and aluminium after the
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pH was raised sufficiently. The anoxic conditions within the limestone
drain will prevent immediate oxidation and precipitation of iron and
associated metals, therefore, preventing armouring of the limestone.
The anoxic limestone drain will be followed by cascading to oxygenate
the water for iron and some aluminium precipitation.

= The cascading will be followed by a settling pond for the settling of
precipitated iron and aluminium hydroxides. The precipitation process
causes the pH of the product water to become more acidic.

= A second anoxic limestone drain and cascade are planned for the
precipitation of manganese, which requires a high pH and sufficiently
oxygenated water.

= A second settling pond is planned for the settling of precipitated
manganese. The pH of the water after manganese precipitation will be
slightly acidic, which is optimal for sulphate reduction.

= The removal of metals prior to sulphate reduction will prevent metal
toxicity to microbes, as well as prevent excessive clogging of the
anaerobic substrate.

= Ananoxic sump and drain are planned to follow the manganese settling
pond. The feed water must have a low dissolved oxygen concentration
for sulphate reducing bacteria to function optimally.

= Six anaerobic bio-substrate units are planned to follow the sump. The
selected substrate mixtures will be placed within a void, and capped
with topsoil to prevent oxygen to come in contact with sulphate reducing
bacteria. The surfaces of the anaerobic bio-substrates will not be
planted with vegetation.

= The anaerobic bio-substrate will be followed by an aerobic wetland,
planted with wetland vegetation. The aerobic wetland will act as a
polishing agent for excess nitrates and residual metals.

o Temperature: Sulphate reduction can be inhibited by extremely low or high
temperatures. The study area is located in an area where low temperatures
can occur during winter months. Capping of the anaerobic bio-substrate with
topsoil could prevent the inhibiting effect of low temperatures on sulphate
reducing bacteria.

o COD/sulphate ratio: Controlling the dissolved oxygen concentration in feed

water is a critical system success factor for optimal sulphate reduction.
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» Operational maintenance and monitoring requirements: The mining company is
currently the lawful land owners. They propose to sell the land to an adjacent farmer,
who plans to utilise the land for agricultural purposes, mainly for grazing. The selected
treatment system must fit the final end land use of the site. The maintenance and
monitoring capacity of the final land owner is low, hence the need to select a water
treatment system that requires low operational maintenance and monitoring, as
compared to that required by conventional treatment technologies.

» CAPEX and OPEX: The construction and operation of water treatment systems can
be costly. A water treatment system must be selected with reasonably low construction
and operational expenditure in relation to conventional treatment systems, such as
reverse 0smosis.

» Treatment longevity: It is expected that the backfilled open cast pit will continue to
decant for an indefinite period of time, mostly depending on fluctuating groundwater
levels. The quality of the decant water will depend on the sulphide sulphur content of
the discard material, which is expected to deplete over time. Optimal functioning of the
selected water treatment system will be instrumental in ensuring the integrity of the

downstream environment.

Figure 36 illustrates a conceptual passive treatment system proposed for the study area.
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Figure 36: Conceptual layout of a passive water treatment system for the study area.
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7.5. DETAILED DESIGN

Emphasis will be placed on the detail design of the anaerobic bio-substrate for sulphate
reduction. The preceding treatment components will remain a conceptual discussion for the
purposes of this study. The detail design of the anaerobic bio-substrate consists of two design
components: (1) geometric design (length, width, and depth), and (2) maximum operational
life of the system, which is a function of the quantity of organic carbon required to reduce
sulphate to within acceptable concentration. The detail design of the biological treatment
system entails the following:

Step 1, Feed water quantity and quality that requires treatment: The sulphate
concentration in the decant water is approximately 700 mg/L. The volume of water that
decants from the backfilled open cast void is approximately 100 m3/day. The anaerobic bio-
substrate component was designed to reduce sulphate concentration from 700 mg/L to < 250
mg/L. The system was designed to treat an average of 100 m®/day. A 10% safety factor was
applied to allow for periods when excess decant occurs, such as during high rainfall events.
The maximum capacity of the system is therefore 110 m®day. The anaerobic bio-substrate
has been divided into six independent treatment units. Each of the treatment units has been
designed to treat 18,33 m®/day. This approach will enable better management of the system.

Cumulatively, the six units will be able to treat a maximum volume of 110 m3/day.

Step 2, Required HRT: The developed generalised mathematical model was used to
calculate the required HRT to reduce feed sulphate concentration from 700 mg/L to <250
mg/L. The kinetic model indicates that a HRT of at least 3,5 days is required to reduce feed
sulphate concentration to < 250 mg/L (249,59 mg/L), as required by the applicable catchment
management agency. A safety factor was applied in the design of the anaerobic bio-substrate.
A HRT of 4,0 days was applied to ensure sufficient contact time between feed water and
sulphate reducing bacteria in the substrate, which reduced sulphate concentration to 195,20
mg/L.

Step 3, Hydraulic conductivity (K): The hydraulic conductivity (K) for each substrate mixture
as calculated from the constant head permeability test for round 5 was applied. It is expected
that round 5 of the constant head permeability test would be most representative of flow within

each of the substrates.

Step 4, Porosity (n): The porosity (n) as experimentally calculated for each substrate mixture

was applied.

Step 5, Hydraulic gradient (i): A cross-section of the topography versus groundwater level

was developed for the proposed location of the anaerobic bio-substrate. The cross-section is
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indicative of whether the groundwater level will be breached during excavation, and aid in
setting the site specific hydraulic gradient (i) (refer to Appendix J for cross-section).

Step 6, Cross-sectional area (A): The cross-sectional area (A) was subsequently used as a
design parameter to align the calculated hydraulic gradient (i) with the site specific hydraulic
gradient (i).

Step 7, Seepage velocity (Vs): The Seepage velocity (Vs) was calculated as a function of the
experimentally obtained hydraulic conductivity (K), calculated hydraulic gradient (i), as well as

experimentally obtained porosity (n) for each specific substrate mixture.

Step 8, Length: The length of the anaerobic bio-substrate was calculated as a function of
Seepage velocity (Vs) and HRT.

Length =Vg x HRT

Ste 9, Depth: The excavation depth of the anaerobic bio-substrate was set at 1,2 m. The
topography versus groundwater level cross-section was used to confirm that excavation depth
does not breach the groundwater level when a specific hydraulic gradient (i) is applied.

Step 10, Width: The width of the anaerobic bio-substrate was calculated as a function of

cross-sectional area (A) and depth.

Width = A
'Y= Bepth

Step 11, Total void volume: The total void volume (m?®) was calculated as a function of length,
depth, and width.

Total void volume = Length x Depth x Width

Step 12, Calculate sulphate removed: The sulphate removal rate (mg/d) was calculated by
multiplying the volumetric flow (Q) (L/d) by the quantity sulphate that is expected to be

removed (difference between feed and product water sulphate concentration).

The molar mass (M) of sulphate is 96,06 g/mol (or 96062,60 mg/mol) (Table 20). The moles
of sulphate removed per day (mol/d) were calculated by multiplying the sulphate removal rate

(mg/d) by the molar mass of sulphate.
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Table 20: Upscale model inputs.

Molar mass sulphate 96,06 g/mol
96062,60 mg/mol

Molar mass compost 170,00 g/mol

Ratio (Compost/Acetate) 1,68

Easily degradable compost 30 % of mass

Compost dry density 469,90 kg/m?3

(Reaction 7 indicates that the mol ratio between dissolved organic carbon (acetate) and
sulphate utilisation is 1:1. It can, therefore, be assumed that the mol sulphate removed (mol/d)
from the water equal the mol dissolved organic carbon (mol/d) utilised by sulphate reducing
bacteria. Israel, (2015) calculated the mol compost to mol acetate ratio to be 1.68. The mol
compost required per day can, therefore, be calculated to be the mol compost to mol acetate
ratio (1.68), multiplied by the dissolved organic carbon removal rate (mol/d) (Table 20). It is
assumed that only 30 % of the compost (by mass) will be easily degradable and available to
microbes for sulphate reduction (Neculita, et al., 2007b). The dry density of the compost
(496,90 kg/m®) was calculate experimentally and used to calculate the volume of compost
required to effectively reduce sulphate to within acceptable concentrations (Table 20) over the
maximum operational life of the treatment system. The operational life of the treatment system
was used as a design parameter to align the required compost to reduce sulphate to desired

concentration with the volume of compost as calculated during the hydraulic design.

Step 13, Identify suitable substrate mixture. The following criteria were used to evaluate

each of the substrate mixtures for suitability to be used in the anaerobic bio-substrate.

» Operational life: Available compost within the substrate mixture to release
sufficient acetate for sulphate reduction. The easily degradable portion of
compost will determine the operational life of the treatment system. An
additional organic carbon source may have to be added to ensure treatment
persists, once the initial pool of organic carbon is depleted.

» Solid support: Substrate must consist of solid support, such as sand, to
prevent microbes being flushed from the substrate.

» Confidence in experimental and model results: The results obtained from
experimental and model work would be instrumental in selecting a suitable

substrate.
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» Appropriate hydraulic characteristics: The substrate mixture must be able
to manage the required water volumes at a specific HRT to adequately improve
water quality by means of hosting sulphate reducing bacteria.

Figure 37 illustrates the proposed footprint area of the biological passive treatment system,

together with associated treatment components.
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Conceptual Layout of Biological Passive Treatment System
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Figure 37: Conceptual layout of biological passive treatment system.
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The 50% compost 50% sand substrate was selected as the preferred substrate to be used.
The substrate contains equal amounts of compost and sand, which enable the substrate to
adequately support sulphate reducing bacteria by means of supplying sufficient amounts of
organic carbon, as well as solid support to prevent biomass from being flushed from the
system. The 30% compost 70% sand substrate will require more frequent maintenance due
to the lower compost content of the substrate. Experimental data obtained indicated some
degree of error that occurred during tracer testing on the 70% compost 30% sand substrate.
The use of this substrate was, therefore, excluded. The 100% sand substrate contains no
compost material. This substrate will, therefore, be inadequate to host sulphate reducing
bacteria. The 100% compost will have the longest operational life, but contains no solid
support. This substrate can, therefore, also not be used as a substrate in the anaerobic bio-
substrate. The 50% compost 50% sand substrate is, therefore, the most appropriate substrate

to use to in the design of the anaerobic bio-substrate.

Table 21 presents the outputs from the detail design of the anaerobic bio-substrate with the
50% compost 50% sand substrate. It must be noted that the design presented in Table 21 is
for only one anaerobic bio-substrate unit. Six of these units will be required to meet decant

volumes that require treatment.

