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ABSTRACT - Adsorption column experiments were conducted to investigate the influence of pH on the
adsorptive capacity of the zeolite, clinoptilolite, for the removal of some heavy metals prevalent in mine drainage
{MD) ie., cadmium, zinc, manganese and lead, besieging South Africa. Clinoptilolite is a natural, commonly
available, and inexpensive zeolite found in SA, which can be used by impoverished communities for MD
contaminated surface and groundwater treatment. The results indicated that the adsorption capacity of the
clinoptilolite increased with a decrease in pH, albeit an indication that the adsorption is better when the solution
15 closer to a neutral pH with the Freundlich 1sotherm descrnibing the adsorption capacity. It was indicated that the
activated clinoptilolite used 1s smited both for acid and alkaline mine drainage. Furthermore, a Pseudo-second
order kinetic model best descrnibed the adsorption of the mvestigated heavy metals.
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1. INTRODUCTION

It 15 estimated that more than 300 million people in Africa do not have access to safe drinking water
(Xu & Usher, 2006). South Africa (SA) is classified to be a water-stressed country (Donnenfeld, et al.,
2018). The continuous population growth, urbanisation and pollution of available water sources may
contribute to physical water scarcity in SA by the year 2025 (Otieno & Ochieng, 2004). For many vears
the mining sector has dominated SA’s political, social and economic landscape (Minerals Council South
Africa, 2021). However, the greatest impact of mining activities 1s its effects on water sources (Jhanya
& Khan, 2016). The continuing increase in environmental contamination in SA is concerning
{Agbenyeky, et al., 2016). Mining activities produce large quantities of solid waste and heavy metal-
containing leachates which contaminate surface and groundwater sources (Munnik, 2020). Transport of
heavy metals to various groundwater sources is not only dependent on the physiochemical properties
of the metals but more so on the soil through which they travel (Dube, et al., 2001). Mainly due to its
sorption properties, soil has the ability to immobilise heavy metal ions (Dube, et al., 2001). When a
study of natural zeolites that occur in SA was done it was found that the main constituent of the zeolites
present was clinoptilolite, with quartz being one of the most common impurities (Diale, et al., 2011).
Due to its abundance, clinoptilolite is cheap. This study was focussed on the kinetic modelling, isotherm
determination and pH effects on the adsorption of selected heavy metals prevalent in mine drainage
(MD) onto table salt activated clinoptilolite { AC).

2. MATERIALS AND METHODS

I.  Clinoptilolite, chemical reagents and mine drainage

Clinoptilolite used for the experiments (VLTR Creek Clinoptilolite 0.8 — 4 mm), was ordered
from ChemLite Technologies (Johannesburg, SA). The ZnCl., Cd(NO:)2, MnCl: and Ph{NOs )2
were ordered from ACE Chemicals (Johannesburg, SA). All the materials were commercial
grade while stock solutions were made with distilled water. Alkaline and acid mine drainage
samples used were collected from mining environments in Middelburg and Withank, SA.
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Preparation of the clinoptilolite, metal concentrations and isotherm/kinetic model studies

AC (5 kg), 1.e., activated by slurrification with 5 L of 100 g/L table salt solution and baked at
110%C for 24 hrs, was used.

For the effect of initial metal concentration on adsorption for isotherm meodels, individual
metal solutions were prepared, namely 25, 50, 75, 100, 125 and 150 mg/L. The solutions were
poured into 250 mL Erlenmever flasks and 0.5g of AC was added to each flask. All the samples
were put into the shaking incubator at 25°C and 160 rpm for 90 minutes; thereatter, the slurnes
were centrifuged at 4000 rpm for 5 minutes to recover a clear solution.

Similarly, contact time effects for kinetic models were conducted using 100 mL of 100 mg/L
of individual metal solutions, in 250 mL Erlenmeyer flasks with 0.5 g of AC using a sampling
regime of 20, 40, 60, 80, 100 and 120 minutes using a shaking incubator at 25°C and 160 rpm.
All samples during this step were also centrifuged at 4000 rpm for 5 minutes.

For pH effect analysis, 1.e., at 3, 5 and 7, lead solutions were susceptible to precipitation,
therefore were excluded with a mixture of metal solutions, i.e., all metals in a single solution,
being at 400 mg/L. HCI was used to decrease the pH and NaOH to increase the pH of the
solutions.

All experiments were done in triplicates.

Adsorption column studies

Adsorption columns (height: 23cm, diameter: 2.5cm, made of Perspex) loaded to a height of 5
cm of AC and 10 pore volumes of each pH variation of the mixed metal solution pumped at 5
mL/min, were used. Each pore volume of filtrate was collected sent for ICP analysis (EPA
Method 6020B). The column experiments were repeated using real acid and alkaline mine
drainage samples. All experiments were done in triplicate.

RESULTS AND DISCUSSION

The model parameters for each metal are listed in Table 1. The best isotherm for the adsorption
of the selected heavy metals onto the AC was determined by considering the coefficient of
determination ( R? values), with Freundlich's isotherm describing the adsorption. This indicated
that the adsorption process occurs through a heterogeneous binding to the surface and therefore
implying that there are many layers involved in the adsorption. Furthermore, Pseudo-second-
order was found to be the better fit, indicating that the surface adsorption involved, is
chemisorption, i.e., the rate-limiting step; an indication that there was a stronger interaction
between the surface of the AC and the heavy metal ions studied. Furthermore, at all pH’s the
adsorption of cadmium was least effective. This result correlates to the results obtained by
(Erdem, et al., 2004) and is therefore likely due to the cadmium ion having the largest diameter
resulting in less cadmium ions penetrating the small diameter channels of the adsorbent. It was
also found that the initial metal concentrations were considerably lower than that of the sodium.
The sodium in the filtrate decreases with an increase in pore volumes pumped to the column.
This indicates that the metal ions are exchanged with the sodium ions on the surface of the
clinoptilolite. This result therefore supports the ion-exchange properties of clinoptilolite stated
by (Zanin, et al., 2017). Overall, the adsorption of each metal is directly proportional to the pH
of the metal solution. The decrease in adsorption of the heavy metals in the more acidic
solutions are due to the heavy metal ions having to compete with a larger concentration of
proton ions to bind to the surface of the clinoptilolite. The surface of the clinoptilolite is
therefore saturated quicker, decreasing the opportunities for the heavy metal ions to bind to the
surface of the clinoptilolite resulting in more heavy metals present in the filtrate. In the neutral
solution the concentration of the proton ions is less, resulting in the delay of surface saturation
of the clinoptilolite. More heavy metal 1ons thus bind to the surface of the clinoptilolite causing
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the heavy metal concentration in the filtrate to be lower. Adsorption of heavy metals from real
alkaline and acid mine drainage samples were also successful at up to 80 % metal removal.

Isotherm/ Adsorbent Metal [ . k R* n k; gelexp) gelcalc) ky ks
Kinctic img/g) (Limg) (mg/g) img/g) (min™") | ¢ g
mdel mg
Jmin)
Langmuir Clmoptilolite Cadmimm 9.07 0.2 0494 - - - - - -
Manganese | 4.68 .01 .65 - - - - - -
Zinc 123 002 0.91 - - - - - -
Lead 3Ll 071 097 - - - - - -
Freundlich Clmoptilolite Cadmimm - - 0.96 1.96 [N - - - -
Manganese | - - 0.70 1.99 .28 - - - -
Zinc - - 097 1.82 (.64 - - - -
Lead - - 0.98 252 119 - - - -
Pscudo- Clmoptilolite Cadmimum - - 0.92 - - 20 17.5 0008 -
first order
Manganese - - .50 - - 20 18.5 0003 -
Zinc - - 094 - - 20 156 (.06 -
Lead - - .88 - - 20 7.92 (.oas -
Pseudo- Clmoptilolite Cadmimum - - .94 - - 20 129 - %122
second
order Manganese | - - 0.98 - - 20 5.63 - 2B0.28
AT - - 097 - - 20 9.96 - 2528
Lead - - 0.99 - - 20 215 - 1501

4. CONCLUSION

In this study, the adsorptive nature of table salt activated clinoptilolite and the influence of pH
on its selected heavy metal adsorption capacity were investigated. The Freundlich isotherm
model and the Pseudo-second order kinetic models better described the adsorption. It was also
found that the adsorption capacity of the clinoptilolite increases as the pH decreases.
Application of clinoptilolite in poor communities besieged by AMD can thus be adopted to
remediate surface and ground water.
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South Africa (SA) is a water scarce country, with 34 % of SA’s total population living in rural areas

Abstract

with very limited access to safe surface and groundwater sources. The pollution of these water
sources is caused by many natural and anthropic causes, with industrial effluents being of the
greatest impact. Adsorption column experiments were conducted to investigate the influence of
pH, water hardness and mineral characteristics on the adsorptive capacity of the zeolite,
clinoptilolite, for the removal of heavy metals prevalent in mine drainage (MD) besieging in SA.
Clinoptilolite is a natural, commonly available, and inexpensive zeolite found in SA, which can be
used by impoverished communities for MD contaminated surface and groundwater treatment.
The results indicated that the adsorption capacity of the clinoptilolite increases with a decrease in
pH, albeit an indication that the adsorption is better when the solution is closer to a neutral pH
with the Freundlich isotherm describing the adsorption capacity. It was indicated that the activated
clinoptilolite used, is suited both for acid and alkaline mine drainage. A Pseudo-second order
kinetic model best described the adsorption of the investigated heavy metals. Furthermore, it was
indicated that due to its crystal structure, the impurity quartz, does not consist of a large adsorption

capacity.

Keywords: Adsorption, Clinoptilolite, Heavy metals, Mine drainage, Zeolite
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Zn?* Zinc ion
Pb?* Lead ion
cd?** Cadmium ion
Cu?*t Copper ion
Mn?* Manganese ion
Ni?t Nickel ion
FeS, Iron disulphide
m3 Cubic meter
% Percentage
mg/L Milligram per Litre
cm? /min Cubic centimetre per minute
cm centimetre
m/sec Meter per second
mV millivolt
NacCl Sodium chloride
°C Degrees Celsius
mm millimetre
ZnCl, Zinc chloride
Cd(NO3), Cadmium nitrate
MncCl, Manganese(ll) chloride
Pb(NO3), Lead(ll) nitrate
kg kilogram
rpm Revolutions per minute
hrs Hours
g gram

ix|Page




W NWU°

mL/min Millilitre per minute
pum Micrometre
C) Theta
° Degree
Al, 04 Aluminium Oxide
Sio, Silicon dioxide
Na,0 Sodium oxide
MgO Magnesium oxide
P,04 Phosphorus oxide
K,0 Potassium oxide
CaO Calcium oxide
MnO Manganese(ll) oxide
Fe, 04 Ferric oxide
mg/g Milligram per gram

Abbreviations

SA South Africa
MD Mine drainage
AMD Acid mine drainage
WHO World Health Organisation
AC Activated clinoptilolite
PSD Particle size distribution
GPD Gross domestic product
DNA Deoxyribonucleic acid
SEM-EDS Scanning electron microscopy-energy
dispersive spectroscopy
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XRD X-ray diffraction
XRF X-ray fluorescence
FT-IR Fourier-transform infrared spectroscopy
ICP-EOS Inductively coupled plasma — optical emission
spectrometry
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1. Chapter 1: Introduction

1.1 Background and motivation

It is estimated that more than 300 million people in Africa do not have access to safe drinking
water (Xu & Usher, 2006). South Africa (SA) is classified to be a water stressed country
(Donnenfeld, et al., 2018). The continuous population growth, urbanisation and pollution of
available water sources may contribute to physical water scarcity in SA by the year 2025 (Otieno
& Ochieng, 2004). SA has an annual freshwater availability of less than 1000 m?2 per capita which
is far less than the 1700 m3 of renewable water resources per capita per year that The Falkenmark
indicator proposes (Risjberman, 2005).

Numerous countries in Africa are dependent on groundwater as their main source of drinking
water and domestic water supply (Xu & Usher, 2006). However, these groundwater supplies are
threatened by human activities (Xu & Usher, 2006) with natural and anthropogenic factors causing
contamination of the groundwater sources (Stefanakis, et al., 2015). Anthropogenic factors that
affect the quality of the groundwater supplies include urban development, agriculture and mining
activities (Stefanakis, et al., 2015).

Mining in SA started in the early 1850’s (Mining in Africa, 2017) and for many years the mining
sector has dominated SA’s political, social and economic landscape (Minerals Council South
Africa, 2021). In 2018, 456438 people were employed and R 351 billion was contributed to the
South African gross domestic product (GDP) by the mining sector (Minerals Council South Africa,
2021). However, the greatest impact of mining activities is its effects on water sources (Jhariya &
Khan, 2016) and the continuing increase in environmental contamination in SA is attracting major
concerns (Agbenyeky, et al., 2016). Mining activities produce an enormous amount of solid waste
and heavy metal containing leachates which can contaminate surface and groundwater sources
(Munnik, 2020). Heavy metal pollution of these groundwater sources may also lead to soil
contamination (Duruibe, et al., 2007) and can have bio toxic effects, may be life threatening to

humans and can have serious effects on the environment (Duruibe, et al., 2007).

Mining activities bring forth another major pollutant, namely acid mine drainage (AMD). AMD is
most typically formed when iron disulphide (FeS,), or pyrite, reacts in the presence of oxygen and
water to produce a product containing sulphuric acid (Gray, 1997). Records of AMD have been
found where coal, silver, copper, lead and pyritic sulphur among others have been mined (Gray,

1997). AMD frequently consists of high concentrations of copper, manganese, lead, zinc, iron,
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arsenic and sulphates (Luis, et al., 2009). AMD negatively impacts various water sources, causing
ecological damage and serious health risks are associated with heavy metal toxicity (Sankhla, et
al., 2016).

It is important to note that the transport of heavy metals to various groundwater sources is not
only dependent on the physiochemical properties of the metals, but more so of the soil through
which it travels (Dube, et al., 2001). Mainly due to its sorption properties, soil has the ability to
immobilise heavy metal ions (Dube, et al., 2001). Zeolites are porous aluminosilicates and due to
its structure, ion exchange is allowed (Zanin, et al., 2017). When a study of natural zeolites that
occur in South Africa was done, it was found that the main constituent of the zeolites present was
clinoptilolite, with quartz being one of the most common impurities (Diale, et al., 2011). Therefore,
for adsorption studies, clinoptilolite is the best zeolite to be used as it is the most abundant zeolite
in SA.

The effect of water hardness on the adsorption of heavy metals is not widely investigated
(Panayotova & Velikov, 2003) where the water hardness is simply defined as the amount of
dissolved minerals (largely magnesium and calcium) present in the water (USGS, 2021). The
hardness of water is variable and completely dependent on the location of the water sources.
Water hardness can vary from being “soft’, “moderately hard” and “very hard” when the
concentration of the dissolved minerals is 0 — 60 mg/L, 61 — 120 mg/L and above 180 mg/L,
respectively (Romano, et al., 2020).

In the present study the adsorptive nature of the natural zeolite, clinoptilolite, and the influence of
pH and water hardness on the adsorption capacity of the adsorbent will be investigated.

1.2 Aim and Objectives

The aim of the study is to determine the impact of the sorptive nature of zeolite, as a mineral
phase of soil above aquifers, on the mobility of heavy metals towards underground water. A
column set-up will be assembled to test the effectiveness of the proposed method. The adsorptive
behaviour of cadmium, zinc, manganese and lead onto the zeolite will also be studied. The effect
of pH and water hardness on the ion-exchange capability of the zeolite surface will also be

investigated.

The objectives of this study are to determine the adsorptive behaviour of cadmium, zinc,
manganese and lead onto the surface of the clinoptilolite, to determine the effect of aqueous
solution properties on the adsorption of these heavy metals and to determine the effect of pH and

water hardness on the breakthrough point.
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1.3 Scope of the project

Analyses including FT-IR, XRD, XRF, SEM-EDS and BET will be done to determine the
characterisation of the clinoptilolite with regards to its structure and ability to enable the adsorption
of heavy metals. Various column adsorption experiments will be conducted to investigate the
adsorptive properties of the clinoptilolite, furthermore determining the influence of the aqueous
solution properties on the adsorption capacity of the zeolite. In order to achieve the objectives set
for the project, the report is divided into five chapters, where Chapter 1 gave the Introduction to
the project:

Chapter 2 — Literature review: The literature review discusses water sources, their availability
in arid and semi-arid regions, mining operations as a source of groundwater pollution, AMD
migration and the pollution of soil and aquatic environments, water hardness and the effect of pH
on adsorption, clinoptilolite as adsorbent and adsorption studies.

