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ABSTRACT

The contamination of the environment with wastewaters emanating from different operations
and industrial activities has been an issue of prime concern to national and international
research communities. Grossly, acid mine drainage (AMD) and municipal wastewater (MWW)
are the most common waste streams that pose major environmental threats to surface and
ground waters if left untreated. Specifically, trivalent (e.g., Fe** and AI**) and divalent (e.g.,
Mg?*, Ca®*, and Mn?*) ions including rare earth metals contained in acid mine drainage (AMD)
have strong affinity to phosphate contained in municipal wastewater (MWW). Therefore, their
sequential treatment could be feasible, particularly when viewed under reuse, recycle, and
resource recovery paradigm in wastewater management. Due to stringent environmental
regulation, contaminants embodied in AMD and MWW exceed the prescribed limits for
different defined uses hence they need to be managed prior discharge into the environment. In
this study, the recovery of phosphate as calcium phosphate from municipal wastewater using
hydrated lime was explored. The generated sludge, known as calcium phosphate, was used for
the removal of heavy metals from acidic effluents. In light of subsequent stages, it is crystally
clear that this study is stratified into two-phases, of which, phase one is the synthesis if calcium
phosphate from MWW using lime, and phase two is the employment of calcium phosphate for
the removal of metals from acidic effluents. To fulfil the goals of this study, the one factor-at-
a-time (OFAAT) parameters were explored, and they include the effect of contact time,
feedstock dosage, concentration and pH. The resultant sludge was ascertained using different
state of art analytical techniques and equipment such as the X-ray diffraction (XRD), Focused
ion beam (FIB) and high-resolution (HR) field emission scanning electron microscopy (FE-
SEM), coupled with Electron Dispersion Spectroscopy (EDS) capabilities. Thenceforth, the
PH REdox EQuilibrium (PHREEQC) (in C language) was used to substantiate the
experimental results. The aqueous samples were characterised using Atomic Absorption
Spectrometer (AAS) and anions were ascertained using lon chromatography (IC). All
experiments were done in triplicates and the results were reported as mean values. Findings
from this study revealed the following: (a) In the first part of the study, MWW was reacted
with calcium hydroxide to synthesize calcium phosphate. Approximately 99% and 30%
removal efficacy for phosphate and nitrate, respectively, were observed from municipal
wastewater using hydrated lime. The optimum conditions were observed to be solid: liquid

ratio of 0.06 g: 100 mL and contact time of 60 min, pH of 10. An increase in feedstock dosage
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resulted in pH increase, this could be attributed to the neutralisation process followed by
nucleation and precipitation of phosphate as calcium phosphate (Caz(POs)2), hence decreasing
phosphate concentration in the product water. The sludge obtained from this phase of the
project was used for the subsequent stage which is the removal of heavy metals from acidic

effluents.

(b) In the second part of this study, calcium phosphate was reacted with simulated and real
acidic effluents rich in heavy metals for their attenuation. The interaction of AMD with calcium
phosphate led to an increase in pH and a significant reduction in concentrations of metal
species. The optimum conditions were observed to be 60 min of mixing, and 1.0 g feedstock
dosage and pH 9.0. The removal of metals was observed to be dependent on pH. The metals
removal efficiency obeyed the sequence: Fe (99%) > Mn (95%) > Al (80%). The pH of reacted
AMD was (> 10). The removal of metals from aqueous solution was independent of chemical
species concentration. The PHREEQC geochemical model also confirm that the species existed
as divalent, trivalent and oxyanions in aqueous solutions. Furthermore, metals were predicted
to precipitate as metal hydroxides. Specifically, the geochemical model explicitly showed that
Al was removed as AI(OH)3, Fe as Fe(OH)s. Al and Fe precipitated as iron (oxy)-hydroxides
and aluminium (oxy)-hydroxides. Mn precipitated as rhodochrosite and manganite. This would
explain the reduction of metal species in product water. The XRD confirmed the formation of
new mineral phases although most of it were amorphous in nature hence they could not be
detected under the XRD. Thenceforth, phosphate was removed to below the SANS 241-2: 2015
specifications, WHO standards, EPA guidelines and DWS water quality guidelines. In
conclusion, calcium phosphate was successfully synthesized from MWW using hydrated lime.
This denotes that Ca in hydrated lime scavenged the phosphate in MWW to form calcium
phosphate. Furthermore, the synthesized mineral phase proved to have strong neutralisation
capacity. Calcium phosphate has neutralised AMD and attenuated high levels of metal species
from acidic mine effluents. This study verified that the concept of circular economy and waste
beneficiation via the recovery of valuable minerals that could be valorised for secondary
application such as metals removal is feasible. This will go a long way in minimizing ecological

footprints associated with acid mine drainage and municipal wastewater discharge.

Keywords: Acid mine drainage, municipal wastewater, pollution, calcium phosphate, metals,

batch experiments; precipitation, geochemical modelling.
Vi
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WHO  World Health Organisation

XRD X-ray powder diffraction

XRF X-ray fluorescence

NB: Elements could be found on the periodic table.

XX
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CHAPTER ONE

INTRODUCTION

This chapter gives the background to the study with specific focus on the objectives of the
study, problem statement, motivation, and hypothesis. It concludes by giving the dissertation
outline or structure of the dissertation (First to last chapter).
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1.1 Background information

Ecological contamination with variety of wastewater streams emanating from anthropogenic
and geogenic activities has been a topical issue of prime concern to national, regional and
international scientific communities. This is crystally compounded by the magnitude of
ecological impacts posed by these wastewater streams. As such, custodians of the receiving
environment have developed stringent regulatory frameworks to ensure maximum protection
of the receiving environment and curtail potential impacts. Specifically, municipal wastewater
(MWW) and acid mine drainage (AMD) are commonly occurring waste streams in the
environment and their treatment is of great concern to preserve the quality of water resource
(Makhathini et al., 2020). AMD is an acidic and metalliferous drainage which is generated
from myriads of mining and industrial operations (Idaszkin et al., 2017; Jones and Cetin, 2017).
This effluent stream is generated from the oxidation of sulphide bearing minerals such as pyrite
(FeS2) and other reactive sulphide-bearing minerals when exposed to air and water releasing

acid, sulphate and metal ions into the environment.

Acidification of the water typically increases the solubility, mobility and bio-availability of
metals, raising the concentration of these to unacceptable and often toxic levels. Physico-
chemically, AMD comprise a yellowish to reddish colour, primarily due high concentration of
Fe which turns red post oxidation. The deposition of Fe as iron hydroxide lead to the
smoothening of the floor. Chemically, AMD constitute Fe, Al, Mn and sulphate as major
elements, Mg and Ca as intermediate, and As, Cr, Zn, Pb, Cu, Co, Mo as trace elements. The
embodied chemical species have been reported to pose numerous toxicological effects to living
organisms and afield (Azimi et al., 2017; Yadav et al., 2019). Depending in the host geology
and geological strata, radionuclides and rare earth metals can be prevalent in AMD and deposits
thereof. According to Masindi et al. (2019), the levels of contaminants in AMD could be Al
(200 mg L), Fe (2000 mg L), Mn (100 mg L), and sulphate (6000 mg L). These elements
are way above the prescribed limits for discharge and need to be removed prior the discharge
of these effluents to different receiving environments. Various passive, active, and hybrid
technologies have been employed for the treatment of acid mine drainage (AMD). Passive
treatment process rely on natural energy such as gravity and self-purification whereby a
neutralising agent or plants with affinity with certain contaminants are used (Vasquez et al.,

2016). Active treatment process rely on the use of neutralising agents (Skousen et al., 2019),

© University of Venda



)
o

&5 ) university of Venda
C

filtration (Qin et al., 2019), adsorption (Lee et al., 2015) and desalination (Lopez et al., 2018).
Of which, their hybrid generation is the combination of those two approaches in whichever
algorithm. The commonly used neutralisation agents include lime (Balladares et al., 2018;
Wang et al., 2019; Liu et al., 2015), soda ash (Masindi et al., 2017; Gorakhki and Bareither,
2015), and magnesite (Ngulube et al., 2018; Sadik et al., 2016), amongst others. The use of
alkaline agents for AMD treatment has been very popular and alternative sources of
neutralising agents should be considered to avoid their potential depletion and foster their
sustainability.

According to literature, real municipal wastewater comprise elevated levels of phosphate and
ammonia (Mavhungu et al., 2020) in addition to microbiological fractions (Ebrahim et al.,
2018) and organic substances (Assress et al., 2019). These elements have been posing
devastating effects to different receiving environments and compartments (Mavhungu et al.,
2019). They enrich the waterbodies with nutrients hence fostering the rapid growth of aquatic
plants (Masindi et al. 2021). A vicious cycle ensue when these plants dies since they consume
the water dissolved oxygen during aerobic decomposition hence devoiding the aquatic
ecosystem of life (Pefia-Guzman et al., 2019). The United Nation has a firm advocacy towards
circular economy and wastewater valorisation (Campanari et al., 2019). This could potentially
be explored in this context since phosphate enriched in municipal wastewater has strong
affinity to Al and Fe included in acid mine drainage (AMD). Latest studies have been exploring
the recovery of phosphate and ammonia in real municipal wastewater for the synthesis of
struvite and calcium phosphate (Mavhungu et al., 2020) but their secondary applications have

been merely explored.

In light of the above, these two wastewater streams [acid mine drainage (AMD) and real
municipal wastewater (RMWW)] could potentially be benefited specifically considering them
under the concept of circular economy, wastewater beneficiation and valorisation (Muhmood
etal., 2019). Stringent environmental regulations require these wastewater streams to be treated
prior discharge to different environments (Gebreeyessus et al., 2019). Conventionally, lime is
used in the removal of lime as calcium phosphate and it is mainly disposed into the landfill
(Monballiu et al., 2020). Recent innovation has been focusing on the valorisation of calcium
phosphate, Masindi et al. (2021) explored the use of calcium phosphate for the production of
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phosphoric acid. However, to the best of our knowledge, the application for neutralisation of
acidic and metalliferous wastewater has never been explored. This study intends to developed
a closed-loop and synergistic effect towards the management of AMD and MWW. This will
go a long way in conserving virgin and pristine materials through the use of recovered valuable

minerals.

1.2 Problem statement

The release of effluents rich in toxic and hazardous elements has been an issue of prime concern
to different ecological systems and end-users (Hembrom et al., 2020). Specifically, AMD
comprise heavy metals, oxyanions, metalloids, rare earth metals and radionuclides such as Al,
Fe, Mn, Zn, Cu, Pb, Ni, As, Cr, Mo and U, amongst others. According to toxicological and
epidemiological studies, chemical embodied in AMD could lead to numerous disorders in
living organisms. They can contribute to a number of eco-toxicological effects can be seen and
they include skin irritation to several cancers, kidney, gastric and liver damage, pulmonary
congestion, oedema, and other impairments to living organisms (Oberholster et al., 2021;
Castafio-Sanchez et al., 2020). On the other hand, municipal wastewater comprise nutrients,
microbial components, and organic matter amongst suspended solids (Roychand et al., 2020;
Yu et al., 2020; Sorokina, et al., 2020). Of prime concern, is the discharge of effluents rich in
nitrate and phosphate into the receiving environment (Wan et al., 2020). This enriches the
receiving ecosystem with nutrients hence accelerating the growth of aquatic plant (Banu et al.,
2020; Dong et al., 2020; He et al., 2020). When these plants dies, they deplete the water
dissolved oxygen due to aerobic decomposition leaving the water devoid of oxygen (Wu et al.,
2019). This will reduce the aesthetic value of the area and kills aquatic organisms (Bhagowati
and Ahamad, 2019; Karpowicz et al., 2020; Longley et al., 2019). Ingestion of high level of
nitrite could lead to blue baby syndrome and this affects the haemoglobin which is the carrier
of oxygen to the body systems (Pelaz et al., 2018; Ward et al., 2018; Wang et al., 2018).
Different water quality guidelines, specifications, and standards require these compounds to be
removed from final water before water could be discharged into the environment (Edition,
2011; SANS 241 -1, 2015). In light of their toxicological effects, the wastewater streams need
to be managed prior discharge into the environment. This study was therefore developed with
the aim of recovering phosphate from real municipal wastewater using hydrated lime and
explore its potential application in the removal of metals from acidic effluents from a mining

house or any industrial application such as metallurgical process. This will go a long way in
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curtailing ecological footprints and catastrophes associated with municipal wastewater and acid

mine drainage (AMD). This will also foster the concept of circular economy by demonstrating

the feasibility of recovering valuable minerals from wastewater and employ it for the treatment

of another wastewater in a circular economy fashion.

1.3

Objectives

1.3.1 Main objective

The overall aim of this study is recover phosphate from real municipal wastewater and explore

its potential application in the removal of metals from acidic and metalliferous mine effluents.

1.3.2 Specific objectives

To fulfil the overarching goal of this novel study, the following specific objectives will be

pursued:

14

Investigation of the physico-chemical properties of municipal effluents and acid mine
drainage (AMD) using different analytical techniques

Determination of the chemical and the mineralogical properties of the feed and product
minerals during the treatment process

Optimisation of the conditions that are suitable for the recovery of phosphate from
municipal effluents using hydrated lime as the feedstock

Optimisation of the conditions that are suitable for the treatment of acidic and
metalliferous mine effluent using the synthesized product mineral (calcium phosphate).
Employing the PH REdox EQuilibrium (in C language) (PHREEQC) geochemical
model to substantiate mechanisms that governs the removal of pollutants from aqueous
solutions

Comparing the quality of product water with different water quality guidelines,

specifications, and standards

Research questions

In order to address the main and specific objectives of this project, specific questions were

formulated. These led to tasks that had to be accomplished to achieve the objectives of this

project. The research questions were as follows:
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What are the physico-chemical properties of municipal effluents and acid mine
drainage (AMD) from Mpumalanga coal mine

What are the physicochemical and mineralogical properties of calcium hydroxide and
calcium phosphate?

What are the optimum conditions that are suitable for the synthesis of calcium
phosphate from municipal effluents using hydrated lime as the feedstock?

What are the optimum conditions that are suitable for the treatment of acidic and
metalliferous mine effluent using the synthesized calcium phosphate as feedstock?
What is the chemistry of processed water and the resultant solid residues after
interacting municipal wastewater with the calcium hydroxide?

What is the chemistry of the processed water and the resultant solid residues after
interacting AMD with calcium phosphate?

How does the quality of treated water compare with the South African water quality

guidelines?

The dissertation outline

This dissertation is divided into six chapters, each explaining different aspects of the

investigation in relation to the identified objectives and purpose of the study. A summary of

each chapter is given below.

Chapter one: Introduction

This chapter gives a brief background of the areas of study and its principal focus. It also

discuss the problem to be investigated, objectives that will be used to address the identified

problem of the study, and ultimately the structure of the dissertation.

Chapter two: Literature review

This chapter will give an in-depth review on the sources of pollution (acid mine drainage and

municipal wastewater), their ecological impacts in relation to toxicity, technologies that have
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been used for their removal, geochemical models for their attenuation and a summary of the

literature survey.
Chapter three: General materials and methods

This chapter will give detailed information on the materials and methods that were used to
achieve the outlined objectives of this study. Quality control measures will also be emphasized

in this section.

Chapter four: Recovery of phosphate using hydrated lime

This chapter pointed out the optimum conditions that were used for treatment of MWWTPs
using calcium hydroxide. The analytes of interest were NOs™ and PO4*. The chemistry of the
product residues and the fate of chemical species in MWW after the treatment process are
explained. Mechanisms of the precipitation process occurred were also reported in this section.
This chapter will explicitly discuss routes which were used to optimize the removal of
phosphate from wastewater using hydrated lime. The state-of-art and advanced analytical
techniques such as HR-SEM coupled with EDS, FTIR, XRF, XRD, and PHREEQC
geochemical model which were used to determine the composition of the Feed and product

materials will also be unpacked.

Chapter five: Removal of metals from acidic effluents using the synthesized calcium
phosphate

This chapter will meticulously elucidate routes which were used to optimize the removal of
metals from acidic effluents using the synthesized calcium phosphate. The state-of-art and
advanced analytical techniques such as HR-SEM coupled with EDS, FTIR, XRF, XRD, and
PHREEQC geochemical model which were used to determine the composition of the Feed and

product materials will also be unpacked.

Chapter six: General conclusion and recommendation
This chapter will infer an overarching conclusion towards the identified objectives of this study
and their success. It will also enumerate research gaps and potential research avenues that could

possibly be investigated in relation to the findings of this study.
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CHAPTER TWO

LITERATURE REVIEW

This chapter will give the general review on the sources of pollution (acid mine drainage
(AMD) and municipal wastewater), their ecological impacts in relation to toxicity, technologies
that have been used for their removal, geochemical model for their attenuation, and a summary

of the literature survey.
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2.1  Water pollution

South Africa is a water scarce country and the presence of MWW and AMD effluents in water
streams threatens the safety of this resource. Water is polluted if some substances or effluents
are present in water to such a way that the water cannot be utilized for the intended purpose.
Water contaminated by MWW and AMD poses detrimental threat to living organism,
especially when the water is used as a source of drinking and for domestic purposes. For
example, polluted waters are potent agents of diseases such as cholera, typhoid fever, and
tuberculosis in the life of a human (Owa, 2014). Water pollution by mining operations and
municipal wastewater effluents is of a major concern in South Africa. Spills or leakage of
effluents from mining and MWWTPs result in degradation of water quality due to toxic
chemicals, nutrients and heavy metals which are discharged from these operation (Jhariya et
al., 2016). Controlling and reducing water pollution is a significant concern to our society.

2.2 Municipal wastewater treatment plants as a source of water pollution

The human population in South Africa has been increasing at a high rate since the development

of science and technology. This indicates that waste which are being released are in large
amount that may surpass the capacity that the municipal wastewater treatments plants can
handle primarily due to an increase on the demands for food. However, the output of effluents
from MWWTPs and the removal of nutrients such as phosphate, nitrate and ammonia becomes
compromised. Phosphate and nitrate are among the most problematic pollutants in MWWTPs
and are highly affecting the surface and the groundwater globally.

Phosphorus in MWW is present mainly in the form of orthophosphate, polyphosphates, and
organic phosphorus (Ebbers, et al., 2015; Nejad, et al.,, 2013; Zamani et al., 2012).
Polyphosphates and organic phosphorus are converted to orthophosphate by hydrolysis/or
microbial mobilisation (Weiner, 2008). Orthophosphate is a soluble inorganic phosphate, and
remains the only form of phosphorus, which is directly assimilated by most plants, including
algae (Hussain et al., 2011; Paleka and Deliyanni, 2009; Xu et al., 2010). The collective form
of the element in water usually alters continually due to the process of decomposition and
synthesis between organically bound forms and oxidized inorganic forms. Phosphate can also
be considered as a pollutant when discharged into water bodies if its concentration is higher

than the permissible limit in water (Duan et al., 2020).

16

© University of Venda



)
o

&5 ) university of Venda
C

Nitrate (NO3") is the major form of nitrogen that originate in natural waters and remains one of
the most frequent contaminants in surface water (Jagessar and Sooknundun, 2011). Ammonia,
ammonium, and ammonia hydroxides are another form of nitrogen which are present in natural
waters. Nitrate is a stable and highly soluble ion with low potential for co-precipitation or
adsorption (Tyagi et al., 2018). These properties make it difficult to be removed from the water.
Nitrate in water sources is related to nitrogen fertilizer and domestic wastewater. However, the
pollution of water resources by nitrate has become of great concern worldwide in recent years
(Ahmad et al., 2016).