Table 21: Selected substrate mixture — 50%C 50%S.
Error

Design Parameters Value Unit Source Term Error value %

Decant volume,

Volumetric flow (Q) rate 18,33 m3/day plus 10% safety - -
factor
18333,33 L/day - -
Experimentally
Hydraulic Conductivity (K) 29,864 m/d calculated during 0,2720 0,9109
CHPT
Porosity (n) 0,5809 Experimentally |4 5569 | 1105
calculated
General
HRT 4,0 Days Mathematical - -
Model
: . . Calculated (site
Hydraulic gradient (i) 0,051 specific) - -
Seepage velocity 2,61 m/d Calculated 0,055 2,106
Length 10,43 m Calculated 0.220 2,106
Depth 1,20 m Design : i
parameter
Cross-sectional area (A) 12,10 m? Design - -
parameter
Width 10,08 m Calculated - -
Void Volume 126,24 m?3 Calculated 2,658 2,106
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Design Parameters Value Unit Source Term Error value Ero;oor
Volume compost required 3
(50% of substrate volume) 63,12 m Calculated 1,329 2,106
Volume sand required 3
(50% of substrate volume) 63,12 m Calculated 1,329 2,106
. Experimentally
3
Dry density compost 469,90 Kg/m calculated 10,00 2,128
Mass compost required 29660,30 Kg Calculated 1255,769 4,234
Physicochemical design factors
Value Unit Source Term | Error value Ero;)or
Molar mass sulphate 96,06 g/mol Literature - -
96062,60 mg/mol - -
Molar mass compost 170,00 g/mol Literature - -
Ratio (compost/acetate) 1,68 Literature - -
Useable compost by mass 0,30 Literature - -
Dry density of compost 469,90 Kg/m?3 Experimentally 10,00 2,128
calculated

Value Unit Source Term | Error value Ero;oor
Influent su[phate 700,00 mg/L Decant water i i
concentration quality
Target sulphate 250,00 mg/L DWS (IUCMA) i i
concentration requirement
General
Effluent (product) sulphate Mathematical
concentration 195,20 mg/L Model with 4 day i i
HRT

Sulphate removed 504,80 mg/L - -

9254666,67 mg/day - -
L\g?;es sulphate removal 96,34 mol/day Calculated - -
Dissolved organic carbon 96.34 mol/day Calculated i i
removal rate
Moles compost required
that is available to 161,75 mol/day Calculated - -
microbes
Total microbial available
compost required over 52246,80 moles Calculated - -
operational life
Mass available compost 8881955,32 gram Calculated - -
required
Useable and unusable
mass compost (simple and | 29606517,72 gram Calculated - -
complex organics)
Useable and unusable
mass compost (simple and 29606,52 Kg Calculated - -

complex organics)
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Design Parameters Value Unit Source Term Error value Ero;oor
Tota! volume compost 63,01 m3 Calculated ) )
required
Maximum operation time 323.00 days Design - -

parameter

Refer to Appendix K for detail design on other substrate mixtures.

Each anaerobic bio-substrate unit will consist of the following components:

Liner: The entire anaerobic bio-substrate will have to be lined in order to prevent seepage to

groundwater. The type of liner will depend on the quality of influent water.

Inlet pipe: The inlet pipe will collect water from the influent manifold, which will transport water
to the inlet manifold located at the head of the anaerobic bio-substrate.

Inlet manifold: The inlet manifold will distribute water equally across the anaerobic bio-
substrate via the inlet gravelpack.

Inlet gravelpack: The inlet gravelpack will reduce direct impact of water flowing from the
manifold to the substrate. The gravelpack will also promote the distribution of water across the
entire cross-sectional area of the substrate. Another function of the gravelpack is that it will
prevent clogging of the manifold by the organic matter if backwashing occurs.

Anaerobic bio-substrate: This component acts as the primary treatment component,

specifically to host sulphate reducing bacteria and manage HRT.

Topsoil cap: Conventional wetlands were planted with vegetation on the surface to extract
metals from the waste water. Literature indicates that the roots of vegetation could cause
preferential flow paths to develop, which enables oxygen to penetrate the anaerobic zone.
This reduces optimal functionality of sulphate reducing bacteria. The topsoil cap will prevent
very low temperatures to impact on microbial functionality, as well as protect the anaerobic
bio-substrate from atmospheric impacts caused by high rainfall events, hail, wind, and also

against agricultural impacts, such as grazing.

Piezometers: In-situ monitoring of processes within the anaerobic bio-substrates will have to
be conducted in order to track changes in redox potential, dissolved organic carbon
concentration, COD/sulphate ratios, and obtain an understanding of chemical and microbial
processes involved. The piezometers could also act as dozing stations for the addition of
organic carbon, once the maximum operational life of the substrate is reached. One

piezometer will be installed within each of the anaerobic bio-substrate units.
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Outlet gravelpack: The outlet gravelpack fulfils a similar function as the inlet gravelpack. The
outlet gravelpack will reduce the potential for clogging of the effluent manifold.

Outlet pipe: The outlet pipe will transport water to the effluent manifold, which flows into the
spill pathway and to the aerobic wetland.

Figure 38 and Figure 39 provide an illustration of a cross-section along the length of the

anaerobic bio-substrate and top view of an anaerobic bio-substrate unit.
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Inlet Outlet

10,43 m

a: Liner b: Inlet pipe c: Inlet manifold d: Inlet gravepack e: Anaerobic bio-substrate f: Topsoil cap g: Piezometer h: Outlet gravelpack

i Outlet manifold j: Outlet pipe

Figure 38: Longitudinal cross-section of anaerobic bio-substrates.
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a: Liner b: Inlet pipe c: Inlet manifold d: Inlet gravelpack e: Topsoil cap f: Piezometer
g: Outlet gravelpack h: Outlet manifold i: Outlet pipe

Figure 39: Top view of anaerobic bio-substrate.
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7.6. ENVIRONMENTAL AUTHORISATION REQUIREMENTS

The construction of the anaerobic bio-substrate will trigger activities as mentioned in the
National Environmental Management: Waste Act, Act 59 of 2008 that relate to liner
requirements for waste water management facilities. Specific reference is made to regulations
No. 636 and 636 that specify the assessment methodology for the management of facilities

containing waste water, as well the liner requirements for such a facility, respectively.

The anaerobic bio-substrate will be constructed within a non-perennial drainage line. A stream
diversion will, therefore, be required to separate clean and dirty water run-off, and to reinstate
natural hydrological function. The hydrological characteristics, as well as the riparian zone of
the non-perennial stream will be altered. The construction of the anaerobic bio-substrate will,
therefore, require a water use licence, specifically relating to section 21 of the National Water
Act, Act 36 of 1998:

» 21 (c): “Impeding or diverting the flow of a watercourse.”
> 21 (f): “Discharging waste or water containing waste into a water resource through a
pipe, canal, sewer, or any other conduit.”

> 21 (i): “Altering the bed, bank, course, or characteristics of a watercourse.”

Regulations of the National Environmental Air Quality Act, Act 39 of 2004 should also be

considered for possible methane gas release from the anaerobic bio-substrate.

Authorisation will, therefore, be required from both the Department of Water and Sanitation
(DWS) and Department of Environmental Affairs (DEA).

7.7. SAFETY, MAINTENANCE AND MONITORING REQUIREMENTS
The longevity and success of the biological passive treatment system will require careful
periodic maintenance and monitoring. The following safety, maintenance and monitoring

frameworks should be considered:

7.7.1. Safety Requirements
» The entire treatment system must be fenced-off to prevent cattle grazing and
trampling from impacting on functionality of treatment components. This
specifically relates to the anaerobic bio-substrates and aerobic wetland.
» The sump must be sealed to prevent humans, animals, or any other objects
from falling into the sump. The lit of the sump must, however, be able to open.

The sump will act as one of the monitoring locations.

125



>

All other safety requirements pertaining to waste water treatment facilities will
be applicable to this system as well.

7.7.2. Maintenance Requirements

Regular maintenance work must be conducted on the functionality of each treatment

component. The treatment components must be inspected for the following:

>

Ensure armouring of anoxic limestone drains are prevented by means of
preventing oxygen ingress. The limestone will have to be replaced after a
period, either due to armouring of limestone, or limestone disassociation over
time.

Ensure cascades are not clogged by metal precipitates.

The metal precipitates within each of the settling ponds will have to be removed
to ensure sufficient capacity remains within each of the ponds. The removed
metal precipitates will have to be disposed of at a designated hazardous landfill
site, such as Holfontein.

All pipes will have to be inspected internally to ensure clogging is prevented.
The sump is the primary flow-through from the pre-treatment components to
the anaerobic bio-substrates. The sump will have to be inspected to ensure
clogging is prevented.

The anaerobic bio-substrates will have to be replaced, either when the organic
carbon is depleted, or when the substrate is clogged by sulphide metal
precipitates. The benefit of the multi-component anaerobic bio-substrates is
that treatment can still continue in the other five units, while maintenance work
is conducted on one unit.

The topsoil cap of the anaerobic bio-substrate will have to be cleared of
vegetation to prevent the roots of vegetation from penetrating the substrate. An
alien and invasive management programme will also have to be developed.
Peak flows could cause portions of the substrate to be flushed out of the

system. These portions will need to be replaced.
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7.7.3. Monitoring Requirements
The functioning of this treatment system will require intense monitoring to ensure sufficiency

is maintained. Monitoring of the following will be required:

» Continuous monitoring devices will be ideal for monitoring inflow volumes. Other
methods such as flow meters on pipes can be installed to provide an indication of flow
as well. Influent flow volumes must specifically be monitored during high rainfall events,
as well as during extreme dry periods. The treatment success and longevity of the
system greatly depends on constant flow. The monitoring of outflow volumes should
also be conducted to track whether any water losses occur throughout the system. The
expected water losses will be by means of evaporation, evapotranspiration (only
aerobic unit), leakages, or seepage to groundwater.

» Monitoring of water qualities throughout the system will be instrumental in proving
treatment success. Water quality monitoring is recommended at the following
locations:

o In pit groundwater;
o Decant location;
o Within each settling pond;
o Sump;
o Piezometers situated within anaerobic bio-substrates;
o After anaerobic bio-substrates, prior to aerobic wetland;
o Final effluent from aerobic wetland.
» The following suite of water quality constituents should be analysed for:
o PpH;
o ECorTDS;
o Metals and trace metals (aluminium, manganese, iron, zinc, lead, chromium,
cobalt, copper, selenium, antimony, boron, barium, nickel, cadmium);
o Anions (nitrate, nitrite, sulphate, ortho-phosphate);
o Odour testing for methane gas from anaerobic bio-substrate;
o Alkalinity (calcium and magnesium carbonates);
o Chemical and biological oxygen demand;
o Dissolved organic carbon (only in anaerobic bio-substrates);
o Redox potential (only in-situ measurement);
o Temperature (only in-situ measurement within anaerobic bio-substrates);

o Bacterial plate count within anaerobic bio-substrates and aerobic wetland.
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» Monitoring should also be conducted within the existing dam downstream of the
treatment system. This dam can act as a final water quality monitoring point before
discharged into the natural catchment.

The frequency of monitoring will be stipulated in the water use licence as dictated by the
Department of Water and Sanitation, and Department Environmental Affairs.
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CHAPTER 8: CONCLUSION AND FURTHER RESEARCH

8.1. CONCLUSION

Coal mining contributed greatly to economic development in South Africa. Coal mining,
however, is associated with numerous environmental challenges, specifically water related
impacts. The coal mining process mostly entails the disturbance of surface and groundwater
systems. Open cast mining contributes significantly to the physical and chemical alteration of
both surface and groundwater systems. Many coal mines in South Africa already reached their
life of mine. These mined out sites were decommissioned and most abandoned without further
investigation into residual or latent impacts that might arise. Water related impacts are part of
the suite of environmental challenges that remain post-mining. The coal seems are mostly
surrounded by host rock that contains sulphide bearing minerals, such as pyrite. The activities
associated with open cast mining can promote or activate the oxidation of sulphide bearing
minerals, which in turn generate acid. Minerals such as pyrite get oxidised when in contact
with sufficient water and oxygen. The products from the oxidation process are acid that could
cause metals to become liberated and readily available to the surrounding environment, and
excess sulphate. Most open cast pits are backfilled once mined out. These backfilled pits have
the tendency to decant once the groundwater level intercepts the topography.

Extensive research has been conducted on the use of active and passive treatment systems
to improve water quality of mine impacted water. More coal mines will reach their life of mine
within the next 10 years. Water related impacts will, however, persist long after
decommissioning. The management of contaminated water during the operational phase is
not a significant challenge for mines, mostly due to the success of active treatment systems.
Concerns are mostly related to the management of this water during the post-
decommissioning phases. Decommissioned sites are mostly characterised by a lack of
service-infrastructure, and very little to no monitoring and maintenance capacity. Water
treatment systems that can function with as little as possible intervention would be an ideal
solution. The successful design, implementation, and operation of such a system are,
however, still a pending matter. Most biological passive water treatment systems were
developed for the removal of metals from mine impacted water. Less attention has been given
to the use of biological passive treatment systems to remove sulphate from mine impacted

water.