Chapter 3 — Methodology: will list the chemicals, equipment and instruments that was used to
conduct all the experimental work. The method in which the various experiments were completed,

will also be included.

Chapter 4 — Results and discussion: will firstly include the results obtained from the
characterisation analyses. Secondly, the results obtained from the isotherm and kinetic studies
will be discussed. Thirdly, the effect of the adsorbent particle size on the adsorption will be
discussed followed by the effect of pH on the heavy metal adsorption. Fifthly, the results of the
effect of water hardness on the adsorption will discussed and lastly, the effect of mineral

characteristics will be presented.

Chapter 5 - Conclusion and recommendations: will summarise the final remarks of the results

obtained and give recommendations for future studies.
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2. Chapter 2: Literature Survey

Section 1. Water sources, availability and pollution in arid and semi-arid

regions

. Water as a scarce resource

Due to the physical descriptors like the increase in water demands and climate conditions,
there are many regions globally where freshwater resources are inadequate to meet domestic,
economic and environmental needs (Cosgrove & Loucks, 2015). Itis estimated that 1.2 billion
people globally do not have access to safe and affordable water for domestic use (Rijsberman,
2005). The lack of access to water that is safe for drinking and sanitation, causes many health
issues (Rijsberman, 2005) and more challenges are posed by a rapid growth in population,
globalisation and urbanisation (Cosgrove & Loucks, 2015). SA is considered as a water-
scarce country (Mnisi, 2020) and Roodbol (2020) indicated that if the current rate of water
usage in SA continues, the demand will most likely exceed the supply and availability of the
economically usable freshwater resources. Therefore, various different water treatment
techniques are studied to achieve more efficient and more cost-effective ways to remove

contaminants from water (Fosso-Kankeu, et al., 2016).

Il. Groundwater as a reliable water source in arid and semi-arid regions

It is projected that one third of the world population is dependent on groundwater as their
primary source of drinking water (Gyamfi, et al., 2019) and it should also be mentioned that
the groundwater is also used for various other domestic purposes. Especially in developing
countries, groundwater is preferred as source for drinking water as it requires less treatment
and it minimises the spread of water-borne diseases due to its better bacteriological quality
(Appelo & Postma, 2010). Many activities contribute to the pollution of groundwater. The most
common anthropogenic activities that influence groundwater quality either directly or
indirectly, include indiscriminate waste disposal, farming and mining (Gyamfi, et al., 2019).

For this study the focus will be placed on the pollution of groundwater due to mining activities.
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Section 2: Mining operations as a source of groundwater pollution

l. Mining in South Africa

Mining activities in SA are of the largest contributors to the South African economy with an
estimated worth of R20.3 trillion and accordingly, the mining sector accounts for one-third of
the market capitalisation of the JSE (Kearney, 2012). However, the mining industry is also
known for its role in causing important environmental pollution (Modoi, et al., 2014). Mining
activities produce waste at numerous stages of the processing of the ore (Gyamfi, et al.,
2019). Waste produced by mining activities is the largest amount of materials that is currently
been handled globally (Blowes, et al., 2003). The waste generated by mining activities have
the potential to penetrate the aquifers which leads to the direct pollution of the groundwater.
Heavy metals that can be found in polluted mining water include lead, cadmium, copper, zinc
and manganese. (Wang, et al., 2018). These heavy metals can cause serious health and
ecological effects.

Il. Impact of acid mine drainage on groundwater sources

In most cases, effluents produced from mining activities have a low pH. The low pH of these
effluents results in acid mine drainage (AMD) (Gyamfi, et al., 2019). The acidic effluents
contain sulphates which contaminate the groundwater (Gyamfi, et al., 2019). AMD contains
many toxic metals including copper, arsenic, aluminium, iron and zinc that are dissolved in
the solution (Natarajan, 2018) and is an unavoidable by-product of the mining industry
(Kumari, et al., 2010). It is not only responsible for surface water contamination, but also for
the degradation of the soil quality, aguatic ecosystems and the leaching of heavy metals into

groundwater sources (Kumari, et al., 2010).

Il. Differentiation of alkaline mine drainage

Another concern is alkaline mine drainage. According to Banks et al., (2002), alkaline mine
drainage is the result of a small content of sulphide minerals, the presence of monosulphides
rather than marcasite or pyrite, a restricted oxidation-rate due to a large pyrite grain-size, the
neutralisation of acid by carbonate or basic silicate minerals, neutralisation of acid by natural

occurring alkaline groundwaters, ineffective contact between circulating water and the
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sulphide minerals, the lack of direct contact between oxygen and the sulphide minerals or due
to the highly reducing nature of the influent water. Alkaline mine drainage also contains heavy
metals, contributing to the heavy metal pollution of groundwater.

Section 3: AMD migration and the pollution of soil and aquatic environments

l. AMD migration through soil layers

As water is the main transport medium for contaminants, AMD migration control focusses
mainly on controlling the water flow (Akcil & Koldas, 2006). The toxicity of heavy metals in the
ecosystem does not only depend on their total concentrations, but also on their reactivity with
other components and their mobility (Abollino & Barberis, 2002). The presence of carbonate
and sulphur, the pH, adsorption and/or desorption are some of the most vital factors that affect
the mobility of the heavy metals (Baran & Tarnawski, 2015). A common way to effectively
study the mobility of an element in the soil, is by treatment with extractants and adsorbents
with different chemical properties (Abollino & Barberis, 2002). A study on the mobility of metals
through a soil layer was done by Lucia and McBride (1982) and they found that the mobility
of metals depended more on the chemical properties of the soil, than the chemical properties

of the metals.

Over the last 20 years, the behaviour of heavy metals in soil have been extensively studied
and published (Wan Zuhairi, et al., 2008). A variety of procedures have been used to analyse
the quality of soil with regards to heavy metal pollution (Gyamfi, et al., 2019), with one example

being the geo-accumulation index (I4,) In this method the soil contamination is assessed by

comparing the concentrations of the heavy metals to their crustal levels (Gyamfi, et al., 2019).

Liu, et al., (2018) studied the migration of AMD pollutants in calcareous soil where different
volumes of simulated AMD were added to soil columns containing 20 cm of surficial soil (refer
to Figure 1). The filtrate as well as the soil were analysed and it was found that almost all of
the iron ions (>99%) were retained by the soil and that >80% of the sulphate ions were
retained. Copper was nearly totally retained by the soil, but copper did show the tendency to

migrate downward with the gradual acidification of the upper soil.
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Figure 1: Schematic diagram of reaction columns (Liu, et al., 2018)

Soil has the capability to physically and chemically retard the movement of the leachate produced
by mining activities (Wan Zuhairi, et al., 2008) due to the soil's capability to be compacted. The
compacting ability allows very low hydraulic conductivity (less than 1 x 107° m/sec) to be
achieved (Wan Zuhairi, et al., 2008). By doing this, the soil acts as a layer of protection to the
groundwater against a leachate (Wan Zuhairi, et al., 2008).

In soil environments the adsorption and/or desorption as well as the chemical complexation with
organic and inorganic ligands and redox reactions are important. It has become more common to
use soil as a natural clay liner underneath landfill sites to prevent the seepage of leachate into
groundwater sources (Wan Zuhairi, et al., 2008).

Huang, et al., (2009) studied the removal of ammonium ions from an aqueous solution using a
natural zeolite found in China. In their study the pH of the solution, the particle size, contact time
and the adsorbent dosage were varied and the results indicated that all the parameters had a

noteworthy effect on the effective adsorption of the ammonium by the natural zeolite.

Il. Adverse effects of heavy metal pollution in aquatic environments

The heavy metal contamination of aquatic environments is of crucial concern due to their potential
toxicity and accumulation in the waterbodies (Kumar, et al., 2019). Metals are described as

conservative contaminants that are not readily transformed in such a way that they can be
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removed from the ecosystem (Butler, et al., 2017). Heavy metals in water can accumulate to a
noxious level, which can lead to serious ecological impacts as well as problems for human health
(Kumar, et al., 2019). Heavy metals are non-degradable (Kumar, et al., 2019) and due to the non-
degradable characteristic of heavy metals, they bioaccumulate along the food chain. This can
cause toxic effects far from the actual source of the pollution (Kumar, et al., 2019). The World
Health Organisation (WHO) recommends a very low maximum acceptable heavy metal
concentration in drinking water (Li, et al., 2019) as high doses of heavy metals are toxic to the
human health, because the metals bond to sulphur groups which can interrupt cellular activity and
it can also cause oxidative damage (Butler, et al., 2017). Heavy metals can cause DNA damage,
cancer and it can also induce clastogenic and aneugenic effects which include mitosis and
cytokinesis disturbances (Zanin, et al., 2017). Among biological systems high doses of heavy
metals can damage plant cell structures and it can also inhibit enzymatic activity (Butler, et al.,
2017).

1. Soil contamination

The level of contamination is linked to the soil solution as well as the surface chemistry of the soll

matrix with reference to the metal and waste matrix in question (Goienaga & Madariaga, 2015).

Several methods have been used to analyse the soil quality around places with active mining
activities (Gyamfi, et al., 2019). Awadh (2013) used the geo-accumulation (l4,) index to assess
the extent of the contamination of the soil in these mining areas by comparing the concentration
of the heavy metals to their crustal levels. The concentration of the heavy metals in the soil were

above the crustal levels which indicates that the soil in these areas has been contaminated.

Liao & Wei (2016) studied the effects of AMD in plant, soil and human health at the Dabaoshan
mine in China. They found that although large scale mining activities were stopped in 2011, the
soil was still heavily contaminated with heavy metals from the AMD that migrated through the soll

layers. The soils were highly polluted with cadmium, copper and arsenic and the I ., value was
as high as 3.77, falling into the class 4 classification of the I, index which indicates that the soils

are strongly polluted. The classification of Iy, index values are located in Table 1.

Table 1: Geo-accumulation classification (Banu, et al., 2013)

Igeo values Igeo Class Description of soil quality
0 0 Uncontaminated
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0-1 Uncontaminated to
moderately contaminated

1-2 2 Moderately contaminated

2-3 3 Moderately to strongly
contaminated

3-4 4 Strongly contaminated

4-5 5 Strongly to extremely
contaminated

5-6 6 Extremely contaminated

Section 4: Water hardness and the effect of pH on adsorption

Water hardness

The natural sources of hardness in water are the dissolved polyvalent metallic ions that are
present in runoff and seepage from soils as well as from sedimentary rocks (Cotruvo, et al., 2011).
The two principal polluting ions present in sedimentary rocks are calcium and magnesium.
Calcium concentrations in natural water sources, especially groundwater, can exceed 100 mg/L,
whilst magnesium also contributes to water hardness, but the concentration of magnesium in
natural groundwater usually varies from insignificant to about 50 mg/L and very seldom above
100 mg/L. Therefore calcium-based hardness usually dominates (Cotruvo, et al., 2011).
Dharmappa, et al., (1995) studied the characterisation of mining wastewater and found that the

considerable amount of dissolved minerals results in the increasing hardness of the water.

Excess intake of calcium in humans can cause the reduction in magnesium, zinc and phosphorus
absorption within the intestine as the calcium interacts with these metals before they can be
absorbed (Cotruvo, et al., 2011). The increased intake of magnesium can have a laxative effect.
Another health effect regarding the exposure of hardwater include the potential to exacerbate
eczema (Cotruvo, et al., 2011). The general classifications of water hardness are: 0 mg/L — 60
mg/L of calcium carbonate is classified as soft, 61 mg/L — 120 mg/L is classified as moderately
hard, 121 mg/L — 180 mg/L is classified as hard and concentrations that exceed 180 mg/L is
classified as very hard (USGS, 2021).

Zeledon-Toruno, et al., (2005) studied the effect of water hardness on the adsorption of Ni(ll)
Cu(ll) from an agueous solution onto leonardite (an oxidation product of lignite). The results
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indicated that the presence of the calcium ions influenced the removal of both of the metals,
although the adsorption of the nickel was reduced to a further extend by the calcium ions than
that of copper.

Martins & Boaventura (2004) studied the biosorption of zinc(Il) and cadmium(ll) ions onto an
aguatic moss, namely Fontinalis antipyretica under different varying conditions including
temperature, pH and water hardness. The cadmium removal was not affected by the presence of
the calcium ions and as the hardness of the water increased, the competition between the zinc

ions and the calcium ions, strongly reduced the affinity of the bio sorbent for zinc.

Dryer, et al., (2018) investigated the effect of magnesium and calcium concentrations on the
adsorption of caesium and strontium using clinoptilolite as adsorbent. The study found that the
calcium and magnesium ions compete with the caesium and strontium ions for adsorption. Higher
concentrations of the calcium and magnesium ions resulted in the reduced removal from caesium
and strontium ions from an aqueous solution. Higher concentrations of the competing ions also

resulted in faster adsorbent saturation.

From these studies it is clear that the presence of calcium and magnesium ions in hardwater has
different effects on metal adsorption depending on the adsorbent used. The studies also indicated
that the effect that the hardwater has on the adsorption of metals onto an adsorbent will likely
differ for different heavy metals. The effect that hard water will have on the adsorption capacity
and efficiency of the metal removal using clinoptilolite as adsorbent should therefore be tested,

both in single as well as multi-metal solutions.

Il. Effect of pH on adsorption

The influence of pH on the heavy metal removal using the process of ion exchange has been
reviewed in other reports (Sprynskyy, et al., 2006). Zeolites in nature are generally weakly acidic
and sodium-form exchangers are more selective for hydrogen ions (Erdem, et al., 2004). Kithome,
et al., (1999) studied the effect of pH on the adsorption capacity of clinoptilolite with regards to
the adsorption of ammonium ions. The study concluded that the amount of ammonium ions
adsorbed increased as the pH increased. No comments were made as to why this was the case.
However, the effect of pH and temperature on the adsorption capacity of clinoptilolite with regards
to Cd(Il) and Pb(ll) was also studied by Berber-Mendoza, et al., (2006). They found that by
increasing the pH of the metal solution from 2 to 6 (at constant temperature), the negative charge
of the zeolite surface increased from -12 mV to -36 mV. The negative charge of the zeolite surface
also slightly increased by increasing the pH from 6 to 7. It was found that the cadmium and lead
ions in the solution were attracted to the more negatively charged zeolite surface. The study
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concluded that the ion exchange capacity of the zeolite increased with an increase in pH as more
cations were attracted to the surface of the zeolite at these conditions. Erdem, et al., (2004) also
studied the influence of pH on the adsorption of heavy metals and concluded that the adsorption
of the heavy metals decreases with a decrease in pH due to the increase in competition between
the metal ions and the increased hydrogen ions at a lower pH. As the pH increases, the
concentration of the hydrogen ions decreases and the metals can adsorb onto the surface of the
clinoptilolite with less competitor ions (Erdem, et al., 2004). The adsorption of the heavy metals

onto the clinoptilolite is therefore directly proportional to the pH of the solutions.