2.3 Sources of nutrients contamination in MWWTPs

Phosphate and nitrate are a major nutrient contaminant and contribute significantly to water
pollution. Phosphate and nitrate commonly originate from human activities, animal wastes,
food-processing effluents, commercial fertilisers, agricultural land runoffs and household
detergents (Weiner, 2008; Shrimali and Singh, 2001; Alshameri et al., 2014; Zamparas and
Zacharias, 2014). Other sources include leached or weathered soils from igneous rocks and
mining. Phosphate rocks and ores are the main sources for phosphorus fertilizer production.
The inorganic phosphorus, which is the soluble part, is available for plants to be absorbed. By
the plant uptake, phosphorus ends in the food chain and is returned to the environment via
animal manure and human excreta (Ronteltap, 2009). Industries like plastic, metal treatment,
textile, plywood, household cleaning and pharmaceutical industrial effluents further increase
the level of nitrate contamination in the groundwater (Singh et al., 2006; Flyammer, 1995). The
underlying factors that influence nitrate increase in soil and water are industrial, stock breeding
and agricultural activities (Mikhak et al., 2017).

2.4 Environmental implication of MWW effluents

2.4.1 Impacts of MWW effluents on agriculture

Phosphorus and nitrate are essential nutrients to sustain life. Nitrate (NO3’) is found naturally
in the environment and is an important plant nutrient. However, phosphorus plays a key role in
energy metabolism, structural strength, genetic components, and photosynthesis processes
(Cong et al., 2020; Moriyama et al., 2020). In an agricultural point of view, the optimum range
of phosphorus concentration is vital to sustaining soil fertility and food crops production
(Pierzynski et al., 2005). Therefore, lack of phosphorus along with its low solubility causes

growth limit for plants. Phosphorus is one of the most important components of biochemical
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processes in a living organism, this is since phosphorus occurs in enzymes which catalyse
chemical reactions of biosynthesis and energy transfer in plants. Phosphorus is also a
component of nucleic acid, phytin, and phospholipids of plant cells (Karunanithi et al., 2015).
Phosphorus is also a very important microelement for plant growth including algal growth in
water (Abowei et al., 2010). Phosphates are absorbed by aquatic plants and algae and it

constitutes an integral part of their body component (Zamparas and Zacharias, 2014).

2.4.2 Impact of MWW effluents on human health

Phosphate is an essential nutrient for plants to live and is the limiting factor for plant growth in
many freshwater ecosystems. However the health problem associated with excessive use of
phosphate is not known. Like phosphate, nitrate (NOz") is found naturally in the environment
and is an important plant nutrient. However, nitrate exposure to human has several negative
health effects in such as goitre, thyroid disorder, stomach cancer, cytogenetic defects, and birth
defects (Ayyasamy et al., 2007; Song et al., 2012). Nitrate in drinking water is significantly
associated with methemoglobinemia, which is also known as "blue-baby syndrome.” Baby
formula mixed with nitrate-contaminated water exposes infants to nitrate. Nitrates in drinking
water can also affect certain adults and small children. Pregnant women can pass
methaemoglobin on to developing fetuses and low birth weights have been attributed to high
nitrates exposure in women (Chen, 1996; Shih et al., 1997)

2.4.3 Impact of MWW effluent on water

Environmental concerns associated with the discharge of nutrients such as phosphorus and
nitrate mainly involve its impact on water bodies which results in eutrophication (Nodeh et al.,
2017). Eutrophication is the process in which nutrient is enriched and the associated excessive
plant growth in water bodies (Du et al., 2019). It is part of the natural ageing process of lakes
and is increased by human impacts (Van Ginkel, 2011). Eutrophication limits the growth and
diversity of aquatic biota, and under extreme conditions, can causes fish to die. In this
phenomenon, high turbidity prevents the penetration of light into lower depths of water bodies
which reduce the growth of submerged aquatic vegetation and benthic organisms. Phosphorus
and nitrogen are the major causes of eutrophication in rivers and lakes (Pierzynski et al., 2005;
Syers et al., 2011). Large amounts of phosphate in the aquatic environments may cause
abnormal algae and aquatic plants growth which result in water quality reduction and depletion
of dissolved oxygen in the water bodies with negative impacts on the aquatic organisms and

the changes in taste, colour and loss of biodiversity (Barca et al., 2012). Therefore, the use of
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nutrients especially phosphorus in excessive amount should be considered as an important
environmental concern that causes eutrophication and it needs to be reduced and to be
controlled by means of severe measurements. As shown in Table 2.1, MWWTPs effluents are
mostly dominated by PO4*, NOs™ and NH4*. The concentrations of these pollutants are far

above the legal requirements.
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Table 2. 1. Comparison of the physiochemical characteristic of wastewater from different studies and legal requirement in accordance to WHO

Parameters

Streams pH TDS TSS POs* NOs NH4* References
(mgL*) (mgL™) (mgL*)  (mgL?) (mg L)

WWTP 5.6 740 - 7.4 20.5 - Daneshvar et al., (2019)
PCWWe 8.0 163 39 1.8 25 28.7 Hodges et al., (2017)
MWW 8.9 60 - 1.3 1.8 42.0 Mujtaba and Lee.,(2017)
Wastewater 7.2 52 - 9.3 10.5 26.5 Almomani et al., (2019)
Wastewater 6.8 180 - 0.9 11.3 7.8 Pham and Bui, (2020)
Wastewater 75 29.0 - 59 37.3 61.68 Rosli et al., (2020)
Dw® 7.3 171 - 11.73 4.87 50 Medhi and Thakur, (2018)
MWW - 257 184 2.8 1.2 37.8 Foladori etal., (2018)
DW - 446.3 - 7.42 16.6 56 Silambarasan et al., (2021)
Wastewater 6.7 4611 - 68 64 - Kotowska et al., (2018)
DS®) 8 250 190 19 0.9 - Sengar et al., (2018)
WHO 6.5-9.0 <450 <60 <5 <4 <20 WHO, 1999

¢PCWW-Petrochemical wastewater, "DW-Domestic wastewater, DS©- Domestic sewage
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2.5  Mining

Mining is the extraction of minerals and other geological materials of economic value from
deposits on the earth. Mining industries plays a huge role in national economic development,
and on the other hand, it undesirably impacts our environment in several ways. Since the the
development of large-scale mines, mining industry has been increasing rapidly. The issue of
mining disturbs large areas of land and water. The environmental problems associated with
mining activities are natural land degradation, air and water pollution with heavy metals,
organic and inorganic waste, negative impact on terrestrial and aquatic ecosystems, human
health and socio-economic (Ugya et al., 2018). Mining of coals, gold and metals produces
excess amount of solid and liquid wastes that are potentially hazardous to the environment and
water bodies (Jamal et al., 2015).

2.5.1 Mining and water pollution

Water is essential to sustain life on Earth. A prerequisite of sustainable development to monitor
uncontaminated water bodies such as streams, rivers, lakes, and oceans must be measured to
ensure good quality water. Mining operations can affect the health of living organism through

water.
2.6 Types of water pollution from mining operations

There are four main types of mining impacts on water quality including heavy metal
contamination and leaching, processing chemicals pollution, erosion, and sedimentation as
well as mine drainage. Variety of mine drainages have been studied in the literature. Mine
water can be divided into three main categories based on their acid/base properties (lakovleva
and Sillanp&a, 2013) such as acid mine drainage (AMD), neutral mine drainage (NMD) and
saline mine drainage (SMD). The pH values of these drainages vary depending on the elements
being mined and conditions at the mining sites (Rakotonimaro et al., 2017). AMD is regarded
as the major problem associated with the mining industry due to its toxicity (Moodley et al.,
2018).

2.6.1 Acid mine drainage

Working and closed mines are continuously discharging mine water onto the surface and
groundwater bodies. These mining effluents are characterized of high concentration of heavy
metals and acidity (Westholm et al., 2014; Park et al., 2019). AMD is the most significant

environmental pollution problem which is associated with mining industries (Naidu et al.,
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2019). Specifically, AMD is generated from gold, coal, and copper mining amongst other
mining activities and it is characterised by low pH content (<2 — 3.5) and high levels of heavy
metals, particularly Fe, Mn, Ni, Co, Zn and Cu (Foudhaili et al., 2019) which pose serious
threats to humans, plants, and aquatic organisms (Mativenga and Marnewick, 2018; Zhang et
al., 2019; Wu et al., 2020). According to Mulopo (2015), AMD is also characterised by high
content of total dissolved solids (TDS), high sulphates and heavy metals. The degree of
pollution by AMD to the environment is reliant on its composition and pH, which in turn may
differ depending on the geology of the mine sites or sources (Kefeni et al., 2017).

2.6.2 Sources of acid mine drainage

The main source of AMD is the oxidation of sulphide mineral ores, which are firstly exposed
to the environment through mining activities or natural weathering processes. AMD is mostly
formed in mine workings, waste-rock dumps, and tailings storage facilities where metal
sulphide minerals such as pyrite (FeS2), pyrrhotite (Feu-xS), chalcopyrite (CuFeS2) and
marcasite (FeSz) are exposed to oxygen, water and microorganisms during the mining of
minerals (Tutu et al., 2008; Costello, 2003; Diz, 1997; Bigham and Cravotta, 2016; Nleya et
al., 2016; Tomiyama et al., 2019; Rodriguez-Galan et al., 2019; Kebede et al., 2017). The
minerals and mining industries produce two sources of AMD generation which are primary

and secondary.

2.6.2.1 Primary sources include (Qiao et al., 2020):

e Mine rock dumps

e Tailings ponds

e Underground and open pit mine workings

e Underground pumped water

o Diffuse seeps from replaced overburden in rehabilitated areas
e Construction rock used in railway

e Haulage roadways and dams

2.6.2.2 Secondary sources are mainly (Liu et al., 2018):
e Mineral processing sludge pounds
e Rock chips

e Concentrated load-out
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e Stockpiles
e concentrate spills along roads

e emergency ponds

2.6.3 Prevention of AMD generation

The prevention of AMD formation at sources is regarded as the preferred option to control
AMD (Li et al., 2018). Generally, prevention is the reduction of factors that promotes the
generation of AMD such as oxygen supply, water penetration, leaching, sulfide mineral
disposal and bacteria (Win et al., 2020). AMD prevention comprises of several methods such
as special handling, segregation, encapsulation, dry and water cover (Kefeni et al., 2017).
Moreover, increasing the availability of minerals which neutralize acidity in AMD or
increasing the insinuated water pH could also be considered as an alternative option
(Kotsiopoulos and Harrison, 2017).

2.6.4 Formation and constituents of AMD

AMD is formed during the mining of mineral ores and waste materials with sulphide minerals
such as pyrite when exposed to water and oxygen. Acid generation and metals dissolution are
the primary problems associated with pollution from mining activities. It is also responsible for
the generation of acid and metals dissolution in coal and hard rocks (Joseph, 2018; Park et al.,
2019; Pak et al., 2016). Generally, pyrite is relatively stable under both acidic and alkaline
conditions in the presence of oxidants such as oxygen (O2) and ferric ion (Fe**) where it rapidly

dissolved as indicated by equation (2.1) to (2.4).

bacteria
2FeSy(5) + 7054 + 2H, 0 —— 2Fely) + 4Hl ) + 450554 2.1)
4Felyy + Oy + 4H(q — 4Felsy) +2H,0 (2.2)
FeSy(s) + 14Fe3* + 8H,0 — 15Fe?* + 2505, + 16H* (2.3)
FelS) + 3H,0; —» Fe(OH);() + 3Hf (2.4)

Equation (2.1) indicate that as pyrite gets exposed to oxygen and water, it then oxidized which
result in the release of hydrogen ion (H*), sulphate ions (SO4%) and ferrous iron (Fe3*). This
reaction of oxidation takes place in a very slow rate in undisturbed rock and the acid generated

during this course of reaction is buffered by water (Park et al., 2018). The exposed surface area
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of these sulphur-bearing rocks is increased by mining activities which allows excess generation
of acid to be beyond the water’s natural buffering capabilities (Masindi et al., 2018). Further
oxidation of Fe?* (ferrous iron) to Fe** (ferric iron) occurs in the presence of excess oxygen
and atmospheric oxygen which is precipitated as either ferric hydroxide (Fe(OH)3) (Eq. (2.3))
or consumed to dissolve more pyrite (Eqg. (2.4)) depending on the pH of the system. These
reactions from (2.1) to (2.4) briefly summarizes the formation of AMD from storm water and

oxygen weathering pyrite (Johnson and Hallberg, 2005; Tabelin et al., 2017).
2.7 Environmental implication of AMD

The general impact of AMD relies on local environmental conditions and differs significantly
depending on the geomorphology, climate, and post mining management of the affected
surroundings (McCarthy, 2011; Swer and Singh, 2004). As mentioned earlier, AMD introduces
sulphuric acid and toxic heavy metals into the environment (Minnaar, 2020; Dutta et al., 2020).
These toxic heavy metals are non-biodegradable and may contaminate drinking water which is
ingested by humans causing detrimental health problem (Rai et al., 2019; Ali et al., 2019).
Water pollution, deterioration of the ecosystem, and degradation of agricultural lands are some
of the visible environmental outcomes of AMD (Suh et al., 2017; Olias et al., 2017). This
section gives a detailed discussion of the impacts of AMD components on plant, water, aquatic

life, and animal life.

2.7.1 Impacts of AMD on agriculture

Mining activities can result in soil contamination over a large area (Alekseenko et al., 2018).
Pollution of soils by AMD poses adverse effects for plant growth and crop development. Plants
suffer oxidative stress upon exposure to heavy metals, leading to cellular damage and
disturbance of cellular ionic homeostasis, disturbing the physiology and morphology of plants
(Simate and Ndlovu, 2014). Most plants cannot tolerate low pH water because the high
hydrogen content causes inactivation of enzymes, restricting respiration and root uptake of
mineral salts and water (Bell et al., 2010). Agricultural activities which are close to the mining
projects are usually affected. Erosion of exposed soils extracted mineral ores, tailings, and fine
material in waste rock piles can result in substantial sediment loading to surface waters and
drainage ways. In addition, spills and leaks of hazardous materials and the deposition of
contaminated windblown dust can lead to soil degradation (Ugya et al., 2018). AMD can also
be toxic to vegetation; however, toxicity depends on discharged volume, pH, total acidity, and
concentration of dissolved chemical species (Qian et al., 2018). When rainwater fills the mines,
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it creates acid drainage causing contamination to the groundwater and local rivers.
Consequently, the aquatic life is potentially at risk, the vegetation on the surroundings are being
damaged, the soil is contaminated (Water, 2016). The pH is the most critical with respect to
aquatic life (Abdel-Satar et al., 2017). Acid mine drainage (AMD) can also cause a reduction
in diversity and a total number of macro-invertebrates and changes in community structure
(Gitari et al., 2006). Low pH of mine discharge results in solubility of heavy metals in water
and its high concentration causes toxicological effects on aquatic ecosystems (Rakotondrabe
etal., 2018).

2.7.2 Impact of AMD on human health

AMD is a unique pollutant because acid generation and discharge continue to occur even after
and when the mining process has closed or ceased. AMD pose a serious threat to the health of
humankind and ecological systems because it contains trace elements such as Cu, Cd, Pb, Ni,
As, and Zn which are not-biodegradable and thus tend to accumulate in living organisms
causing various diseases and disorders (Moreno et al., 2001; Carlson et al., 2002; Tepanosyan
et al., 2018). People may be exposed to AMD pollutants through indirect exposure by eating
food crops that are irrigated with AMD contaminated water. Explicitly, exposure to toxic and
hazardous metals, metalloids and oxyanions in AMD could lead to the following conditions,
skin irritation to several cancers, kidney, gastric and liver damage, pulmonary congestion,
oedema, and other impairments to living organisms (Machado et al., 2017). This is solely

based on the eco-toxicological and epidemiological reports (Andjelkovic et al., 2019).

2.7.3 Impact of AMD on water quality

Water pollution is one of the major problems associated with mining operations. AMD has
become a serious environmental concern for the long-term sustainability of the country’s fresh
water supply (McCarthy and Humphries, 2013). AMD is responsible for depositing a large
amount of acid to many streams throughout the coal producing regions. Mine water effluent
that contains toxic chemicals or heavy metals can escape, or be discharged, to local water
bodies causing contamination of surface and groundwater to the levels that can result in
degradation of water quality (Wright et al., 2018). Most of waste/dumps which are generated
from mining operation are radioactive, toxic, and carcinogens and their primary health effects
occur when consumed in water (Fungaro et al., 2012). The problem of AMD is not restricted
to the local area where mining operation is being practiced but may extend to distances if the

affected water can get discharged into the main water stream (Rezaie and Anderson, 2020).
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AMD impacts more frequently on the quality of ground water than that of surface water.
Therefore, mining activities poses a serious risk/threat for people accessing surface and
groundwater for drinking (Mativenga and Marnewick, 2018), as a result this could cause
several diseases which is harmful to human health when used for drinking. Meticulously, the
AMD introduce acidity in the receiving ecosystem hence altering the pH of a given ecosystem,
thenceforth, toxic metals gets introduced hence increasing the concentration of metals in water
(Skousen et al., 2019). The shift in the physico-chemical properties of the water will cause
species to die or migrate hence reducing the biodiversity of given area (Moodley et al., 2018).
Deposition of metals and their precipitation covers the floor of the river hence affecting benthic

organisms (Kaur et al., 2018).

2.7.4 Impact of AMD on aquatic life

The ecological health effects of AMD are most clearly seen in aquatic environments, such as
streams, lakes, and rivers where it can be harmful to fish and other species. Low pH of mine
water can result in the solubility of heavy metals in water when discharged into water bodies.
Acute exposure of high concentration of metals can kill organisms directly, while long term
exposure to lower pH can cause mortality or other effects, such as stunted growth, lower
reproduction rates, deformities, and lesions (Vyawahre, and Rai, 2016). Aquatic organisms,
such as fish, accumulate heavy metals from AMD directly from contaminated water and
indirectly via the food chain (Simate and Ndlovu, 2014). The toxicity and acidity of AMD
contaminated water have been found to result in severe oxidative stress, which impairs the
osmotic balance of fish by interfering with the uptake of salts through the gills (Chadwick, et
al., 2013; Simate and Ndlovu, 2014). Acute exposure to the metals may result in death whilst
chronic exposure may result in mortality or stunted growth, reduced growth, reduced
reproduction, deformities, or lesions. The primary cause of death in acid water is the loss of
sodium ions from the blood. Less availability of oxygen to the cells and tissue leads to anoxia
and death as acid water increases the permeability of fish gills to water adversely affecting the
gills function (Vyawahre and Rai, 2016).

2.8 Effect of high level of sulphate

Metal sulphides contribute greatly to the formation of AMD. Sulphides produce sulphates and
consequently acidify the medium by converting to sulphuric acid. Oxidation of metal sulphides
is the main sources for the deposition of the sulphates into waterways (Fernando et al., 2018).
Generally, most of waters which are affected by AMD also contain some levels of the sulphate
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ion. The high sulphate ion content is a serious challenge which can even occur after AMD has
been treated, particularly by neutralization using limestone. The presence of sulphates ion in
water is considered not to be toxic in low concentration but can negatively affect the taste of
water. However, the presence of sulphate ions in water at concentration higher than 600 mg L
!results in a laxative effect. Sulphate produced from sulphide rocks at anaerobic condition have
negative effects in the aquatic environment causing lack of oxygen resulting fish, plant and
plankton deaths. Scaling of pipes and corrosion are also major problems in the industrial level
due to high concentrations of sulphate (Luptakova et al., 2016). Table 2.2 list the maximum

allowable limit of sulphate in water as per different regulatory organisation.