The use of biological passive treatment systems to remove sulphate from mine impacted water
was, therefore, further investigated. This project was inspired by a decommissioned mine site
where decant water is flowing into the natural catchment, with sulphate concentration

exceeding the regulated standard.
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A detailed literature study was conducted on the use of different biological treatment systems
to reduce sulphate concentration in mine impacted water. Constructed wetlands, bioreactors,
and permeable reactive barriers were identified as being the primary treatment methodologies.
Literature also indicates that certain design factors must be taken into account in order to
successfully design, implement, and operate a biological passive treatment system. The
literature study was indicative that gaps do exist, specifically relating to better understanding
the hydraulic (flow) properties within different substrate mixtures, as well as the capacity of
sulphate reducing bacteria within an organic carbon substrate to successfully reduce sulphate

concentration to within acceptable standards.

Anaerobic bio-substrates can possibly be used to host sulphate reducing bacteria to aid in
water treatment. Sulphate reducing bacteria utilises simple organic carbon as a source of
nutrients. Compost and sand substrate mixtures were selected for further investigation,
specifically relating to better understanding the hydraulic properties of each substrate mixture

under constant head flow.

Compost that consists of Eucalyptus bark, Pinus bark, woodchips, and horse manure, was
chemically analysed to obtain a baseline understanding of the chemical signature of the
compost. Various methods were used to analyse and determine the concentration and content
of each constituent. The results obtained indicate that the selected compost is suitable to use
within an anaerobic bio-substrate. The C/N ratio indicates that sufficient carbon and nitrogen
are available to supply microbes with electrons for biological sulphate reduction. Other
compost quality constituents such as EC, pH and ion concentrations are also within acceptable
concentrations to provide a suitable habitat to host sulphate reducing bacteria and not impact
detrimentally on effluent water quality.

The objective of the experiment was to measure change in dissolved organic carbon (DOC)
concentration over time. This experiment was conducted for a period of 44 days.. A DOC
concentration of 868 mg/L was measured in the compost substrate, while the sand substrate
presented with a DOC concentration of 29,10 mg/L. DOC was readily available from the first
measuring round. The DOC results achieved from the compost was used as input to the
PHREEQC model to simulate sulphate reduction and acetate utilisation. It is, however,
expected that the other substrate mixtures that contain less compost would require longer
standing time before a similar redox potential is reached. This will also be the case for the
DOC concentration. Substrates with lower compost volumes might contain lower

concentrations of DOC, or require more time to oxidise and produce similar DOC.

The selected compost was mixed with washed river sand. Five compost sand mixtures were

developed for further testing. The compost sand mixtures include: 100% compost, 70%
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compost 30% sand, 50% compost 50% sand, 30% compost 70% sand, and 100% sand. The
substrate mixtures were placed within cylindrical columns for constant head permeability
testing. The outcomes from this experiment include the following:

» Volumetric flow rate (Q) was measured. Five consecutive measurements were
conducted for each substrate in order to allow the material within the columns to settle,
and eliminate potential measuring errors caused by differential movement of substrate
material.

» Hydraulic gradient (i) was measured.

» Hydraulic conductivity (K) was calculated as a function of cross-sectional area (A),

hydraulic gradient (i), and volumetric flow rate (Q).

Standard deviation was calculated to evaluate whether an average of the five measurements
would be representative of flow within each of the substrate mixtures. The standard deviations
were indicative that significant variance occurs between the obtained results for each of the
substrates, which entail that an average of the five measuring rounds would not be a good
representative of flow within the substrate. Correlation was calculated between change in
percentage sand versus change in volumetric flow rate, hydraulic gradient, and hydraulic
conductivity.

A weak negative correlation was observed between change in percentage sand versus
change in volumetric flow rate. A decrease in volumetric flow rate is observed with increasing

sand percentage.

A moderately strong positive correlation was observed between hydraulic gradient (i) versus
increase in sand percentage. The hydraulic gradient (i) increased with increasing sand

percentage

A moderately strong negative correlation was observed between change in percentage sand
versus change in hydraulic conductivity (K). The hydraulic conductivity (K) tends to decrease
as the percentage sand increases.

The hydraulic conductivity (K) calculated from the constant head permeability test would act
as input data to the upscale design model. An average value of the five measuring rounds
would not be represented of flow, therefore the use of a single measuring round. Measurement
round 5 presented with the best correlation between change in percentage sand versus
change in hydraulic conductivity. Round 5 of the constant head permeability test was,
therefore, selected as being the most representative of flow within each of the substrates, and

to be used in the upscale design model.

A kinetic model was developed in PHREEQC model code to conduct predictive modelling on

sulphate reduction. Sulphate reduction kinetic data was obtained from literature. Two model
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runs were conducted: (1) sulphate and acetate utilisation with varying feed sulphate
concentrations, but similar input acetate concentrations, and (2) sulphate and acetate
utilisation with constant sulphate feed concentration, but varying available acetate
concentrations. A generalised mathematical model was developed to calculate the sulphate
concentration in the product water (post-treatment). The generalised mathematical model is a
function of feed sulphate concentration, HRT, and available acetate concentration. The results
obtained from the first model run indicated that a minimum HRT of 3,5 days will be required to
reduce feed sulphate concentration from 700 mg/L to 249,59 mg/L. A maximum sulphate
concentration of 250 mg/L is allowed within the IUCMA. The results also indicated that
sulphate reduction will cease once acetate is depleted. The second model indicated that
sulphate reduction rate is greatly dependant on the availability of readily available organic
carbon, in this case, acetate. The rate of sulphate reduction decreases as acetate
concentration decreases. The results were indicative that sulphate reduction is greatly

dependant on the availability of organic carbon (acetate).

Dry density was calculated for each of the substrate mixtures. The dry density of the substrate
mixtures varied greatly from 1464,28 kg/m?® (100% sand substrate) to 469,90 kg/m? (100%
compost substrate). The dry density of the compost was particularity important as input to the
upscale design model. The relative density of each substrate mixture was also calculated by
means of a gas Pycnometer. The porosity of each substrate mixture was then calculated as a
function of dry density and relative density. The 100% compost has a porosity of 70,68%, while
the 100% sand has a porosity of 43,77%.

Tracer tests were conducted to calculate HRT, Seepage velocity, and estimate porosity. A
pulse injection tracer test was conducted by means of using a KCI solution as tracer. The
change in tracer output concentration was measured over time. Radial convergent test (RCT)
was conducted to validate the results obtained from the tracer test. The obtained estimated
porosity values and HRTs from the tracer and RCT differ significantly for the 100% sand, and
70% compost and 30% substrate as compared to the constant head permeability test, even
though hydraulic properties during the tracer tests were similar than that of the constant head
permeability test. Possible reasons for this could have been differential movement of substrate

material during testing, clogging of outlet pipe, or the development of preferential flow paths.

A biological passive treatment system was developed for a decommissioned coal mine site.
The site is characterised by decant water with elevated sulphate concentrations impacting on
downstream water courses. A study conducted indicated that the decant water will impact
detrimentally on receiving water courses if no remediation is attempted. A proposed passive
treatment system was developed with pre-treatment components to remove most of the

metals, such as aluminium, iron, and manganese from the mine impacted water prior to
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sulphate reduction in the anaerobic bio-substrates. Anoxic limestone drains were proposed to
increase the pH for metal oxidation. Cascades were proposed to promote the oxygenation of
water. Settling ponds were then proposed following the cascades for settling of metal
precipitate.

A detail design was conducted for the anaerobic bio-substrate treatment component. The total
volume of water to decant is 100 m®/day. A 10% safety factor has been allowed for to ensure
sufficient treatment capacity exists during times of higher decant volume. The anaerobic bio-
substrate has, therefore, been designed to treat a maximum of 110 m®/day. The anaerobic
bio-substrate consists of six independent units. Each will be able to treat 18,33 m3/day.. The
generalised mathematical model was used to calculate the sulphate concentration in the
product water post- treatment. Although a HRT of only 3,5 days are required, a safety factor
has also been applied. A HRT of 4,0 days was applied, after which the sulphate concentration
was reduced from 700 mg/L to 195,20 mg/L. The 50% compost 50% sand substrate was
selected as the preferred substrate to host sulphate reducing bacteria within the anaerobic
bio-substrate. This substrate contains sufficient compost to act as electron donors to sulphate
reducing bacteria, as well as sufficient sand for solid support. Hydraulic conductivity (K) and
porosity (n) for this specific substrate was applied. The cross-sectional area (A) was used as
a design parameter, specifically to design according to the site specific hydraulic gradient (i).
The Seepage velocity (Vs), geometric configuration, void volume, and quantity compost and
sand required were calculated. The amount of compost that would be available to microbes
was calculated. The maximum operational life of the 50% compost 50% sand substrate was
calculated to be 323 days, after which the initial pool of organic carbon will then be depleted.
An additional organic carbon source will then have to be supplied to ensure continuous

treatment.
The following conclusions can be derived from the work conducted:

» The literature study conducted provided great insight into the bio-chemical
processes and hydraulic behaviour within different material types under
constant head flow conditions. The literature study laid the foundation for
further work to be conducted.

» The results obtained for each of the hydraulic parameters from the constant
head permeability test are indicative that flow within compost sand mixtures
can vary greatly, even within a single substrate.

» A moderately strong correlation was obtained between change in percentage
sand within the substrate versus change in hydraulic conductivity (K).

» The predictive modelling indicated that readily available organic carbon is

instrumental for successful microbiological sulphate reduction.
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» It became evident that the dissolved organic carbon was readily available to
sulphate reducing bacteria.

» A generalised mathematical model was developed to determine HRT for feed
sulphate to be reduced to within acceptable concentration.

» The 50% compost 50% sand substrate was selected as the preferred substrate.

» Continuous monitoring and maintenance will be required to ensure sufficient
and efficient treatment. This specifically refers to ensuring both the hydraulic
integrity of the system, as well as the pool of sulphate reducing bacteria are

maintained.

The modelling results are indicative that a biological passive treatment system that utilises an
organic carbon source and sulphate reducing bacteria can be effective in improving water
guality by means of reducing feed sulphate concentration from 700 mg/L to < 250 mg/L. The
modelling results will, however, need to be validated by means of experiments that measure

the acetate concentration and sulphate reduction.f
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8.2. FURTHER RESEARCH

This study focused on the fundamental hydraulic and micro-biological processes involved in

biological sulphate reduction. Further research would include:

8.2.1. Biochemical processes

» Experimental testing on sulphate reduction rates within the different sand compost
mixtures.

» Experimental testing on the effect influent sulphate concentration has on sulphate
reducing bacteria.

» Experimental testing on the effect of sulphide on nutrient uptake of sulphate reducing
bacteria.

» Impact of different metal types and concentrations on sulphate reducing bacteria.

» Experimental testing on the rate of organic carbon oxidation within each of the different
sand compost mixtures.

» Changes in oxidation-reduction gradients over time within each of the different sand
compost mixtures.

» Evaluating different compost types to act as a carbon source.

» Evaluating different organic material types to act as a carbon source.

» Evaluating the occurrence of different types of microbes during different stages of

treatment.

8.2.2. Hydrological processes
» Flow rates at which biomass gets washed out from the substrate.
» Conduct modelling on the hydrological flow patterns and mixing properties within each
of the different sand compost substrate mixtures.
» Conduct further test work on the flow properties within different organic materials
(sawdust, grass, woodchips, pulp, and plant based compost vs manure based

compost).

The upscaling of laboratory experiments to pilot or bench scale would aid in obtaining more
realistic data that can be used for design and further modelling work. The development of
research projects from laboratory concept to full scale implementation would add significantly
to the knowledge base on the feasibility of biological passive treatment systems in post-mining
environments. The validation of all modelling work is crucial to the credibility of this research

project.
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APPENDIX A: Statistical Methods

Standard deviation of the mean (o)

Multiple rounds of measurements were taken of volumetric flow rate (Q) and hydraulic gradient
(i) to calculate hydraulic conductivity (K). The objective of conducting standard deviation of the
mean was to assign an uncertainty to the average, and whether it would be correct to use the
average of the measurements in the upscale design of the treatment system. The standard

deviation of the mean was calculated:

Where,
o = Standard deviation
n = Number of measurements

om = Standard deviation of the mean

Experimental Reading Errors

The objective of this calculation was to determine the uncertainty in the data caused by the
scale or precision of the measuring instrument. The reading errors were calculated by means

of applying the “product” and “sum” rules:

O0(x+y)= dx+ O

O(x-y)= dx + dy
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Where,

0 = Error or uncertainty

x and y = Measured values

The “sum” rule entails: if two values, each with associated errors, are added or subtracted, the
error values are added. The “product” rule entails: if two values, each with associated errors,

are multiplied or divided, the error percentages are added.