Section 5: Clinoptilolite as adsorbent and adsorption studies

l. Clinoptilolite as natural zeolite

Electrochemical treatment, chemical treatment and reverse osmosis can effectively be used to
decrease the heavy metal concentration in water; however, the application of these methods is
costly (Li, et al., 2019). Coagulation and flocculation are also common methods for the treatment
of industrial effluents, but due to the low efficiency of these processes to remove heavy metals
from the wastewater, other treatment technigues are required. Alternative techniques like
membrane filtration have been studied for the treatment of wastewater contaminated with heavy
metals; however, it was found that adsorption was one of the most effective and economical
treatment options. Sorption and ion-exchange are preferred for removing heavy metals from
wastewater due to easy handling (Sprynskyy, et al., 2006). The zeolite group is the main group
of minerals that can be used for mitigation amid the silicates and it includes more than 40 species
that occur naturally (Can, et al., 2010). Zeolites are highly porous crystalline aluminosilicates
which have different cavity and channel structures that make them a popular choice for
adsorbents (Li, et al., 2019). Zeolites have a negatively charged lattice structure and it consist of
a three-dimensional framework and the cations that balance the negative charge of zeolites will
be exchanged with other cations present in solution (Li, et al., 2019). These cations can then be
exchanged with certain cations in solutions including cadmium, zinc, manganese and lead
(Erdem, et al., 2004). The exchangeable cations on zeolites are relatively innocuous which makes
zeolites suitable for removing heavy metal ions that are present in industrial effluent water (Erdem,
et al., 2004). Several factors influence the ion-exchange process in zeolites and can include
concentration, temperature, pH-level, nature of cations and anions and the crystal structure of the
zeolites (Sprynskyy, et al., 2006). Clinoptilolite has previously been used as ion-exchanger in

hydrometallurgical processes (Mamba, et al., 2009).
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Clinoptilolite is the most common natural zeolite and is part of the heulandite family (Sprynskyy,
et al., 2006). It has the following chemical formula (Na, K, Ca)4AlgSizy0,,224H,0. The three-

dimensional structure of clinoptilolite is given in Figure 2.
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Figure 2: Three-dimensional structure of clinoptilolite (Castro De Souza, et al., 2018)

The effectiveness of the adsorption of heavy metals by clinoptilolite is contributed to its special
porous cage structure, stable skeleton structure, its availability and low cost (Wang, et al., 2018).
Quartz and clinoptilolite are very common mineral phases that are present in rock fractures or in
the rock matrix (Prikryl, et al., 2001). Therefore, to get a more comprehensive idea of the sorptive
properties of these mineral phases in a natural environment, experiments involving both
clinoptilolite and quartz should be conducted. The aim of this study will be to determine how these
mineral phases impact the mobility of heavy metals towards groundwater and to achieve this, a
column study will be done. Haile & Fuerhacker (2018) investigated the adsorbent capacity of
natural quartz sand, sandy soil and three mineral-based technical filter media to remove heavy
metals from stormwater. The study indicated that the quartz sand had the lowest adsorption
capacity. This result was attributed to the low surface area and few sorption sites present on the

quartz.

Zanin, et al., (2017) performed adsorption experiments with clinoptilolite as adsorbent for
copper(ll), chromium(lll) and iron(lll) from wastewater. The kinetic assays performed for each of
the metals indicated a removal of up to 95.4% iron, 96.0% copper and 85.1% chromium at 25°C

and a pH of 4. The adsorption mechanism for copper and chromium followed a pseudo-first order
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kinetic model and the adsorption mechanism for iron followed a pseudo-second order kinetic
model (Zanin, et al., 2017). Li, et al., (2019) studied the adsorption and regeneration behaviour of
modified synthetic clinoptilolite including the competitive adsorption behaviour of
Zn?*,Pb%*,Cd?* and Cu?*. The study indicated that the adsorption capacity of NaCl —modified
synthetic clinoptilolite is much greater than the values reported in studies on both modified and
unmodified natural clinoptilolite. The kinetic study indicated that the pseudo-second-order model
describes the adsorption of the NaCl —modified synthetic clinoptilolite better. An isotherm study
revealed that the Langmuir isotherm model best suited the adsorption process of NaCl —modified
synthetic clinoptilolite. However, synthesis of clinoptilolite is not easy and studies in the process
of synthesising clinoptilolite is also very limited. The reserve of natural clinoptilolite, on the other
hand, is large (Li, et al., 2019).

Although there is a great interest in the ion-exchange properties of clinoptilolite, limited studies
have been done on the effect of other ions on the heavy metal adsorption from mixed solutions
(Sprynskyy, et al., 2006). The investigation of competitive adsorption suggests that some of the
cation sites in the open-framework of clinoptilolite can be exchanged by only a selective group of
alien cations (Li, et al., 2019). Characterisation of the clinoptilolite will include determining the
morphology and elements composition (SEM-EDS), determining the mineralogical composition
(XRD) and particle size distribution (Malvern mastersizer). FTIR analysis of the clinoptilolite will
be done to determine the functional groups present. Presence of the OH-functional groups will
indicate strong interactions between the adsorbed molecules and the zeolite (Akimkhan, 2012).
The clinoptilolite will be activated using a sodium chloride solution as sodium was found to be the

most effective exchangeable ion for the removal of heavy metals (Zamzow & Murphy, 2006).

Il. Porosity and the effect of particle size

The porous structure of clinoptilolite was further investigated by Sprynskyy, et al., 2010. In this
study it was found that the porous structure of the clinoptilolite is heterogeneous in nature with
both primary porosity and secondary porosity being observed (Sprynskyy, et al., 2010). The
primary porosity of the clinoptilolite is presented by the nanotube system of the clinoptilolite
framework and is defined as microporosity (Sprynskyy, et al., 2010). Meso- and macropores forms
the secondary porosity where the mesopores are due to the cleavability of the zeolite crystallite
and the macropores are located between the blocks of zeolite crystallite and these pores may be

different in form (Sprynskyy, et al., 2010).

Sprynskyy, et al., (2006) investigated the effect of the particle size of the clinoptilolite on the

adsorption of Pb?*, Cu?*,Cd?* and Ni%*. It was found that the adsorbed amount of all four metals
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increased with a decrease in the particle size fraction of the clinoptilolite. This was explained by
the accessibility of the adsorption centres improving as the sorbent fractions decreases
(Sprynskyy, et al., 2006). Furthermore, it was found that the finer fractions of the clinoptilolite
crystals have a higher cleavage which aids in the growth of the mesoporosity of the clinoptilolite

which increases the accessibility to adsorption centres (Sprynskyy, et al., 2006).

Il. lon exchange

One of the most important properties of zeolites is its ability to assist in ion exchange (Sherry,
2003). lon exchange entails a diffusion process that results in the exchange of ions between a
liquid and a solid phase (Inglezakis, 2005). lon exchange is the most attractive form of water
treatment when the ion exchanger that is used is both effective and low-cost (Sprynskyy, et al.,
2006). Therefore, it is a very popular method used for the treatment of municipal and industrial
wastewater to remove several toxic substances (Inglezakis, 2005). To obtain the ion exchange
capacity of a possible adsorbent (in this case clinoptilolite), a certain quantity of the zeolite is
added to a quantity of solution at a constant temperature for a period of time. These two phases
are then separated and one of the phases are analysed to determine the effect to which ions had
been exchanged (Sherry, 2003). The porosity of the zeolite can enhance the adsorption of heavy
metals by increasing the ion exchange rate of the zeolite (Ismail, et al., 2010).

V. Column experiments

Column experiments offer a useful way to investigate the migration and attenuation of heavy
metals through a soil layer (Wan Zuhairi, et al., 2008). Zeolite constitutes a large part of the
mineralogical constitution close to an aquifer. Metals in aqueous solutions migrating to the
groundwater sources have to pass through this layer of minerals, making the layer a perfect

source for contaminant adsorption.

Can, et al., (2010) used column experiments to determine the adsorptive nature of zeolite tuff rich
in clinoptilolite on copper, nickel and cobalt from metal (II) nitrate solutions at various
concentrations. Experiments were conducted in a Pyrex ion exchange column with a height of 30
cm and an inner diameter of 1.5 cm. The feed was pumped with the use of a Cole-Parmer
diaphragm pump. The flow rate varied from 1 to 50 cm?/min. Samples were collected at specific
time intervals and sent for ICP-EOS analyses. The study indicated that efficient metal ion removal

is possible by using clinoptilolite rich tuff.
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Baker, et al., (2009) did a study regarding the adsorption behaviour of natural Jordanian zeolites
with regards to Cd?*, Cu?*, Ph?* and Zn?* using glass column experiments. The concentration of
metal ions ranged from 5 to 20 mg/L, the average particle size of the zeolite ranged from 90 to
350 pm and the ionic strength ranged from 0.01 to 0.05. The results of the study indicated that
the zeolite tuff is an effective ion exchanger for the removal of heavy metals.

Medvidovic, et al., (2006) used column experiments to investigate the adsorption of lead ions from
a solution using a fixed bed of zeolite. The experiments were carried out in two glass columns
with a height of 500 mm and an internal diameter of 12 mm. The columns were filled with zeolite
with particle sizes of 0.6 mm - 0.8 mm and 0.1 mm — 0.5 mm, respectively. The zeolite bed in both
columns were kept constant at 115 mm (or 13 cm3). The results showed that lead can effectively
be adsorbed from a solution by means of an ion exchange process on the surface of the natural
zeolite (clinoptilolite).

Section 6: Study parameters

The sorptive behaviour of heavy metals including zinc, manganese and cadmium will be studied.
The effect of water hardness on the adsorptive behaviour of the heavy metals onto the mineral
phases will also be studied to determine how the characteristics of the mining wastewater will
affect the retentive qualities of the adsorbents. The effect of pH on the adsorption capacity of
heavy metals onto the clinoptilolite will also be investigated. Furthermore, real life scenarios will
be simulated to determine to what extend the soil can delay the contamination of groundwater by

toxic metals by contacting real AMD and alkaline mine drainage samples with the zeolite.
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Chapter 3: Methodology
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3. Chapter 3: Methodology

3.1 Clinoptilolite and Chemicals

The clinoptilolite used for the experiments (VLTR Creek Clinoptilolite 0.8 — 4 mm), was ordered
from ChemLite Technologies (Johannesburg, SA). The ZnCl,, Cd(NOs3)., MnCl, and Pb(NOs).
were ordered from ACE Chemicals (Johannesburg, SA). All the materials were commercial grade
while stock solutions were made with distilled water.

l. Alkaline mine drainage

The real alkaline mine drainage samples that were used for various investigative experiments
throughout the study was collected from the mining environments in Middelburg, SA. The analysis
of the sample is given in Table 2.

Table 2: Alkaline mine drainage sample analysis

Parameter Unit Value
“Conductvity | msm |40 |

pH - 8.22

Temperature °C 21

Turbidity NTU 13.1

Calcium mg/L 117

Magnesium mg/L 84.5

Potassium mg/L 14.9

Sodium mg/L 744

Il. Acid mine drainage

The acid mine drainage that was used was collected in the mining environment of Witbank, SA.

The analysis of the sample is given in Table 3.
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Table 3: Acid mine drainage sample analysis

Parameter Unit Value
pH 2.33
Temperature °C 25
Sodium mg/L 69.91
Calcium mg/L 85.69
Magnesium mg/L 46.27
Potassium mg/L 8.9
Aluminium mg/L 51.04
Iron mg/L 19.03
Manganese mg/L 7.80

3.2 Equipment and instruments

To execute the column experiments, four clear columns (height: 23 cm, diameter: 2.5 cm, made
of Perspex) were used. A peristaltic pump, shaking incubator, magnetic stirrer and centrifuge

were the main equipment used.

3.3 Preparation of the clinoptilolite, metal concentrations and

isotherm/kinetic model studies

Activated clinoptilolite (AC) (5 kg), i.e., activated by slurrification with 5 L of 100 g/L table salt

solution and baked at 110°C for 24 hrs, was used. The AC is shown in Figure 4.

For the effect of determining the initial metal concentration on adsorption for isotherm models,
individual metal solutions were prepared, namely 25, 50, 75, 100, 125 and 150 mg/L. The
solutions were homogeneously mixed using a magnetic stirrer (Figure 3). The solutions were
poured into 250 mL Erlenmeyer flasks and 0.5g of AC was added to each flask. All the samples
were put into the shaking incubator at 25°C and 160 rpm for 90 minutes; thereafter, the slurries

were centrifuged at 4000 rpm for 5 minutes to recover a clear solution.

Similarly, contact time effects for kinetic models were conducted using 100 mL of 100 mg/L of

individual metal solutions, in 250 mL Erlenmeyer flasks with 0.5 g of AC using a sampling regime
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of 20, 40, 60, 80, 100 and 120 minutes using a shaking incubator at 25°C and 160 rpm. All
samples during this step were also centrifuged at 4000 rpm for 5 minutes.

All experiments were done in triplicate.

The linear form of the Langmuir isotherm model is given in Equation [1].

C, 1 C, [1]

4 Kim  dm
The C, term in the equation refers to the concentration of the metal solution after adsorption has
occurred (mg/L). The g, term refers to the concentration of the metal solution at equilibrium
(mg/g). g, (Mg/g) represents the Langmuir constant that is associated with the adsorption
capacity. The Langmuir constant that is associated with the amount of energy that is released

during the adsorption process is represented by the k term (L/mg).

The linear form of the Freundlich model is given by Equation [2].

1 [2]
logg, = logkp + Elog Ce
As described above, the C, term refers to the concentration of the metal solution after adsorption
has occurred (mg/L) and the q, term refers to the concentration of the metal solution at equilibrium
(mg/g). The kg (mg/g) term indicates the Freundlich adsorption capacity parameter. n refers to

the deviation of adsorption to linearity (Fosso-Kankeu, et al., 2016).

The adsorption rate will be determined using the pseudo-first- and pseudo-second order kinetic

models. The pseudo-first order kinetic model is represented by Equation [3].

log(q, — q;) = lo —k; 3]
g\qe qt) = 24P 12.303

The pseudo-second order kinetic model is represented by Equation [4].

t 1 1 [4]
= —+—t
a9 k2q: q.

The symbol k, refers to the first order rate constant (min=1). The g, term (mg/g) refers to the

amount of metal adsorbed at time t. k, represents the rate constant in (mig /min). t is the time in

(min).
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Figure 3: Magnetic stirrer Figure 4: Activated clinoptilolite

3.4 Adsorption column studies

Ten intervals of 15 mL of each metal solution were pumped to a column at 5 mL/min using a
peristaltic pump. Figure 5 indicates the pump that was used for the column experiments. Each
interval filtrate was collected and sent for ICP analysis (EPA Method 6020B). The column
experiments were repeated using real acid and alkaline mine drainage samples. The column

setup is shown in Figure 6. All experiments were done in triplicate.

.

MINIPULS ¢
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3.5 Testing the effect of pH

A metal solution containing zinc, manganese and cadmium was created with each metal being in
a concentration of 400 mg/L. The pH of the metal solution was altered to five pH variations
(namely pH of 3, 5, and 7) using hydrogen chloride to decrease the pH and sodium hydroxide to
increase the pH of the solution. Lead solutions were susceptible to precipitation and was therefore
excluded with a mixture of metal solutions. Columns were loaded to a height of 5 cm of AC and
10 pore volumes of each pH variation of the mixed metal solution was pumped at 5 mL/min using
a peristaltic pump through a loaded column and each pore volume of filtrate was collected. The
collected samples were sent for ICP analysis. The column experiments were repeated using real

acid- and alkaline mine drainage samples.

3.6  Testing the effect of water hardness

A mixed metal solution containing zinc, cadmium and manganese was once again created with
each metal being in a concentration of 400 mg/L. 50 mg/L, 100 mg/L, 150 mg/L and 200 mg/L of
calcium and magnesium was added, respectively. Ten pore volumes of each hardness variation
were used to repeat the column experiments. The collected filtrates were once again sent for ICP

analyses.

3.7 Testing the effect of particle size

A particle size distribution (PSD) was manually done using 8 sieves. Figure 7 represents the sieve
stack that was used to determine the PSD. The sieve aperture sizes that were used were 3350
pm, 2000 pm, 1180 pm, 500 pm, 300 pm, 212 pm, 150 pm and 106 pum. From the results obtained
from the particle size distribution, 3 particle size ranges were identified to conduct experiments
with (Figure 8). These ranges included particles (>1180 um), (<1180 um; >500 pm), and (<500
um; >150 um). The column experiments were repeated using the mixed metal solution and filling
the columns to a height of 5 cm using the different particle size variations. The filtrates collected

were sent for ICP analyses.
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Figure 7: Sieve stack

Figure 8: Particle sizes of adsorbent

3.8. Testing the effect of mineral characteristics

The column was filled with a 4:1 ratio of clinoptilolite and quartz to a height of 5 cm (refer to Figure
9). The column experiments were then repeated using the mixed metal solution containing zinc,
cadmium and manganese with each metal being in a concentration of 400 mg/L. The filtrates
were collected and sent for ICP analyses.
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Figure 9: Clinoptilolite and Quartz filled column
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Chapter 4: Results and Discussion
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4. Chapter 4: Results and Discussion

All experimental data is located in Appendix A to F.