Table 2. 2. Recommended maximum sulphate levels

Regulatory body Maximum sulphate level (mg L™?)
US EPA <250

WHO <500

EU guide limit <1000

DWAF <600

Australia <1000

SANS <25

(DWAF, 1993; WHO, 1996, US EPA, 1999)
29  Heavy metal from AMD

The rapid industrialization and intensive agricultural activities over the last few years have
resulted in the deposition of various pollutants in the environment, mainly in soil and water,
which has led to the accumulation of heavy metals (Edao, 2017). Heavy metals are natural
occurring elements from the earth's crust, and some of them (e.g., Cu and Zn) are essential for
normal metabolic functions in plants, animals, and humans (Sun et al., 2018). Heavy metals,
or potentially toxic elements, form a specific group of pollutants which are then discharged
into the environment because of industrial activities, such as the mining. The operational
processes of the mining industry involve a series of steps during extraction and purification
processes which result in the release of metals into waterways through AMD (Monge-Amaya
et al., 2015). Contamination of soil by heavy metal is one of the most environmental problems

throughout the world. The toxicity of heavy metal towards biological systems such as humans,
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animals, microorganisms, and plants has been reported by several researchers (Wuana et al.,
2010).

2.9.1 Impact of dissolve heavy metals from AMD

AMD comprises of various number of dissolved metals as indicated earlier, which are toxic by
nature. The environmental effects of these metals will be discussed in this section.

2.9.1.1 In soil and plant

Pollution of soil by heavy metal due to anthropogenic activities, such as mining activities,
industrial production, traffic, wastewater irrigation, sludge or municipal compost, pesticides,
and fertilizers, has become a problematic to the environment in many developing countries
(Chaoua et al., 2019). This is ascribed by the fact that, these metals do not degrade biologically
as a result their total concentrations last for a long time after being released to the environment
resulting soil degradation (Sun et al., 2018). Accumulation of heavy metals from AMD in soil
can reduce its quality, reduce crop production and the quality of agricultural products (Ibrahim
et al., 2015). Soil is known as the major sink for anthropogenic heavy metal discharge through
various pathways. Generally, plants show signs of stress when they accumulate excess amount
of heavy metals. Therefore, stressed plants resemble a sign of metal contamination. However,
some plant species can be able to accumulate large amounts of heavy metals without showing
any stress which can pose a potential risk to animals and humans (Edao, 2017). All heavy
metals at high concentrations can show strong toxic effects and are considered as
environmental pollutants. Excess amount of heavy metals in soils can cause the disruption of

natural terrestrial ecosystem (Ezeabara et al., 2014).

2.9.1.2 In human

Heavy metals pose a serious risk to humans and animals through ingestion of plants that have
bio-accumulated toxic metals from contaminated soil (Ogunkunle and Fatoba, 2013). AMD
also contains dissolved lead which poses a threat to plants, animals, and human. In humans and
other animals, lead acts as a central nervous system toxin. High levels of contact may cause
brain damage (Hsieh et al., 2017). Lead exposure is also associated with blood disorders,
kidney damage, miscarriages, and reproductive disorders (Wang et al., 2019). In addition, the
presence of heavy metals in the environment, particularly above their acceptable levels, results
in the pollution of environment which can causes serious health problems to humans and
animals (Sedibe et al., 2017).

28

© University of Venda



7S
>

) (o

,
L

University of Venda
Creating Future Leaders

2.9.1.3 Water quality

Dissolved heavy metals do not only elevate toxicity of AMD but also act as metabolic poisons
(Engwa et al., 2019). Apart from all other pollutants, heavy metals have become of a great
interest to environmental chemists because of the nature and extent of their toxicity (Jain and
Gauba, 2017). Generally, heavy metals in natural water resources are mainly present in trace
amounts but most of them are toxic even at a very low concentration. Metals such as As, Pb,
Cd, Ni, Hg, Cr, Co, and Zn are highly toxic even in small amounts (Masindi and Muedi, 2018).
Even though when there are many other sources of water contamination mining,
industrialisation, and urbanisation are major sources for increase in high level of heavy metal
in water (Khan et al., 2019). These heavy metals can act together to suppress algal growth and
affect fish and benthos. Heavy metals are deposited in water resources by runoff from
industries, municipalities, and urban areas. Most of these metals end up accumulating in the
soil and sediments of water bodies (Musilova et al., 2016). Table 2.3 list the acceptable limits

of specific metal ion in drinking water as regulated by different bodies.

Table 2. 3. Permissible limits of different heavy metals in drinking water

Heavy metals Acceptable limit (mg L)

WHO USEPA ISI SANS
Fe 0.1 - 0.3 300
Al - - - 200
Mn 0.01 0.05 0.1 100
Co 0.05 - - -
Zn 5.0 - 5.0 3
Pb 0.05 0.05 0.10 10
Cu 1.0 1.3 0.05 1000

WHO: World Health Organization, USEPA: United States Environmental Protection Agency, ISI: Indian
Standard Institution and SANS: South African National Standards

2.9.1.4 Impact of solid precipitate from AMD

Neutralisation of AMD by the precipitation process of iron hydroxide and iron oxide can lead
to the formation of an orange-brown precipitate known as ochre. The ochre precipitate can be

extremely toxic to aquatic environment (Rezaie, and Anderson, 2020). This precipitate is
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deposited on the bottom of river or stream beds and forbids bottom feeding organisms from
obtaining food by reducing the food sources available for animals at the top of the marine food
chain, e.g. fish and sharks (Simate and Ndlovu, 2014). Ochre also comprises of toxic metals
such as copper, cadmium and zinc whose precipitate may hide the surface of the steam
sediments damaging habitat, reducing availability of clean gravels used for spawning, and

reducing fish food items such as benthic macroinvertebrates. Figure 2.1 shows a picture of

water affected by AMD, taken from the Western Basin, Johannesburg, South Africa.

Figure 2. 1. An image of water affected by AMD in Western Basin (Gonah, 2017)

It is clearly visible that the water is orange-brown in colour. This might have been due to be
presence of dissolved iron and other metals in the water. It can be also observed that the
orange-brown precipitate is settling at the bottom of the water hence confirming the occurrence
of ochre precipitate. Despite the toxic effects that ochre pose, deterioration of the ecosystem is
the obvious impact of AMD observed in this image (Correia et al., 2017). Therefore, essential
measures to deal with the AMD issue to minimize its harmful impact on the receiving

environment is required.
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2.10 Management strategies

2.10.1 Management strategies of MWW effluents

Different methods which involve physical, biological, and chemical approaches have been
investigated for the removal of phosphorus and nitrate from wastewater, these include chemical
precipitation, crystallization, adsorption and ion exchange processes, membrane processes,
electrochemical processes, and biological processes (Hutnik et al., 2013; Loganathan et al.,
2014; Luo et al., 2015; Tarayre et al., 2016; Ichihashi and Hirooka, 2012). Most of these
approaches are not useful because their high costs or are operationally complex. However,
crystallization and chemical precipitation are extensively used approaches that produce a
relatively high recovery rate and considerable economic efficiency; they produce valuable
products with few environmental risks (Tarayre et al., 2016; Dai et al., 2016; Dai et al., 2017).
Phosphorus removal from wastewater is done by the transfer of phosphate from the liquid form
to solid form, this is followed by solid-liquid separation and at the end phosphorus is removed
in sludge form (Melidis, 2012).

2.10.1.1 Removal techniques for MWW pollutant
2.10.1.11 lon exchange

lon exchange is mainly used for the softening of water during drinking water treatment and
demineralization of ions such as removal of Ca?" Mg®" Na*, CI-, SO+%, and NOs". Due to the
rapid growth on the health effects which are brought by other anions contaminant such as
ammonia, sulphate, fluoride, nitrate and phosphate, the application of ion exchange in water
treatment has been amplified. lon exchange is a well-established physicochemical process
which involve exchanging of ions in water with ions within the solid phase of a resin (Hardwick
etal., 2016). The solid phase or ion exchanger must be insoluble and can be of natural resin or
synthetic material such as polymeric resin. These exchangers have immobile charged
functional groups situated on their external or internal surface and linked with these groups
are ions of opposite charge called counter ions. These mobile counter ions are connected by
electrostatic attraction to each of the charged functional groups to indulge the condition that
electron neutrality is sustained at all times within the exchange material as well as in the bulk
aqueous solution. The counter ion can either be a cation or an anion contingent to the functional
group of the exchanger and can exchange with another counter ion in the aqueous phase. This
technique has been traditionally utilized for the purification of water and the removal of metal

contaminants from wastewaters streams (Sole et al., 2017). lon exchange is the most used

31

© University of Venda



3
o]

&5 ) university of Venda
C

method for nitrate removal from the municipal water treatment plant. Several researchers has
investigated the effectiveness of this approach on the removal of nitrate from drinking water
(Richard, 1989; Fletcher et al., 1991; Rogalla et al., 1991; Ruppenthal, 2004, 2007; Wang et
al., 2007). A conventional ion exchange process involves the exchange of nitrate ions in the

source water with chloride ions on the resin material (Clifford, 1999; Wachinski, 2006).

2.10.1.1.2 Crystallization

During the recovery of nutrients through struvite crystallization, solution chemistry plays an
important role in crystal formation, which affect the overall removal/recovery of the nutrients
from wastewater. Magnesium ammonium phosphate (MgNH4PO4+6H20), commonly known
as struvite, is a white crystalline substance, formed by the reaction of free magnesium,
ammonium and phosphate. It is formed when the ion activity of magnesium, ammonium and
phosphate exceeds the solubility product of struvite. The simplified form of the reaction

involving the struvite formation is illustrated in Equation (2.5) (Rahaman et al., 2014):
Mg?* + NH4" + PO4* + 6H,0 — MgNH4PO4-6H,0 (2.5)

Similar to any other reactions involving crystallization processes, struvite precipitation also
depends on supersaturation of solution, while, the generation of supersaturation depends on the
constituent species concentration, as well as the solution pH and ionic strength (Munch and
Barr, 2001; Suthar and Chokshi, 2011). Solution containing struvite species: Mg, NH4 and
PO4, once mixed, undergoes chemical transformation and based on species concentration and
solution pH, can form different compounds and complexes. However during the formation of
struvite, phosphate get adsorbed by Mg to form MgPO4 which then attract NH4 to form struvite
complex mineral. The formed struvite is slightly soluble in water but soluble in acid solution
(Liu et al., 2013). Struvite precipitation has been considered as an innovative and profitable
physico-chemical treatment method for recovery of recyclable constituents from nutrient-laden
industrial discharges (Kaan et al., 2018). The recovered struvite hardly contains any toxic
substance and can be sold to fertilizer companies as a fertilizer raw material (Jabr et al., 2019;
Muhmood et al., 2019). The formation of struvite crystals is a method which converts
hazardous waste into a non-hazardous useful nutritious resource (Pramod et al., 2011). Struvite

precipitation occurs under alkaline conditions (Liu et al., 2019).
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2.10.1.1.3 Adsorption

Adsorption is a physico-chemical process in which a solid, called adsorbent, retains a certain
kind of molecules, called adsorbates that are contained in a gas or liquid (Birbas, 2011).
Adsorption process involves mass transfer process in which substances present in a liquid phase
are adsorbed or accumulated on a solid phase and thus removed from the liquid. Adsorption of
phosphorus and nitrate is the most widely used method in wastewater treatment plants using
different adsorbents. In this method, it is possible to use low-cost materials such as industrial
by-products and naturally occurring materials (Loganathan et al., 2013). The application of
adsorption is limited by its high operation costs and removal efficiency. Adsorption of
phosphorus and nitrate depends on several factors such as the type of adsorbent used, its surface
area, pH, and contact time. There are several adsorbents which have been investigated by
previous researchers to remove nitrate and phosphate from different wastewater streams. These
include carbon-based compounds (Alagha et al., 2020; Jiao et al., 2021; Karthikeyan and
Meenakshi, 2019), naturally occurring minerals (Sellner et al., 2019; Manikam et al., 2019),
agricultural wastes (Qiao et al., 2019; Banu et al., 2019), zeolites (He et al., 2017; Gouran-
Orimi et al., 2018), metal oxides and hydroxides (Wu et al., 2019; Yu et al., 2019), layered
double hydroxides (LDHs) (Yang et al., 2019; Zhang et al., 2021), biosorbents and other
synthetic organic and inorganic compounds (Yin et al., 2017; An et al., 2019; Sahu et al.,
2020). However, the selectively of these adsorbents must be employed to effectively remove
these anions. Sayadi et al. (2016) used microalgae spirulina platensis and chlorella vulgaris for
the removal of phosphate and nitrate in aqueous solution. According to Mitrogiannis et al.
(2017), phosphate was removed from aqueous solution by means of adsorption onto Ca(OH)>
treated natural clinoptilolite. EI-Shazly et al. (2011) used batch electrocoagulation unit with
vertical monopolar aluminium electrodes for the removal of nitrate from wastewater. Theresa
et al. (2013), investigated the removal of metals and acidity from acid mine drainage using
MWW and activated sludge. Mohan and Chander. (2006) used lignite-A low-cost sorbent for

the removal and recovery of metal ions from acid mine drainage.

2.10.1.14 Chemical Precipitation

Chemical precipitation method in wastewater treatment refers to the variation in the form of
materials dissolved in water to form solid particles. This method is mostly used to remove ionic
constituents from water bodies by the addition of metal salts to reduce the solubility. It is

mainly used for the removal of metallic cations (Yadav et al., 2019) and anions such as fluoride,
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cyanide, and phosphate, as well as organic molecules such as phenols and aromatic amines by
enzymes and detergents (Zueva, 2018). Nevertheless, the widespread utilization of chemical
precipitation as the conventional treatment method for phosphate removal from wastewaters,
the excessive production of sludge at higher phosphate concentrations is unbearable, which
demands proper sludge handling facilities (Yan et al., 2019; Ojovan et al., 2019) with slower
rate of metal precipitation. In addition, the settling characteristics of generated sludge requires
separate sedimentation and filtration units for effective solid—liquid separation (Sarode et al.,
2019). Chemical precipitation is a very flexible approach to phosphate removal and can be
useful at several stages during wastewater treatment. Chemical precipitation of phosphate
works by converting phosphorus to form a solid substance such as sludge. This is done by the
addition of metal salts which react with the soluble phosphorus and form solid precipitates as
phosphate removed by means of separating solids from liquids such as clarification and
filtration. The phosphate precipitation is achieved by the addition of metal salts which form

insoluble phosphate compounds as illustrated by equation (2.6 and 2.7) (Melidis, 2012).
3 Ca(OH)2 + 2 H3POs — 6 H20 + Caz(POA4).. (2.6)
5 Ca(OH)2 + 3 H3(PO4) — Cas(PO4)3 (OH)2 + 9H20 (2.7)

Like any other reactions involving chemical precipitation, calcium phosphate precipitation also
depends on constituent species concentration, as well as the solution pH and ionic strength.
Once Ca and PO4 interact, they undergoes chemical reaction and based on species
concentration, molar ratio and solution pH, different compounds and complexes could be
formed. However during the formation of calcium phosphate, phosphate get adsorbed by Ca to
form Ca,PO,complex mineral. Chemical precipitation is the main commercial method used
for the removal of phosphate using aluminium, calcium, magnesium, or iron as a coagulant
(Chimenos et al., 2003; Uludag-Demirer and Othman, 2009; Ben Amor 2008). This approach
is usually favoured due to wide spread of its application, although there is production of tertiary
sludge. Chemical precipitation typically produces phosphorus bound as a metal salt within the
wasted sludge. It therefore has potential value in agricultural activities. Recovery of
phosphorus from phosphorus containing wastewater is essential for developing an alternative
source of phosphorus to overcome its global scarcity. Chemical precipitation helps to remove
phosphate from wastewater to generate reusable compounds such as Tricalcium phosphate (Eq.

2.6) and hydroxyapatite (Eq. 2.7), which have gained interest as they can be utilized as

34

© University of Venda



)
o

&5 ) university of Venda
C

fertilisers. Lietal., 2019 uses magnesium and iron ions to precipitate phosphorus. Guan et al.,

2020 also recovers phosphate from urine using usable magnetic FezOs@ ZrO2 nanoparticles.

2.10.2 Management strategies of AMD effluents

AMD generation can be controlled by checking chemical reactions that generate acid and
microbial reaction. Because water is considered to be the transport medium for contaminants,
therefore, AMD migration can be controlled by managing the flow of water, diverting the
surface water flowing towards the site of pollution, preventing hydrological water seepage into

the affected area and proper management of acid-generating waste (Akcil and Koldas, 2006).

2.10.2.1 Method for the treatment of AMD effluents

Because of the difficulties which are found in controlling the AMD at source, it is rather a best
approach to collect and treat AMD, thereby minimizing the impact of AMD on receiving
streams, river, and other environmental components. There are number of methods which are
available for the treatment of mine water. These technologies involve one or a combination of
chemical, physical, and biological processes. Treatment of AMD is generally categorised into
active and passive treatment although there is an emerging approach that firmly rely on the
synergy of their hybrid arrangements or integration of different processes and mechanisms to
acquire water that comply to different standards (Orden et al., 20121), specifications (Ali et al.,
2019), and guidelines (Jouini et al., 2020).

2.10.2.11 Active treatment

The most widely used treatment to remidiate AMD is active treatment that includes various
processes such as aeration, addition of neutralizing agents, reverse osmosis, ion exchange,
electro dialysis and natural zeolites (Saha and Sinha, 2018). Active treatment technologies for
the treatment of AMD involve the utilization of alkaline substance to increase its pH, counteract
acidity and to precipitate metals (Qin et al., 2019). In active treatment method, addition of
various chemicals as neutralising agents to the source of AMD or directly to the receiving
stream that has been polluted is involved. Active treatments have been found to be more
successful. Chemicals such as CaCOz (calcium carbonate), CaO (calcium oxide), Ca(OH)
(calcium hydroxide), NHs (ammonia), NaOH (sodium hydroxide), MgO, Mg(OH)2, MgCOs,
magnesium bicarbonate and Na,COs (sodium carbonate) are successfully used in active
treatment (Jamal et al., 2015; Kirk Nordstrom, 2020; Kalombe et al., 2020; Rey et al., 2020;
Sulaiman et al., 2018; Retka et al., 2020). Neutralizing the acidity of AMD by limestone and
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to remove the metals by forming their insoluble hydroxide precipitates is the commonly used
treatment method for AMD (Nleya et al., 2016) as indicated in equation (2.8):

Me™ + 2 OH' (ag) — Me(OH)n (2.8)

Although this method is an effective method for AMD treatment, the main disadvantage of this
method is based on a large amount of sludge production that has costly disposal requirements
(Nleya et al., 2016, Wang et al., 2013). The active treatment system is more complex and
requires more unit processes and constant maintenance. Its operational cost is higher as
compared to the easiest and uncomplicated passive treatment system (Yadav and Jamal, 2016;
Hallberg and Johnson, 2003).

2.10.2.1.2 Passive treatment

Since the early 1970s, passive treatment systems which depend on the use of biological,
geochemical, and physical processes have been developed to treat mine water to improve water
quality (Skousen et al., 2017). Passive treatment technologies for AMD are categorized into
primary passive treatment and secondary passive treatment processes. Primary passive
treatment is generally divided into biological processes and geochemical processes that contain
inorganic materials, such as carbonates. The biological processes include aerobic and anaerobic
wetlands, vertical flow reactor/wetlands, and bioreactors. The geochemical processes include
anoxic limestone drains, open limestone channels, limestone leach beds, steel slag leach beds,
limestone diversion wells, and limestone sandstones. Some of the processes which have been
have classified as biological also use geochemical processes (Humphries et al., 2017; Jamalet
al., 2015; Skousen et al., 2017; Vikram et al., 2017).