Root mean square error (RMSE)

The root mean squared error can be used to calculate the difference in results obtained
between observed and modelled data. The RMSE can be calculated as:

RMSE= \/Zin=1 (Xobs,ni' Xmod, )

Where,

Xobs, 1 = Observed values at time i
Xmod, i = Modelled values at time i
n = Number of measurement
RMSE = Root mean squared error

The RMSE was calculated for the tracer experiment outputs to identify the model that best fit

the observed data.

Regression (R?- Coefficient)

This coefficient was calculated as a goodness of fit between modelled and observed data by

means of:

=2 SST-SSe
SSt
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Where,
SSt= Total sum of squares
SSe = Residual sum of squares of errors

R? = Regression coefficient

Pearson Correlation (r)
The correlation coefficient between two sets of data can be expressed as:
_ R
J % (%) 2 (v-9)°

Where,

X = Sample array 1

y = Sample array 2

X and y= Sample array means

r = Pearson correlation
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APPENDIX B: PHREEQC Solutions

SOLUTION_MASTER_SPECIES; Acetic Acetic 0 60.5 60.5 # CH3COOH
SOLUTION_SPECIES; Acetic = Acetic; -log_k 0

RATES

S_degradation
# dS/dt = -((k*S*X)/(K_8+S)) (mol Acitic Acid/L/T)
# Kk is the maximum specific rate of organic carbon utilization (M/L3)>>>>(1/T)
# S is the organic carbon concentration (mol Acitic Acid/L/T)
# K_8 is half-velocity coefficient (M/L3)

-start

1 mu_max = parm(1); 2 k_half = parm(2); 3 Y = parm(3); #4 R = 1 + parm(4)

10 S = tot("Acetic")

20 if S < 1e-9 then goto 60

30 B = kin("Biomass") # kin(".i.") gives moles of "Biomass"

40 rate = -mu_max * ((S * B)/(k_half + S))
# 40 rate =-mu_max * (B /(Y * 8)) * (S /(k_half + S + S*2/8.65e-4)) / R

50 dS =rate * time

60 save dS # d mol(C8H10)

70 put(rate, 1) # Store dS/dt for use in Biomass rate

-end

Biomass
## dX/dt = -YdS/dt - bX
#Y is the yield coefficient (M/M)

# b is the bacterial mass decay coeffient am

-start

1Y =parm(1); 3 k _Bd=parm(2)

10 rate_S = get(1) # Get degradation rate, multiply by Retardation
20B=m

30rate =-Y *rate_S-k Bd*B

40 dB = rate * time

50 save -dB # dB is positive, counts negative to solution

60 put(rate, 2)

-end

V4S04 _red
-start

#1 moles=0
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# 2 rate = 0 # (mol /(L-second))
3rate_S = get(1)

4 rate_dB = get(2)

10 alfa = parm(1)

20 beta = parm(2)

100 rate = alfa*(rate_S+(beta*rate_dB))
110 moles = rate * TIME
210 SAVE moles

-end

SOLUTION 1, -units mg/L; Acetic 650; S(6) 570
KINETICS 1

S_degradation;-formula Acetic 1; -m0 0
-parms 5.4e-5 5.13e-3 0.065
Biomass;-formula C 0;-m0 2.3e-4
-parms 0.065 0

V4S04 red

-formula Acetic 1 SO4 1 H2S -1 HCO3 -2
-parms 1.3 0.1

-m0 O

-tol 1e-12

-steps 0.6e6 in 50

INCREMENTAL REACTIONS

USER_GRAPH
-headings time c_acetic Biomass
-axis_scale y_axis 0 600 2 1; -axis_scale x-axis 0 6 1

-axis_titles "Time / days" "mg / L"

-start

-plot_tsv_file figure5.phr

-plot_tsv_file figure6.phr

10 graph_x total_time / 86400

20 graph_y tot("Acetic")*60500, tot("S(6)")* 96000
-end

END
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APPENDIX C: PHREEQC Model Validation (Base Case Model)

HRT C_Acetate HRT | C_Sulphate
1,02 568,49 0,04 570,58
1,45 516,86 0,50 561,94
2,07 459,45 1,00 460,67
2,40 388,28 1,46 440,04
3,01 336,65 1,98 370,38
3,49 256,99 2,33 309,41
4,03 237,46 2,98 248,49
4,58 169,01 3,46 175,56
5,03 159,33 4,01 135,33
6,18 96,49 4,52 62,40
5,01 25,43
6,08 9,28
HRT: Days Concentration: mg/L
HRT | C_Acetate | HRT C_Sulphate
0,14 636,65 0,14 557,67
0,28 622,21 0,28 544,75
0,42 607,47 0,42 531,58
0,56 592,44 0,56 518,14
0,69 577,13 0,69 504,45
0,83 561,54 0,83 490,51
0,97 545,67 0,97 476,32
1,11 529,55 1,11 461,91
1,25 513,18 1,25 447,28
1,39 496,58 1,39 432,45
1,53 479,76 1,53 417,42
1,67 462,75 1,67 402,22
1,81 445,55 1,81 386,86
1,94 428,21 1,94 371,36
2,08 410,73 2,08 355,76
2,22 393,16 2,22 340,07
2,36 375,52 2,36 324,33
2,50 357,85 2,50 308,56
2,64 340,19 2,64 292,81
2,78 322,57 2,78 277,11
2,92 305,05 2,92 261,49
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HRT | C_Acetate | HRT C_Sulphate
3,06 287,67 3,06 246,01
3,19 270,47 3,19 230,71
3,33 253,52 3,33 215,64
3,47 236,87 3,47 200,84
3,61 220,56 3,61 186,38
3,75 204,66 3,75 172,29
3,89 189,22 3,89 158,64
4,03 174,30 4,03 145,47
4,17 159,94 4,17 132,84
4,31 146,20 4,31 120,78
4,44 133,11 4,44 109,36
4,58 120,72 4,58 98,59
4,72 109,05 4,72 88,53
4,86 98,12 4,86 79,19
5,00 87,94 5,00 70,59
5,14 78,52 5,14 62,75
5,28 69,86 5,28 55,67
5,42 61,93 5,42 49,34
5,56 54,73 5,56 43,74
5,69 48,20 5,69 38,85
5,83 42,33 5,83 34,63
5,97 37,08 5,97 31,03
6,11 32,39 6,11 27,99
6,25 28,23 6,25 25,44
6,39 24,56 6,39 23,32
6,53 21,32 6,53 21,56
6,67 18,48 6,67 20,11
6,81 15,99 6,81 18,91
6,94 13,82 6,94 17,92
HRT: Days Concentration: mg/L
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APPENDIX D: Dissolved Organic Carbon

Control
(Sand) Compost
Day No. Date DOC (mg/l) | DOC (mg/l)

1 2016/04/12 29,10 808,00
3 2016/04/14 26,10 860,00
9 2016/04/20
14 2016/04/25
19 2016/04/30 18,00 868,00
24 2016/05/05
29 2016/05/10
34 2016/05/15 14,90 812,00
39 2016/05/20
44 2016/05/25 9,70 838,00

DOC: Dissolved Organic Carbon

mg/L: Milligram per Litre
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APPENDIX E: Constant Head Permeability Test Data Sheets

Constant head permeability test-100% compost.

. . Hydraulic
Start . Time Time Volume | Flow Rate Q . it
Time End Time (hr:min:sec) (min.) Q (ml) (m¥s) hi(mm) | ho(mm) | L (mm) | Ah (mm) ?Lailr?lrllt k =Q/(i *A)
Run1 | 16:10 16:20 0:10:09 10,2 2000 0.00000328 481 257 250 224 0,896 0,000393
Run 2 | 21:00 21:11 0:11:55 11,9 2270 0,00000317 500 246 250 254 1,016 0,000335
Run 3 | 13:00 13:08 0:8:56 8,9 2000 0,00000373 506 264 250 242 0,968 0,000413
Run4 | 17:20 17:28 0:8:24 8,4 2000 0,00000397 503 270 250 233 0,932 0,000456
Run5 | 19:15 19:23 0:8:25 8,4 2000 0,00000396 490 270 250 220 0,880 0,000482
Constant head permeability test-70% compost 30% sand.
Start End Time Time Volume | Flow Rate Q ha(mm) | ha(mm) L Ah 'gri:;‘g:]lf k =Q/(i
Time Time (hr:min:sec) | (min.) Q (ml) (m3s) ! 2 (mm) (mm) U= AL *A)
Run 1 8:43 9:01 0:17:42 17,7 2000 0,00000188 520 171 250 349 1,396 0,000145
Run 2 8:28 8:37 0:8:58 9,0 2000 0,00000372 530 230 250 300 1,200 0,000332
Run 3 | 10:30 10:38 0:8:13 8,2 2000 0,00000406 525 241 250 284 1,136 0,000383
Run4 | 12:12 12:20 0:7:53 7,9 2000 0,00000426 506 256 250 250 1,000 0,000453
Run5 | 14:31 14:39 0:7:43 8,2 2000 0,00000406 505 276 250 229 0,916 0,000475

Constant head permeability test-50% sand 50% compost.
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Start

Time

Time

Volume

Flow Rate Q

Hydraulic

Time End Time (hr:min:sec) | (min.) Q (ml) (m3s) hy(mm) | ha(mm) | L (mm) | Ah (mm) Gra;mAeI:]ItL i | k=Ql(i*A)
Run1 | 17:00 17.08 0:8:24 8,4 2000 0,00000397 498 235 250 263 1,052 0,000404
Run 2 | 20:07 20:16 0:9:49 9,8 2063 0,00000350 517 220 250 297 1,188 0,000316
Run 3 | 21:45 21:55 0:10:09 10,2 2000 0,00000328 524 217 250 307 1,228 0,000287
Run4 | 9:25 9:33 0:9:33 9,6 2000 0,00000349 513 241 250 272 1,088 0,000344
Run5 | 14:10 14:17 0:7:30 7,5 2000 0,00000444 523 250 250 273 1,092 0,000436
Run6 | 19:52 20:00 0:8:30 8,5 2000 0,00000392 537 233 250 304 1,216 0,000346

Constant head permeability test-70% sand 30% compost.

Start | e 4 Time Time Time | Volume | Flow Rate Q | 0y | h,(mm) | L (mm) | Ah (mm) GrHa%:jOilcraanl:“C i | k=a/(i*A)

Time (hr:min:sec) | (min.) | Q (ml) (m3s) ! 2 = AhIL
Run1 | 17:10 17:21 0:11:21 11,4 2000 0,00000294 565 223 250 342 1,368 0,000230
Run 2 | 20:20 20:33 0:13:17 13,3 2000 0,00000251 572 212 250 360 1,440 0,000187
Run 3 | 21.56 22:10 0:14:08 14,1 2000 0,00000236 571 210 250 361 1,444 0,000175
Run4 | 9:37 9:47 0:10:04 10,1 2000 0,00000331 562 229 250 333 1,332 0,000266
Run5 | 19:40 19:51 0:11:15 11,3 2000 0,00000296 567 227 250 340 1,360 0,000233
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Constant head permeability test-100% sand.