4.1 Characterisation of adsorbent

In order to characterise the adsorbent, the structural and physiochemical properties of the
clinoptilolite was investigated. This was done by performing FT-IR, XRD, XRF and SEM-EDS
analysis. The FT-IR pattern is reported in Figure 10.
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Figure 10: FT-IR analysis of clinoptilolite

The FR-IR analysis (ASTM E168) was done to determine the functional groups present in the AC.
Major peaks were identified at 3360.19 cm™1, 1636.67 cm™! and 1046.43 cm~! which indicate
the presence of the O-H, C=0 and C-O functional groups, respectively. All of these functional

groups are responsible for the biosorption of metals (Mat Don & Yahaya, 2014).

Figure 11 reports the XRD pattern of activated clinoptilolite. The high crystallinity of the
clinoptilolite was observed at the highest peak at 20 = 11.4°. Other peaks were identified at 20
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= 13°, 26.3° and 37°. It is indicated that clinoptilolite is the main mineral in the sample and that

the contents of halite and heulandite are low.

Counts

Clinoptilite

Bciinoptilolite 70,1 %
3000 Halite, syn 3,0 %
Calcium Aluminum Silicate Hydrate 23,4 %
Heulandite 3,6 %
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T T T T T
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Position [°28] (Cobalt (Co))

Figure 11: XRD analysis of activated clinoptilolite

XRF spectrophotometry (ASTM D6247) was used to determine the elemental composition of the
clinoptilolite sample. Samples of the clinoptilolite were pulverized with a mortar and pestle to

achieve the required particle size for analysis. The results are presented in Table 4.

Table 4. XRF analysis of activated clinoptilolite
Na,0 | MgO | Al,05 | Si0, | P,O5 | K,0 | CaO | TiO, | MnO | Fe,04

% % % % % % % % % %

mass | massS | masS | mass | mass | mass | mass | massS | massS | mass

Clinoptilolite | 2.96 | 0.84 |11.92 |68.18 | 0.21 | 3.69 |5.23 | 0.12 | 0.06 | 0.94

Al,0sand Si0, are the most prominent compounds identified in the clinoptilolite sample, which

was to be expected. Calcium and potassium are also present, but in lesser quantities.

Micrographs of the activated clinoptilolite sample obtained from SEM analysis are given in Figure
12 and Figure 13. The images show macro-pores in the structure of the clinoptilolite. The SEM
analysis of the quartz sample is given in Figure 14 and Figure 15. The micrograph indicates that
the quartz sample does not present any porous structure as represented by the clinoptilolite

sample.
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Figure 13: SEM analysis Quartz (50 pm) Figure 12: SEM analysis Quartz (100 pm)

EDS analysis on the clinoptilolite sample was done to get a more accurate analysis of the
elemental composition of the activated clinoptilolite sample. These results are presented in Table
5. The EDS analysis results indicated that the predominate exchangeable cations of the activated
clinoptilolite is sodium as the clinoptilolite was activated using table salt.
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Sample Element Weight %

Clinoptilolite o 42.61
Na 11.6
Mg 0.42
Al 3.74
Si 17.27
Cl 16.18
K 1.34
Ca 0.49
Fe 0.69

Quartz O 53.19
Al 1.08
Si 34.68
K 1.23

The nitrogen isotherms for clinoptilolite are shown in Figure 16. The data obtained by the BET
analysis (ASTM D1993) is located in Table 6.
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Figure 16: Nitrogen isotherm for clinoptilolite (BET)

Table 6: BET surface area, micropore area, total pore volume and average pore diameter
results obtained from BET analysis
Adsorbent BET surface | Micropore Total pore | Adsorption

area (m?/g) | area(m?/g) |volume (cm3/ | average
9) pore
volume

diameter

(A)

Activated 17.0922 3.0361 0.049754 116.436
Clinoptilolite (AC)

The behaviour of the nitrogen adsorption curve in Figure 16 is similar to other reported results in

literature (Kennedy, et al., 2019). Figure 16 indicates that at relatively low pressures (Pi <0.1)an
0
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initial increase in nitrogen adsorption can be observed. The increase in the adsorption at these
low pressures are expected for clinoptilolite and indicate the presence of microporosity (Kennedy,
et al., 2019). The adsorption isotherm stays relatively consistent at pressure values between 0.1

< Pi < 0.8. At pressure values higher than 0.8, the adsorption isotherms begin to increase quite
0

significantly which indicate the presence of mesopores and macropores. From the curve the

hysteresis loop is identified. The hysteresis loop is characteristic of clinoptilolite samples and

indicate multilayer adsorption and capillary condensation that occurs within mesopores (Kennedy,
et al., 2019).

In Figure 17 the particle size distribution of the clinoptilolite sample as measured using the
Malvern Mastersizer Laser diffractor is given. The results obtained are given in Table 7.
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Figure 17: Malvern Mastersizer particle size distribution of the AC
Table 7: Malvern Mastersizer particle size distribution parameters
Sample Concentration | Span | Uniformity | Specific | D[3,2] | D[4,3] | Dv(10) | Dv(50) | Dv(90)
% Surface
>0 @) | em | em) | @ | @)
Area
(m?
/kg)
Clinoptilolite | 0.0081 2.9 0.89 1017 5.9 11.7 | 2.7 8.02 26.2
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4.2 Isotherm studies

The Langmuir and Freundlich isotherm models were used to better understand the mechanism

of the adsorption of zinc, cadmium, manganese and lead onto the surface of the clinoptilolite.

l. Zinc

Figure 18 indicates the Langmuir isotherm plot for the adsorption of zinc onto the surface of the

clinoptilolite. The Langmuir plots were created by plotting C./q. VS Ce.

18
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Ce/qe
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Figure 18: Zinc Langmuir isotherm plot
To construct the Freundlich isotherm plot, In(q,) was plotted against In(C,). Figure 19 indicates

the Freundlich isotherm plot for the adsorption of zinc onto the surface of the clinoptilolite. It should

be noted that the error bars are small and not visible on the plot.
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Figure 19: Zinc Freundlich isotherm plot
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To determine the parameters of both of the isotherm models, the slopes and the intersects of both

of the plots were calculated. The calculated parameters are indicated in Table 8. The best suited

model to describe the adsorption of the zinc onto the clinoptilolite is determined by considering

the coefficient of determination values (R?). By considering these values, it is determined that the
Freundlich model is the best fit as the coefficient of determination is closer to unity.

Table 8: Zinc Langmuir and Freundlich model parameters

Langmuir Freundlich
Adsorbent Im k R? | Absolute kp | R? | Absolute
(mglg) | (L/mg) difference difference
(%) (%)
Clinoptilolite | 12.32 0.02 091 [ 9.2 1.82 0.64 | 0.96 | 3.6
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The Langmuir plot for the adsorption of cadmium onto the surface of the clinoptilolite is indicated
in Figure 20.
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Figure 20: Cadmium Langmuir isotherm plot

The Freundlich plot for the adsorption of cadmium onto the surface of the clinoptilolite is shown
in Figure 21.
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Figure 21: Cadmium Freundlich isotherm plot
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The parameters of both models are located in Table 9. From these values it can be determined
that the Freundlich isotherm model is best suited to describe the adsorption of the cadmium onto
the surface of the clinoptilolite

Table 9: Cadmium Langmuir and Freundlich model parameters

Langmuir Freundlich
Adsorbent Gm k R? | Absolute n kr | R? | Absolute
(mg/g) | (L/mg) difference difference
(%) (%)
Clinoptilolite | 9.07 0.02 0.94 | 6.7 2.0 0.60 | 0.96 | 3.9

.  Manganese

The Langmuir plot for the adsorption of manganese onto the surface of the clinoptilolite is
indicated in Figure 22.
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Figure 22: Manganese Langmuir isotherm plot

The Freundlich plot for the adsorption of manganese onto the surface of the clinoptilolite is shown
in Figure 23.
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Figure 23: Manganese Freundlich isotherm plot
The parameters of both models are located in Table 10. From these values it can be determined

that the Freundlich isotherm model is best suited to describe the adsorption of the manganese
onto the surface of the clinoptilolite.

Table 10: Manganese Langmuir and Freundlich model parameters

Langmuir Freundlich
Adsorbent Im k R? | Absolute n ke | R? | Absolute
(mglg) | (Limg) difference difference
(%) (%)
Clinoptilolite | 4.68 0.02 0.65 | 20.5 1.99 0.28 | 0.70 | 17.6

V. Lead

The Langmuir plot for the adsorption of lead onto the surface of the clinoptilolite is indicated in

Figure 24. It should be noted that the error bars are small and not visible on the plot.
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Figure 24: Lead Langmuir isotherm plot

The Freundlich plot for the adsorption of lead onto the surface of the clinoptilolite is shown in
Figure 25.

°
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Figure 25: Lead Freundlich isotherm plot

The parameters of both models are located in Table 11.
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Table 11: Lead Langmuir and Freundlich model parameters

Langmuir Freundlich
Adsorbent Gm k R? | Absolute kg R? | Absolute
(mglg) | (L/mg) difference difference
(%) (%)
Clinoptilolite | 31.09 0.71 0.97 | 17.9 251 1193|098 | 25

From these values it can be determined that the Freundlich isotherm model is best suited to

describe the adsorption of the lead onto the surface of the clinoptilolite as its coefficient of

determination value is closer to unity.

The Freundlich isotherm model best described the adsorption of all of the investigated metals

onto the surface of the adsorbent. Therefore, it is found that the adsorption process of zinc,

cadmium, manganese and lead onto the surface of the clinoptilolite occurs through a

heterogeneous binding to the surface. This implies that many layers are involved in the adsorption

of the zinc.
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To determine the success of the treatment of heavy metal polluted water using clinoptilolite as
adsorbent, a prediction rate at which the heavy metal is adsorbed onto the surface of the
clinoptilolite is determined. By conducting a kinetic study, the prediction rate as well the capacity
of the adsorbent can be determined. The parameters of the kinetic models were calculated by

determining the slopes and the intersects of the various plots.

l. Zinc

The pseudo-first order plot for the adsorption of zinc onto the surface of the clinoptilolite is

indicated in Figure 26.
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Figure 26: Zinc pseudo-first order plot

The pseudo-second order plot for the adsorption of zinc onto the surface of the clinoptilolite is

indicated in Figure 27.
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Figure 27: Zinc pseudo-second order plot

140

As was done with the isotherm models, the best fit kinetic model to describe the adsorption of

zinc onto the surface of the clinoptilolite is determined by considering the coefficient of

determination (R?). These values are found in Table 12. By considering these values, it is

determined that the pseudo-second order model is the best fit as the coefficient of determination

was closer to unity.

Table 12: Zinc kinetic model parameters

Pseudo-first order Pseudo-second order
Adsorbent | g.(exp) | g.(calc) ky R? qe.(exp) | ge(calc) k, R?
(mg/g) | (mglg) | (min™1) (mg/e) | (mglg) | L
mg
/min)
Clinoptilolite | 20 15.62 0.006 0.94 20 9.96 252.80 | 0.97

The pseudo-first order plot for the adsorption of cadmium onto the surface of the clinoptilolite is

Cadmium

indicated in Figure 28.
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Figure 28: Cadmium pseudo-first order plot

The pseudo-second order plot for the adsorption of cadmium onto the surface of the clinoptilolite
is indicated in Figure 29.
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Figure 29: Cadmium pseudo-second order plot

The parameters of the kinetic models are located in Table 13. These values indicate that that the

pseudo-second order model is the best fit.
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Table 13: Cadmium kinetic model parameters

Pseudo-first order Pseudo-second order
Adsorbent | g.(exp) | g.(calc) ky R? qe.(exp) | go(calc) k, R?
(mg/g) | (mglg) | (min™%) (mg/g) | (mglg) | I
mg
/min)
Clinoptilolite | 20 17.59 0.008 0.92 20 12.97 812.23 | 0.94

. Manganese

The pseudo-first order plot for the adsorption of manganese onto the surface of the clinoptilolite

is indicated in Figure 30.
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Figure 30: Manganese pseudo-first order plot

The pseudo-second order plot for the adsorption of manganese onto the surface of the

clinoptilolite is indicated in Figure 31.
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Figure 31: Manganese pseudo-second order plot

The parameters of the kinetic models are located in Table 14. The kinetic parameters above

indicate that that the pseudo-second order model is the best fit.

Table 14: Manganese Kkinetic model parameters

Pseudo-first order Pseudo-second order
Adsorbent | g.(exp) | g.(calc) ky R? qe.(exp) | ge(calc) k, R?
(mg/g) | (mglg) | (min™%) (mg/e) | (mglg) | L
mg
/min)
Clinoptilolite | 20 18.53 0.003 0.90 20 5.63 280.28 | 0.99

V. Lead

The pseudo-first order plot for the adsorption of lead onto the surface of the clinoptilolite is

indicated in Figure 32.
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Figure 32: Lead pseudo-first order plot

The pseudo-second order plot for the adsorption of lead onto the surface of the clinoptilolite is
indicated in Figure 33.
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Figure 33: Lead pseudo-second order plot

The kinetic parameters of both models are located in Table 15. The parameters show that the

pseudo-second order model is the best fit kinetic model to describe the adsorption.
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Table 15: Lead kinetic model parameters

Pseudo-first order Pseudo-second order
Adsorbent | g.(exp) | g.(calc) ky R? ge(exp) | go(calc) k, R?
(mg/g) | (mglg) | (min™%) (mg/g) | (mglg) | L
mg
/min)
Clinoptilolite | 20 7.93 0.08 0.89 20 21.59 190.0 0.99

The results indicated that the pseudo-second order kinetic model best describes the adsorption
of all the investigated metals onto the surface of the clinoptilolite. This indicates that there is a
stronger interaction between the surface of the clinoptilolite and the cadmium, manganese, zinc
and lead ions.
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4.4.1 Particle size distribution (PSD)

Particle size distribution and the effect of particle size on adsorption

To investigate the effect of the particle size on the adsorption capacity of the clinoptilolite, a

particle size distribution of the activated clinoptilolite firstly had to be constructed. The PSD curve
is given in Figure 34.
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Figure 34: Clinoptilolite particle size distribution

From the above graph the d(0.1), d(0.5) and d(0.9) values were calculated. The terms d(0.1),
d(0.5) and d(0.9) indicate that the portion of the particles which have diameters smaller than these

values are 10 %, 50 % and 90 %, respectively. The results for these values are located in Table

16.
Table 16: PSD parameters
d(0.1) 530 um
d(0.5) 750 pm
d(0.9) 1250 pm
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Furthermore, the Rossin-Rammler as well as the Gaudin-Schumann models were applied to
determine which of these two methods better suit the particle size distribution of the activated

clinoptilolite. The graphs of both models are represented in Figure 35.
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Figure 35: Rosin-Rammler and Gaudin-Shumann plots

The parameters for both the Rosin-Rammler and the Gaudin-Shumann models are given in Table
17 and Table 18, respectively. These parameters indicate that the Rosin-Rammler model is the

best fit as the R? value for this model is closer to unity.

Table 17: Rosin-Rammler model parameters
n d* R2

2.14 1191.45 0.89

Table 18: Gaudin-Shumann model parameters
n d* R2

-1.84 198.97 0.33
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4.4.2 Effect of particle size

The ranges of the particle size diameters to study the effect of particle size on the adsorption
capacity of the clinoptilolite were identified as (>1180 um); (<1180 um,>500 um) and (<500
um,>150 um). The experiments were repeated using alkaline- and acid mine drainage samples

as aqueous solutions as well as a mixed metal solution.

l. Alkaline mine drainage

As the concentrations of calcium, magnesium and potassium were the highest in the sample of
alkaline mine drainage that was collected, the adsorption of these ions on the different particle

size ranges of clinoptilolite were studied.