2.10.2.1.4 Integrated approaches

In recent years, several researchers had been dealing with nutrients removal from municipal
water treatment plant and acid mine drainage using a single method approach. However, the
use of integrated approaches (Figure 2.2) for chemical species in wastewater is more profitable
than using a single approach. Williams et al. (2015) used ion exchange-precipitation for
nutrient recovery from dilute wastewater. Rasalingam et al. (2014) also use TiO -SiO mixed
oxide materials for the removal of hazardous pollutants from wastewaters. Holloway et al.
(2014), Holloway et al. (2015) have coupled forward osmosis with a membrane bioreactor for
wastewater nutrient recovery. A generic schematic presentation of a integrated approach is

demonstrated in Figure 2.2.
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Figure 2. 2: Schematic presentation of an integrated approach for AMD treatment (Modified
from Mavhungu et al. 2020).

2.11 Water quality guidelines

2.11.1 Water quality guidelines for MWW effluents

Water quality guidelines of different classification have been documented by different health
agencies (Lester, 1969). Some of such type of agencies include United State Public Health
Service Drinking Water Standards (USPHS) (1962), Indian Council of Medical Research
(ICMR) (1962) and World Health Organisation (1992). Water standards guidelines are
imperative since the quality of water directly affects the health of living organism (Umar,
2000). The recommended value of phosphorous in drinking water according to EPA is5mg L
1. Although, in the permissible limit, it can be essential for human health, however, beyond a
permissible limit it may cause several diseases to the human body (Bricker et al., 1971).
According to the USEPA (1986), phosphate discharge into water bodies should be within 0.05
mg L so that eutrophication cannot take place and for the prevention of algal bloom it should
be maintained in the range between 0.01 and 0.03 mg L. Phosphate can be found as a free ion
in water bodies and as salt in terrestrial environments used in detergents as water softeners
(Atobatele and Olutona 2013).

2.11.2 Water quality guidelines for AMD

The National Environmental Management Act (NEMA) of South Africa 108 of 1998, specifies
that everyone has the right to live in an environment which is safe and unlikely to cause any
serious effects to their health. The legislative requirements for industrial effluents are primarily
governed by the Department of Water Affairs Standards (Masindi and Muedi, 2018). This
purpose demand that everyone who uses water for industrial purposes shall purify or otherwise
treat such water in accordance with requirements of DWAF and SANS (Van der Linde and
Feris, 2010; Biswas et al., 2014; Madzivire et al., 2014). As shown in Table 2.4, mine effluents
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in South Africa are dominated by dissolved Al, Fe and Mn. These concentrations exceed the

legal requirements of that element in water for AMD and few in ND exceeds.

Table 2. 4. The related criteria for discharge of acidic water as compared to DWS and SANS

water quality guidelines

Parameter Acid mine drainage  Neutral drainage = DWAF SANS
pH <1l4t0>35 >6 5.0-10.0 6.5-9.4
Al 350 0.01 0.5 0.3

Fe 6.75 0.07 1 0.2
Mn 5.29 25.0 0.2 0.5

Cu 17.3 - 1 2

Zn 2.53 0.16 5 5

Coal and gold mining AMD (Wan Zuhairi et al., 2009; Feng et al., 2004)
Neutral drainage water (Masindi V and Muedi, 2018)

2.12  Geochemical modelling

Modelling and computer validation are the vital tool that can be utilized to escalate knowledge
into geochemical processes both to understand laboratory experiments and field data as well as
to make assumptions of long-term performance of chemical components in a system under
study. Increasing expertise of the potential environmental threats instigated by activities such
as mining, disposal of wastes, and chemical spillage, have disputed attention in the competence
to foresee pollution situations and fabricate management strategies to reduce environmental
impact. Due to the issues of complication and the time-scales involved, it is often challenging
to operate sufficiently realistic laboratory experiments to perceive the long-term behaviour of
most environmental systems. However, geochemical models can be utilized to interpret and
predict the processes that may occurs over time-scales that are not attainable in experiments
hence modelling becomes the most significant tool that is necessary from long term
experiments. Furthermore, geochemical modelling can be useful to optimization process to
distinguish influential parameters during wastewater treatment and help in fabricating effective
technologies to avoid the discharge of hazardous substances in the environment. Though it
cannot replace experimental effort, modelling is a useful analytical tool that can be engaged to
connect the gap between laboratory experiments, field observations, and the long-term

behaviour of geochemical systems (Parkhurst, 1995, Parkhurst and Appelo, 1999, Halim et al.,
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2005, Zhang and Luo, 2007, Martens et al., 2008, Tiruta-Barna, 2008, Wissmeier and Barry,
2010, Charlton and Parkhurst, 2011, VVan Den Akker and Ahn, 2011, Chidambaram et al., 2012,
Van Pham et al., 2012, Zhao et al., 2012). In this work, PHREEQC Geochemical Modelling
Code will be used to model the processes involving the interaction of the feedstock and the

contaminant-containing solutions.
2.13 Summary of the literature review

Based on the literature review, the undermentioned areas of interest related to the subject of
the current study were discovered. Traditional methods for the treatment of MWWTPs and
AMD have been fabricated, however, factors such as operational cost, handling processes and
production of secondary sludge which is detrimental and necessitates special disposal facilities
which are costly to sustain has become of emerging problem. For this reason, several legislative
concerns and stringency of environmental regulations has increased. Calcium based materials
have been successfully used for the treatment of both MWWTPs and AMD but the production
costs in case of calcite becomes a restrictive factor when is being applied in large-scale process
because cost is regarded as limiting factor in all the treatment technologies. Calcium phosphate
has never been used for the treatment of AMD as such there is a need to assess the efficiency
of amorphous calcium phosphate to treat AMD. Calcite have been utilized for neutralization
and removal of metals from AMD, but it has shown poor potential on attenuation of inorganic
pollutants. To counter to the challenges that are being posed by current technologies,
government, mining houses, and scientific communities requires an innovative and locally
available technologies for treating MWWTPs and AMD. Furthermore, to overcome the over
exploitation of resources and to reduce the utilization of the virgin and raw materials as well
as the modified calcium based as feedstock, the feedstock can be prepared in a composite form
with some metal oxides and carbonates. The present study was designed to address those
challenges by synthesizing the composite with high removal and neutralisation capabilities.
Calcium phosphate which is synthesized from municipal wastewater during phosphate
recovery with hydrated lime has never been used for the treatment of AMD, instead, has been
used for agricultural soil amendment. This literature review revealed the need to use hydrated
lime individually and calcium phosphate for treatment of MWW and AMD, respectively. The
synthesized calcium phosphate has never been used for acid mine drainage treatment. This will
be the first study to explore the potential application of calcium phosphate for neutralisation

and attenuation of metal ions from metalliferous and acidic mine effluents.
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CHAPTER THREE

METHODOLOGY

This section seeks to give discussion on the materials and methods which were used to achieve
the outlined objectives of this study. A conceptual framework of the methodology, optimization
experiments, and characterisation of aqueous and solid samples, geochemical models, and

quality control procedures were duly elucidated.
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General methodology

Calcium hydroxide was utilized for the treatment of MWW with an attempt to remove
nitrate and recover phosphate as calcium phosphate.

Optimization of the proposed methods was carried out to obtain the optimum condition
for the treatment of MWW with calcium hydroxide.

Full characterization of the raw calcium hydroxide and product sludge obtained after
the interaction of calcium hydroxide with municipal wastewater was carried out to gain
the physio-chemical behaviour.

Where applicable, modelling of the data (e.g., PHREEQC geochemical modelling)
were carried out to point out the mineral phases which are likely to precipitate at a
selected pH.

The obtained product mineral sludge were them utilized for the treatment of acidic
effluents and similar procedure as for the treatment of MWW was done for AMD using
the sludge.

Calcium hydroxide and the product sludge were then used (optimized condition) to real
wastewater samples to test their applicability from parameters such as recovery.

Figure 3.1 and Figure 3.2 displays the general flow chart of the experimental order for the

removal the synthesis of calcium phosphate from MWW (paper 1) and treatment of AMD

with the synthesised calcium phosphate (paper I1), respectively.
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3.2  Conceptual framework and design

This section highlighted the configuration of the conceptual framework which was utilised to

fulfil the objectives of this study using flow chart.

Characterization
XRD, FTIR, SEM-EDS
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Figure 3. 1. A general scheme for the research methodology for the removal nitrate and

synthesis of calcium phosphate from MWW with calcium hydroxide.
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Figure 3. 2. A general scheme for the research methodology for the treatment of AMD with
calcium phosphate synthesized from stimulated municipal wastewater.

65

© University of Venda



7S
>

) (o

,
L

University of Venda
Creating Future Leaders

CHAPTER FOUR

This chapter comprises of paper | manuscript prepared for examination. This manuscript is
structured into the style requirement of the journal as per the requirements of the journal. This
manuscript will be submitted soon. Furthermore, this chapter is dedicated to answer the
undermentioned objectives such as (1) evaluation of the treatment of MWW using calcium
hydroxide by means of batch approach and exploration of the interaction chemistry thereof,
and the processed water quality, (2) Investigation of the mineralogical transformation and
chemical characterization of resultant solid residues, and (4) the use of geochemical model to

substantiate experimental findings.
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Synthesis of calcium phosphate from stimulated municipal wastewater
using calcium hydroxide: Experimental and geochemical modelling

approach
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Abstract

Excessive discharge of effluents rich in nitrate (NO3") and phosphate (PO*) into water ways
is the major factor that causes eutrophication. The development of an effective and low-cost
method for the removal of nitrate and phosphate from wastewater is significant nowadays. In
this study, calcium hydroxide was utilised for the removal of nitrate and phosphate from
municipal wastewater. The primarily quest was to synthesize calcium phosphate that could be
utilised for secondary applications. Batch experimental method was utilized to fulfil the goals
of this study. The influential parameters effecting the capturing of phosphate were pH, feed
dosage, contact time, and initial concentration were evaluated. Characterisation of feed and
precipitated solid product were done using the HR-SEM-EDS whilst the mineralogical
properties and metals-functional groups were determined using XRD and FTIR techniques,
respectively. The obtained results suggested 45 min of equilibration and 0.06 of dosage in 100
mL at 120 rpm of mixing speed are adequate for the synthesis of calcium phosphate. Interaction
of calcium hydroxide with municipal wastewater led to the removal efficacy > 99% for
phosphate and < 30% removal efficacy for nitrate. The X-ray diffraction confirmed the
formation of new peaks for calcium phosphate. Similarly, the HR-SEM-EDS confirmed the
presence of P in the product sludge thus confirming the formation of calcium phosphate. This
was further corroborated by the FTIR results and PHREEQC geochemical model. This study
confirmed that authentic calcium hydroxide can be successfully utilized for the removal of

phosphate ions than nitrate ions from municipal wastewater.
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4.1 Introduction

Water pollution is currently considered a major problem worldwide and the increase in
utilization of limited clean water supplies creates a need for efficient purification (Fazi et al.,
2016). Recently, the wastewater treatment industries have discovered the discharge of
inorganic anions such as nitrate and phosphate into water bodies which poses a serious threat
to the natural environment and to human health (Huong, et al., 2019). Nitrogen and phosphorus
are essential macronutrients for plants and animal growth (Sellner et al., 2019). Generally,
nitrogen and phosphorus exist in the form of NHs* NOs, and PO4*~ in the water ways
(Ahlstrom and Cornell, 2018). Due to agricultural drainage, urban storm water runoff,
municipal, industrial, and domestic wastewater discharge, a large amount of nitrate and
phosphate enter aquatic environments resulting in eutrophication and deterioration of water
quality, which has become water pollution problem worldwide (Yin et al., 2018; Boeykens et
al., 2017; Yang et al., 2018). In addition, excessive discharge of nitrate ions in drinking water
poses serious health problems to humans, such as diarrhea, vomiting, hypertension,
spontaneous abortions, respiratory tract infections and methemoglobinemia (blue baby
syndrome) (Kumar and Viswanathan, 2020; Qiao et al., 2019). Thus, drinking water
contaminated with high concentrations of nitrates and phosphates causes a significant risk to
human health (Wu et al., 2019). Currently, the removal of nitrate and phosphate ions from
water bodies has received a great interest by many researchers (Gao et al., 2019). Therefore, it
is highly important to develop desirable methods which can effectively remove nitrate and

phosphate from wastewater prior to their discharge into the aquatic environment.

Various treatment methods for the removal of nitrate and phosphate from wastewaters have
been explored including biological process (Chiu et al. 2015), chemical precipitation (Yang et
al., 2016), membrane process, electrodialysis (Guedes et al. 2016), phytoremediation (Wu et al.
2015) and adsorption (Fink et al. 2016; Aswin Kumar and Viswanathan, 2017). Consequently,
the precipitation method has gained great interest since it is an effective, quick, easy,

environmentally friendly, low cost, and suitable at industrial application (Huong et al., 2019).

68

© University of Venda



3
o]

&5 ) university of Venda
C

Thenceforth, there is a seriously need for the use of low-cost precipitants prior to the removal
of nitrate and phosphate from water ways. A carbon-based material known as biochar have
become effectively used for the removal these nutrients, due to its potential advantages and
benefits (Huong et al., 2019). However, most of the current biochar studies are based on
biochars which are converted from agricultural residues and biochar coated with calcium for
the removal of phosphate (Choi et al., 2018; Wang et al., 2018; Dhillon and Kumar, 2017).

Calcium based materials such as calcium hydroxide, calcium carbonate and magnesite would
be more effective for phosphate removal as compared to nitrate since calcium binds phosphate
(Sujitha and Ravindhranath, 2017; Han et al., 2017; Li et al., 2019; Darshana Senarathna et al.,
2020). Moreover, the addition of calcium hydroxide to the wastewater lead to an increase in
pH. It is therefore expected that calcium hydroxide would be highly effective for wastewater
treatment for nutrients recovery. The use of calcium hydroxide for the synthesis of calcium
phosphate is widely known but the use of PHREEQC geochemical model to substantiate the
reported finding has never been explored. Therefore, this is the first study in design and
execution to explore the use of calcium hydroxide for the removal of phosphate from aqueous

solution.
4.2 Materials and methods

4.2.1 Collection of the samples

The real municipal wastewater sample, rich in phosphate and nitrate, was collected from
Rietvlei municipal wastewater treatment plant in Limpopo, South Africa. The treatment sector

receives wastewater from several activities from the surrounding area.

4.2.2 Chemicals and reagents

All reagents were of analytical reagent grade and were used as supplied. Reagents and solutions
were prepared with 18.2 MQ-cm deionized water. The adsorbent Ca(OH). was purchased from
the Merck Group (Merck, Darmstadt, Germany). In addition, KH2PO4, KNO3, NaOH, and HCI
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
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4.2.3 Preparation of nitrate and phosphate stock solutions

Nitrate and phosphate stock solutions of (1000 mg L) was prepared by dissolving appropriate
masses of KNO3z and KH2POq in distilled water. The stock solution was further diluted to get
the desired concentrations of experimental working standard solutions. Mixing and stirring was
done to completely dissolve KNOz and KH2POg4 prior to the chemical treatment of the synthetic

solution.

4.2.4 Quality control and quality assurance

Experiments were performed in triplicate, providing similar results, and are reported as mean
average values. To ensure reliable, accurate, and high precision results inter laboratory analysis

was also undertaken, i.e., for validation and verification purposes.

4.2.5 Batch approach

Batch experiments were conducted by dissolving 0.06 g of calcium hydroxide with 100 mL of
the solutions containing known concentration of nitrate and phosphate at room temperature.
The pH of the working solutions was adjusted in the range of 2.0 — 11 to optimize the removal
process. The experiments were conducted to particularly determine the effects of contact time
(5180 min). In addition, the effect of the initial concentration of nitrate and phosphate in the
solution was also investigated over the concentration range of 20 — 100 mg L. After
interacting calcium hydroxide with municipal wastewater, the mixtures were immediately
filtered through a 0.20 um syringe filter. The effects of parameters governing the removal
process such as sample pH, feedstock dosage, initial ions concentration and contact time were
investigated. The pH of the working solution was adjusted to the desired value by the addition
of 0.1M HCI and NaOH. The percentage removal of NOs™ and PO4* from the aqueous solution
were calculated according to Equations (4.1).
0—Ce

% Removal = CC— x 100 (4.1)

o

Where Co is the initial NOs” and PO4* concentration in mg L™ while C. denotes equilibrium

concentration in mg L.

4.2.6 Characterization
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4.2.6.1 Characterisation of aqueous samples

The pH, electrical conductivity (EC) and total dissolved solids (TDS) were monitored using
CRISON MM40 portable pH/EC/TDS/Temperature multimeter probe (Shenzhen, China).

Aqueous samples were analysed using 850 professional IC Metrohm (Herisau, Switzerland).

4.2.6.2 Characterisation of solid samples

The mineralogical properties were done using X-ray diffraction (XRD), PANalytical X’Pert
PRO-diffractometer equipped with Philips PW 1710 Diffractometer with graphite secondary
monochromatic source (Almelo, Netherlands). Functional groups analysis were done with
Fourier Transform Infrared Spectrometer (FTIR) equipped with Perkin-Elmer Precisely
Universal Attenuated Total Reflectance (ATR) sampling accessory with a diamond crystal
(Bruker, USA). Morphology, mapping and elemental analysis, was done using a High
Resolution (HR)-field emission scanning electron microscope (FESEM) equipped with energy-
dispersive X-ray spectroscopy (EDS), Auriga Cobra FIB-FESEM, Carl Zeiss FE-SEM
(Oberkochen, Germany).

4.25 PHREEQC geochemical modelling

To complement the experimental results and determine the mineral phases that are more likely
to be synthesized from the interaction of AMD with the MWW dewatering effluent (MWW
thereafter), geochemical modelling was applied. The primary aim was to calculate the
saturation indices (Sls) of the mineral phases, based on solution compositions and their
respective concentrations. To this end, the geochemical model PHREEQC along with the
WATEQA4F chemical speciation model were used. Thenceforth, the chemical species which
were more likely to precipitate were determined using the modelled SI numbers. In this case,
Sl values lower than unity (< -1) denote an under saturated solution, SI values equal to unity
(= 1) denote a saturated solution and, lastly, SI values higher than unity (> 1) denote a

supersaturated solution.
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4.3 Results and discussion

4.3.1 Characterization

4.3.1.1 Mineralogical analysis

The mineralogical properties of calcium hydroxide and product mineral formed after
interacting calcium hydroxide with municipal wastewater were determine using X-ray

Diffraction (XRD) and are shown in Figure 4.1a,b.
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Figure 4. 1: The mineralogical properties of (a) calcined hydroxide and (b) calcium phosphate.