'|S'itr?1ré End Time (hr:;lir:?sec) (Eri?f) V(gl(l;nnlw)e FIO\(/va§/2t)e Q hi(mm) | ho(mm) | L (mm) | Ah (mm) GrH%ﬂA;ZIL{IC i | k=Ql(i*A)
Runl1 | 19:10 19:16 0:16:09 16,2 2000 0,00000206 505 315 250 190 0,760 0.000291
Run 2 | 19:50 19:55 0:05:07 51 2000 0,00000651 497 300 250 197 0,788 0,000886
Run 3 | 20:29 20:03 0:05:06 51 2000 0,00000654 500 305 250 195 0,780 8,000898
Run 4 | 12:43 12:47 0:04:30 4,5 2000 0,00000741 493 323 250 170 0,680 0,000117
Runb5 | 14:47 14:51 0:04:32 4,5 2000 0,00000735 495 325 250 170 0,680 0,000116
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APPENDIX F: Pycnometer Cycle Results

Cycle Volume | Volume Deviation gglnast:;/; Density Deviation Elapsed Time Temperature
3 3 3 . o

" (cm?) (cm?) (g/cm?) (g/cm3) (mm:ss) (°C)

1 34,2184 | 0,0359 2,6489 0,0028 4:33 20,33

2 34,2565 | 0,0022 2,6459 0,0002 6:23 20,37

3 34,2881 | 0,0338 2,6435 0,0026 8:10 20,40

Analysis Gas: Helium Analysis Start: 28/07/2017 11:18:19PM
Reported: 28/07/2017 11:35:27PM Analysis End: 28/07/2017 11:27:25PM
Sample Mass: 90,6400 g Equilib. Rate: 0,050 psig/min
Temperature: 20,37 °C Expansion Volume: 74,6390 cm3

Number of Purges: 3 Cell Volume: 108,4400 cm?3

Psig (pound-force per square inch gauge)
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100C
Cycle | Volume Volume Deviation | Relative Density | Density Deviation Elapsed Time Temperature
# (cm?d) (cm?d) (g/cm3) (g/cm3) (mm:ss) (°C)
1 10,3513 0,0378 1,6085 0,0058 5:31 20,54
2 10,3895 0,0004 1,6026 0,0001 7:49 20,54
3 10,4264 0,0374 1,5969 0,0058 10:05 20,58
100C
Analysis Gas: Helium Analysis Start: 28/07/2017 9:36:04PM

Reported: 28/07/2017 9:47:56PM Analysis End: 28/07/2017 9:47:21PM
Sample Mass: 16,6500 g Equilib. Rate: 0,050 psig/min
Temperature: 20,55 °C Expansion Volume: 74,6390 cm3

Number of Purges: 3 Cell Volume: 108,4400 cm?3

Psig (pound-force per square inch gauge
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30%C70%S
Cycle | Volume Volume Deviation Density Density Deviation Elapsed Time Temperature
# (cm?d) (cm3d) (g/cm3) (g/cm3) (mm:ss) (°C)
1 26,4793 0,0475 2,5748 0,0046 4:09 20,44
2 26,5374 0,0106 2,5692 0,0010 5:44 20,44
3 26,5636 0,0368 2,5667 0,0036 7:20 20,45
30%C70%S
Analysis Gas: Helium Analysis Start: 28/07/2017 12:10:29PM
Reported: 28/07/2017 12:18:44PM Analysis End: 28/07/2017 12:18:20PM
Sample Mass: 68,1800 g Equilib. Rate: 0.050 psig/min
Temperature: 20,44 °C Expansion Volume: 74,6390 cm3
Number of Purges: 3 Cell Volume: 108,4400 cm?

Psig (pound-force per square inch gauge
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50%C50%S
Cycle | Volume Volume Deviation Density Density Deviation Elapsed Time Temperature
# (cm?d) (cm?d) (g/cm3) (g/cm3) (mm:ss) (°C)
1 23,3066 0,0393 2,4693 0,0042 4:59 20,40
2 23,3550 0,0091 2,4641 0,0010 6:57 20,44
3 23,3761 0,0303 2,4619 0,0032 8:54 20,45

50%C50%S

Analysis Gas: Helium Analysis Start: 28/07/2017 11:56:11PM
Reported: 28/07/2017 12:07:38PM Analysis End: 28/07/2017 12:06:06PM
Sample Mass: 57,5500 g Equilib. Rate: 0,050 psig/min
Temperature: 20,43 °C Expansion Volume: 74,6390 cm3
Number of Purges: 3 Cell Volume: 108,4400 cm?

Psig (pound-force per square inch gauge
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Densit
Cycle | Volume Volume Deviation Density Deviati):)n Elapsed Time Temperature
# (cm?d) (cm?d) (g/cm3) (g/cm3) (mm:ss) (°C)
1 16,7121 0,0427 2,1900 0,0056 4:52 20,44
2 16,7490 0,0058 2,1852 0,0007 6:27 20,41
3 16,8033 0,0485 2,1781 0,0063 8:28 20,45

Analysis Gas: Helium Analysis Start: 28/07/2017 11:42:33PM
Reported: 28/07/2017 11:53:20PM | Analysis End: 28/07/2017 11:52:12PM
Sample Mass: 36,6000 g Equilib. Rate: 0.050 psig/min
Temperature: 20.43 °C Expansion Volume: 74,6390 cm3

Number of Purges: 3 Cell Volume: 108,4400 cm?3

Psig (pound-force per square inch gauge
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APPENDIX G: Tracer Data

Tracer results for 100% compost

Round 1 Round 2 Round 3

Time (minutes) (Ep%/cm) Time (minutes) (EpCS/cm) -(rrlnni]neutes) (EpCS/cm)
0,62 160,30 0,70 156,20 0,60 163,30
1,02 157,00 1,63 154,30 2,17 162,00
1,50 153,60 3,20 156,80 2,80 160,80
2,17 155,20 4,50 168,10 3,12 161,30
3,78 167,20 5,68 178,80 4,23 174,40
4,33 173,50 6,63 175,90 5,15 185,30
5,28 181,70 7,90 162,00 5,93 187,90
6,02 184,10 10,42 166,80 6,65 186,70
6,60 184,80 12,62 158,30 7,95 181,10
7,70 179,70 14,35 157,70 9,13 177,80
9,15 173,70 15,65 157,40 10,12 173,60
9,97 168,00 16,23 156,30 11,35 170,60
10,60 168,50 17,65 156,10 12,82 165,30
11,60 161,10 19,32 156,50 13,08 163,20
12,90 161,50 20,50 156,90 16,00 163,80
13,62 158,70 23,60 157,30 17,55 163,30
14,53 159,40 24,60 155,60 19,20 161,90
15,32 155,80 20,07 161,80
16,32 158,60 22,03 162,40
17,37 160,00 23,88 162,10
18,97 159,30 26,78 160,60
20,48 157,30 29,08 163,10
22,13 159,80
24,70 159,60

Tracer results for 70% compost 30% sand
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Round 1 Round 2 Round 3
Time (Minutes) (uglgm) Time (Minutes) (“SE/Sm) Time (Minutes) (uSE/Sm)
0,22 162,80 0,30 161,00 0,32 161,30
0,50 161,50 0,63 161,60 0,68 161,40
1,00 161,00 1,05 161,40 1,12 160,20
2,12 157,80 2,40 164,70 1,70 158,80
2,58 159,90 3,28 162,00 2,17 148,80
3,27 159,30 3,82 161,10 2,90 158,50
3,83 161,70 4,33 163,30 3,57 160,50
4,32 161,40 4,80 166,10 4,38 165,10
5,00 164,00 5,23 196,10 4,95 164,50
572 167,00 5,67 163,30 5,62 167,60
6,22 170,90 6,32 176,60 6,45 174,70
6,68 176,10 6,75 177,50 6,82 178,90
7,10 175,00 7,17 181,70 7,68 182,10
8,05 178,20 7,63 182,70 8,35 184,60
8,65 182,00 8,25 185,50 8,93 179,80
9,48 181,30 8,90 186,90 9,95 187,30
10,25 178,40 9,30 184,80 10,27 184,10
11,45 184,00 9,68 185,70 10,90 185,90
12,10 187,90 10,12 187,80 11,37 187,80
12,67 189,30 10,53 187,30 11,85 190,00
13,45 182,50 11,03 189,40 12,25 193,40
14,50 180,00 11,45 187,60 12,67 188,20
14,90 181,60 11,97 189,10 13,18 188,30
15,90 176,30 12,47 193,70 13,83 187,00
16,30 173,80 12,95 189,10 14,45 187,00
16,82 174,70 13,33 187,80 14,98 184,40
17,43 174,30 13,78 187,50 15,58 181,50
17,95 170,40 14,58 187,50 16,32 181,20
18,83 169,50 15,23 183,60 17,25 178,00
19,28 168,60 15,67 180,50 18,48 174,50
19,78 169,30 16,03 182,10 18,82 171,90
20,20 168,70 16,55 179,60 20,47 170,20
20,67 165,80 17,33 174,10 20,83 169,40
21,07 167,00 17,85 172,00 21,33 169,80
21,50 166,80 18,78 171,30 21,72 168,50
21,90 165,60 23,47 165,70 22,05 166,70
22,33 167,50 23,80 169,10 22,82 168,20
22,83 166,00 25,72 163,40 23,22 166,60
23,33 166,70 26,22 165,60 23,62 166,00
23,87 164,00 26,97 164,50 24,18 164,20
24,47 164,60 27,98 164,50 24,55 168,10
26,73 163,00 28,75 163,70 24,97 164,80
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Round 1 Round 2 Round 3
27,55 163,70 25,45 165,60
28,00 162,50 26,43 165,30
28,43 162,00 26,47 165,00
29,02 164,60 26,98 165,80
27,60 164,90
28,13 164,30
28,62 168,70
29,10 165,40
29,63 165,30
30,50 168,80
31,03 165,60
31,45 168,30
31,85 167,00
32,27 163,50
32,78 165,30
33,20 164,30
33,58 165,10

Tracer results for 50% compost 50% sand
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Round 1 Round 2 Round 3

Time (minutes) (Eu%/cm) Time (minutes) (Eu%/cm) Time (minutes) (EuCS/cm)
0,55 171,40 0,75 162,00 0,83 165,50
1,02 161,40 1,02 166,60 1,58 167,90
1,25 163,50 1,32 166,00 1,85 172,20
1,88 169,20 2,30 172,50 2,38 176,00
2,57 172,80 2,88 179,90 2,92 178,90
3,30 175,20 3,72 188,80 3,95 189,30
4,25 184,00 4,42 194,40 5,32 197,30
4,95 188,80 517 197,30 6,23 191,70
5,77 187,00 5,93 193,70 6,82 189,10
6,75 186,30 6,60 189,60 8,45 184,30
7,83 178,00 7,23 186,10 8,58 179,30
8,62 176,80 7,85 181,10 9,33 174,40
9,70 169,00 8,70 176,60 10,23 172,80
10,53 169,10 9,43 174,30 11,38 171,40
11,38 169,30 10,70 167,30 12,00 170,60
12,38 165,50 12,12 168,50 12,55 169,40
13,22 165,00 13,82 169,40 13,42 169,60
14,20 165,80 16,03 168,70 14,32 169,40
15,22 166,60 17,88 167,30 15,43 168,80
15,25 167,10 19,35 167,90 17,30 170,30
17,27 164,70 21,30 164,80 18,18 169,10
18,55 167,50 23,50 166,60 19,08 168,40
19,78 167,50 25,57 167,00 22,43 170,50
20,65 166,60 27,97 168,00 23,05 170,90
22,05 167,80 30,02 167,90 24,32 169,30
23,50 167,20 32,48 165,00 25,98 171,10
25,20 166,80 33,57 167,00 27,32 171,00
26,62 165,50 35,67 168,50 28,32 169,20
30,27 165,90 29,60 169,80
31,32 170,10

34,63 169,70
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Tracer results for 30% compost 70% sand