The adsorption tendencies of calcium, magnesium and potassium onto the various particle size

ranges of clinoptilolite are portrayed in Figure 36, Figure 37 and Figure 38, respectively.
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Figure 36: Calcium adsorption onto different clinoptilolite particle sizes
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Figure 37: Magnesium adsorption onto different clinoptilolite particle sizes
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Figure 38: Potassium adsorption onto different clinoptilolite particle sizes

The graphs indicate that the adsorption of the calcium, magnesium and potassium increased with

a decrease in the particle size of the sorbent.
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. Acid mine drainage

The adsorption tendencies of calcium, magnesium, potassium, aluminium, iron and manganese
onto the various particle size fractions of the clinoptilolite was investigated and the results are

given in Figure 39 — 44,
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Figure 39: Adsorption of calcium in AMD onto different clinoptilolite particle sizes
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Figure 40: Adsorption of magnesium in AMD onto different clinoptilolite particle sizes
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Figure 41: Adsorption of potassium in AMD onto different clinoptilolite particle sizes
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Figure 42: Adsorption of aluminium in AMD onto different clinoptilolite particle sizes
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Figure 43: Adsorption of iron in AMD onto different clinoptilolite particle sizes

10,0
9,0
[ ]
s @

8,0 . a & [ ]
_ 7,0 °
—
> 6,0 ® ® ] @®>1180 um
£ ® T
£ 50 o ® I ¢ ® <1180 pm; >500 pm
c
S 4,0 [ ] é L <500 um; >106 pm
= ° + L

3,0 o T

Y -
2,0 -
o
1,0 PY
0,0
0 2 4 6 8 10 12

Feed Volume Interval

Figure 44: Adsorption of manganese in AMD onto different clinoptilolite particle sizes

The results indicated that the adsorption of all the metals investigated in the acid mine drainage

sample increased with a decrease in the particle size of the adsorbent.
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. Mixed metal solution

The experiments were repeated using a mixed metal solution containing cadmium, manganese
and zinc. The adsorption tendencies for all three metals onto the particle size variation of the

clinoptilolite is given in Figure 45 — 47.
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Figure 45: Adsorption of cadmium in a mixed metal solution onto different clinoptilolite particle

sizes
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Figure 46: Adsorption of manganese in a mixed metal solution onto different clinoptilolite particle
sizes
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Figure 47: Adsorption of zinc in a mixed metal solution onto different clinoptilolite particle sizes

Similar to the results obtained from the experiments conducted with the alkaline- and acid mine

drainage samples, the adsorption of the cadmium, manganese and zinc ions in the mixed metal

solution increases with a decrease in sorbent particle size.

The results obtained from the experiments conducted to determine the effect of particle size on

metals found in alkaline- and acid mine drainage and metals in the mixed metal solution is in line

with the results obtained by Sprynskyy, et al., (2006). Therefore, it can be concluded that the

accessibility of the adsorption centres of the sorbents are better with a decrease in sorbent

fraction size.
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4.5 Effect of pH

The experiments to determine the effect of pH on the adsorption of heavy metals onto the
clinoptilolite was conducted with three different agueous solutions namely alkaline mine drainage,
acid mine drainage and a mixed metal solution containing cadmium, manganese and zinc. The
alkaline mine drainage solution had a pH of 8.22, the acid mine drainage solution had a pH of

2.33 and the pH of the mixed metal solution was varied from pH 3 to pH 7.

l. Alkaline mine drainage

The adsorption tendencies of calcium, magnesium and potassium present in the alkaline mine

drainage solutions were investigated. These tendencies are given in Figure 48.
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Figure 48: Adsorption Ca, Mg and K in alkaline mine drainage onto clinoptilolite
From Figure 48 it is noted that the initial adsorption of both calcium and magnesium by the
clinoptilolite is quite significant until equilibrium is reached around the 8" pore volume filtrate. The

affinity of the clinoptilolite for the potassium is higher than that for calcium and magnesium as the

concentration of potassium consistently decreases as the pore volumes increased.
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. Acid mine drainage

The adsorption of calcium, potassium, aluminium, iron and manganese present in the acid mine

drainage solution onto the clinoptilolite was studied and the results are given in Figure 49.
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Figure 49: Adsorption of heavy metals in AMD onto clinoptilolite

The concentration of all the investigated metals present in the acid mine drainage samples ended
below their initial concentration in the sample solution after 10 feed volumes were pumped
through the clinoptilolite-containing column. These results indicates that the clinoptilolite is an
effective adsorbent of heavy metals from industrial wastewater. This result is consistent with that
found by Erdem, et al., (2004).

1. Mixed metal solution

To study the effect of pH on the adsorption of the heavy metals present in the mixed metal
solution, the experiments were conducted using a mixed metal solution at pH 3, pH 5 and pH 7,
respectively. The adsorption results of cadmium, manganese and zinc in a combined mixture at

the different pH values are given in Figure 50 — 52.
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Figure 50: Filtrate of mixed metal concentrations at pH 3
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Figure 51: Filtrate of mixed metal concentrations at pH 5
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Figure 52: Filtrate of mixed metal concentrations at pH 7

At all pH variations of the mixed metal solution, the adsorption of the cadmium ion is the least
effective. This result correlates to the results obtained by Erdem, et al., (2004) and is therefore
likely due to the cadmium ion having the largest diameter (~0.85 nm) resulting in less cadmium
ions penetrating the small diameter channels (~0.4 nm) of the adsorbent. From Figure 50 - 52 it
can also be seen that the initial metal concentrations are considerably lower than that of the
sodium. The amount of sodium in the filtrate decreases with an increase in pore volumes pumped
to the column. This indicates that the metal ions are exchanged with the sodium ions on the
surface of the clinoptilolite. This result therefore supports the ion-exchange properties of
clinoptilolite stated by Zanin, et al., (2017). The influence of the variation of pH on the

concentration of the individual metals are represented by Figure 53 — 55.
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Figure 53: Influence of pH on cadmium adsorption
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Figure 54: Influence of pH on manganese adsorption
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Figure 55: Influence of pH on zinc adsorption

The Figures above indicate that the adsorption of each metal is proportional to the pH of the metal
solution. The decrease in adsorption of the heavy metals in the more acidic solutions are due to
the heavy metal ions having to compete with a larger concentration of proton ions to bind to the
surface of the clinoptilolite. The surface of the clinoptilolite is therefore saturated quicker,
decreasing the opportunities for the heavy metal ions to bind to the surface of the clinoptilolite
resulting in more heavy metals being present in the filtrate. In the neutral solution the
concentration of the proton ions is less, resulting in the delay of surface saturation of the
clinoptilolite. More heavy metal ions thus bind to the surface of the clinoptilolite causing the heavy
metal concentration in the filtrate to be lower. These results correlate to the results obtained by
Kithome, et al., (1999), Berber-Mendoza, et al., (2006) and Erdem, et al., (2004).

4.6 Effect of water hardness

l. Magnesium

The effect of the concentration of magnesium concerning the adsorption of cadmium, manganese
and zinc onto the surface of the clinoptilolite is presented in Figure 56, Figure 57 and Figure 58,
respectively. The concentration of the magnesium was varied from 50 mg/L to 200 mg/L. Figure
56 indicates that the initial cadmium concentration for the first four pore volumes of metal solution
is higher with an increase in the magnesium concentration. The concentration of the cadmium

ions in the filtrate in the presence of the increasing magnesium concentration did not alter

60|Page



W NWU°

significantly with the progression of the pore volumes that transferred through the clinoptilolite.
However, the adsorption of the cadmium ions did decrease with an increase in magnesium

concentration.
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Figure 56: Influence of magnesium on cadmium adsorption

Figure 57 presents the influence of the increase in magnesium concentration on the manganese
concentration in the filtrate. The initial manganese concentration of the first five pore volumes is
higher with an increase in magnesium. The adsorption of the manganese ions onto the surface

of the clinoptilolite did increase as the magnesium concentration decreased.
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Figure 57: Influence of magnesium on manganese adsorption
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The influence of the concentration of the magnesium on the adsorption of the zinc ions onto the
clinoptilolite are presented in Figure 58. The zinc uptake is favoured when the magnesium
concentration is lower. The increase of magnesium to a concentration of 200 mg/L resulted in a
higher concentration of zinc ions being present in the filtrate. This indicates that a competitive

sorption may exists between the magnesium ions and the zinc ions.
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Figure 58: Influence of magnesium on zinc adsorption
. Calcium

The effect of calcium concentration on the adsorption of cadmium, manganese and zinc is

represented in Figure 59 — 61.
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Figure 60: Influence of calcium on manganese adsorption
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Figure 61: Influence of calcium on zinc adsorption

From the Figures above it can be seen that the increase in calcium concentration had a large
effect on the cadmium adsorption and a lesser effect on the adsorption of the manganese and
the zinc onto the surface of the clinoptilolite. It is, however, important to note that the adsorption
of all the heavy metals increased as the concentration of the calcium ions decreased. This
indicates that the heavy metals have to compete with the increase in calcium ions to bind to the
surface of the clinoptilolite. Therefore, as the concentration of the calcium ions increase, the
concentration of the heavy metals in the filtrate will increase. This result is similar to that found by
Dyer, et al., (2018) and Martins & Boaventura (2004).
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4.7 Effect of mineral characteristics

l. Alkaline mine drainage

To study the effect of mineral characteristics on the adsorption of calcium, magnesium and
potassium present in alkaline mine drainage, the adsorption of these ions onto the clinoptilolite
and onto a clinoptilolite-quartz mixture was investigated. Figure 62 presents the adsorption onto
the two sorption compositions.
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Figure 62: Adsorption of Ca, Mg and K onto clinoptilolite and onto a clinoptilolite and quartz
mixture

The adsorption of the calcium, magnesium and potassium ions are better when clinoptilolite is the
only mineral phase available for adsorption. This result correlates to the results obtained by Haile
& Fuerhacker (2018). However, a larger difference in adsorption capacity was expected due to
the quartz consisting of a no sorption capacity. The smaller difference in final metal concentrations
in the filtrates of the two sorption compositions are likely due to the difference in particle sizes of
the two minerals used. The particle size of the clinoptilolite ranged from 0.8 — 4 mm, whilst the
quartz was in powder form with a particle size of less than 106 um. The smaller particle size of
the quartz likely reduced the flowrate of the alkaline mine drainage through the column contents,
resulting in a higher residence time of the aqueous solution inside the column. The higher

residence time resulted in more metal ions to be exposed to the sorptive clinoptilolite.
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. Acid mine drainage

The adsorption of calcium, magnesium, potassium, aluminium, iron and manganese present in
the acid mine drainage sample onto the different sorptive composites were investigated. Figure
63 and Figure 64 present the adsorption of these metals onto the clinoptilolite and clinoptilolite-

quartz sorptive minerals, respectively.
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Figure 63: Adsorption of Ca, Mg, K in AMD onto clinoptilolite and onto a clinoptilolite and quartz
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Figure 64: Adsorption of Al, Fe and Mn in AMD onto clinoptilolite and onto a clinoptilolite and
guartz mixture
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All of the analysed metals indicated better adsorption onto the clinoptilolite mineral phase. The
adsorption of the calcium and magnesium ions onto the clinoptilolite and the clinoptilolite-quartz
mineral phases did not differ significantly. Similar to experiments conducted with the alkaline mine
drainage, this result is likely due to the increase in the residence time of the acid mine drainage
solution inside of the column due to restrictive flow caused by the small particle size of the quartz,
clogging the free flow of the water. The adsorption of the potassium, aluminium, iron and
manganese indicated a larger difference in adsorption onto the different mineral phases. The
clinoptilolite mineral phase resulted in higher adsorption of these ions. This result is similar to the
results found by Haile & Fuerhacker (2018).

11K Mixed metal solution

Cadmium, manganese and zinc were the metals analysed to determine the effect of minerals
characteristics on the adsorption of a mixed metal solution. Figure 65 presents the adsorption of
these metals onto the clinoptilolite and clinoptilolite-quartz sorptive minerals.
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Figure 65: Adsorption of Cd, Mn, Zn onto clinoptilolite and onto a clinoptilolite and quartz
mixture

The figure above indicates that the adsorption of the cadmium-, manganese- and zinc ions are
improved when clinoptilolite is the only mineral phase present in the column. These results

indicate that the quartz has a low adsorption capacity and can therefore inhibit the adsorption of
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the heavy metals onto the surface of the clinoptilolite. The small adsorption capacity of quartz is
likely due to its perfect crystalline structure and non-porous surface. This result correlates with
that found by Haile & Fuerhacker (2018).
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Chapter 5: Conclusion and

Recommendations
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5. Chapter 5: Conclusion and Recommendations

5.1 Conclusion

This study investigated the sorptive nature of the natural zeolite, clinoptilolite, on the heavy metal
removal of industrial effluents. The effect of aqueous solution properties including pH and water
hardness on the adsorption capacity of the clinoptilolite was also investigated. Finally, the effect
of the quartz impurity on the adsorption of the heavy metals onto the surface of the clinoptilolite

was also determined.

Characterisation of the clinoptilolite included FT-IR, SEM-EDS, XRD and XRF analysis.
Regarding the surface characterisation of the clinoptilolite, the FT-IR analysis indicated the
presence of the O-H, C=0 and the C-O functional groups present on the clinoptilolite and the
SEM analysis indicated the porous surface of the zeolite. The presence of these functional groups
in junction with the porous surface of the clinoptilolite, indicates the zeolite as a suitable adsorbent
of heavy metals. The XRD analysis indicated that the high crystallinity of the clinoptilolite was
observed at the highest peak at 20 = 11.4°. XRF spectrophotometry was used to determine the
elemental composition of the clinoptilolite sample and the results indicated that Al,0s;and SiO,
are the most prominent compounds identified in the clinoptilolite sample. The BET analysis

indicated the presence of micro-porosity, mesopores and macropores.

It was found that the Freundlich isotherm model and the Pseudo-second order kinetic models
better described the adsorption of the cadmium, zinc, manganese and lead onto the surface of
the clinoptilolite. The result of the Freundlich isotherm model being the best fit for the adsorption
of all the investigated heavy metals, indicates that the adsorption process of the heavy metals
occurs onto a heterogeneous surface and therefore, many layers are involved in the adsorption
process. The Pseudo-second order kinetic model fit, implies that the surface adsorption, that

involves chemisorption, is the rate-limiting step.

The results further indicate that the ion exchange process occurs between the sodium cations on
the surface of the clinoptilolite and the heavy metal cations in the aqueous solutions. However, it
was indicated that the adsorption of the heavy metals decreased when the pH of the aqueous
solutions decreased. The decrease in adsorption of the heavy metals in the more acidic solutions
are due to the heavy metal ions having to compete with a larger concentration of proton ions to

bind to the surface of the clinoptilolite resulting in the surface of the clinoptilolite reaching
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saturation at an accelerated pace and more heavy metals being present in the filtrate. Adsorption
of the heavy metals were favoured at a neutral pH environment as the experimental results
indicated a competitive reaction between the heavy metal ions and the increased calcium and
magnesium ions present in the alkaline solutions.

Lastly it is concluded that the adsorption of the investigated heavy metal ions is favoured when
clinoptilolite is the only mineral phase present, with the adsorption of the heavy metals decreasing
with the presence of quartz. The low adsorption capacity of the quartz is likely due to its reduced

adsorption sites due to its perfect crystalline structure and non-porous surface.