As shown in Figure 4.1a, b, it was observed that there was no significant difference on the
diffraction patterns peak of the raw calcium hydroxide and the product sludge obtained after
the interaction of calcium hydroxide and municipal wastewater. However, the intensity of the
peaks at 20=18° and 34° which were assigned to Ca(OH). were reduced (Figure 4.1a)
indicating that the reaction had took place. After 60 min of reaction time, new characteristic
peaks appeared at 20 = 24° and 40° were associated with whitlockite (Casz(PO4)2) (Figure
4.1b). This was an indication that phosphate was adsorbed by the feed leading to the formation

of calcium phosphate as denoted in equation (4.2).
3Ca%* + 2P03~ - Ca3(P0,), (4.2)
These results were similar to those reported by Jingjing et al. (2020). Furthermore, the obtained

peaks at 20 = 24°, and 40° are in good agreement with those reported by Le et al. (2018) and
Sani et al. (2020). This further confirmed that the reaction between calcium hydroxide and the
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wastewater led to the formation of calcium phosphate as denoted by equation (4.2). Since the
reaction between calcium hydroxide and the wastewater produced calcium phosphate, it should
be noted that the reaction cannot be reversed during the process and the product obtained can
be beneficial for soil amendments for agriculture purposes. After all, the occurrence of Ca from
calcium hydroxide participated towards the increasing in pH of the wastewater and generating

Ca?" and hydroxyl group ions as illustrated by equation (4.3).

Cao + Hz0 — Ca?* + 20H (4.3)

4.3.1.2 Metal-Functional group analysis

Figure 4.2 shows the FTIR spectra of calcium hydroxide before and after reacted with
municipal wastewater while Table 4.1 lists the identified functional groups, their wavenumber
(cm™) and citations for relevant studies dealing with the identified anion and cation functional

groups.
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Figure 4. 2: The functional groups of (a) calcium hydroxide and (b) product mineral sludge.

As shown in Figure 4.2a, the FTIR spectrum of calcium hydroxide shows the bands at 3642
and 914 cm™! attributed to the free stretching O-H vibration in the Ca(OH)2 crystals. In
addition, the bands at 1416 and 874 cm™! are attributed to the vibration of the C-O bond of
carbonates. The presence of peak at 876 cm™! band confirms that this spectrum mainly belongs
to carbonates. Moreover, this compound has been hydrated and mixed with a low amount of
calcite. Furthermore, FTIR spectrum also showed the weak band at 614 cm™!, which was

attributed to metal oxide vibration peak for Ca—O stretching. Figure 4.2b shows the FTIR
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spectrum of CaP- sludge obtained after the interaction of stimulated municipal wastewater with
calcium hydroxide. As shown in Figure 4.2b, the characteristic of OH™ bands at 3642 and 712
cm™! and PO4* bands at 1798 cm™!. The band at 874 cm™! assigned to HPO4 group of CaP-
sludge product. Additional bands are observed at 712 cm™!, 1406 cm™ 1798 cm™ and 2520
cm™!' which do not appear in Figure 4.2a. The band at 2520 cm™* and 1406 cm™ was attributed
to the carbonate (CO2*) derived bands. An increase in intensity of OH™ (3642 cm™' and 914
cm™!) related to absorption bands was also observed after interacting calcium hydroxide with
stimulated municipal wastewater. Table 4.1 summarises the anion and cation functional groups
of calcium hydroxide and Ca-P mineral sludge. The FTIR results also corroborate the ones

obtained by the XRD studies and technique.

Table 4. 1. The identified functional groups of calcium hydroxide and product mineral sludge

Mineral Wavenumber (cm™)  Functional group Reference
Calcium 914 -OH (Water) (Blesa et al., 2003; Jamil et
hydroxide 3642 -OH (Water) al., 2020; Darroudi et al.,
1416 CO3 2016; Liu et al., 2010)
874 CO3
614 Ca-O
Ca-P- sludge 874 HPO4 (Pakravanan et al., 2019;
1798 POs* Howard et al., 2020; Jamil
2520 COs3 et al., 2018; Song et al.,
1406 COs3 2012)
712 -OH (Water)
3642 -OH (Water)

4.3.1.3 Morphological characteristics

The surface morphology of the raw Ca(OH)2 before and after phosphate and nitrate treatment
as field emission-scanning electron microscopy (FE-SEM) micrographs are shown in Figure
4.3 (a and b), respectively. Figure 4.3a shows the irregular rough surface with abundant pore
structure for the Ca(OH). material. This surface may provide more active sites and high
adsorption for both phosphate and nitrate and thus, enhancing the ability to release Ca®* and
OH", promoting the formation of phosphate precipitate. Furthermore, the morphological
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properties of the calcium hydroxide surface were observed to remain the same regardless of
the different magnification used, i.e. from 1um to 100 nm. Interestingly, after phosphate and
nitrate treatment, it was clearly observed that the porous structure of the Ca(OH). disappeared
completely after 60 min of reaction. The structure became round to octagonal nano-sheets with
a flower like structure and smashed with moulded smooth surface morphology, which might
be the precipitate product of phosphate, nitrate, and calcium (Figure 4.3b). The noticeable
changes could be observed that the phosphate and nitrate ions were adsorbed onto Ca(OH)2

surface.

Calcium hydroxide CaP- sludge

Figure 4. 3: The HR-FESEM images showing the changes in morphological properties of
calcium hydroxide and Ca-P-sludge after interaction of calcium hydroxide with stimulated
municipal wastewater from lower to higher magnification, i.e. (a) 1 um, 200 nm and 100nm
(b) 1 pm, 200 nm and 100 nm.
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4.3.1.4 Elemental composition using EDS

Figure 4.4 shows the elemental composition of calcium hydroxide and CaP-sludge. As shown
in Figure 4.4, calcium hydroxide comprised of Ca and O as major elements. The presence of
Ca further confirms that this will aid in the removal of phosphate from municipal wastewater
hence forming Ca-P as the by-product. After interacting calcium hydroxide with municipal
wastewater, the product sludge with phosphate was observed in the EDS results. This could be
attributed to the formation of calcium phosphate during the interaction of Ca and P in municipal
wastewater. Predominant elements were observed to be O and Ca whereas P was present in a
small amount. The presence of phosphate in small amount could be attributed to its low
concentration utilized during the optimization studies with calcium hydroxide. Traces of other

impurities were observed but these could be attributed to other chemicals that were embodied
in stimulated municipal wastewater.
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Figure 4. 4: Elemental composition of calcium hydroxide and Ca-P-sludge after reaction of

calcium hydroxide with stimulated municipal wastewater.
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4.3.1.5 Elemental mapping

To further confirm the elemental composition of calcium hydroxide and the synthesized
calcium phosphate, spot-mapping analysis by means of Auriga Cobra FIB- FESEM instrument,
which includes an EDS detector, was used. The morphological spot-analysis of calcium

hydroxide and synthesized calcium phosphate are shown in Figure 4.5 — 4.6.

As shown in Figure 4.5, sandy-like structures were observed on the surface of calcium
hydroxide. Elemental analysis further indicate that the predominant elements were Ca and O,
as well as traces of Mg, Si. Furthermore, the distribution of Mg were also observed to be
scattered on the surfaces of calcium hydroxide. This results are also in agreement with the
XRD and FTIR results for calcium hydroxide. Therefore, it was concluded that Ca was an

instrumental too in increasing the pH of the raw wastewater effluent.
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Figure 4. 5: Elemental mapping of calcium hydroxide
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As shown in Figure 4.6, the crystal clear stoney- like and homogenous crystals were observed
after the interaction of calcium hydroxide with municipal wastewater. Furthermore, it was
observed that product mineral sludge obtained after the interaction of calcium hydroxide and
municipal wastewater was predominated by Ca and O with some traces of CI, Al, Mg, P and
Si. The presence of P on spot analysis confirmed the formation of calcium phosphate. It should
be noted that only the soluble component of calcium hydroxide will contribute to the formation
of calcium phosphate and the rest will remain in solution. Finally, the availability of Si and Mg
suggested the co-precipitation of calcium phosphate with those impurities. The obtained results

are aligned with the ones of the XRD and FTIR analysis
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Figure 4. 6: Elemental mapping of synthesized calcium phosphate

4.3.2 PHREEQC geochemical modelling

The modelling results revealed that phosphate existed as oxyanion in aqueous solution with
calcium existing as Ca?*, CaH.PO4*, CaHCO?®*, CaPO4,, CaCOs and CaOH" while phosphate
existed as H2PO47, CaH2PO4*, CaHPO4 , HPO,4*, CaPO4’, NaHPO4 and PO4* at the maximum
pH (12.45) obtained after interaction real municipal wastewater with calcium hydroxide.
However, the mineral phases which were predicted to precipitate are shown in Table 4.2.
Findings from this study corroborated results reported in FTIR, HR-SEM-EDS, and XRD by

confirming that calcium phosphate will precipitate from the chemical interaction.

Table 4. 2: Geochemical modelling mineral phase predicted to precipitate

Mineral phase Si Log IAP Log KT
AlI(OH)3 (a) 2.14 12.94 10.80
Calcite (b) -0.14 -8.48 -8.34
CH4 -118.01 -120.87 -2.86
CO2 -0.58 -2.05 -1.47
Hydroxyapatite 9.91 6.48 -3.42
whitlockite -1.953 -1.932 0.020

4.3.2 Optimization studies
This section will discuss the optimization results for batch experimental studies that were
undertaken to determine conditions that are suitable for the scavenging of phosphate for the

synthesis of calcium phosphate.

4.3.2.1 Effect of solution pH

Variation in percentage removal of nitrate and phosphate with an increase in solution pH during

the treatment of municipal wastewater with calcium hydroxide is shown in Figure 4.7.
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Figure 4. 7: Effect of solution pH on the removal of nitrate and phosphate using calcium
hydroxide. (Conditions: Stirring speed = 120 rpm, concentration = 50 mg L%, feedstock dosage
= 0.05 g, contact time = 60 min and room temperature).

As shown in Figure 4.7, pH of a solution is an influential parameter during the removal process
of chemical species from wastewater as it can significantly affect the physicochemical
properties of the precipitant (Calcium hydroxide), nature of phosphate and nitrate species such
as HsPO4, H2PO4~, HPO4%, PO4* and NO,” which are likely to be present in the solution and
even the precipitated product (Fu et al., 2018; Xie et al., 2014). This was also confirmed by
PHREEQC geochemical model. Normally, the solubility of calcium hydroxide can be
significantly influenced by the pH of solution. This is due to the fact that, at low pH value, the
dissolution of Ca?* ions become relatively higher, which slowly decreases with increasing pH
(Xiong et al., 2011). For this reason, the dissolved Ca?" ions then initiate to precipitate at pH >
9.0 due to the overload of water with calcium hydroxide. Furthermore, the pH value
significantly changes the existing form of phosphate in solutions due to its polyprotic nature.
The equilibrium dissociation of phosphate in an aqueous solution with respective pK values is
described by equation (4.4) - (4.6).

H;P0, & H,PO; + H* [pK; =~ 2.4] (4.4)
H,PO; + H* & HPO3™ + 2H* [pK; = 7.3] (4.5)
HPO?~ + 2HY & P03~ + 3H* [pK,; =~ 12.3] (4.6)

Now, at pH < 2.4, phosphate was present in the form of HsPO4 because of solution acidity, and

in that way, the precipitation of phosphate in the form of hydroxyapatite or tricalcium

81

© University of Venda



3
o]

&5 ) university of Venda
C

phosphate was not possible. In contrast, when pH value is 7.3, the dominant form was mostly
H2PO4 and could form a precipitated product. When pH > 7.3, the dominant form of phosphate
was HPO4>~ and PO4*~ which can be the form of phosphate most suited for the nucleation with
Ca?" ions to form the precipitated product (Xing et al., 2020). Furthermore, it was observed in
Figure 4.7 that phosphate removal was decreasing with an increase in pH from the lowest at
pH 2.0 and the highest at pH 4.0 and slowly increased from pH 7.0 to 11.0. This could be
attributed to the fact that phosphate removal is linked to the Ca?* ions dissolution from calcium
hydroxide, which then reacts with the phosphate species present in the solution (Yuan et al.,
2015). As the pH value was >7.3, HPO4* and PO4* was the dominant specie in the solution.
According to Yan et al. (2007), precipitation of calcium phosphate is the leading mechanism
at higher pH value. This control takes place by the dissolution of Ca?* from the calcium
hydroxide, and Ca2* will then reacts with HPO4>to form calcium phosphate. According to dos
Reis et al. (2020), the concentration of dissolved Ca?* decreases as the initial pH increases,
which enhances calcium phosphate precipitation. The solubility of hydroxyapatite and
tricalcium phosphate usually follow the behaviour like that of calcium hydroxide. Its solubility
is very high at low pH, which slowly decreases and almost becomes insoluble at pH > 7.3 with
Ksp ~ 1074432 and Ksp ~ 1072892 at room temperature (Teoh et al., 2016). This is the reason
that even with high solubility of calcium hydroxide at low pH, hydroxyapatite and tricalcium
phosphate cannot be precipitated. In the case of nitrate, the removal efficiency increased as the
initial pH were increased from 2.0 to 11. This was ascribed by the fact that the calcium
hydroxide surface would have been highly protonated in a highly acidic media and the active
sites on the surface would be surrounded by more H* (Qiao et al., 2019). Also, under highly
acidic condition, some nitrate might have been converted into HNOz which reduced the
removal of nitrate. Based on the results, pH 10 was taken as the optimal for preceding

experiments.

4.3.2.2 Effect of the feedstock dosage

Variation in percentage removal of nitrate and phosphate with an increase dosage during the

treatment of municipal wastewater with calcium hydroxide is shown in Figure 4.8.
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Figure 4. 8: Effects of the feedstock dose on removal of nitrate and phosphate. (Conditions:
Stirring speed = 120 rpm, concentration = 50 mg L, pH = 10, contact time = 60 min and room

temperature).

The variation of calcium hydroxide dose on the removal of nitrate and phosphate from
wastewater are demonstrated in Figure 4.8. It was observed that increasing the quantity of
calcium hydroxide from 0.01 - 0.06 g led to an increase on the percentage removal of nitrate
and phosphate from 9.5% to 29.4% and 39.8% to 74.3%, respectively. The dosage dependency
can be explained by the fact that an increase in calcium hydroxide dosage resulted in the
increased solution pH, hence enhancing the precipitation process (Guan et al., 2020; Nodeh et
al., 2017). Therefore, calcium hydroxide could be considered as a material with high removal
performance towards phosphate than nitrate. This could be associated with the existence of
important available active sites for electrostatic interaction and the presence of high calcium
ions contents that could enhance the precipitation of calcium phosphate (Haddad et al., 2018)
in the form Cas(PO4), with the ions Ca?* and OH" as indicated from equation (4.2) and (4.3).
In addition, it was also observed that the phosphate removal reached 39.8% at the dose of 0.01
g, which indicated that the calcium hydroxide had a strong affinity for phosphate. Similar
results were presented by Liao et al. (2020) using calcined Mg-Al layered double hydroxides.

The optimal dose was selected to be 0.06 g for the subsequent experiments.

4.3.2.3 Effect of chemical species concentration

Variation in percentage removal of nitrate and phosphate with an increase in initial
concentration during the treatment of municipal wastewater with calcium hydroxide is shown

in Figure 4.9
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Figure 4. 9: Effect of initial concentration of nitrate and phosphate using calcium hydroxide.
(Conditions: Stirring speed = 120 rpm, pH = 10, Feedstock dose = 0.06 g, contact time = 60

min and room temperature).

As shown in Figure 4.9, it was observed that the percentage removal of phosphate and nitrate
were decreasing as the concentration was increasing. This could be explained by the
insufficient dosage which was used to provide high removal at high concentration. The removal
of phosphate decreased from 98.7% to 31.9%, while that of nitrate decreased from 10.8 to 8.8%
when the inlet concentration of phosphate was increased from 20 to 100 mg L in the solution.
The high removal efficiency of phosphate at low concentration indicated that the precipitation
of calcium phosphate was effectively crystallized, however, the low dosage of Ca led to low
efficacy in higher concentration. This could be attributed to the depletion of Ca suitable for
phosphate adsorption or binding. A low initial phosphate concentration enhanced the
supersaturation index and increased the removal efficiency (Xiong et al., 2011). Similar results
were obtained by Karthikeyan and Meenakshi (2020) using surfactant-assisted biopolymeric
hybrid membrane. As such, 20 mg L™ was chosen to be the optimal and used for the preceding

experiments.

4.3.2.4 Effect of contact time

Variation in percentage removal of nitrate and phosphate with an increase in contact time

during the treatment of municipal wastewater with calcium hydroxide is shown in Figure 4.10.
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Figure 4. 10: Effect of contact time on the removal of nitrate and phosphate using calcium

hydroxide. (Conditions; Stirring speed = 120 rpm, concentration = 20 mg L?, pH = 10,

adsorbent dosage = 0.06 g and room temperature).

The performance of the calcium hydroxide on the removal of phosphate and nitrate as a
function of time were investigated from 5 to 180 min as presented in Figure 4.10. It was
observed that phosphate removal rates were rapid during the initial 30 min and then gradually
reached equilibrium conditions in approximately 45 min. The rapid uptake could be due to the
wide accessibility of calcium hydroxide surface area for phosphate ions contact to promote
chemical reaction. At this time, the percentage removal was 7.8% and 99.9% for nitrate and
phosphate, respectively. Further increase in contact time has no significance increase on the
percentage removal of both nitrate and phosphate. The removal of nitrate by the calcium
hydroxide was not effective as the removal efficiency was very little even after 180 min of
shaking as compared to that of phosphate which were quickly removed and attained
equilibrium at 45 min. Calcium hydroxide possesses high percentage removal towards
phosphate than nitrate. The experimental results indicated that the percentage removal attained
equilibrium stage, and this might be explained by the vacant site of the calcium hydroxide
being completely occupied (Huanhuan et al., 2019; Mohammadi et al., 2019). Similar results
were presented by Karthikeyan et al. (2019) on the removal of phosphate and nitrate ions from
aqueous solution using La®" incorporated chitosan biopolymeric matrix membrane. Therefore,

45 min was chosen as optimum and used for subsequent experiments.
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4.3.2.5 Treatment of MWWTPs at optimized conditions

The feed and product water constituents for municipal wastewater are reported in Table 4.3.

Table 4. 3: The feed and product water constituents for treated municipal wastewater.