Round 1 Round 2 Round 3

Time (minutes) I(E“Célcm) Time (minutes) I(EpCS/cm) Time (minutes) (EpCS/cm)
0,53 171,90 0,72 173,10 1,00 165,80
1,03 171,30 0,93 169,30 1,30 168,60
1,25 169,00 2,95 171,60 1,52 166,40
1,97 177,50 4,15 191,90 2,23 178,90
2,90 183,50 4,95 199,80 3,58 193,80
3,67 192,20 5,78 200,00 4,63 197,90
4,35 196,40 6,42 197,60 5,37 200,00
5,20 198,10 7,23 194,70 6,20 196,50
5,80 192,80 8,28 190,20 6,93 192,80
6,82 186,60 9,78 185,00 7,53 188,70
7,50 183,20 10,63 178,50 8,75 180,60
9,07 177,30 12,47 175,40 9,87 180,30
9,73 176,20 13,25 172,70 10,80 178,00
10,52 172,80 14,88 172,10 11,37 175,00
11,32 175,40 15,87 169,60 13,28 174,40
12,02 169,80 18,40 167,70 13,72 174,70
13,25 172,70 19,15 167,70 14,85 172,70
14,57 171,30 19,95 170,50 16,23 170,90
15,55 167,90 21,07 170,90 18,30 170,90
16,37 165,30 22,28 165,90 19,28 171,50
17,10 171,20 23,12 169,80 20,32 172,90
18,68 171,00 25,73 172,00 21,05 171,50
19,68 171,40 27,08 170,80 22,60 170,70
21,37 171,00 28,43 171,00 23,57 170,70
24,58 171,20

25,45 171,10

26,90 169,80

29,57 169,50

30,78 168,70

33,72 169,40

35,08 173,00

36,47 170,90

37,40 172,20

39,35 167,20
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Tracer results for 100% sand

Round 1 Round 2 Round 3
EC EC EC

Time (minutes) (US/cm) | Time (minutes) (uS/cm) | Time (minutes) (US/cm)
0,07 171,00 0,65 174,50 0,52 176,60
0,98 173,70 1,12 174,00 1,07 175,00
2,43 183,10 2,48 181,80 1,75 173,20
2,95 191,30 3,22 199,60 2,38 181,00
3,83 200,00 4,02 208,00 3,13 193,00
4,45 200,00 4,55 208,00 3,88 206,00
4,90 206,00 5,27 215,00 573 205,00
5,65 206,00 5,98 209,00 6,32 207,00
6,12 200,00 6,52 206,00 6,92 200,00
7,28 198,30 7,28 204,00 7,55 200,00
7,68 194,00 8,48 197,90 8,17 198,10
9,12 192,30 9,13 194,60 8,88 198,10
9,75 188,50 9,82 189,80 9,78 195,50
10,75 188,40 10,08 189,30 10,35 195,30
11,73 186,40 11,35 185,30 11,10 187,90
12,18 186,70 12,18 184,70 11,80 192,70
13,18 184,10 13,25 182,10 12,80 187,20
14,13 180,00 14,07 183,00 13,55 185,80
14,75 181,00 14,78 181,00 14,42 178,80
15,50 182,40 15,48 179,10 15,27 184,00
16,32 176,70 16,27 180,00 16,27 183,60
16,83 179,00 16,73 175,70 17,00 184,30
17,57 179,10 17,27 179,00 17,98 183,20
18,32 176,80 18,12 178,80 19,78 176,90
18,83 177,00 18,65 176,00 20,65 179,10
21,52 174,60 19,50 174,90 21,78 178,10
23,12 170,80 20,37 174,40 23,10 178,00
20,90 172,00 24,53 170,40
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APPENDIX H: Radial Convergent Test (RCT)

100% Compost: Round 1

25 30
Hydraulic residence time (minutes)

e Round 1 Observed —Round 1 Flt

Results from tracer testing on 100 % compost-round 1 (Correlation (r): 98%; RMSE:
1.85 mg/L).

100% Compost: Round 2

mg/L KCI
|_\
)]

0 5 10 15 20 25 30
Hydraulic residence time (minutes)

® Round 2 Observed —Round 2 Fit

Results from tracer testing on 100 % compost-round 2 (Correlation (r): 92%; RMSE:
3.34 mgl/L).
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100 % compost: Round 3

40

Hydraulic residence time (minutes)
® Round 3 Observed =—Round 3 Fit

Results from tracer testing on 100 % compost-round 3 (Correlation (r): 99%; RMSE:
1.65 mg/L).

70 % compost 30 % sand: Round 1

0 5 10 15 20 25 30

Hydraulic residence time (minutes)
® Round 1FIt =—Round 1 Fit

Results from tracer testing on 70 % compost and 30 % sand-round 1 (Correlation (r):
97%; RMSE: 2.48 mg/L).
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70 % Compost 30 % Sand: Round 2

0 5 10 15 20 25 30
Hydraulic residence time time (minutes)

® Round 2 Observed —Round 2 Fit

Results from tracer testing on 70 % compost and 30 % sand-round 2 (Correlation: (r)
90%; RMSE: 5.28 mg/L).

70 % Compost 30 % Sand: Round 3

0 10 20 30 40
Hydraulic residence time (minutes)

e Round 3 Observed —Round 3 Fit

Results from tracer testing on 70 % compost and 30 % sand-round 3 (Correlation (r):
95%; RMSE: 3.32 mg/L).
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50 % Compost 50 % Sand: Round 1

30 35
Hydraulic residence time (minutes)

e Round 1 Observed —Round 1 FIt

Results from tracer testing on 50 % compost and 50 % sand-round 1 (Correlation (r):
96 %; RMSE: 2.33 mg/L).

50 % Compost 50 % Sand: Round 2

40

Hydraulic residence time (minutes)

e Round 2 Observed —Round 2 Fit

Results from tracer testing on 50 % compost and 50 % sand-round 2 (Correlation (r):
98%; RMSE 2.18 mg/L).
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50 % Compost 50 % Sand: Round 3

0 5 10 15 20 25 30 35 40
Hydraulic residence time (minutes)

e Round 3 Observed —Round 3 Fit

Results from tracer testing on 50 % compost and 50 % sand-round 3 (Correlation (r):
95%, RMSE: 2.77 mgl/L).

30 % Compost 70 % Sand: Round 1

20 25
Hydraulic residence time (minutes)

® Round 1 Observed —Round 1 Fit

Results from tracer testing on 30 % compost and 70 % sand-round 1 (Correlation (r):
97%; RMSE: 2.71 mg/L).
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30 % Compost 70 % Sand: Round 2

40

35

30

O 25
%

= 20
(@)

e 15

10

0 5 10 15 20 25 30
Hydraulic residence time (minutes)

e Round 2 Observed —Round 2 Fit

Results from tracer testing on 30 % compost and 70 % sand-round 2 (Correlation (r):
(98%; RMSE: 3.08 mg/L; RMSE: 2.05 mg/L).

30 % Compost 70 % Sand: Round 3

50

Hydraulic residence time (minutes)

e Round 3 Observed —Round 3 Fit

Results from tracer testing on 30 % compost and 70 % sand-round 3 (Correlation (r):
98%; RMSE: 1.92 mg/L).
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100 % Sand: Round 1

25
Hydraulic residence time (minutes)

e Round 1 Observed —Round 1 Fit

Results from tracer testing on 100% sand-round 1 (Correlation (r): 98; RMSE: 2.3 mg/).

100 % Sand: Round 2

0 5 10 15 20 25
Hydraulic residence time (minutes)

® Round 2 Observed —Round 2 Fit

Results from tracer testing on 100% sand-round 2 (Correlation (r): 98%; RMSE: 3.11
mg/L).
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100 % Sand: Round 3

25 30

Hydraulic residence time (Minutes)

® Round 3 Observed —Round 3 Fit

Results from tracer testing on 100% sand-round 3. (Correlation (r): 96%; RMSE: 3.83
mg/L).

R2=0.5948
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APPENDIX I: Kinetic Modelled Data

Modelled sulphate and acetate utilisation with varying sulphate concentrations

500 mg/L Sulphate 700 mg/L Sulphate 900 mg/L Sulphate 1200 mg/L Sulphate
DHaR;/Z C_Acetate BEJS C_Sulphate BEJS C_Acetate BZJS C_Sulphate BSJS C_Acetate gs;—s C_Sulphate gs)-/rs C_Acetate gs;-s C_Sulphate
0,20 818,98 0,20 480,54 0,20 819,15 0,20 680,81 0,20 819,32 0,20 881,16 0,20 819,57 0,20 1181,80
0,40 796,02 0,40 460,00 0,40 796,19 0,40 660,27 0,40 796,35 0,40 860,62 0,40 796,60 0,40 1161,30
0,60 772,23 0,60 438,73 0,60 772,39 0,60 639,00 0,60 772,56 0,60 839,35 0,60 772,80 0,60 1140,00
0,80 747,61 0,80 416,72 0,80 747,77 0,80 616,98 0,80 747,93 0,80 817,33 0,80 748,18 0,80 1118,00
1,00 722,16 1,00 393,97 1,00 722,32 1,00 594,23 1,00 722,48 1,00 794,57 1,00 722,72 1,00 1095,20
1,20 695,89 1,20 370,50 1,20 696,05 1,20 570,75 1,20 696,21 1,20 771,09 1,20 696,45 1,20 1071,70
1,40 668,83 1,40 346,32 1,40 668,98 1,40 546,56 1,40 669,14 1,40 746,89 1,40 669,37 1,40 1047,50
1,60 640,98 1,60 321,45 1,60 641,13 1,60 521,67 1,60 641,29 1,60 721,99 1,60 641,52 1,60 1022,60
1,80 612,38 1,80 295,92 1,80 612,54 1,80 496,12 1,80 612,69 1,80 696,43 1,80 612,91 1,80 997,06
2,00 583,09 2,00 269,78 2,00 583,23 2,00 469,94 2,00 583,38 2,00 670,24 2,00 583,60 2,00 970,87
2,20 553,14 2,20 243,07 2,20 553,28 2,20 443,20 2,20 553,43 2,20 643,48 2,20 553,64 2,20 944,09
2,40 522,61 2,40 215,88 2,40 522,75 2,40 415,94 2,40 522,89 2,40 616,20 2,40 523,10 2,40 916,80
2,60 491,59 2,60 188,28 2,60 491,73 2,60 388,26 2,60 491,86 2,60 588,49 2,60 492,07 2,60 889,06
2,80 460,18 2,80 160,40 2,80 460,31 2,80 360,24 2,80 460,44 2,80 560,43 2,80 460,64 2,80 860,98
3,00 428,50 3,00 132,38 3,00 428,63 3,00 331,99 3,00 428,75 3,00 532,15 3,00 428,94 3,00 832,67
3,20 396,69 3,20 104,42 3,20 396,81 3,20 303,66 3,20 396,93 3,20 503,75 3,20 397,11 3,20 804,24
3,40 364,93 3,40 76,86 3,40 365,04 3,40 275,39 3,40 365,15 3,40 475,40 3,40 365,32 3,40 775,85
3,60 333,39 3,60 50,36 3,60 333,49 3,60 247,36 3,60 333,60 3,60 447,27 3,60 333,76 3,60 747,67
3,80 302,29 3,80 26,89 3,80 302,39 3,80 219,77 3,80 302,49 3,80 419,55 3,80 302,64 3,80 719,88
4,00 271,86 4,00 11,68 4,00 271,95 4,00 192,85 4,00 272,04 4,00 392,43 4,00 272,18 4,00 692,70
4,20 242,34 4,20 5,84 4,20 242,43 4,20 166,84 4,20 242,51 4,20 366,16 4,20 242,64 4,20 666,35
4,40 214,01 4,40 3,68 4,40 214,08 4,40 142,00 4,40 214,16 4,40 340,95 4,40 214,27 4,40 641,04
4,60 187,10 4,60 2,66 4,60 187,17 4,60 118,61 4,60 187,23 4,60 317,03 4,60 187,34 4,60 617,02
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500 mg/L Sulphate 700 mg/L Sulphate 900 mg/L Sulphate 1200 mg/L Sulphate
4,80 161,87 4,80 2,09 4,80 161,92 4,80 96,98 4,80 161,98 4,80 294,64 4,80 162,08 4,80 594,51
5,00 138,53 5,00 1,72 5,00 138,58 5,00 77,40 5,00 138,63 5,00 273,95 5,00 138,71 5,00 573,68
5,20 117,25 5,20 1,48 5,20 117,29 5,20 60,23 5,20 117,34 5,20 255,13 5,20 117,41 5,20 554,70
5,40 98,16 5,40 1,31 5,40 98,20 5,40 45,78 5,40 98,23 5,40 238,26 5,40 98,29 5,40 537,68
5,60 81,30 5,60 1,19 5,60 81,33 5,60 34,35 5,60 81,36 5,60 223,40 5,60 81,41 5,60 522,65
5,80 66,66 5,80 1,09 5,80 66,68 5,80 25,95 5,80 66,71 5,80 210,52 5,80 66,74 5,80 509,60
6,00 54,13 6,00 1,02 6,00 54,15 6,00 20,20 6,00 54,17 6,00 199,52 6,00 54,20 6,00 498,44
6,20 43,59 6,20 0,97 6,20 43,60 6,20 16,41 6,20 43,62 6,20 190,28 6,20 43,64 6,20 489,04
6,40 34,83 6,40 0,93 6,40 34,84 6,40 13,91 6,40 34,85 6,40 182,62 6,40 34,86 6,40 481,24
6,60 27,64 6,60 0,90 6,60 27,65 6,60 12,25 6,60 27,66 6,60 176,35 6,60 27,67 6,60 474,85
6,80 21,82 6,80 0,87 6,80 21,82 6,80 11,10 6,80 21,83 6,80 171,28 6,80 21,84 6,80 469,66
7,00 17,14 7,00 0,86 7,00 17,14 7,00 10,30 7,00 17,15 7,00 167,21 7,00 17,15 7,00 465,50
7,20 13,41 7,20 0,84 7,20 13,41 7,20 9,72 7,20 13,42 7,20 163,97 7,20 13,42 7,20 462,18
7,40 10,46 7,40 0,83 7,40 10,46 7,40 9,30 7,40 10,47 7,40 161,41 7,40 10,47 7,40 459,56
7,60 8,14 7,60 0,82 7,60 8,14 7,60 8,99 7,60 8,14 7,60 159,40 7,60 8,14 7,60 457,49
7,80 6,32 7,80 0,82 7,80 6,32 7,80 8,76 7,80 6,32 7,80 157,83 7,80 6,32 7,80 455,87
8,00 4,90 8,00 0,81 8,00 4,90 8,00 8,59 8,00 4,90 8,00 156,60 8,00 4,90 8,00 454,61
8,20 3,79 8,20 0,81 8,20 3,79 8,20 8,46 8,20 3,79 8,20 155,64 8,20 3,79 8,20 453,63
8,40 2,93 8,40 0,80 8,40 2,93 8,40 8,36 8,40 2,93 8,40 154,90 8,40 2,94 8,40 452,86
8,60 2,27 8,60 0,80 8,60 2,27 8,60 8,28 8,60 2,27 8,60 154,32 8,60 2,27 8,60 452,27
8,80 1,75 8,80 0,80 8,80 1,75 8,80 8,22 8,80 1,75 8,80 153,88 8,80 1,75 8,80 451,81
9,00 1,35 9,00 0,80 9,00 1,35 9,00 8,18 9,00 1,35 9,00 153,53 9,00 1,35 9,00 451,46
9,20 1,04 9,20 0,80 9,20 1,04 9,20 8,14 9,20 1,04 9,20 153,26 9,20 1,04 9,20 451,18
9,40 0,81 9,40 0,80 9,40 0,81 9,40 8,12 9,40 0,81 9,40 153,06 9,40 0,81 9,40 450,97
9,60 0,62 9,60 0,80 9,60 0,62 9,60 8,10 9,60 0,62 9,60 152,90 9,60 0,62 9,60 450,81
9,80 0,48 9,80 0,80 9,80 0,48 9,80 8,08 9,80 0,48 9,80 152,78 9,80 0,48 9,80 450,68
10,00 0,37 10,00 0,80 10,00 0,37 10,00 8,07 10,00 0,37 10,00 152,68 10,00 0,37 10,00 450,58
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Modelled sulphate and acetate utilisation with varying acetate concentrations