5.2 Recommendations

It will be advisable to investigate the regeneration of the clinoptilolite after heavy metal adsorption

for future study.
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Abollino, O. & Barberis, R., 2002. Distribution and mobility of metals in contaminated sites.
Chemometric investigation of pollutant profiles. Environmental Pollution, 119(2), pp. 177-193.
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Appendix A
A.l1.1: Isotherm study raw experimental data: Zinc_REV1
Co C, qe Freundlich Langmuir
(mg/L) (mg/L) (mg/g) In (q.) In (C,) Ce /a. Ce
25 12.2 2.6 0.9 2.5 4.8 12.2
50 30.5 3.9 1.4 3.4 7.8 30.5
75 45.1 6.0 1.8 3.8 75 45.1
100 69.9 6.0 1.8 4.2 11.6 69.9
125 87.9 7.4 2.0 4.5 11.8 87.9
150 106.8 8.6 2.2 47 12.3 106.8
A.1.2: Isotherm study raw experimental data: Zinc_REV2
Co C. qe Freundlich Langmuir
(mg/L) (mg/L) (mg/g) In (¢.) In (Ce) Ce/a, Ce
25 11.6 2.7 1.0 2.5 4.3 11.6
50 29.0 4.2 1.4 3.4 6.9 29.0
75 42.8 6.4 1.9 3.8 6.7 42.8
100 66.4 6.7 1.9 4.2 9.9 66.4
125 83.5 8.3 2.1 4.4 10.1 83.5
150 101.4 9.7 2.3 4.6 10.4 101.4
A.1.3: Isotherm study raw experimental data: Zinc_REV3
Co (5 qe Freundlich Langmuir
(mg/L) (mg/L) (mg/g) In (¢) In (Ce) Ce/a, Ce
25 11.6 2.7 1.0 2.5 4.3 11.6
50 29.0 4.2 1.4 3.4 6.9 29.0
75 42.8 6.4 1.9 3.8 6.7 42.8
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100 66.4 6.7 9.9 66.4
125 83.5 8.3 21 4.4 10.1 83.5
150 101.4 9.7 2.3 4.6 10.4 101.4

A.2.1: Isotherm study raw experimental data: Manganese_REV1

Co C, qe Freundlich Langmuir
(mg/L) (mg/L) (mg/g) In (¢.) In (Ce) Ce/a, Ce
25 18.6 13 0.3 2.9 14.4 18.6
50 43.3 14 0.3 3.8 32.0 43.3
75 59.7 31 11 4.1 195 59.7
100 88.9 2.2 0.8 4.5 40.1 88.9
125 107.9 34 1.2 4.7 315 107.9
150 134.6 31 11 4.9 43.6 134.6

A.2.2: Isotherm study raw experimental data: Manganese_REV?2

Co C. qe Freundlich Langmuir
(mg/L) (mg/L) (mg/g) In (q.) In (C,) Ce/a, Ce

25 17.3 15 0.4 2.8 111 17.3
50 40.2 2.0 0.7 3.7 20.6 40.2
75 55.5 3.9 1.4 4.0 14.2 555
100 82.7 35 1.2 4.4 23.9 82.7
125 100.3 4.9 1.6 4.6 20.3 100.3
150 125.2 5.0 1.6 4.8 25.2 125.2

A.2.3: Isotherm study raw experimental data: Manganese_REV3

Co C. qe Freundlich Langmuir
(mg/L) (mg/L) (mg/g) In (qe) In (C) Ce/a Ce
25 17.1 1.6 0.5 2.8 10.8 17.1
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50 39.8 2.0 0.7 19.5 39.8
75 54.9 4.0 1.4 4.0 13.7 54.9
100 81.8 3.6 1.3 4.4 22.5 81.8
125 99.3 5.1 1.6 4.6 19.3 99.3
150 123.8 5.2 1.7 4.8 23.6 123.8

A.3.1: Isotherm study raw experimental data: Cadmium_REV1

Co C. qe Freundlich Langmuir
(mg/L) (mg/L) (mg/g) In (q.) In (Ce) Ce /a. Ce

25 13.9 2.2 0.8 2.6 6.2 13.9
50 325 35 1.3 35 9.2 325
75 49.4 5.1 1.6 3.9 9.7 494
100 72.7 55 1.7 4.3 13.3 72.7
125 97.1 5.6 1.7 4.6 17.4 97.1
150 115 7.0 1.9 4.7 16.4 115

A.3.2: Isotherm study raw experimental data: Cadmium_REV2

Co C. qe Freundlich Langmuir
(mg/L) (mg/L) (mg/g) In (qe) In (Ce) Ce /a. Ce

25 13.2 24 0.9 2.6 5.6 13.2
50 30.8 3.8 1.3 34 8.0 30.8
75 46.9 5.6 1.7 3.8 8.4 46.9
100 69.1 6.2 1.8 4.2 11.2 69.1
125 92.2 6.6 1.9 4.5 14.1 92.2
150 109.3 8.2 2.1 4.7 13.4 109.3

A.3.3: Isotherm study raw experimental data: Cadmium_REV3

Freundlich

Langmuir
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Co Ce 9e In (q.) In (C,) Ce /a. Ce
(mg/L) (mg/L) (mg/g)
25 14.8 2.0 0.7 2.7 7.3 14.8
50 34.7 3.1 1.1 35 11.4 34.7
75 52.9 4.4 1.5 4.0 12.0 52.9
100 77.8 4.4 15 4.4 17.5 77.8
125 103.8 4.2 1.4 4.6 245 103.8
150 123.1 5.4 1.7 4.8 22.8 123.1
A.4.1: Isotherm study raw experimental data: Lead REV1
Co (0 qe Freundlich Langmuir
(mg/L) (mg/L) (mg/g) In (¢.) In (Ce) Ce/a, Ce
25 0.6 4.9 1.6 0.5 0.1 0.6
50 0.4 9.9 2.3 -1.0 0.0 0.4
75 0.6 14.9 2.7 0.5 0.0 0.6
100 15 19.7 3.0 0.4 0.1 15
125 5.3 23.9 3.2 1.7 0.2 5.3
150 3.9 29.2 3.4 1.3 0.1 3.9
A.4.2: Isotherm study raw experimental data: Lead_REV2
Co (5 qe Freundlich Langmuir
(mg/L) (mg/L) (mg/g) In (¢) In (Ce) Ce/a, Ce
25 0.5 4.9 1.6 -0.7 0.1 0.5
50 0.7 9.9 2.3 -0.4 0.1 0.7
75 0.9 14.8 2.7 -0.2 0.1 0.9
100 1.4 19.7 3.0 0.3 0.1 1.4
125 4.6 24.1 3.2 1.5 0.2 4.6
150 4.3 29.1 3.4 1.5 0.1 4.3
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A.4.3: Isotherm study raw experimental data: Lead_REV3

Co C. qe Freundlich Langmuir
(mg/L) (mg/L) (mg/g) In (¢.) In (Ce) Ce/a, Ce

25 0.7 4.9 1.6 -0.4 0.1 0.7
50 0.8 9.8 2.3 -0.2 0.1 0.8
75 1.0 14.8 2.7 0.0 0.1 1.0
100 2.5 19.5 3.0 0.9 0.1 2.5
125 4.6 24.1 3.2 15 0.2 4.6
150 4.9 29.0 3.4 1.6 0.2 4.9
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Appendix B
B.1.1: Kinetic study raw experimental data: Zinc_REV1
Time Co C; Co— C; qe q: t/qt Pseudo-first order Pseudo-second order
(min) (mg/L) (mg/L) (mg/L) (mg/g) (mg/g) (g.min/mg) Time (min) | In(q. — q;) Time f/qt
(min)
20 100 68.8 31.2 20 6.2 3.2 20 2.6 20 3.2
40 100 75.5 24.5 20 4.9 8.2 40 2.7 40 8.2
60 100 64.4 35.6 20 7.1 8.4 60 2.6 60 8.4
80 100 68.2 31.8 20 6.4 12.6 80 2.6 80 12.6
100 100 59.5 40.5 20 8.1 12.4 100 25 100 12.4
120 100 59.5 40.5 20 8.1 14.8 120 25 120 14.8
B.1.2: Kinetic study raw experimental data: Zinc_REV2
Time Co C; Co— C; qe q: t/ch Pseudo-first order Pseudo-second order
(min) (mg/L) (mg/L) (mg/L) (mg/g) (mg/g) (g.min/mg) Time (min) | In(q. — q;) Time t/CIt.
(min)
20 100 79.5 20.5 20 4.1 4.9 20 2.8 20 4.9
40 100 73.2 26.8 20 5.4 7.5 40 2.7 40 7.5
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60 100 67.4 32.6 20 60 2.6 60 9.2
80 100 63.0 37.0 20 7.4 10.8 80 2.5 80 10.8
100 100 54.6 45.5 20 9.1 11.0 100 24 100 11.0
120 100 55.9 441 20 8.8 13.6 120 24 120 13.6
B.1.3: Kinetic study raw experimental data: Zinc_REV3
Time Co C; Co— C; qe q: t/qt Pseudo-first order Pseudo-second order
(min) (mg/L) (mg/L) (mg/L) (mg/g) (mg/g) (g.min/mg) Time (min) | In(q. — q;) Time t/qt
(min)
20 100 72.4 27.6 20 55 3.6 20 2.7 20 3.6
40 100 66.7 33.3 20 6.7 6.0 40 2.6 40 6.0
60 100 65.2 34.8 20 7.0 8.6 60 2.6 60 8.6
80 100 64.3 35.7 20 7.1 11.2 80 2.6 80 11.2
100 100 61.2 38.8 20 7.8 12.9 100 25 100 12.9
120 100 59.0 41.0 20 8.2 14.6 120 2.5 120 14.6

B.2.1: Kinetic study raw experimental data: Cadmium_REV1

Time

Pseudo-first order

Pseudo-second order
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(min) Co C; Co— C; de q: t/Qt Time (min) | In(q. — q;) Time t/(h
mgl) | (o) | (mo) | (muw) | (MI®) | @minimg) (min)
20 100 78.9 211 20 4.2 4.7 | 20 2.8 20 4.7
40 100 78.4 21.6 20 4.3 9.3 40 2.8 40 9.3
60 100 74.6 25.4 20 51 11.8 60 2.7 60 11.8
80 100 66.5 33.5 20 6.7 11.9 80 2.6 80 11.9
100 100 62.9 37.1 20 7.4 135 100 2.5 100 135
120 100 51.1 48.9 20 9.8 12.3 120 2.3 120 12.3
B.2.2: Kinetic study raw experimental data: Cadmium_REV?2
Time Co C; Co— C; qe q: t/qt Pseudo-first order Pseudo-second order
(min) (mg/L) (mg/L) (mg/L) (mg/g) (mg/g) (g.min/mg) | Time (min) | In(q. — q¢) Time t/fh
(min)
20 100 82.2 17.8 20 3.6 5.6 20 2.8 20 5.6
40 100 75.9 24.1 20 4.8 8.3 40 2.7 40 8.3
60 100 73.5 26.5 20 5.3 11.3 60 2.7 60 11.3
80 100 63.5 36.5 20 7.3 11.0 80 2.5 80 11.0
100 100 63.8 36.2 20 7.2 13.8 100 2.5 100 13.8
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120 100 56.3 43.7 20 13.7 120 2.4 120 13.7

B.2.3: Kinetic study raw experimental data: Cadmium_REV3

Time Co C; Co— C; qe q: t/qt Pseudo-first order Pseudo-second order
(min) (mg/L) (mg/L) (mg/L) (ma/qg) (mga/qg) (g.min/mg) Time (min) | In (g, — q¢) Time f/qt
(min)

20 100 89.4 10.6 20 21 9.5 20 29 20 9.5

40 100 75.9 24.1 20 4.8 8.3 40 2.7 40 8.3

60 100 65.2 34.8 20 7.0 8.6 60 2.6 60 8.6

80 100 64.8 35.2 20 7.0 114 80 2.6 80 114

100 100 63.6 36.4 20 7.3 13.7 100 25 100 13.7

120 100 54.2 45.8 20 9.2 13.1 120 24 120 13.1

B.3.1: Kinetic study raw experimental data: Manganese REV1

Time Co C; Co— C; qe q: t/ch Pseudo-first order Pseudo-second order
(min) (mg/L) (mg/L) (mg/L) (mg/g) (mg/g) (g.min/mg) Time (min) | In(q. — q;) Time t/CIt.
(min)
20 100 92.5 7.5 20 15 13.3 20 2.9 20 13.3
40 100 86.5 135 20 2.7 14.9 40 2.9 40 14.9
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60 100 84.3 15.7 20 60 2.8 60 19.1
80 100 82.8 17.2 20 3.4 23.2 80 2.8 80 23.2
100 100 81.4 18.6 20 3.7 26.9 100 2.8 100 26.9
120 100 80.1 19.9 20 4.0 30.1 120 2.8 120 30.1

B.3.2: Kinetic study raw experimental data: Manganese_ REV2

Time Co C; Co— C; q. q: t/qt Pseudo-first order Pseudo-second order
(min) (mg/L) (mg/L) (mg/L) (mg/g) (mg/g) (g.min/mg) | Time (min) | In (g, — q;) Time t/qt
(min)

20 100 88.8 11.2 20 2.2 8.9 20 2.9 20 8.9

40 100 83.1 16.9 20 3.4 11.8 40 2.8 40 11.8

60 100 80.9 19.1 20 3.8 15.7 60 2.8 60 15.7

80 100 79.5 20.5 20 4.1 19.5 80 2.8 80 19.5

100 100 78.2 21.8 20 4.4 22.9 100 2.7 100 22.9

120 100 76.9 23.1 20 4.6 25.9 120 2.7 120 25.9

B.3.3: Kinetic study raw experimental data: Manganese_ REV3

Time

Pseudo-first order

Pseudo-second order
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(min) Co C; Co— C; de q: t/Qt Time (min) | In(q. — q;) Time t/(h
mgl) | (o) | (mo) | (muw) | (MI®) | @minimg) (min)
20 100 84.2 15.8 20 3.2 6.3 20 2.8 20 6.3
40 100 78.8 21.2 20 4.2 9.4 40 2.8 40 9.4
60 100 76.7 23.3 20 4.7 12.9 60 2.7 60 12.9
80 100 75.3 24.7 20 4.9 16.2 80 2.7 80 16.2
100 100 74.1 25.9 20 52 19.3 100 2.7 100 19.3
120 100 72.9 27.1 20 54 22.1 120 2.7 120 22.1
B.4.1: Kinetic study raw experimental data: Lead REV1
Time Co C; Co— C; qe q: t/qt Pseudo-first order Pseudo-second order
(min) (mg/L) (mg/L) (mg/L) (mg/g) (mg/g) (g.min/mg) | Time (min) | In(q. — q¢) Time t/fh
(min)
20 100 30.2 69.8 20 14.0 1.4 20 1.8 20 1.4
40 100 9.4 90.6 20 18.1 2.2 40 0.6 40 2.2
60 100 2.4 97.6 20 19.5 3.1 60 -0.8 60 3.1
80 100 11 98.9 20 19.8 4.0 80 -15 80 4.0
100 100 1.0 99.0 20 19.8 5.0 100 -1.7 100 5.0
120 100 0.8 99.2 20 19.8 6.0 120 -1.8 120 6.0
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B.4.2: Kinetic study raw experimental data: Lead_REV?2

Time Co C; Co— C; qe q: t/qt Pseudo-first order Pseudo-second order
(min) (mg/L) (mg/L) (mg/L) (mg/g) (mg/g) (g.min/mg) Time (min) | In (g, — q¢) Time f/qt
(min)
20 100 34.7 65.3 20 13.1 15 20 1.9 20 15
40 100 10.7 89.3 20 17.9 2.2 40 0.8 40 2.2
60 100 2.7 97.3 20 19.5 3.1 60 -0.6 60 3.1
80 100 1.3 98.7 20 19.7 4.1 80 -1.3 80 4.1
100 100 1.1 98.9 20 19.8 51 100 -1.5 100 5.1
120 100 0.9 99.1 20 19.8 6.1 120 -1.7 120 6.1
B.4.3: Kinetic study raw experimental data: Lead REVS3
Time Co (o Co— C; qe q: t/qt Pseudo-first order Pseudo-second order
(min) (mg/L) (mgl/L) (mgl/L) (mg/g) (mg/g) (g.min/mg) | Time (min) | In (g, — q¢) Time t/fh
(min)
20 100 315 68.5 20 13.7 15 20 1.8 20 15
40 100 9.8 90.2 20 18.0 2.2 40 0.7 40 2.2
60 100 24 97.6 20 19.5 3.1 60 -0.7 60 31
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80 100 1.2 98.8 20 19.8 4.0 80 -14 80 4.0