Parameter SANS 241 Influents Effluents  Treated water
pH >5t0<9.7 6.67 7.13 12.45
TDS (mg LY <1200 884 701 337
EC (uS m™?) <170 1473 1169 690
Fluoride (mg L) <15 14.87 0.870 bdl
Chloride (mg L™?) <200 81.91 45.73 bdl
Nitrate (mg L) <11 1736 1509 292.3
Phosphate (mg L™?) <0.25 41.33 32.30 bdl
Sulphate (mg L) <250 55.68 36.60 28.39

bdl- below detection limit

As shown in Table 4.3, there was an effective removal of pollutants from municipal wastewater
effluents using calcium hydroxide at optimised conditions. It was observed that the pH
increased from 7.13 to 12.45 after the addition of calcium hydroxide, suggesting that there was
a chemical reaction which was taking place that led to an increase in pH. Total dissolved solids
(TDS) and electric conductivity (EC) were observed to decrease after contacting municipal
wastewater effluents with calcium hydroxide which indicated that there was attenuation of
chemical species from the aqueous solution to the sludge during treatment process. Phosphate
was removed from 32.30 mg L? to below detection limit which confirmed a > 99% removal
efficiency, and a possible formation of calcium phosphate. The performance of calcium
hydroxide toward nitrate was not effective enough compared to phosphate where the removal
decreased from 1509 to 292.3 mg L™ (80.63% removal efficiency) which were still above the
acceptable level in water. Furthermore, sulphate was also reduced from 36.60 to 28.39 mg L°
! thus suggesting the possible formation of gypsum. Based on the results, it can be concluded
that calcium hydroxide will be a good applicant for the removal of phosphate than nitrate from
aqueous solution. However, some contaminants were observed to surpass SANS 241
requirements after treatment with calcium hydroxide signifying that there is a necessity for a
secondary treatment process unless the ultimate target is to discharge the treated water to the

neighbouring river.
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4.4 Conclusions

The findings from study confirmed the feasibility of removing phosphate and nitrate from
municipal wastewater. However, nitrate was not effectively removed from municipal
wastewater by calcium hydroxide. The removal of phosphate and nitrate was done at solid ratio
0.05: 100 mL of calcium hydroxide and municipal wastewater. The optimum conditions were
observed to be 45 minutes of equilibration and 0.06 g of dosage in 100 mL at 120 rpm of mixing
speed. Addition of calcium hydroxide in municipal wastewater led to close to 99% removal
efficacy for phosphate and close to 30% removal efficacy of nitrate. XRD confirmed the
removal of phosphate and nitrate. The pH was observed to be > 9.0 and this was suitable for
attenuation of calcium phosphate. The removal of phosphate from municipal wastewater was
observed to be technically viable than that of nitrate. Similarly, PHREEQC geochemical model
confirmed the removal of phosphate as calcium phosphate and this has corroborated the XRD,
HR-SEM-EDS, and FTIR results. Thus, this technology could be employed for the
precipitation of phosphate from municipal wastewater effluents for the effective and
sustainable management of wastewater effluents. This will minimize the footprints of
eutrophication in receiving water bodies and other different spheres of the environment. In light
of the above, future research should focus on the development of a low-cost method that could

effectively remove nitrate from water matrices.
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CHAPTER FIVE

This chapter is devoted to paper Il manuscript prepared for examination. This manuscript is
structured into the style requirement of the journal as per the requirements of the journal. This
manuscript will be submitted soon. Furthermore, this chapter is dedicated to achieve the
undermentioned objective and they comprise (1) optimization of conditions that are suitable
for the removal of metals using calcium phosphate, (2) characterization of the feed and product
minerals and chemical during the interaction of water and the feedstock, and lastly (3), the
simulation of the interactions between the synthesized calcium phosphate and metal-rich

effluent using PHREEQC geochemical model.
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Abstract

The discharge of acidic effluents that are rich in toxic and hazardous metals has been an issue
of paramount concern in national, regional, and international research communities. The quest
for alternative and eco-friendly technologies that could be used for the removal of metals from
acidic effluents is ongoing albeit with minimal success. This study aims to explore the
utilization of calcium phosphate for the removal of metals from acidic effluents. Batch
experimental was used to achieve the objectives of this study, specifically the one-factor-at-a-
time (OFAAT). The optimized parameters include the effects of pH, feedstock dosage, contact
time, concentration, and temperature. Characterisation of the feed and product solid samples
were ascertained using XRD, HR-SEM-EDS and FTIR. The aqueous samples were
characterised using GFAAS, ICP-OES and multi-parameter probes. The obtained results
revealed that 10 min of mixing time and 1.0 g of dosage in 100 mL of metal-rich effluent. The
mixture was equilibrated at 90 rpm. Interaction of calcium phosphate with AMD led to > 99%
removal efficacy for Fe, Mn, Zn and Cu except for Al, which demonstrated > 80% removal
efficacy. The removal of heavy metals ions from AMD was observed to be dependent on pH
and temperature. The maximum pH was observed to be > 10, which was adequate for the
removal of metals via precipitation. PHREEQC geochemical model also confirmed that the
metals existed as divalent and trivalent ions, and they precipitated out of solution as metals
hydroxides. The XRD confirmed the formation of new mineral phases. This was further
ascertained by FTIR and FIB-HR-SEM-EDS technique. In light of the above, findings from
this study confirmed that calcium phosphate could be recovered from real municipal
wastewater and subsequently employed for the removal of metals from acidic effluents. This
play are central role in minimizing the footprints of acidic effluents, acid mine drainage, and

municipal wastewater afield.
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5.1 Introduction

Water is an omnipresent resource that require close management to eliminate potential threats
due to contamination, however, anthropogenic activities has been noted to pose devastating to
effects to water bodies in different ecological systems and compartments. Specifically,
activities such as urban run-off (Roveri et al., 2020; Shajib, 2020), agricultural activities
(Venmyn, 2013; Muratoglu, 2020), metallurgical processes (Nowinska and Adamczyk, 2021,
de Andrade et al., 2020), industrial manufacturing (Wuand Ye , 2020), food and clothing
processing (Kapp and Miller, 2020), construction (Andri¢ et al., 2015), wastewater treatment
(Barcel6 et al. 2020 ), and mining activities (Haldar, 2013, Masindi et al., 2018; Tutu et al.,
2008) have been noted to pose devastating effects to the aquasphere. Amongst these, acid mine
drainage (AMD) from coal and gold mining activities and municipal wastewater (MWW) from
wastewater treatment facilities have been noted to be problematic pollutants of ecological
concern. This is primarily based on the extent and magnitude of their ecological impacts as

gauged according to toxicity and epidemiology (Jouini et al., 2019).

Acid Mine Drainage (AMD) emanate from the weathering of sulphide minerals such as
arsenopyrite, pyrite, and marcasite amongst others. These minerals get exposed to water and
oxygen leading the formation of a very acidic drainage which is rich in acidity and elevated
levels of metals. Low pH further accelerate the dissolution of metals from the surrounding
geology leading to elevated levels of chemical species. According to literature, AMD is rich in
Al, Fe, Mn, and sulphate including traces of As, Cr, Zn, Pb, Ni, and radionuclides (Yuan et al.,
2019; Sahoo et al., 2013; lakovleva et al., 2015; Wang et al., 2019; Sun et al., 2020). This can
pose devastating effects to living organisms on exposure. On the other hand, poorly treated
MWW effluents comprise elevated levels of nutrients (phosphate and ammonia), organic
matter, and suspended solids amongst others (Mavhungu et al., 2021). When these effluents
are discharged into the environment they enrich the water with nutrients leading to rapid growth
of aquatic plants. When these plants dies, they deplete the water dissolved oxygen through
aerobic decomposition. This will then affect the aesthetic value of the area due to scam of green
algae and dead organic matter, odour from decaying plants and even the death or migration of
fish and other aquatic organisms when the ecosystem is devoid of oxygen to support life
(Mavhungu et al., 2019; Tanaka et al., 2014, Mavhungu et al., 2020; Marshall et al., 2017; Lei
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et al., 2018; Lei et al., 2019; Caddarao et al., 2018). According to stringent environmental
regulations, these two wastewater streams need to be treated prior to discharge into different

receiving environments.

Over the years, several active (lleri and Yucel, 2020; Jafaripour, 2014, Nordstrom and Blowes,
2015), passive (Kaur et al., 2018; Garcia-Valero et al., 2020), integrated (Sahoo et al., 2020;
Shen et al., 2020), and hybrid (Vadapalli et al., 2020; Dlamini et al., 2019) treatment systems
have been developed for the treatment of acid mine drainage (AMD). Albeit, each approach
comprise their advantage and disadvantage (Teekere, 2020). Active treatment process require
frequent additions of chemicals and energy whereas passive rely on natural energy and it is
perceived eco-friendly. However, active treatment technology has been regarded the best due
to their performance in relation to the required limit and ultimate intentions hence it was chosen
for this study. In this technique, different alkaline generating agents are used and they include
lime (Qureshi et al., 2016; lleri and Yucel, 2020), limestone (Liu et al., 2017; Masindi et al.,
2017), hydrated lime (Jin et al., 2020), dolomite (Chai et al., 2020; Hu et al., 2020; Calugaru
et al., 20202), magnesite (Magagane et al., 2019; Masindi et al., 2018 ), periclase (Masindi et
al., 2017), brucite (Hovelmann et al., 2018; Kaur et al., 2018), caustic soda (Skousen et al.,
2019), soda ash (Farage et al., 2020; Sebogodi et al., 2020), and tailings rich in Mg, Ca , and
Na (Akinwekomi et al., 2016; Heviankov4, et al., 2014).

On the other hand, ammonia in municipal wastewater is removed using biological nutrients
removal technique (Samimi and Moghadam, 2018; Liu et al., 2017) whereas phosphate is
removed using lime (Mitrogiannis et al., 2017; Woo et al., 2019), ferric (Yousefi et al., 2019;
Zhou et al., 2018), aluminium (Ano et al., 2019; Franco et al., 2017), and magnesium (Han et
al., 2017; El Bouraie and Masoud, 2017). Interestingly, the use of lime to scavenge phosphate
lead to the production of calcium phosphate that end-up being dumped onto the environment
(Monballiu et al., 2020) with prospects to utilise for fertiliser (Lei etal., 2020) and phosphoric
acid (Li et al., 2020) production. This could be the best initiative towards beneficiation and
valorisation of product waste and this will reduce ecological footprints associated with AMD
and MWW via devising a circular approach towards the generated products. The use of calcium
phosphate for the treatment of acid mine drainage (AMD) or metal rich mine effluent has never
been explored. To the best of our knowledge, this will then be the first study in design and
execution to explore the use of calcium phosphate synthesized from municipal wastewater for

the treatment of AMD or metal-rich and acidic effluents. This will foster the concept of
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materials re-use and recycle particularly viewed under the concept of circular economy and

waste valorisation.

5.2 Materials and methods

This section will explicitly discuss the materials and methods which were employed to fulfil
the objectives of this study.

5.2.1 Chemical materials

All chemicals used in this study are of analytical grade. Specifically, the FeSO4, MnSQ4-H20,
Al2(SO4)2-18H20, NaOH, HCI and KH2POs were purchased from Merck ( Darmstadt,
Germany) and Ca(OH). from Sigma-Aldrich (Miamisburg, USA). All chemicals were used
without further purification. Solutions were prepared with deionized distilled water.

5.2.2 Preparation of stock solutions

A stock solution of Fe3*, Mn?* and A" with an initial concentration of 1000 mg L™ was
prepared by dissolving 1.891 g, 4.331 g and 3.125 g in 1000 mL deionized water respectively,
and further diluted to prepare the required initial concentration. Then, the pH of the solution
was adjusted by HCI (0.1M) and NaOH (0.1M).

5.2.3 Collection of municipal wastewater and metal rich effluent

Real untreated wastewater, rich in phosphate, was collected in Makhado municipal wastewater
treatment plant in Limpopo, South Africa. The treatment plant receives wastewater from a
number of activities from the surrounding area. Similarly, AMD was collected from a coal
mine in Mpumalanga, South Africa. High-density polyethylene wide-mouth plastic bottles
were utilized for sample collection. Solids and debris were removed by filtration, using filter
syringe filter (0.20 um), and the samples were used immediately thereafter. In the context of

this work, the wastewater was used as authentic with no dilution or pre-treatment.

5.2.4 Preparation of calcium phosphate

The collected municipal wastewater was used for the preparation of high-grade calcium
phosphate for AMD treatment. Calcium phosphate was prepared through precipitation process.
To achieve that, 60 min of equilibration, 5 g: 150 mL of solid: liquid ratio, ambient temperature
and pH, and 90 rpm mixing speed were utilized for the preparation of calcium phosphate. The

product was left to settle for 30 min. Thereafter, the supernatant was decanted from the beaker
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and the sludge was taken to the oven for overnight drying at 105°C. After drying, the samples
were then grinded into fine powder and kept into an air-tight container for utilization in AMD

treatment.

5.2.,5 Treatment of acid mine drainage

The neutralization and metal ion removal (Fe**, Mn?* and AI**) from AMD using calcium
phosphate was investigated using batch approach. A known weight of calcium phosphate (e.g.
0.1-1.0 g) was equilibrated with 100 mL of AMD solution in a closed plastic bottles at different
temperature in a mechanical shaker for different periods (10 min — 180 min) at a mixing rate
of 90 rpm. The tests were performed in triplicate and the average results were presented. After
equilibration, the suspension of the sludge was easily separated from the solution using
Whatman no. 1 filter paper and syringe filter (0.20 um). The concentration of metal ions
remaining in solution was measured by GFAAS and ICP-OES. The influence of various
parameters such as pH, feedstock dose, contact time, concentrations and temperature on the
removal performance was examined. Then, the pH of the solution was adjusted by HCI (0.1M)
and NaOH (0.1M). The results of these studies were used to obtain the optimum conditions for
maximum metals ions removal from AMD solution. In all samples, the removal efficiency of

all ions (%R) were obtained by equation (5.2).

Co—Ce
Ce

% Removal = X100 (5.2)

Where, C, denotes initial metal concentration, and Ce equilibrium metal concentration in mg
L2,
5.2.6 Characterization of feed and product samples

Different analytical techniques were used for the characterisation of liquid and solid samples

generated from our laboratory experiments.

5.26.1 Characterisation of solid samples

The mineralogical properties were done using X-ray Diffraction (XRD), PANalytical X Pert
PRO-diffractometer equipped with Philips PW 1710 Diffractometer with graphite secondary
monochromatic source (Almelo, Netherlands)). Functional groups analysis were done with
Fourier Transform Infrared Spectrometer (FTIR) equipped with Perkin-Elmer Precisely

Universal Attenuated Total Reflectance (ATR) sampling accessory with a diamond crystal
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(Bruker, USA). Morphology, mapping and elemental analysis using field emission scanning
electron microscope (FESEM) equipped with energy-dispersive X-ray spectroscopy (EDS),
Auriga Cobra FIB-FESEM, Carl Zeiss FE-SEM (Oberkochen, Germany).

5.2.6.2 Characterisation of aqueous samples

The pH, electrical conductivity (EC) and total dissolved solids (TDS) were monitored using
CRISON MM40 portable pH/EC/TDS/Temperature multimeter probe (Shenzhen, China).
Chemical species concentrations were determined by means of inductively coupled plasma -
optical emission spectrometry (5110 ICP-OES vertical dual view) (Georgia, USA). lon
chromatography (850 professional IC from Metrohm (Herisau, Switzerland). Graphite furnace

atomic absorption spectroscopy PerkinElmer pinAAcle 900T (Massachusetts, USA)

5.2.7 Geochemical modelling

To verify the mineral phases that are more likely to be formed during the treatment of authentic
AMD with calcium phosphate, PHREEQC geochemical modelling was utilized to calculate
saturation indices of mineral phases based on the pH and solution concentrations of major ions
in supernatants that were analysed at optimized conditions. PHREEQC geochemical modelling
code using the WATEQA4F database was used (Parkhurst and Appelo, 1999). Species which
were more likely to precipitate were determined using saturation index (SI). In this case,
SI<1=under saturated solution, SI=1=saturated solution and SI> 1= Supersaturated

solution.

53 Results and discussions

The results for chemical composition post the reaction of calcium hydroxide with municipal

wastewater to synthesize calcium phosphate are shown in Table 5.1.

5.3.1 Characterization of product materials

This section will meticulously discuss the fate of chemical species post the interaction of
calcium phosphate with metals rich effluents.

5.3.1.1 Mineralogical analysis

The mineralogical properties of calcium hydroxide, calcium phosphate and AMD-reacted with
calcium phosphate were ascertained using X-ray Diffraction (XRD) and are shown in Figure
5.1.
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Figure 5. 1: The mineralogical properties of calcium hydroxide, calcium phosphate and AMD-

reacted with calcium phosphate.

As shown in Figure 5.1, calcium hydroxide comprise of trace amount of calcite and other
substantial amounts of amorphous fractions. This indicated that the material comprised of CaO
as intermediates minerals and traces of other impurities. Thenceforth, after the interaction of
calcium hydroxide with stimulated municipal wastewater, the product mineral was found to
contain calcium phosphate (Ca-P). This was an indication that phosphate were adsorbed by the

feed leading to the formation of calcium phosphate, as denoted in equation (5.3):
3Ca%* + 2POs* —» Cas(POa)2 (5.3)

It was clear from the XRD pattern that the intensities and narrow peaks observed for the
Cas(PO4)2 sample increased as compared to that of calcium hydroxide which indicate that it
exhibits good crystallization. Furthermore, the obtained peaks at 2 theta degrees of 23.26°,
34.64° and 39.96° for calcium phosphate agrees with what have been reported by Salama and
Hesemann. (2020) and Jiang et al. (2017). Furthermore, the results confirms that the interaction
between calcium hydroxide with municipal effluents led to the formation of calcium phosphate
as a by-product. Basically, the presence of Ca in the feed contributes towards increasing the

pH value of the wastewater and generating Ca?* is shown in equation (5.4):
CaO + H,0 - Ca?* + 20H" (5.4)

Then, Ca?* will react with PO,* to form a complex, as denoted in equation (2). The very same
principle will be employed for the treatment of AMD or metals rich effluents since the key
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component which is responsible for pH increase is crystals Ca, and it is embedded into the
matrices of calcium phosphate. This could be used for mine water neutralization and chemical
species attenuation. Thenceforth, the presence of Ca denotes the possibility of gypsum
formation. The synthesized calcium phosphate was then utilized for the treatment of AMD.
However, the product sludge was observed to be amorphous in nature with few crystal peaks
at 2 theta degrees of 36.58° and 58.06° that could be assigned to basanite and Fe-hydroxide,
respectively. The peaks obtained corroborate that which have been reported by Seo et al.
(2017). This confirms that calcium phosphate can be a sink of metals from AMD. However,
there are secondary processes such as the co-precipitation of metals and co-adsorption
including surface complexation of constituents in AMD. For instance, phosphate has high
affinity to Fe3*, AI**, Mg?*, and Ca?* thus, it could be presumed that they bind to each other
and eventually precipitate.

5.3.1.2 Functional group analysis

Figure 5.2 shows the FTIR spectrum of calcium phosphate and AMD-reacted with calcium
phosphate while Table 5.1 lists the identified metal functional groups, their wavenumber (cm

1y and citations for relevant studies dealing with the identified metal functional groups.
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Figure 5. 2: The metal functional groups of synthesized calcium phosphate and AMD-reacted
with calcium phosphate.
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As shown in Figure 5.2 and Table 5.1, the metal functional groups regarding the recovered
calcium phosphate were observed to contain POs* and HPO4 (Table 5.1), which confirmed
that indeed, through the proposed technology, calcium phosphate was formed. Hydroxide along
with carbonates were also observed to be present in the recovered product sludge mineral. The
presence of hydroxide on the recovered Ca-P-sludge suggested the presence of calcium
hydroxide, while the carbonates may have originated from calcite, as revealed by the XRD
results. Finally, apart from suggesting that calcium hydroxide might be present, hydroxide also
suggested that the synthesized calcium phosphate was hydrated. Furthermore, the interaction
of calcium phosphate and AMD led to the formation of new minerals phases and metals
functional groups. This could be explained by the precipitation of different metals and
metalloids from the aqueous interface of AMD to the resultant sludge. Precisely, the Fe-OH
group was observed and this denotes the precipitation of Fe** from AMD. This has been
confirmed by other technique such XRD. The water quality results further attested to that
finding. The presence of carbonates and hydroxyl group denotes the formation of hydroxides,
oxyhydrosulphates and carbonates post the interaction of AMD with chemical components in
calcium phosphate. This further confirmed that calcium phosphate can act as a sink of chemical
species from AMD. This has been confirmed by different analytical techniques such as XRD,
GFAAS and ICP-OES. The identified metal functional groups of synthesized calcium
phosphate and AMD-reacted with calcium phosphate are shown in Table 5.1.

Table 5. 1. The identified metal functional groups of synthesized calcium phosphate and AMD-

reacted with calcium phosphate.