200 mg/L Acetate 500 mg/L Acetate 700 mg/L Acetate 800 mg/L Acetate

gg;-s C_Acetate BEJS C_Sulphate BEJS C_Acetate BEJS C_Sulphate BSJS C_Acetate gs;—s C_Sulphate gs)-/rs tCe_Aceta gs;-s g_Su Iphat
0,20 188,55 0,20 489,65 0,20 481,92 0,20 483,55 0,20 679,88 0,20 481,52 0,20 779,20 0,20 480,79
0,40 177,13 0,40 479,44 0,40 462,94 0,40 466,58 0,40 658,24 0,40 462,17 0,40 756,59 0,40 460,56
0,60 165,92 0,60 469,42 0,60 443,58 0,60 449,27 0,60 635,93 0,60 442,22 0,60 733,18 0,60 439,64
0,80 154,97 0,80 459,62 0,80 423,88 0,80 431,65 0,80 612,96 0,80 421,69 0,80 708,99 0,80 418,01
1,00 144,29 1,00 450,08 1,00 403,87 1,00 413,77 1,00 589,35 1,00 400,58 1,00 684,03 1,00 395,70
1,20 133,94 1,20 440,82 1,20 383,62 1,20 395,66 1,20 565,13 1,20 378,94 1,20 658,30 1,20 372,70
1,40 123,94 1,40 431,88 1,40 363,16 1,40 377,38 1,40 540,32 1,40 356,77 1,40 631,82 1,40 349,05
1,60 114,33 1,60 423,29 1,60 342,57 1,60 358,98 1,60 514,98 1,60 334,13 1,60 604,63 1,60 324,77
1,80 105,13 1,80 415,06 1,80 321,91 1,80 340,53 1,80 489,14 1,80 311,06 1,80 576,77 1,80 299,89
2,00 96,37 2,00 407,23 2,00 301,27 2,00 322,09 2,00 462,88 2,00 287,62 2,00 548,27 2,00 274,46
2,20 88,05 2,20 399,80 2,20 280,73 2,20 303,75 2,20 436,26 2,20 263,87 2,20 519,21 2,20 248,54
2,40 80,21 2,40 392,79 2,40 260,38 2,40 285,59 2,40 409,39 2,40 239,91 2,40 489,66 2,40 222,21
2,60 72,85 2,60 386,21 2,60 240,32 2,60 267,69 2,60 382,34 2,60 215,82 2,60 459,70 2,60 195,55
2,80 65,97 2,80 380,06 2,80 220,67 2,80 250,17 2,80 355,26 2,80 191,72 2,80 429,46 2,80 168,68
3,00 59,56 3,00 374,34 3,00 201,53 3,00 233,10 3,00 328,26 3,00 167,74 3,00 399,04 3,00 141,74
3,20 53,64 3,20 369,04 3,20 183,00 3,20 216,60 3,20 301,49 3,20 144,03 3,20 368,61 3,20 114,92
3,40 48,17 3,40 364,16 3,40 165,20 3,40 200,76 3,40 275,12 3,40 120,77 3,40 338,32 3,40 88,47
3,60 43,16 3,60 359,68 3,60 148,23 3,60 185,68 3,60 249,32 3,60 98,16 3,60 308,36 3,60 62,82
3,80 38,58 3,80 355,58 3,80 132,18 3,80 171,42 3,80 224,27 3,80 76,47 3,80 278,95 3,80 38,96
4,00 34,41 4,00 351,86 4,00 117,14 4,00 158,08 4,00 200,17 4,00 56,10 4,00 250,29 4,00 19,64
4,20 30,62 4,20 348,48 4,20 103,16 4,20 145,70 4,20 177,19 4,20 37,73 4,20 222,64 4,20 9,17
4,40 27,21 4,40 345,43 4,40 90,28 4,40 134,32 4,40 155,52 4,40 22,72 4,40 196,21 4,40 5,22
4,60 24,13 4,60 342,68 4,60 78,54 4,60 123,97 4,60 135,30 4,60 12,91 4,60 171,25 4,60 3,55
4,80 21,37 4,80 340,21 4,80 67,92 4,80 114,64 4,80 116,66 4,80 7,96 4,80 147,95 4,80 2,69
5,00 18,89 5,00 338,00 5,00 58,42 5,00 106,30 5,00 99,70 5,00 5,57 5,00 126,52 5,00 2,17
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200 mg/L Acetate

500 mg/L Acetate

700 mg/L Acetate

800 mg/L Acetate

5,20 16,68 5,20 336,02 5,20 49,99 5,20 98,93 5,20 84,47 5,20 4,30 5,20 107,06 5,20 1,84
5,40 14,71 5,40 334,27 5,40 42,56 5,40 92,47 5,40 70,97 5,40 3,54 5,40 89,68 5,40 1,62
5,60 12,96 5,60 332,70 5,60 36,09 5,60 86,85 5,60 59,16 5,60 3,05 5,60 74,38 5,60 1,45
5,80 11,41 5,80 331,32 5,80 30,47 5,80 81,99 5,80 48,95 5,80 2,72 5,80 61,11 5,80 1,33
6,00 10,03 6,00 330,09 6,00 25,64 6,00 77,83 6,00 40,24 6,00 2,48 6,00 49,78 6,00 1,25
6,20 8,82 6,20 329,00 6,20 21,51 6,20 74,29 6,20 32,88 6,20 2,31 6,20 40,23 6,20 1,18
6,40 7,74 6,40 328,04 6,40 17,99 6,40 71,29 6,40 26,72 6,40 2,18 6,40 32,30 6,40 1,13
6,60 6,80 6,60 327,20 6,60 15,02 6,60 68,75 6,60 21,63 6,60 2,08 6,60 25,77 6,60 1,09
6,80 5,96 6,80 326,45 6,80 12,51 6,80 66,62 6,80 17,43 6,80 2,01 6,80 20,46 6,80 1,06
7,00 5,23 7,00 325,79 7,00 10,40 7,00 64,84 7,00 14,01 7,00 1,95 7,00 16,17 7,00 1,03
7,20 4,58 7,20 325,22 7,20 8,63 7,20 63,35 7,20 11,23 7,20 191 7,20 12,74 7,20 1,02
7,40 4,01 7,40 324,71 7,40 7,16 7,40 62,11 7,40 8,98 7,40 1,87 7,40 10,01 7,40 1,00
7,60 3,51 7,60 324,26 7,60 5,93 7,60 61,08 7,60 7,17 7,60 1,85 7,60 7,84 7,60 0,99
7,80 3,08 7,80 323,87 7,80 4,90 7,80 60,22 7,80 571 7,80 1,83 7,80 6,14 7,80 0,98
8,00 2,69 8,00 323,53 8,00 4,06 8,00 59,52 8,00 4,55 8,00 1,81 8,00 4,79 8,00 0,98
8,20 2,36 8,20 323,23 8,20 3,35 8,20 58,93 8,20 3,62 8,20 1,80 8,20 3,74 8,20 0,97
8,40 2,06 8,40 322,97 8,40 2,77 8,40 58,44 8,40 2,87 8,40 1,79 8,40 2,92 8,40 0,97
8,60 1,80 8,60 322,74 8,60 2,29 8,60 58,04 8,60 2,28 8,60 1,78 8,60 2,27 8,60 0,96
8,80 1,58 8,80 322,53 8,80 1,89 8,80 57,71 8,80 1,81 8,80 1,77 8,80 1,77 8,80 0,96
9,00 1,38 9,00 322,36 9,00 1,56 9,00 57,43 9,00 1,44 9,00 1,77 9,00 1,38 9,00 0,96
9,20 1,21 9,20 322,20 9,20 1,28 9,20 57,21 9,20 1,14 9,20 1,76 9,20 1,07 9,20 0,96
9,40 1,06 9,40 322,07 9,40 1,06 9,40 57,02 9,40 0,90 9,40 1,76 9,40 0,83 9,40 0,96
9,60 0,92 9,60 321,95 9,60 0,87 9,60 56,86 9,60 0,72 9,60 1,76 9,60 0,65 9,60 0,96
9,80 0,81 9,80 321,85 9,80 0,72 9,80 56,74 9,80 0,57 9,80 1,75 9,80 0,50 9,80 0,96