100 100 1.0 99.0 20 19.8 5.1 100 -1.6 100 51

120 100 0.8 99.2 20 19.8 6.0 120 -1.8 120 6.0
Appendix C

C.1.1: Particle size distribution table

Sieve aperture size Mass of clinoptilolite Percent of mass Cumulative percent Percent finer
retained on each sieve retained above each retained
sieve
(Hm) . (%)
%
(© ) )
3350 0.9 0.1 0.1 99.8
2000 3.6 0.7 0.9 99.0
1180 36.2 7.2 8.2 91.7
500 424.4 85.1 93.3 6.6
300 21.9 4.4 97.7 2.2
212 1.7 0.3 98.1 1.8
150 1.3 0.2 98.3 1.6
106 2.6 0.5 98.9 1.0
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n ®
W NWU
Pan 5.3 1.0 100 0.0
Total 498.4 100
Mass Loss 15
C.1.2: Rosslin-Rammler raw data
Pass size Cumulative In(d) In(-In(2-Y7)) Y~ Parameters
(um) percentage pass (%)
(%)
Top 100 n 2.1
3350 99.8 8.1 1.8 99.9 dar 1191.4
2000 99.0 7.6 15 95.1
1180 97.7 7.0 0.9 62.4
500 6.6 6.2 -2.6 14.4
300 2.2 57 -3.7 51
212 1.8 5.3 -3.9 24
150 1.6 5.0 -4.1 1.1
106 1.0 4.6 -4.5 0.5
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C.1.3: Gaudin-Schumann raw data

W NWU*

Pass size Cumulative In(d) In(-In(2-Y™)) Y~ Parameters
(um) percentage pass (%)
(%)

Top 100 n -1.8
3350 99.8 8.1 -6.2 99.4 d* 198.9
2000 99.0 7.6 -4.6 98.5

1180 97.7 7.0 -2.5 96.1

500 6.6 6.2 -0.1 81.9

300 2.2 5.7 -0.02 52.9

212 1.8 53 -0.02 10.9

150 1.6 5.0 -0.02 -67.9

106 1.0 4.6 -0.01 -217.6
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C.2.1: Effect of particle size: Alkaline mine drainage (Calcium)

W NWU*

REV1 REV2 REV3
Feed PSD1 | PSD2 | PSD3 | PSD1 | PSD2 | PSD3 | PSD1 | PSD2 | PSD 3
Volume
interval
1 1924,8 | 108,9 165,1 | 1867,1 | 105,7 160,2 | 1982,6 | 1111 168,4
5 338,8 52,7 37,9 328,7 51,1 36,7 349,0 53,8 38,6
3 181,1 58,5 36,0 175,7 56,7 35,0 186,6 59,7 36,8
4 152,5 63,7 42,4 1479 61,8 41,1 157,0 65,0 43,3
5 141,0 68,9 49,4 136,7 66,8 48,0 145,2 70,2 50,4
5 137,1 70,7 50,6 133,0 68,6 49,1 141,2 72,1 51,6
7 137,8 76,7 54,0 133,6 74,4 52,4 1419 78,2 55,1
3 135,9 78,8 56,3 131,9 76,4 547 140,0 80,4 57,5
9 135,2 80,1 56,7 131,2 77,7 55,0 139,3 81,7 57,8
10 134,6 82,2 59,0 130,6 79,8 57,2 138,7 83,9 60,1
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C.2.2: Effect of particle size: Alkaline mine drainage (Magnesium)

REV1 REV2 REV3
Feed PSD1 | PSD2 | PSD3 | PSD1 | PSD2 | PSD3 | PSD1 | PSD2 | PSD 3
Volume
interval
1 840.8 84.1 76.1 790.4 79.1 71.5 849.2 85.0 76.8
5 185.7 44.2 19.5 174.6 41.5 18.4 187.6 44.6 19.7
3 114.2 52.6 21.9 107.4 49.4 20.6 1154 53.1 22.2
4 112.5 58.5 29.6 105.8 55.0 27.9 113.7 59.1 29.9
5 107.7 63.8 38.2 101.2 60.0 35.9 108.7 64.5 38.5
5 107.0 66.5 42.5 100.6 62.5 39.9 108.1 67.2 42.9
7 106.3 71.1 48.0 100.0 66.8 45.1 107.4 71.8 48.5
3 105.1 73.2 51.9 98.8 68.8 48.8 106.2 73.9 524
9 105.6 74.2 53.8 99.3 69.8 50.6 106.7 75.0 54.3
10 105.6 75.3 55.9 99.3 70.8 52.5 106.7 76.0 56.4

16|Page



C.2.3: Effect of particle size: Alkaline mine drainage (Potassium)

W NWU*

REV1 REV2 REV3
Feed PSD1 | PSD2 | PSD3 | PSD1 | PSD2 | PSD3 | PSD1 | PSD2 | PSD 3
Volume
interval
1 301.2 26.3 25.9 308.2 26.9 26.5 289.2 23.6 24.9
5 79.4 13.7 10.1 81.2 14.0 104 76.2 13.2 9.7
3 47.9 13.0 8.8 49.0 13.3 9.0 46.0 12.5 8.4
4 41.3 111 8.4 42.2 11.3 8.6 39.6 10.6 8.1
5 37.7 11.2 8.2 38.6 114 8.3 36.2 10.7 7.8
5 37.4 10.8 8.1 38.3 11.0 8.3 35.9 10.3 7.7
7 35.6 10.7 7.9 36.4 10.9 8.1 34.1 10.3 7.6
3 34.3 10.7 7.8 35.1 10.9 8.0 33.0 10.3 7.5
9 32.7 10.6 7.7 33.5 10.8 7.9 314 10.2 7.4
10 31.8 10.3 7.8 325 10.6 8.0 30.5 9.9 7.5
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C.3.1: Effect of particle size: Acid mine drainage (Calcium)

W NWU*

REV1 REV2 REV3
Feed PSD1 | PSD2 | PSD3 | PSD1 | PSD2 | PSD3 | PSD1 | PSD2 | PSD 3
Volume
interval
1 700.9 492.1 50.9 651.8 457.7 47.3 679.9 477.4 49.4
’ 207.0 2727 8.2 192.5 25.7 7.6 200.8 26.9 8.0
3 158.3 23.8 9.0 147.2 22.1 8.4 153.5 23.0 8.8
4 137.0 39.5 16.4 127.4 36.7 15.3 132.9 38.3 15.9
5 129.3 44.6 29.3 120.2 41.5 27.3 1254 43.3 28.5
5 121.9 50.4 36.4 1134 46.8 33.8 118.2 48.8 35.3
7 113.0 53.5 41.4 105.1 49.8 38.5 109.6 51.9 40.2
3 121.1 56.3 47.9 112.7 524 44.6 117.5 54.6 46.5
9 106.2 59.4 53.0 98.8 55.3 49.2 103.0 57.7 514
10 109.8 60.1 52.4 102.1 55.9 48.7 106.5 58.3 50.8
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C.3.2: Effect of particle size: Acid mine drainage (Magnesium)

W NWU*

REV1 REV2 REV3
Feed PSD1 | PSD2 | PSD3 | PSD1 | PSD2 | PSD3 | PSD1 | PSD2 | PSD 3
Volume
interval
1 362,5 2441 32,0 391,5 263,7 34,6 355,3 2417 30,1
5 107,9 19,4 5,2 116,6 21,0 5,6 105,8 19,3 4.9
3 82,5 20,5 6,9 89,1 22,1 7,5 80,8 20,3 6,5
4 71,7 30,6 15,1 77,4 33,0 16,3 70,3 30,3 14,2
5 66,9 37,0 28,6 72,2 40,0 30,9 65,5 36,7 26,9
5 63,0 40,5 34,1 68,0 43,7 36,8 61,7 40,1 32,0
7 61,5 43,2 39,0 66,4 46,6 42,2 60,3 42,8 36,7
3 61,5 37,9 41,4 66,4 40,9 447 60,3 37,5 38,9
9 57,7 39,3 42,2 62,3 42,4 45,6 56,5 38,9 39,7
10 57,8 39,4 41,8 62,4 42,6 45,2 56,6 39,0 39,3
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C.3.3: Effect of particle size: Alkaline mine drainage (Potassium)

REV1 REV2 REV3
Feed PSD1 | PSD2 | PSD3 | PSD1 | PSD2 | PSD3 | PSD1 | PSD2 | PSD 3
Volume
interval
110,6 58,4 16,2 122,7 64,7 17,9
1|120,3 63,5 17,6
37,3 9,8 5,2 41,3 10,9 5,8
2| 405 10,7 5,7
24, 1 4.4 27, 7 4,
3 27,1 6,6 4.8 9 6 6 6 9
20,0 51 4.1 22,1 5,7 4.5
4| 21,7 5,6 4,4
17, 4, , 19, 1 4,
5 19.2 5.0 3.9 6 6 3,6 9,6 5 0
16,4 4,2 3,2 18,2 4.7 3,5
6 17,8 4.6 3,5 ’ ’ ’ ’ ’ ’
15, , 2, 17,7 4, 2
7 17,3 4.2 3,2 5.9 3.9 9 3 3
8 167 4.0 29 15,4 3,7 2.7 17,0 4.1 3,0
14,7 : 2, 16, , 2,
9 16.0 38 28 3,5 5 6,3 3,9 8
14,3 3,4 2,6 15,9 3,8 2.8
10| 156 3.7 28 , , ) : , :
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C.3.4: Effect of particle size: Acid mine drainage (Aluminium)

W NWU*

REV1 REV2 REV3
Feed PSD1 | PSD2 | PSD3 | PSD1 | PSD2 | PSD3 | PSD1 | PSD2 | PSD 3
Volume
interval
1 1 1 2 1 1
101 0,1 0,1 0 0 0 0 0 0
0,3 0,1 0,1 0,4 0,1 0,1
2 0,3 0,1 0,1 ’ ’ ’ ’ ’ ’
0,9 0,1 0,1 1,0 0,1 0,1
3 0,9 0,1 0,1
1,7 0,2 0,0 2,0 0,2 0,0
4 1,8 0,2 0,0
2,1 0,3 0,0 2,4 0,3 0,1
5 2,1 0,3 0,0
2,9 0,4 0,1 3.3 0,5 0,1
6 3,0 0,4 0,1
2,6 0,7 0,1 2,9 0,8 0,1
7 2,7 0,7 0,1
4,1 1, 2 4, 1,1 2
8 4.2 1,0 0,2 0 0 6 0
6,8 1,4 0,2 7,6 1,5 0,2
9 6,9 14 0,2
, 1, ,2 7,1 1,7 ,
10 6,4 1,6 0,2 6.3 > 0 0.3
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C.3.5: Effect of particle size: Acid mine drainage (Iron)

REV1 REV2 REV3
Feed PSD1 | PSD2 | PSD3 | PSD1 | PSD2 | PSD3 | PSD1 | PSD2 | PSD 3
Volume
interval
1 1 1 1 1 1
1/0,2 0,1 0,1 0 0 0 0 0 0
5 0.4 01 01 0,3 0,1 0,1 0,4 0,1 0,1
1 ll ll 1 ,1 ,1
3 10 01 01 0,9 0 0 0,9 0 0
1,7 0,2 0,0 1,8 0,2 0,0
4 2,0 0,2 0,0 ’ ’ ’ ’ ’ ’
2,0 0,3 0,0 2,2 0,3 0,0
5 2,4 0,3 0,1
2,9 0,4 0,1 3,1 0,4 0,1
6 3,3 0,5 0,1
2,5 0,7 0,1 2,8 0,7 0,1
7 2,9 0,8 0,1
4, 1, 1 4, 1, 2
8 4.6 1,1 0,2 0 0 0 3 0 0
6,5 1,3 0,2 7,1 1,4 0,2
9 7,6 15 0,2
1 1, 2 , 1, 2
10 7,1 1,7 0,3 6 > 0 6.6 6 0
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C.3.7: Effect of particle size: Acid mine drainage (Manganese)

W NWU*

REV1 REV2 REV3
Feed PSD1 | PSD2 | PSD3 | PSD1 | PSD2 | PSD3 | PSD1 | PSD2 | PSD 3
Volume
interval
7 2,7 , v 2, )
1036 26 0.3 3 0,3 3 6 0,3
5 5.7 0.7 01 5,9 0,8 0,1 5,8 0,8 0,1
6,8 1,7 0,2 6,7 1,6 0,2
3 6,6 1,6 0,1
7,5 3,1 0,5 7.4 3,0 0,6
4 7,2 3,0 0,5
7.9 41 1,3 7.8 41 1,5
5 7,6 4.0 1,3
’ 417 2| 7; 4, 2,
6 7,7 45 2,2 8,0 3 8 6 6
8,2 5.3 3,1 8,0 51 3,6
7 7,9 5,0 3,0
8,4 5,6 3.9 8,2 55 4.4
8 8,0 5,4 3,7
8,5 5,9 4.4 8,4 5,8 51
9 8,2 57 4,2
8,6 6,1 47 8,5 6,0 55
10 8,3 59 4,5
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C.4.1: Effect of particle size: Mixed metal solution (Cadmium)

W NWU*

REV1 REV2 REV3
Feed PSD1 | PSD2 | PSD3 | PSD1 | PSD2 | PSD3 | PSD1 | PSD2 | PSD 3
Volume
interval
193,4 411 2 199.,4 42 .4 2
1|201,4 428 0,2 93 0 99 0
364,8 137,2 15,6 376,2 141.,4 16,1
2| 380,0 142.9 16,2
376,7 206,5 85,3 388,5 212,9 88,0
3] 3924 215,1 88,8
391,8 2329 137.,8 404,0 240,2 142.1
4| 408,1 242.,6 1435
, 263, 177, 408, 272,2 183,1
5| 4121 274.9 185.0 395,6 63,9 6 08,0 83
6| 4207 286 2 2064 403,8 274.8 198,1 416,4 283,4 204,3
416,2 267, 213, 429,2 275, 220,2
7| 433,6 278,6 222.,4 6 67,5 3.5 9 5.9 0
416,4 279,0 223,6 4294 287,7 230,6
8| 433,8 290,6 232,9 ' ' ' ' ' '
417, 291,7 223,1 430, , 230,
9| 435,2 303,9 232,3 8 9 3 30,8 300,8 30,0
10| 4322 316 1 240 5 4149 303,4 230,9 427.8 312,9 238,1
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C.4.2: Effect of particle size: Mixed metal solution (Manganese)

W NWU*

REV1 REV2 REV3
Feed PSD1 | PSD2 | PSD3 | PSD1 | PSD2 | PSD3 | PSD1 | PSD2 | PSD 3
Volume
interval
178,4 21,1 1 156,7 18, 1
1|166,7 19,7 0,1 8 0 56 8,5 0
346,3 88,7 6,2 304,2 77,9 55
2| 323,7 82,9 5,8 ' ’ ’ ' ’ ’
369,7 172,9 47,2 324,7 151,9 41,5
3| 3455 161,6 441
396,5 214,8 101,8 348.,4 188,7 89,5
4| 370,6 200,7 95,2
407,6 259,5 154,3 358,1 228,0 135,6
5] 380,9 2425 1442
418,6 278,1 190,7 367,7 2443 167.,5
6| 391,2 259,9 178,2
432,3 275,8 218,6 379.,8 2423 192,0
71 404,0 257.8 204,3
436,2 289, 236,7 2 2547 208,
8| 407.6 271.0 913 36 89,9 36 383 5 08,0
437.8 307,1 241,0 384.,6 269,8 211,8
91| 409,1 287,1 225,3
435, 20, 241, 2, 281,4 2124
10 | 407,1 299,3 226,0 35,6 320,3 8 3826 8
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C.4.3: Effect of particle size: Mixed metal solution (Zinc)