Mineral Wavenumber (cm™)  Metal functional Reference
group
Calcium 874 HPO4 (Pakravanan et al., 2019;
phosphate 1798 P03~ Howard et al., 2020; Jamil
2520 COs etal., 2018; Song et al.,
1406 COs 2012)
712 -OH (Water)
3642 -OH (Water)
Ca-P- AMD 1398 COs (Yahyaetal., 2017,
712 -OH (Water) Mavhungu et al., 2021;
1070 Fe-OH group Slavov et al., 2010)
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5.3.1.3 Elemental composition

As shown in Figure 5.3 (a), calcium hydroxide was characterised of CaO as major elements.
The presence of Ca further confirmed that this will aid in the removal of phosphate from
municipal wastewater hence forming calcium phosphate as the by-product. After interacting
calcium hydroxide with municipal wastewater (Figure 5.3(b)) led to the enrichment of product
sludge with phosphate as shown in the EDS results. This could be attributed to the formation
of calcium phosphate during the interaction of Ca and P in municipal wastewater. Predominant
elements were observed to be O and Ca while P was present in a small amount. The present of
phosphate in small amount could be attributed to its low concentration utilized during the
synthesis process with calcium hydroxide. The results could be attested by the reduction in the
levels of phosphate in municipal wastewater. Traces of other impurities were observed but
these could be attributed to other chemicals that were embodied in municipal wastewater.
Furthermore, the resultant sludge, i.e. calcium phosphate, was applied for the treatment of acid
mine drainage (AMD). As shown in Figure 5.3(c), there levels of Al, Mn and Fe which are
present in elevated concentration were observed. The main elements were Fe and Ca whereas
intermediates elements were Al, Si, S, P and Mn. This was evident enough that the product
sludge was acting as a sink of chemical species in AMD. The obtained results corroborates the
water quality results. These results are also consistent to what has been reported in XRD and
FTIR.
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Figure 5. 3: Elemental composition of (a) calcium hydroxide, (b) calcium phosphate and (c)

calcium phosphate reacted with AMD.
5.3.1.4 Morphological characteristics

The morphological structures of calcium hydroxide, calcium phosphate and AMD-reacted with
calcium phosphate are shown in Figure 5.4. It can be observed that calcium hydroxide
comprise of irregular particles, which are homogenously distributed across its surface.
Furthermore, the morphological properties of the calcium hydroxide surface were observed to
remain the same regardless of the different magnification used, i.e. from 1um to 100 nm. The

FESEM results also suggested that calcium hydroxide is a nanostructure with circular-like
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structures. However, post calcium phosphate synthesis, the morphology of calcium phosphate
was observed to have changed to stony like structures. In addition, the FESEM result also
revealed that calcium phosphate had also a flower like structure. This could be attributed to the
fact that calcium phosphate synthesis led to the formation of new mineral phases, which
suggested that a reaction had took place to form calcium phosphate. Moreover, other Ca based
minerals, apart from CaO, could have influenced the morphology of the synthesized calcium
phosphate, along with impurities associated within the hydrated lime matrices and micelles that
would have been co-deposited with calcium phosphate during the synthesis process. Lastly, it
demonstrated triangular sheets with homogenous arrangement onto the surface of AMD-
reacted with calcium phosphate. The sheets also comprised of leafy-like structures. This result
further confirmed the formation of new mineral phases on the matrices of each mineral, which
was generated in different phase of the reaction.

Calcium hydroxide Calcium phosphate Calcium phosphate-AMD

Figure 5. 4: The HR-FESEM images showing the changes in morphological properties of
calcium hydroxide, synthesized calcium phosphate and AMD-reacted with calcium phosphate

from lower to higher magnification, i.e. a) 1 um, b) 200 nm, and ¢) 100 nm.
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5.3.1.5 Elemental mapping using HR-SEM

To further corroborate the elemental composition of calcium hydroxide, synthesized calcium
phosphate and AMD-reacted with calcium phosphate, spot-analysis, by means of Auriga Cobra
FIB- FESEM instrument, which includes an EDS detector, was utilized. The morphological
spot-analysis of calcium hydroxide, synthesized calcium phosphate and AMD-reacted with

calcium phosphate are shown in Figure 5.5

As shown in Figure 5.5, calcium hydroxide is predominated by octagonal structures on its
surface. Elemental analysis further revealed that the predominant elements are Ca and O, as
well as traces of Mg, Si. The EDS spot analysis results are also in agreement with the XRD
and FTIR results for calcium hydroxide. Furthermore, Ca was an instrumental in increasing the
pH of the raw wastewater effluent. Scattered distribution of Mg were also observed on the
surfaces of calcium hydroxide. The crystal clear flower like and homogenous crystals were
observed in the synthesized calcium phosphate. Furthermore, it was identified that the
synthesized calcium phosphate was predominated by Ca and O while traces of CI, Al, Mg, P
and Si were similarly observed. The presence of P on spot analysis confirmed the formation of
calcium phosphate. It should be noted that only the soluble component of calcium hydroxide
will contribute to the formation of calcium phosphate and the rest will remain in solution.
Finally, the availability of Si and Mg suggested the co-precipitation of calcium phosphate with
those impurities. The obtained results are aligned with the ones of the XRD and FTIR analysis.
Lastly, spherical and sand-like structures were observed on the matrices of the AMD-reacted
with calcium phosphate. As shown in Figure 5.5, it was apparent that the sand-like structure
denotes a combination of Ca and S, thus implying the possibilities of synthesizing gypsum in
the product mineral. This could further allude the attenuation of sulphate from AMD to the
product sludge. The XRD, FTIR and EDS techniques further confirmed the results. The
presence of Ca and O confirmed the presence of calcium hydroxide on the matrices of product
minerals. Al, Fe and Mn were also observed to be present post the treatment of AMD with
calcium phosphate. The presence of these chemical species certifies the removal of
contaminants from AMD to the product sludge. This will further confirm that calcium

phosphate can act as a sink of chemical species from AMD and any metalliferous drainage.
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Figure 5. 5: Elemental mapping of calcium hydroxide, synthesized calcium phosphate and

AMD-reacted with calcium phosphate.

5.3.1.6 PHREEQC geochemical modelling

The PHREEQC geochemical model were used to complement experimental results and to point
out species that are more likely to precipitate during the interaction of calcium phosphate with
acid mine drainage. The modelling results revealed that the speciation of heavy metals from
acidic effluents existed as cation and hydroxide form in aqueous solution with calcium existing
as Ca?" CaH,PO4*, CaHCOs", CaPO4,, CaCOs and CaOH*, magnesium existing as Mg?*,
MgH2PO4*, MgHPO., MgOH* and MgPO. while the speciation of aluminium existed as AI®*,
AIOH?", AI(OH)?*, AlI(OH)3 and AI(OH)4", Iron existed as Fe?*, FeH2PO4*, FeHPO4 Fe(OH)*,
Fe3*, FeH.POs?*, Fe(OH)?**, FeOH?", FeHPOs', Fe(OH)s, Fe(OH)s, Fex(OH)*" and
Fes(OH).**, manganese existing as Mn?*, MnOH* and Mn®', while phosphate existed as
FeH,PO4*, HoPO4", MgH2PO4*, CaH2PO4*, FeHPO4, MgHPO4, HPO.%, CaHPOQ4, FeH,POs%*,
FeHPO4*, MgPO4, CaPO4 and PO.*. The predicted sludge materials are shown in Table 5.4.
The obtained results suggest that Al, Fe and Mn were recovered at the optimum pH 11.04. This

109

© University of Venda



)
o

&5 ) university of Venda
C

has proven that metal species in acid mine drainage can be fractionally recovered using calcium
phosphate at any pH gradients in a sequential manner. The PHREEQC geochemical model
results were consistent to the experimental results hence commending and attesting that the
obtained results were valid and reputable. This was also confirmed by XRD and FTIR.

Table 5. 2: Geochemical modelling results for mineral phase predicted to precipitate

Mineral Phase Sl loglAP Log KT
Al(OH)3 (a) 3.39 14.19 10.80
Fe(OH)3 (b) -1.50 3.39 4.89
Hematite 10.85 6.84 -4.01
Goethite 4.41 341 -1.00
Siderite 2.82 -8.07 10.89
Fe3(P0O4)2:8H20 10.72 -25.28 - 36.00
Mn304 (c) -21.71 39.32 61.03
Manganite -10.20 15.14 25.34
Pyrochroite -6.20 -6.20 15.20
Pyrolusite -20.12 21.26 41.38
Rhodochrosite 1.77 -9.36 11.13
Calcite (d) 0.00 -8.48 8.48
Dolomite 0.25 -16.84 17.09
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whitlokite -0.24 -1.70 -1.47

Hydroxyapatite 5.88 2.46 -3.42

5.2  Optimization of parameters for AMD treatment

This section will discuss in detail the optimization process of AMD effluents using the

synthesized calcium phosphate feedstock.

5.2.1 Treatment of AMD as a function of pH

Variation in pH with an increase in contact time prior to neutralization of AMD with calcium

phosphate is shown in Figure 5.6.
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Figure 5. 6: Variation in pH with an increase in contact time prior to neutralization of AMD
with calcium phosphate. (Conditions: contact time: 60 min; feedstock dose: 0.5 g; shaking

speed 90 rpm and temperature: 25 + 1°C)

Neutralization of AMD solution should probably be the first step in remediation of mine water.
The effect of contact time on acidity neutralization was examined by considering a wide range
of mixing durations, i.e. 0, 5, 10, 30, 45 and 60 min. As shown in Figure 5.6, the pH of the
solution was observed to increase from 1.5 to 12.38 with an increase in contact time. However,

it was observed to stabilize after 50 min of mixing duration. It was found that the dried sludge
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reduced the acidity of AMD fast. The increase of the initial pH of the AMD occurred at the
contact of 20 - 40 min with 10 mg L™ of metal ion concentration. After 60 min of shaking, the
pH reached 12.28 - 12.38. The reaction rates decreased as equilibrium was reached. The pH
increase was attributed to the progressive dissolution of the sorbent during the shaking process.
The pH attained equilibrium after 60 min of contact time between the sorbent and adsorbate

solution. The final pH was 12.38, indicating that effective neutralization of AMD took place.

Variation in percentage removal of Al, Mn, and Fe with an increase in pH during the treatment
of AMD with calcium phosphate is shown in Figure 5.7.
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Figure 5. 7: Variation in the percentage removal of Al, Mn, and Fe with an increase in pH

during the treatment of AMD with calcium phosphate. (Conditions: contact time: 60 min;

feedstock dose: 0.5 g; initial metal ion concentration 10 mg L, shaking speed 90 rpm and

temperature: 25 + 1°C)

The pH of a solution is the most significant and imperative parameter influencing the removal
process of chemical species from aqueous solution, since it does not only affects the surface
charge of feedstock, but also the extent of ionization of the metal ions in solution (lakovleva et
al., 2015; Mohammadi et al., 2019). As shown in Figure 5.7, it was clearly observed that the
percentage removal of Al were slightly decreased with an increase in pH. This could be
attributed to the fact that Al precipitate at pH < 5.5 as AI(OH)s. The recovery of Al reached
73.5-75.9% at pH 4. However, Fe and Mn showed no significance change as a result of

increasing pH and almost complete removal occurred at all the pH values tested, suggesting
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that precipitation of Fe and Mn occurred from the initial pH. The reason for Fe to precipitate
across the study range may be attributed to the progressively oxidation of Fe?* to Fe3* by
oxygen in air and its precipitation in the form of Fe(OH)s, which started at pH 2 and its recovery
reached 99.4 — 99.9% at pH 10. This finding could be supported by the results obtained by
Balintova and Petrilakova, (2011) and Seo et al. (2017). The fact that in the presence of excess
Fe, the complete precipitation of Mn occured at pH 8 was confirmed. At this particular pH,
99.5% of Mn precipitated in AMD. Fe and Mn showed the behavior of being precipitated at
pH 2 — 10 at the same time, resulted in lowering their own purity. Similar trend was observed
by Elsheikh et al. (2020). Therefore, pH 6.0 was chosen as the optimum mass for the preceding

experiment.

5.2.2 Treatment of AMD as a function of dosage

Variation in pH with an increase in calcium phosphate dosage during the treatment of AMD

with calcium phosphate is shown in Figure 5.8.
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Figure 5. 8: Variation in pH with an increase in calcium phosphate dose prior to neutralization
of AMD with calcium phosphate. (Conditions: contact time = 60 min, mixing speed = 90 rpm,
AMD solution in 100 mL, pH = 1.5 and temperature: 25 + 1°C).

The effect of feed dosage on acidity neutralization was examined by varying the dosages of
calcium phosphate from 0.1 to 1 g. As shown in Figure 5.8, the pH was observed to increase
with an increase in feed dosage. This could be attributed to an increase in mineral phases that

are dissolving in water when calcium phosphate was introduced. According to Figure 5.8,
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calcium phosphate increased the pH from 1.5 to: 11.91 at 0.1 g, 12.22 at 0.2 g, 12.46 at 0.3 g,
1255 at 0.4 g, 12.65 at 0.8 g and 12.68 at 1.0 g. After 60 min of reaction, the pH was 12.46
with a 0.3 g and 12.55 with 0.4 g dose of calcium phosphate, respectively. Further increase in
pH was not observed with increasing calcium phosphate dose, and the pH stabilized at pH
12.68 at the 1.0 g dose. These results were consistent to the ones obtained by Masindi et al.
(2017). The pH increase may have been ascribed to the presence of CaO, which dissolve and

release hydroxyl ions, increasing the pH as expressed by equation (5.5).

Ca0 + H20 — Ca?* + 20H" (5.5)

Variation in percentage removal of Al, Fe and Mn with an increase in calcium phosphate

dosage during the treatment of AMD with calcium phosphate is shown in Figure 5.9.
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Figure 5. 9: Variation in the percentage removal of Al, Fe and Mn with an increase in calcium
phosphate dosage during the treatment of AMD with calcium phosphate. (Conditions: pH: 6.0;

contact time: 60 min; initial metal concentration: 10 mg L™, shaking speed 90 rpm and

temperature: 25 + 1°C)

As shown in Figure 5.9, there was a general increase in the percentage removal of Al and Mn
during the interaction of AMD with increasing calcium phosphate dose. The recovery of Al
increased from 10.8 - 71.3 % while Mn increased from 83.2 - 99.9% at the feed dose of 0.1 to
1 g. However, Fe displayed a rapid increase with the initial calcium phosphate dosage and no

significant change was further observed with increasing feed doses and its recovery was 99%
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throughout the dose tested. This could be attributed to the fact that Fe has a strong affinity
towards PO4*> which could have formed a complex and precipitated out of the solution. This
trend was similar to the one observed by Atasoy et al. (2019). The obtained results were
expected because an increase in feed dose led to an increase in pH resulting in chemical species
attenuation. Furthermore, an increase in the percentage removal as feed dose increased was
aligned to the fact that different chemical species have their precipitation pH. Therefore 0.1 g
was adequate for the removal of Fe whereas 0.3 g was adequate for the removal of Mn and
lastly, 1 g was adequate for the removal of Al from aqueous solution. As such, 1 g was taken
as the optimum dosage for the removal of different contaminants from AMD and it was used

in subsequent experiments.

5.2.3 Treatment of AMD as a function of contact time

Variation in percentage removal of Al, Mn and Fe with an increase in contact time during the

treatment of AMD with calcium phosphate is shown in Figure 5.10.
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Figure 5. 10: Variation in the percentage removal of Al, Mn, and Fe with an increase in contact
time during the treatment of AMD with calcium phosphate. (Conditions: pH: 6.0; initial metal
concentration: 10 mg L*; feedstock dose: 1.0 g, shaking speed 90 rpm and temperature: 25 +
1°C).

As shown in Figure 5.10, there was rapid increase in the percentage removal of Al, Mn and Fe
during the interaction of AMD with calcium phosphate within 10 min, which were then
followed by a slow increase until approximately 180 min. At that point, equilibrium was
reached for all metals ion and attain the removal of 76%, 96% and 98% respectively. The rapid

increase in the percentage removal at the beginning was attributed to the occurrence of the
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external mass transfer which involved rapid attachment of the metal ions to the surface of the
feedstock (Nufiez-Gomez et al., 2020). Further increase in contact time resulted with no
significant change in percentage removal of chemical species. It can therefore be concluded
that calcium phosphate can effectively remove chemical species from AMD in short period of

time. However, 60 min was chosen as the optimum contact time for the preceding experiment.

5.2.4 Treatment of AMD as a function of concentration

Variation in percentage removal of Al, Mn and Fe with an increase in concentration during the
treatment of AMD with calcium phosphate is shown in Figure 5.11.
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Figure 5. 11: Variation in the percentage removal of Al, Mn, and Fe with an increase in
concentration during the treatment of AMD with calcium phosphate. (Conditions: pH: 6.0;

contact time: 60; feedstock dose: 1.0 g, shaking speed 90 rpm and temperature: 25 + 1°C).

As shown in Figure 5.11, the percentage removal was slightly decreasing with an increase in
initial concentration of Al, Mn and Fe during the treatment of AMD with calcium phosphate.
According to Figure 5.11, high removal of 89.9%, 98.87% and 99.1% for Al, Mn and Fe were
attained at initial concentration of 10 mg L™, respectively. Further increase in concentration
resulted in the decrease in percentage removal. This could have been attributed to the amount
of feedstock used which may have been too little to effectively remove chemical species from
AMD at high concentration. Similar results were observed by Zhao et al. (2020). As such,
20 mg L of initial metal ions concentration was chosen as the optimum for the preceding

experiment.
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5.2.5 Treatment of AMD as a function of temperature

Variation in percentage removal of Al, Mn and Fe with an increase in temperature during the
treatment of AMD with calcium phosphate is shown in Figure 5.12.
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Figure 5. 12: Variation in the percentage removal of Al, Mn, and Fe with an increase in
temperature during the treatment of AMD with calcium phosphate. (Conditions: pH: 6.0;
contact time: 60; feedstock dose: 1.0 g, initial concentration: 20 mg L™ and shaking speed 90
rpm).

To understand the influence that temperature has on the removal of Al, Mn and Fe during the
treatment of AMD with calcium phosphate, variation of temperature from 25 to 80°C were
investigated. As shown in Figure 5.12, there was rapid increase in percentage removal of Mn
and Fe between the temperatures of 25 to 40°C. At this temperature, maximum percentage
removal of Mn and Fe of 99.49% and 94.89% was attained, respectively. Afterwards, no
significant change was observed in the percentage removal of Mn and Fe at elevated
temperature. However, Al shows a different trend from that of Mn and Fe. It was observed
that the percentage removal of Al increased with increasing temperature up to 40°C, thereafter
further increase in temperature resulted in decrease on percentage removal. The percentage
removal of Al increased from 77.88% to 94.49% and suddenly drops to 79.92%. The decrease
in removal of Al could be due to the fact that high temperature results in high kinetic energy
of the AI** ions, therefore failing the forces of attraction between the AI** ions and the

feedstock. It was concluded that percentage removal of Mn and Fe shows little dependency on
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temperature since percentage removal was (> 90%) throughout all tested temperature

conditions whereas that for Al shows dependency on temperature.

5.3 Treatment of AMD at optimized conditions

The feed and product water constituents for acid mine drainage are reported in Table 4.3.

Table 5. 3: The feed and product water qualities for treated AMD at optimized conditions.

Elements Standards Limits AMD Treated AMD % Removal
Fe(mgL?l) <2 96.239 13.127 86.36
Mn(mgL?) <04 74.892 14.900 80.10
Co(mgL?') <0.05 33.821 9.309 72.48
Cu(mgL? <2 25.959 8.776 66.19
Ni(mgL?)  <0.07 39.744 12.672 67.99
pH >5.00t0<9.70 2.37 11.04 -
Al(mgL?h  <0.03 59.601 11.383 80.90
EC(mSm?) <170 1605 3260 -1655
TDS (mg L?) <250 14900 13166 11.6
Zn(mgL?h) <50 115.158 36.127 68.23

- not determined.