10,00 0,59 10,00 56,63 10,00 0,45 10,00 1,75 10,00 0,39 10,00 0,96
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SULPHATE REDUCTION AND ACETATE UTILISATION FUNCTION (model 1)

Fitting function parameters used in generalised mathematical model

Sulphate —>
concentration

Function
parameters
Al 470 670 880 1180
A2 -30 -10 100 400
p 3.4 32 2,8 2,6
Xo 2,5 3 33 34
Sulphte Concentration vs Al
1400
1200
1000
_, 800
< 600
400
200 y = 1,0168X - 38,879
R2 = 0,9999
0
0 200 400 600 800 1000 1200 1400

Sulphate Concentration (mg/L)

Function for feed concentration (SO.%) versus Al
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y = -0,964In(x) + 9,4247
R? = 0,9651
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Sulphate Concentration vs X,

y = 0,2799x0:3573
0.5 R2 = 0,9204

0 200 400 600 800 1000 1200 1400

Sulphate Concentration (mg/L)

Function for feed concentration (SO4%) versus Xo
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APPENDIX J: Groundwater Map

Groundwater contour mai borehole information

1 29.95528 | -25.92861 | 1744,00 | 1744,00 | 0,00
2 30.06667 | -25.89583 | 1704,00 | 1692,00 | 12,00
3 29.90000 | -25.82778 | 1759,00 | 1759,00 | 0,00
4 29.97723 | -25.96556 | 1686,00 | 1683,87 | 2,13
5 29.93334 | -25.76666 | 1857,00 | 1849,00 | 8,00
6 29.96667 | -25.87723 | 1714,00 | 1704,00 | 10,00
7 29.83333 | -25.83250 | 1696,00 | 1686,00 | 10,00
8 30.10389 | -25.95000 | 1524,00 | 1518,00 | 6,00
9 30.01945 | -25.95694 | 1679,00 | 1673,21 | 5,79
10 29.96554 | -25.97723 | 1680,00 | 1670,00 | 10,00
11 29.92500 | -25.75473 | 1776,00 | 1769,00 | 7,00
12 29.92806 | -25.86834 | 1690,00 | 1685,40 | 4,60
13 30.01667 | -25.81528 | 1757,00 | 1757,00 | 0,00
14 30.06667 | -25.84694 | 1716,00 | 1716,00 | 0,00
15 29.95000 | -25.80667 | 1778,00 | 1772,00 | 6,00
16 30.00889 | -25.82045 | 1790,00 | 1790,00 | 0,00
17 30.03056 | -25.76111 | 1855,00 | 1855,00 | 0,00
18 30.03056 | -25.76114 | 1855,00 | 1850,00 | 5,00
19 29.92807 | -25.86834 | 1690,00 | 1679,34 | 10,66
20 30.01667 | -25.91250 | 1695,00 | 1677,00 | 18,00
21 30.06667 | -25.79305 | 1795,00 | 1765,00 | 30,00
22 29.98333 | -25.78084 | 1852,00 | 1852,00 | 0,00
23 30.00800 | -25.85288 | 1781,00|1781,00 | 0,00
24 30.00833 | -25.86028 | 1767,00 | 1760,30 | 6,70
25 29.96444 | -25.88140 | 1697,00 | 1697,00 | 0,00
26 30.00800 | -25.85290 | 1776,00 | 1769,50 | 6,50
27 30.00063 | -25.86422 | 1757,00 | 1749,90 | 7,10

Topo: Topography

WL: Water level
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APPENDIX K: Detail Designs with Remaining Substrates

100% Compost Substrate

Design Parameters

Value

Unit

Source Term

Decant volume,

Error
value

Error
%

Volumetric flow (Q) rate 18,33 m3/day | plus 10% safety
factor
18333,33 L/day
Hydraulic Conductivity (K) 41,687 m/d Experimentally 0,2720 0,6526
calculated
Porosity (n) 0,7068 Experimentally | hoas | 11948
calculated
General
HRT 4,0 Days Mathematical
Model
. . . Calculated (site
Hydraulic gradient (i) 0,051 specific)
Seepage Velocity 2,98 m/d Calculated 0,055 1,847
Length 11,93 m Calculated 0,220 1,847
Depth 1,20 m Design
parameter
Cross-sectional area (A) 8,70 m? Design
parameter
Width 7,25 m Calculated
Void Volume 103,75 m3 Calculated 1,917 1,847
Volume compost required 3
(100% of substrate volume) 103,75 m Calculated 1,917 1,847
i 0,
Volume sand required (0% of 0.00 m3 Calculated 0.00 1,847
substrate volume)
. Experimentally
3
Dry density compost 469,90 Kg/m calculated 10,00 2,128
Mass compost required 48754,01 Kg Calculated 1938,207 | 3,975
Physicochemical design factors
: Error Error
Value Unit Source Term value %
Molar mass sulphate 96,06 g/mol Literature - -
96062,60 mg/mol - -
Molar mass compost 170,00 g/mol Literature - -
Ratio (compost/acetate) 1,68 Literature - -
Useable compost by mass 0,30 Literature - -
. Experimentally
3
Dry density compost 469,90 kg/ m calculated 10,00 2,128

Influent sulphate
concentration

700,00

mg/L

Site specific
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: : Error Error
Design Parameters Value Unit Source Term value %
Target sulphate concentration 250,00 mg/L D%NS (.IUCMA) - -
equirement
General
Effluent (product) sulphate Mathematical
concentration 195,20 mg/L Model with 4 day
HRT
Sulphate removed 504,80 mg/L - -
9254666,67 mg/day - -
Moles sulphate removal rate 96,34 mol/day Calculated - -
DOC removal rate 96,34 mol/day Calculated - -
Moles avaulaple compost 161,75 mol/day Calculated - -
required
Total microbial available
compost required over 85730,04 moles Calculated - -
operational time
Mass available compost | 1457410624 | gram Calculated . .
required
Useable and unusable mass
compost (simple and complex | 48580354,15 gram Calculated - -
organics)
Useable and unusable mass
compost (simple and complex 48580,35 Kg Calculated - -
organics)
Volume compost required 103,38 m3 Calculated
Maximum operation time 530,00 days Design - -
parameter
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70% compost 30% sand substrate

Design Parameters

Value

Unit

Source Term

Decant volume,

Error
value

Error
%

Volumetric flow (Q) rate 18,33 m3/day | plus 10% safety
factor
18333,33 L/day
Hydraulic Conductivity (K) 41,06 mig | Experimentally 5000 | 0 6626
calculated
Porosity () 0,6161 Experimentally | 1074 | 11948
calculated
General
HRT 4,0 Days Mathematical
Model
. . . Calculated (site
Hydraulic gradient (i) 0,050 specific)
Seepage Velocity 3,34 m/d Calculated 0,062 1,857
Length 13,37 m Calculated 0,248 1,857
Depth 1,20 m Design
parameter
Cross-sectional area (A) 8,90 m2 Design
parameter
Width 7,42 m Calculated
Void Volume 119,03 m3 Calculated 2,211 1,857
Volume compost required 3
(70% of substrate volume) 83,32 m Calculated 1,548 1,857
i 0,
Volume sand required (30% of 3571 m3 Calculated 0.66 1,857
substrate volume)
. Experimentally
3
Dry density compost 469,90 Kg/ m calculated 10,00 2,128
Mass compost required 39151,98 Kg Calculated 1560,382 | 3,985
Physicochemical design factors
Value Unit Source Term Sl ST
value %
Molar mass sulphate 96,06 g/mol Literature - -
96062,60 mg/mol - -
Molar mass compost 170,00 g/mol Literature - -
Ratio (compost/acetate) 1,68 Literature - -
Useable compost by mass 0,30 Literature - -
Dry density compost 469,90 Kg/ m3 Experimentally 10,00 2,128
calculated

Requirement

) Error Error
Value Unit Source Term vElE %
Influent sulphate 700,00 mg/L Site specific - -
concentration
Target sulphate concentration 250,00 mg/L DWS (UCMA) - )
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: : Error Error
Design Parameters Value Unit Source Term value %
General
Effluent (product) sulphate Mathematical
concentration 195,20 mg/L Model with 4
day HRT
Sulphate removed mg/I 504,80 mg/L - -
9254666,67 mg/day - -
Moles sulphate removal rate 96,34 mol/day Calculated - -
DOC removal rate 96,34 mol/day Calculated - -
Moles avaulaple compost 161,75 mol/day Calculated - -
required
Total microbial available
compost required over 69554,56 moles Calculated - -
operational time
Weight available compost | 1185457488 |  gram Calculated . .
required
Useable and unusable mass
compost (simple and complex | 39414249,59 gram Calculated - -
organics)
Useable and unusable mass
compost (simple and complex 39414,25 Kg Calculated - -
organics)
Volume compost required 83,88 m3 Calculated
Maximum operation time 430,00 days Design - -
parameter
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30% compost 70% sand

Design Parameters

Value

Unit

Source Term

Decant volume,

Error
value

Error
%

Volumetric flow (Q) rate 18,33 m3/day | plus 10% safety
factor
18333,33 L/day
Hydraulic Conductivity (K) 20,162 mig | Bxeerimentally |, 5000 | 1 3403
calculated
Porosity (n) 0,5282 Experimentally | 5563 | 1 1948
calculated
General
HRT 4,0 Days Mathematical
Model
. . . Calculated (site
Hydraulic gradient (i) 0,051 specific)
Seepage Velocity 1,93 m/d Calculated 0,049 2,544
Length 7,71 m Calculated 0,196 2,544
Depth 1,20 m Design
parameter
Cross-sectional area (A) 18,00 m2 Design
parameter
Width 15,00 m Calculated
Void Volume 138,84 m3 Calculated 3,532 2,544
i 0,
Volume compost required (30% 41.65 m? Calculated 1,060 | 2,544
of substrate volume)
i 0,
Volume sand required (70% of 97.19 ME Calculated 2472 | 2,544
substrate volume)
. Experimentally
3
Dry density compost 469.90 Kg/m calculated 10,00 2,128
Mass compost required 19571.75 Kg Calculated 914,429 | 4,672
Physicochemical design factors
Value Unit Source Term STl ST
value %
Molar mass sulphate 96,06 g/mol Literature - -
96062,60 mg/mol - -
Molar mass compost 170,00 g/mol Literature - -
Ratio (compost/acetate) 1,68 Literature - -
Useable compost by mass 0,30 Literature - -
. Experimentally
3
Dry density compost 469,90 kg/ m calculated 10,00 2,128

Requirement

. Error Error
Value Unit Source Term value %
Influent sulphate concentration 700,00 mg/L Site specific - -
Target sulphate concentration 250,00 mg/L DWS (IUCMA) - -
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Error

Error

Design Parameters Value Unit Source Term e %
General
Effluent (product) Mathematical
sulphate concentration 195,20 mg/L Model with 4
day HRT
Sulphate removed mg/I 504,80 mg/L - -
9254666,67 | mg/day - -
Moles sulphate removal rate 96,34 mol/day Calculated - -
DOC removal rate 96,34 mol/day Calculated - -
Moles avallaple compost 161,75 mol/day Calculated - -
required
Total mlcroblal avallab_le compost 3121867 moles Calculated i i
required over operational time
Weight available compost 530717454 | gram Calculated : .
required
Useable and unusable mass
compost (simple and complex 17690581,79 gram Calculated - -
organics)
Useable and unusable mass
compost (simple and complex 17690,58 Kg Calculated - -
organics)
Volume compost required 37,65 m3 Calculated
Maximum operation time 193,00 days Design - -
parameter

The 100% sand substrate contains no organic material. No detail design was therefore conducted for

100% sand substrate.
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