As shown in Table 5.3, there was an effective removal of contaminants from AMD using
calcium phosphate at optimised conditions. Specifically, chemical species of interest were
removed from feed water. The pH was observed to increase from 2.3 to 11. 04 hence indicating
that there was chemical reaction which was taking place that led to an increase in pH. Alkalinity
of the resultant water was observed to have increase after contacting calcium phosphate hence
indicating an enrichment of water bodies by base metals. Specifically, an increase in pH is
mainly attributed to the chemical reactions in equation (5.3). The EC was observed to increase
after the interaction of AMD with calcium phosphate at optimized conditions. This could be
attributed to dissolution of chemical species such Ca during the attenuation of metals and
sulphate from the aqueous solution. The presence of high level of Fe denotes that the genesis
of this AMD was a result of weathering of pyrite (FeS) which was also associated with traces
of other sulphide bearing minerals such as ZnS, CuS and NiS amongst others. This could be
confirmed by the presence of those chemical species. Although, the major chemical species

were observed to be Al, Fe, Mn and Zn. Notable levels of Cu, Ni and Co were also observed
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to be present in AMD interface. The assessed chemical species and parameters were out of the
limits as stipulated in SANS 241 specifications. However, after the interaction of AMD with
calcium phosphate, major chemicals such as Al, Fe and Mn were effectively removed from the
AMD interface to the product sludge even though their concentration still remained out of the
limit regulated by SANS 241. The incomplete removal of chemical species of interest could be
attributed to insufficient level of Ca and its removal efficacy at high concentration since metal
hydroxide was the main route for attenuation during the treatment of AMD. The levels of pH
and EC were observed to have increased after the treatment of AMD with calcium phosphate.
Additionally, other trace metals were also reduced in the product water after contacting AMD
with calcium phosphate. The percentage removal of Al, Mn and Fe from AMD were close to
> 80% while > 65% for other chemical species was attained. The attenuation of chemical
species during the treatment of AMD with calcium phosphate could be represented by the

following chemical reaction:
M™ 4+ nOH~ - M(OH), | (5.6)

In light of the obtained results, it can be concluded that calcium phosphate was a good candidate
for the attenuation of chemical species in AMD. However utilizing high feed dose > 1 g would
be required in order to completely remove chemical species from AMD solution to the required
standards as stipulated in different water quality guidelines, requirements, specifications and

standards.

54 Conclusions

The findings from this study confirmed the feasibility of synthesizing calcium phosphate and
applied it for the treatment of acid mine drainage (AMD) or metal rich effluent. Specifically,
the synthesis of calcium phosphate was successfully done at 5 g: 150 mL of calcium hydroxide
and municipal wastewater. Thenceforth, the product calcium phosphate was used for the
treatment of acid mine drainage or metals rich effluent. Optimum conditions were observed to
be 60 min of equilibration and 1 g of dosage in 100 mL of AMD solution at 90 rpm of mixing
speed. Interaction of calcium phosphate with AMD led to close to 99% removal efficacy for
Fe, Mn and other metals except for Al, which demonstrated close to 80% removal efficacy.
XRD confirmed the synthesis of calcium phosphate. This was further confirmed by presence
of phosphate in EDS results. PHREEQC confirmed the existence of chemicals divalent ions,

trivalent ions, and oxyanions including their potential to precipitate as metals hydroxide. This
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has corroborated the FTIR, XRD and HR-SEM-EDS results. Furthermore, it can be confirmed
that the product mineral was effective enough for the removal of metals from AMD. The pH
was observed to be > 10 and this was suitable for attenuation of all the chemicals species in
AMD. The removal of chemical species from municipal wastewater and acid mine drainage
subsequently was observed to be technically viable. Thus, this technology could valorise
calcium phosphate synthesized from municipal wastewater effluents and open new horizons
for the effective and sustainable management of wastewater effluents and AMD. This will
minimize the footprints of acid mine drainage and municipal wastewater on different spheres
of the environment. In light of the above, future research should focus on the use of life cycle
assessment tools to measure ecological footprints of this initiative. Employing geochemical
modelling to substantiate this technique will further enhance the techno-viability of this
technology.
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6.1 Conclusions

This study was proposed with an attempt to answer the following questions relating to the
synthesis of calcium phosphate from municipal wastewater and its subsequent application for
for acidity neutralization and attenuation of chemical species concentration from acidic

effluents.

= What are the physico-chemical properties of municipal effluents and acid mine drainage
(AMD)?

= What are the physicochemical and mineralogical properties of calcium hydroxide and
calcium phosphate?

= What are the optimum of the conditions that are suitable for the synthesis of calcium
phosphate from municipal effluents using hydrated lime as the feedstock?

= What are the optimum conditions that are suitable for the treatment of acidic and
metalliferous mine effluent using the synthesized calcium phosphate as feedstock?

= What is the chemistry of processed water and the resultant solid residues after
interacting municipal wastewater with the calcium hydroxide?

= What is the chemistry of the processed water and the resultant solid residues after
interacting AMD with calcium phosphate?

= How does the quality of treated water compare with the South African water quality

guidelines?

6.1.1 Characterization of agueous solution

Analysis of chemical composition of MWW by IC revealed that MWW from Rietvlei contains
on average of 55.68 mg L sulphate, pH 6.67, TDS of 884 mg L™, EC of 1473 uS cm?, 14.87
mg Lt of F,81.91 mg Lt of CI', 1736 mg L™ of NOs and 41.33 mg L. Consequently, analysis
of chemical composition of AMD by ICP-OES suggest that AMD from Mpumalanga
comprises of TDS of 14900 mg L%, EC of 1605 uS cm™, pH 9.70, Fe 96.239 mg L, Mn of
74.892 mg L%, Co of 33.821 mg L%, Cu of 25.959 mg L, Ni of 39.744 mg L™, Al of 59.601
mg L and Zn of 115.158 mg L%, This results proves that MWW and AMD streams are highly

polluted water that can pose hazardous impact to living organisms on exposure.
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6.1.2 Characterization of calcium hydroxide and calcium phosphate

Calcium hydroxide was reported to contain CaO as the mineral phases. After interacting with
MWW, new mineral phase were observed. This could be explained by the decrease of in
chemical species from MWW. The FTIR showed the availability of OH and carbonate stretches
on raw calcium hydroxide. After interaction of MWW with raw calcium hydroxide, POs*
stretches were observed indicating that phosphate ion were adsorbed by Ca hence indicating
the formation of new mineral phase, whitlokite (Caz(POs)2. SEM-EDS showed that the
morphology of calcium hydroxide comprise of irregular rough surface with abundant pore
structure hence indicating that the material is homogeneous. EDS revealed high levels of Ca,
C and O with traces of Mg hence confirming that it is calcium hydroxide. After contacting
MWW with calcium hydroxide, the octagonal nano-sheets with a flower like structure and
smashed with molded smooth surface were observed hence indicating the dissolution of
calcium hydroxide on contact with MWW. Furthermore, after contacting calcium phosphate
with AMD, Fe-OH group was observed from the FTIR spectrum indicating the precipitation
of Fe3* from AMD. EDS revealed the presense of Al, Fe and Mn indicating that the was
attenuation of those chemical speces from AMD. SEM-EDS showed the triangular sheets with

homogenous arrangement onto the surface of AMD-reacted with calcium phosphate.
6.1.3 Treatment of MWW with calcium hydroxide

In this study, hydrated lime was utilized as a feedstock for the removal of nitrate and phosphate
from municipal wastewater. The addition of this feed into the wastewater had an effect of
elevating the pH of the wastewater, hence increasing the removal performance of phosphate
whereas nitrate was being difficult to be removed at all pH levels tested. Moreover, at all-times,
nitrate-to-phosphate ratios in solution, the ratio of nitrate to phosphate removed was always
lower which suggested that the phosphate had a higher selectivity for being removed than
nitrate. This suggested that chemical precipitation was the predominant mechanism. Phosphate
was recovered as calcium phosphate after the addition of hydrated lime to municipal
wastewater solution at solid liquid ratio of 0.06 g: 100 mL. The XRD and SEM analysis
confirmed the presence of new mineral phases in the precipitate. Furthermore, PHREEQC
geochemical model confirmed the precipitation of calcium phosphate as whitlokite and
hydroxyapatite based on these results, it was concluded that the prepared calcium phosphate

could serve as alternative sources of phosphorus, and used as slow fertilizers to relieve future
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shortages of phosphorus. Furthermore, calcium phosphate was able to be applied for the
treatment of acid mine drainage.

6.1.3 Treatment of AMD with calcium phosphate

Interaction of AMD with calcium phosphate led to an increase in pH and a notable attenuation
of metal ions concentrations. Maximum removal of Al, Fe and Mn was attained after 60 min
of contact time for a solid liquid ratio of 1 g: 100 mL. Under these conditions, the pH achieved
was > 10, which is suitable enough for attenuation of chemical species from AMD. Using
geochemical modelling, it was shown that Al, Fe, and Mn were precipitated as metal oxide and
hydroxide. From modelling simulations, the formation of these phases were precipitated at the
a selective precipitation sequence with AI** at pH < 6, Fe®" at pH > 6, Fe?" at pH > 8, Mn?* at
pH >10. This study has pointed to the efficiency of calcium phosphate in neutralizing and
attenuating metals from AMD and metalliferous industrial effluents. A disadvantage of this
technology is that most of earth alkali and alkaline earth metals remain in solution which means
a post treatment processes such as ion exchange or reverse osmosis might be required for
polishing the product water.

6.1.4 Overall significance of the study

This study confirmed that calcium hydroxide showed some good performances for the removal
on nitrate from municipal wastewater however it were not fully effective whereas it proved to
be a better candidate for the synthesis of calcium phosphate from municipal wastewater. The
synthesized calcium phosphate managed to reclaim water to usable standards as specified by
the water quality guidelines hence making it a replacement for conventional methods that are
used for AMD treatment.

6.2 Recommendations

The application of calcium phosphate for the treatment of AMD presented a potential AMD
treatment method and remediated water to almost within SANS Water Quality Guidelines
standards. However, additional research studies are required in this area if this technology is to
be applied on a larger scale process. Therefore, this study recognized various research gap that

could be pursued:
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Assessing the efficacy of the synthesized material for the removal of sulphate and other
chemical components from acid mine drainage (AMD).

The potential of calcium phosphate to neutralize and remove heavy metals ion from
AMD was investigated against one type of AMD from a coal mine in Mpumalanga.
More investigations are required to be carried out to corroborate the effectiveness of
the calcium phosphate to treat AMD from different sources including neutral drainage.
This study only focused on batch laboratory experiments and validation of
experimental results using a geochemical model. The generation of AMD is a natural
process that can take place in abandoned underground workings as well as surface
tailings dumps. In light to that, fixed bed column studies that can mimic natural
processes under the force of gravity must be also carried out in attempts to explore the
effectiveness of calcium phosphate to alleviate tailings dumps, neutralize acidity and
remove heavy metals ions from tailings leachates.

Calcium phosphate has been successfully utilized for the neutralization of acidic
solution from metalliferous mine drainage.

Further research can be pursued with the aim to explore the ability of using calcium
phosphate for the treatment of AMD, stabilization of gold- and coal-mine tailings and
recovery of metals.

Pilot assessment and large-scale assessment requires to be established and executed to
determine the efficiency of the material at a large scale set up.

Hybrid systems that can be utilized in integration with calcium phosphate need to be
fabricated to refine water quality that meet the required standards for many of defined

uses

136

© University of Venda



7S
S

) (o

,
L

University of Venda
Creating Future Leaders

APPENDIX

© University of Venda



3

o

@ University of Venda
Creating Future Loaders

Appendix A

Figure Al: An image showing MWWTP where sample are collected
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Appendix B: Experimental results
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Figure B1: Calibration curve for nitrate obtained from ion chromatography (I1C)
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Figure B2: Calibration curve for phosphate obtained from ion chromatography (IC)
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Figure B3: Calibration curve for aluminium obtained from the graphite furnace atomic
absorption spectroscopy (GFAAS)
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Figure B4: Calibration curve for iron obtained from the graphite furnace atomic absorption
spectroscopy (GFAAS)
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Figure B5: Calibration curve for iron obtained from the graphite furnace atomic absorption
spectroscopy (GFAAS)

Table B1: Effect of pH on the treatment of MWWTPs using hydrated lime

pH Nitrate SD RSD (%)  Phosphate SD RSD (%)
removal (%) removal (%)
2 7.67 0.668 49.50 94.03 0.068 9.37
3 7.52 0.643 38.41 99.99 0.090 6.22
4 9.40 0.244 55.52 94.48 0.082 3.26
5 1.79 0.211 66.64 64.19 0.415 39.64
6 3.09 0.316 38.81 36.64 0.124 32.10
7 2.14 0.360 34.44 34.96 0.271 46.12
8 6.85 0.594 65.08 62.09 0.683 43.99
9 1.39 0.634 69.91 45.77 0.511 28.76
10 6.15 0.719 56.01 46.49 0.288 33.76
11 39.85 0.221 38.10 69.85 0.214 21.16
141

© University of Venda



3
o]

&5 ) university of Venda
C

Table B2: Effect of dosage on the treatment of MWWTPs using hydrated lime

Dosage  Nitrate SD RSD (%)  Phosphate SD RSD (%)
(9) removal (%) removal (%)

0.01 9.48 0.481 39.09 39.83 0.388 46.06
0.02 7.94 0.300 37.08 26.68 0.461 58.10
0.03 9.83 0.212 26.11 39.39 0.200 37.74
0.04 10.57 0.210 37.02 35.14 0.028 31.98
0.05 9.47 0.119 45.26 59.92 0.591 37.23
0.06 29.43 0.380 19.70 73.34 0.044 18.22

Table B3: Effect of chemical species concentration on the treatment of MWWTPSs using

hydrated lime

Concentration Nitrate SD RSD (%) Phosphate SD RSD (%)
(mg L?) removal (%) removal (%)

20 10.78 0.192 27.09 98.66 0.307 11.35

30 7.73 0.343 30.91 71.94 0.556 12.22

50 4.54 0.414  46.39 57.92 0.501 18.47

60 4.12 0.103  69.53 28.14 0.318 34.43

80 5.59 0.879 67.55 23.62 0.264 38.17
100 8.76 0.212 45.00 31.88 0.415 37.10

Table B4: Effect of contact time on the treatment of MWWTPs using hydrated lime

Contact time  Nitrate SD RSD Phosphate SD RSD (%)
removal (%) (%) removal (%)

5 5.37 0.911 67.8 27.9 0.507 38.47
25 6.29 0.454 59.80 57.3 0.401 22.21
45 6.96 0.400 5231  99.97 0.204 9.73

120 7.11 0.329 36.30 99.91 0.232 11.21
150 7.34 0.293 41.01 99.89 0.311 17.14
180 7.82 0.363 38.17 99.94 0.201 4.61
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Table B5: Effect of pH on treatment of acid mine drainage using calcium phosphate

pH Al SD RSD Fe SD RSD Mn SD RSD

removal removal (%) removal

(%) (%) (%)
2 73.92 0.059 3.93 99.74 0.003 2.87 99.40 0.002 2.05
3 63.42 0.429 20.02 99.49 0.013 11.89 99.23 0.001 0.83
4 75.98 0.778 2321 99.48 0.004 335 97.73 0.028 3.33
5 64.40 0.067 1.74 89.40 0.031 3.68 98.61 0.012 1.76
6 72.73 0.178 6.73 99.77 0.054 60.49 97.76 0.002 1.38
7 54.89 0479 1459 97.32 0.022 8.44 98.21 0.020 3.09
8 34.79 0.119 2.77 95.39 0.006 140 97.89 0.028 2.27
9 65.09 0.311 16.68 99.19 0.019 1490 96.81 0.012 21.16
10 41.62 0.030 1.65  99.99 0.056 49.04 99.88 0.002 3.71
11 26.03 0.138 3.88 99.33 0.120 40.23 9451 0.003 1.04
12 19.52 0.009 0.22 95.50 0.026 6.74 91.94 0.008 2.27

Table B6: Effect of dosage on treatment of acid mine drainage using calcium phosphate

Dosage Al SD RSD  Fe SD RSD  Mn SD RSD
) removal (%) removal (%) removal (%)
(%) (%) (%)
0.1 10.78 0.036 3.48 96.51 0.034 257 83.17 0.034 6.11
0.2 35.02 0.018 3.18  98.96 0.008 194  87.95 0.049 4.06
0.3 46.60 0.231 2.16 97.17 0.007 3.85 92.27 0.077 7.62
0.4 64.57 0.246 3881 97.71 0.014 5.01 97.98 0.014 212
0.8 69.21 0.019 1.12 99.86 0.066 40.23 99.74 0.023 5.29
1 71.28 0.130 6.81 99.99 0.021 7.71 99.88 0.048 5.81
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Table B7: Effect of contact time on treatment of acid mine drainage using calcium phosphate

Contact Al SD RSD Fe SD RSD Mn SD RSD
time removal (%) removal (%) removal (%)
(%) (%) (%)
10 80.26 0.333 19.16 88.29 0.155 39.64 88.03 0.017 381
30 69.51 0.332 18.84 89.49 0.028 3.26 94.21 0.014 1.46
50 73.23 0.157 1426 91.46 0.029 5.77 95.34 0.069 9.38
90 78.41 0.423 28.48 89.63 0.086 9.87 94.70 0.026 2.27
120 78.98 0.097 8.49 94.19 0.029 6.22 97.75 0.185 4.77
150 83.37 0.073 751  93.38 0.035 4.26  96.23 0.032 273
180 79.36 0.145 10.37 96.27 0.013 2.05 98.13 0.024 2.09

Table B8: Effect of chemical species concentration on treatment of acid mine drainage using

calcium phosphate

Concentration Al SD RSD Fe SD RSD Mn SD RSD
(mg L?) removal (%)  removal (%) removal (%)
(%) (%) (%)
5 76.63 0.056 55.72 99.12 0.007 18.22 84.73 0.006 7.23
10 88.97 0.050 11.31 98.87 0.086 55.70 98.84 0.012 10.22
15 72.84 0.149 12.07 96.54 0.051 1232 95.11 0.009 9.69
20 77.89 0.021 6.54 98.34 0.100 32.10 96.51 0.017 1291
30 85.17 0.059 594 9353 0.004 894 93.73 0.038 35.55
50 86.31 0.068 4.99 96.39 0.004 9.09 96.31 0.006 6.57
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Table B9: Effect of temperature on treatment of acid mine drainage using calcium phosphate

Temperature Al SD RSD Fe SD RSD Mn SD RSD
(°C) removal (%) removal (%) removal (%)
(%) (%) (%)
25 77.87 0.023 214 94.17 0.001 242 96.98 0.025 6.19
30 91.21 0.246 3781 94.12 0.050 65.56 97.72 0.038 4.87
40 96.78 0.030 1.69 94.89 0.003 10.48 99.50 0.036 4.61
50 82.72 0.085 9.70 97.21 0.002 3.11 9754 0.010 0.81
60 90.43 0.058 592 97.98 0.004 659 99.89 0.083 11.70
70 91.78 0.039 324 95.66 0.005 871 98.71 0.033 3.91
80 87.64 0.032 5.04 98.12 0.018 235 99.73 0.021 3.33
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