REV1 REV2 REV3
Feed PSD1 | PSD2 | PSD3 | PSD1 | PSD2 | PSD3 | PSD1 | PSD2 | PSD 3
Volume
interval
104, 11,2 1 119, 12,7 1
1|108,2 11,6 0,1 04,9 0 9.0 0
5| 2511 56.0 27 2435 54,3 2,7 276,2 61,6 3,0
262,1 105,7 23,8 297,2 119,8 27,0
3| 270,2 108,9 24,5
281,7 136,3 53,6 319,5 154,6 60,8
4| 290,4 140,5 55,3
293,0 168,8 83,2 332,2 191,4 94,4
51 302,0 174,0 85,8
2,1 186, 109,7 42, 211, 124 .4
6| 3114 192.6 113,1 30 86,9 09 3426 9
309,2 184,0 133,8 350,6 208,6 151,7
71 318,7 189,7 137,9
310,21 191,8 145,5 351,7 2175 165,0
8| 319,7 197,7 150,0
313,8 206,1 152,2 355,9 233,7 172,6
9| 3235 2125 156,9
, 219,2 165, 7 248, 187,2
10 | 318,8 2259 170,1 3093 9 65,0 350 8,5 8
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Appendix D
D.1.1: Effect of water hardness (Magnesium): Cadmium_REV1
Feed Volume 50 mg/L Mg 100 mg/L Mg 150 mg/L Mg 200 mg/L Mg
Interval
1 20.5 39.1 119.8 43.3
2 136.0 190.0 270.8 207.2
3 242.6 256.5 312.0 283.2
4 309.9 294.2 334.2 323.2
5 348.1 332.0 354.9 362.7
6 364.3 356.8 324.0 363.0
7 366.6 367.2 371.0 375.2
8 387.9 384.2 392.7 396.9
9 389.3 390.7 398.4 399.5
10 387.5 395.5 401.6 408.7
D.1.2: Effect of water hardness (Magnesium): Cadmium_REV2
Feed Volume 50 mg/L Mg 100 mg/L Mg 150 mg/L Mg 200 mg/L Mg
Interval
1 19.1 37.1 113.8 42.0
2 126.5 180.5 257.2 201.0
3 225.6 243.7 296.4 274.7
4 288.2 279.5 317.5 313.5
5 323.7 35.4 337.1 351.8
6 338.8 339.0 307.8 352.2
7 340.9 348.8 352.4 364.0
8 360.7 364.9 373.1 385.0
9 362.0 371.2 378.5 387.5
10 360.4 375.7 381.6 396.4
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D.1.3: Effect of water hardness (Magnesium): Cadmium_REV3

Feed Volume 50 mg/L Mg 100 mg/L Mg 150 mg/L Mg 200 mg/L Mg
Interval

1 19.5 375 115.0 45.0
2 129.2 182.4 259.9 215.5
3 230.5 246.2 299.5 294.5
4 294.4 282.4 320.8 336.1
5 330.7 318.7 340.7 377.2
6 346.1 342.5 311.1 377.6
7 348.2 352.5 356.2 390.2
8 368.5 368.8 377.0 412.8
9 369.8 375.1 382.5 415.5
10 368.1 379.6 385.6 425.0

D.2.1: Effect of water hardness (Magnesium): Manganese_REV1

Feed Volume 50 mg/L Mg 100 mg/L Mg 150 mg/L Mg 200 mg/L Mg
Interval

1 9.7 23.5 72.3 22.0
2 84.1 132.0 198.8 141.4
3 180.0 206.1 252.8 250.8
4 255.9 252.9 309.2 298.7
5 306.7 299.8 339.2 339.6
6 333.6 332.6 317.8 356.9
7 344.4 350.6 368.1 369.9
8 370.5 374.0 392.5 383.7
9 376.8 398.2 401.0 390.2
10 379.9 399.8 401.3 411.1
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D.2.2: Effect of water hardness (Magnesium): Manganese_REV2

Feed Volume 50 mg/L Mg 100 mg/L Mg 150 mg/L Mg 200 mg/L Mg
Interval

1 9.0 21.8 68.7 20.9
2 78.2 122.8 188.8 134.4
3 167.4 191.7 240.2 238.2
4 238.0 235.2 293.7 283.8
5 285.3 278.8 322.2 322.6
6 310.3 309.3 301.9 330.1
7 320.3 326.0 349.7 351.4
8 344.5 347.8 372.9 364.5
9 350.4 370.4 380.9 370.7
10 353.3 371.8 381.2 390.5

D.2.3: Effect of water hardness (Magnesium): Manganese_ REV3

Feed Volume 50 mg/L Mg 100 mg/L Mg 150 mg/L Mg 200 mg/L Mg
Interval

1 9.2 22.3 74.5 22.7
2 79.9 125.4 204.7 145.7
3 171.0 195.8 260.4 258.3
4 243.1 240.3 318.4 307.7
5 291.4 284.8 349.3 349.8
6 316.9 316.0 327.3 367.6
7 327.2 333.0 379.2 381.0
8 351.9 355.3 404.3 395.2
9 357.9 378.3 413.0 401.9
10 360.9 379.8 413.3 423.4
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D.3.1: Effect of water hardness (Magnesium): Zinc_REV1

Feed Volume 50 mg/L Mg 100 mg/L Mg 150 mg/L Mg 200 mg/L Mg
Interval

1 6.0 15.2 49.1 22.0
2 62.6 96.0 167.3 141.4
3 139.9 157.4 2231 240.8
4 205.4 195.7 254.2 298.7
5 251.0 236.8 281.3 339.6
6 276.4 265.7 255.7 356.9
7 287.2 281.7 304.1 361.9
8 3121 3034 328.7 379.7
9 319.3 329.3 339.2 380.2
10 321.9 343.9 350.7 398.1

D.3.2: Effect of water hardness (Magnesium): Zinc_REV2

Feed Volume 50 mg/L Mg 100 mg/L Mg 150 mg/L Mg 200 mg/L Mg
Interval

1 5.6 14.1 46.6 20.9
2 58.2 89.3 158.9 134.4
3 130.1 146.4 211.9 228.7
4 191.0 182.0 241.5 283.8
5 2334 220.2 267.2 322.6
6 257.0 247.1 281.2 339.1
7 267.1 262.0 288.9 343.8
8 290.2 282.1 312.2 360.7
9 296.9 306.2 322.2 361.2
10 2994 319.8 333.2 378.2
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D.3.3: Effect of water hardness (Magnesium): Zinc_REV3

Feed Volume 50 mg/L Mg 100 mg/L Mg 150 mg/L Mg 200 mg/L Mg
Interval

1 6,1 15,5 47,5 22,5
2 63,8 97,9 162,1 144,3
3 1427 160,5 216,2 245,6
4 209,5 199,6 246,3 304,7
5 256,0 2415 272,6 346,4
6 281,9 271,0 286,9 364,1
7 293,0 287,4 294,6 369,1
8 318,3 309,4 318,5 387,3
9 325,7 335,8 328,7 387,8
10 328,3 350,8 339,8 406,1

D.4.1: Effect of water hardness (Calcium): Cadmium_REV1

Feed Volume 50 mg/L Mg 100 mg/L Mg 150 mg/L Mg 200 mg/L Mg
Interval

1 4.8 84.2 315 71.6
2 146.6 231.8 179.2 269.7
3 269.0 296.8 285.3 359.7
4 300.7 334.8 333.2 428.3
5 330.0 361.2 354.9 467.7
6 344.4 365.2 376.7 488.1
7 363.1 388.6 377.4 506.1
8 355.0 397.4 390.6 507.1
9 370.5 402.8 398.4 525.9
10 379.6 402.5 395.7 526.7
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D.4.2: Effect of water hardness (Calcium): Cadmium_REV2

Feed Volume 50 mg/L Mg 100 mg/L Mg 150 mg/L Mg 200 mg/L Mg
Interval

1 14.3 80.8 30.3 68.7
2 140.7 222.5 172.0 258.9
3 258.3 285.0 273.9 345.3
4 288.7 3214 319.9 411.1
5 316.8 346.8 340.7 448.9
6 330.6 350.6 361.6 468.6
7 348.5 373.1 362.3 485.8
8 340.8 3815 374.9 486.8
9 355.7 386.7 382.5 504.9
10 364.5 386.4 379.9 505.6

D.4.3: Effect of water hardness (Calcium):

Cadmium_REV3

Feed Volume 50 mg/L Mg 100 mg/L Mg 150 mg/L Mg 200 mg/L Mg
Interval

1 15.9 90.1 34.3 76.6
2 156.8 248.0 195.3 288.6
3 287.8 317.6 311.0 384.9
4 321.8 358.2 363.2 458.3
5 353.1 386.5 386.9 500.4
6 368.5 390.7 410.6 522.3
7 388.5 415.8 411.3 541.5
8 379.9 425.3 425.7 542.6
9 396.5 431.0 434.3 562.7
10 406.2 430.7 431.4 563.5
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D.5.1: Effect of water hardness (Calcium): Manganese_REV1

Feed Volume 50 mg/L Mg 100 mg/L Mg 150 mg/L Mg 200 mg/L Mg
Interval

1 8.0 40.4 15.5 24.2
2 99.1 170.5 124.8 158.1
3 221.7 254.6 235.6 238.6
4 267.5 309.7 300.2 303.8
5 309.3 344.2 329.1 342.3
6 332.2 353.7 359.7 365.2
7 358.2 381.8 362.7 .82.2
8 355.6 394.4 380.8 386.0
9 373.7 400.0 392.3 402.7
10 3854 402.1 391.1 405.2

D.5.2: Effect of water hardness (Calcium):

Manganese_REV?2

Feed Volume 50 mg/L Mg 100 mg/L Mg 150 mg/L Mg 200 mg/L Mg
Interval

1 7.4 37.6 14.4 22.5
2 92.2 158.6 116.0 147.0
3 206.2 236.8 219.1 221.9
4 248.8 288.0 279.2 282.5
5 287.6 320.1 306.1 318.3
6 308.9 329.0 334.5 339.7
7 333.1 355.1 337.3 355.4
8 330.7 366.8 354.1 358.9
9 347.5 372.0 364.8 347.5
10 358.4 373.9 363.7 376.8
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D.5.3: Effect of water hardness (Calcium): Manganese REV3

Feed Volume 50 mg/L Mg 100 mg/L Mg 150 mg/L Mg 200 mg/L Mg
Interval
1 81 41.2 15.8 24.7
2 101. 173.9 127.3 161.3
3 226.2 259.7 240.3 243.4
4 272.8 315.9 306.2 309.9
5 315.5 351.1 335.7 349.1
6 338.8 360.8 366.9 372.5
7 365.4 389.5 370.0 389.8
8 362.7 402.3 388.4 393.7
9 381.1 408.0 400.1 410.7
10 393.1 410.1 398.9 413.3
D.6.1: Effect of water hardness (Calcium): Zinc_REV1
Feed Volume 50 mg/L Mg 100 mg/L Mg 150 mg/L Mg 200 mg/L Mg
Interval
1 5.2 26.8 9.7 15.8
2 69.4 124.3 88.2 116.9
3 163.1 192.2 176.9 180.6
4 199.6 238.9 231.6 236.7
5 233.1 269.5 256.5 270.9
6 255.4 277.6 283.6 293.7
7 279.1 304.3 288.5 308.8
8 275.4 316.4 304.3 313.8
9 291.7 322.1 315.3 327.2
10 303.6 324.1 314.7 331.9
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D.6.2: Effect of water hardness (Calcium): Zinc_REV2

Feed Volume 50 mg/L Mg 100 mg/L Mg 150 mg/L Mg 200 mg/L Mg
Interval
1 5.0 254 9.5 16.6
2 66.0 118.0 86.4 122.7
3 155.0 182.6 173.4 189.7
4 189.6 226.9 227.0 248.5
5 221.4 256.0 251.4 284.5
6 242.6 263.7 277.9 308.4
7 265.2 289.0 282.7 324.2
8 261.6 300.6 298.2 329.5
9 277.1 306.0 309.0 343.6
10 288.4 307.9 308.4 348.5
D.6.3: Effect of water hardness (Calcium): Zinc_REV3
Feed Volume 50 mg/L Mg 100 mg/L Mg 150 mg/L Mg 200 mg/L Mg
Interval
1 54 27.8 10.2 16.7
2 72.2 129.2 93.5 123.9
3 169.7 199.9 187.5 191.5
4 207.6 248.4 245.5 250.9
5 242.4 280.3 271.9 287.2
6 265.6 288.7 300.6 311.3
7 290.3 316.4 305.8 327.3
8 286.4 329.1 322.6 332.6
9 303.4 335.0 334.2 346.9
10 315.7 337.1 333.6 351.8
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Appendix E
E.1.1: Effect of water pH: Alkaline mine drainage_REV1
Feed Volume Camg/L Mg mg/L K mg/L Na mg/L
Interval
1 317.6 154.9 80.7 3589.4
2 60.8 38.4 24.4 1036.0
3 56.3 45.8 19.0 794.7
4 72.2 59.9 17.5 722.4
5 82.4 70.5 16.8 682.4
6 82.5 72.5 16.7 668.3
7 93.0 82.6 16.0 635.6
8 98.3 87.1 15.7 622.8
9 103.3 90.7 15.7 607.3
10 103.6 91.2 15.5 600.7
E.1.2: Effect of water pH: Alkaline mine drainage_REV2
Feed Volume Camg/L Mg mg/L K mg/L Na mg/L
Interval
1 301.7 147.1 76.6 3409.9
2 57.8 36.5 23.2 984.2
3 56.3 43.5 18.0 754.9
4 68.6 56.9 16.7 686.2
5 78.3 67.0 16.0 648.2
6 78.3 68.9 15.9 634.8
7 88.4 78.4 15.2 603.8
8 93.3 82.7 14.9 591.6
9 98.1 86.1 14.9 577.0
10 98.4 86.7 14.8 570.6
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E.1.3: Effect of water pH: Alkaline mine drainage_REV3

Feed Volume Camg/L Mg mg/L K mg/L Na mg/L

Interval

1 349.3 170.4 88.7 3948.3

2 66.9 42.2 26.8 1139.6

3 65.2 50.3 20.9 874.1

4 79.5 65.9 19.3 794.6

5 90.7 77.6 18.5 750.6

6 90.7 79.8 18.4 735.1

7 102.3 90.8 17.7 699.1

8 108.1 95.8 17.2 685.0

9 113.6 99.7 17.3 668.1

10 114.0 100.3 17.1 660.7
E.2.1: Effect of water pH: Acid mine drainage_REV1

Feed Volume | Ca mg/L Mg mg/L K mg/L Al mg/L Fe mg/L Mn mg/L

Interval

1 583.4 288.1 50.1 1.2 0.3 1.0

2 66.5 40.8 12.1 0.6 0.1 1.3

3 52.6 36.8 8.3 11 0.1 21

4 56.0 42.2 7.3 3.0 0.2 3.2

5 61.8 47.9 6.6 6.1 0.2 4.2

6 64.7 50.4 6.5 8.7 04 4.8

7 69.3 53.8 5.8 14.8 0.7 6.0

8 70.7 55.2 5.6 19.3 1.0 6.6

9 69.6 54.8 55 20.1 1.2 6.5

10 71.7 55.7 5.2 24.6 1.8 6.9
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E.2.2: Effect of water pH: Acid mine drainage_REV?2

W NWU°

Feed Volume | Camg/L Mg mg/L K mg/L Al mg/L Fe mg/L Mn mg/L
Interval

1 542.6 267.9 46.6 1.2 0.3 0.9
2 61.9 37.9 11.2 0.6 0.1 1.2
3 48.9 34.2 7.7 1.0 0.1 2.0
4 52.0 39.3 6.8 2.8 0.1 2.9
5 57.5 44.6 6.2 5.7 0.2 3.9
6 60.1 46.9 6.1 8.1 0.3 4.5
7 64.5 50.0 54 13.8 0.7 5.6
8 65.8 51.3 5.2 18.0 1.0 6.1
9 64.7 51.0 51 18.7 11 6.0
10 66.7 51.8 4.9 22.9 1.6 6.5

E.2.3: Effect of water pH: Acid mine drainage_REV3

Feed Volume | Ca mg/L Mg mg/L K mg/L Al mg/L Fe mg/L Mn mg/L
Interval

1 612.6 302.5 52.6 13 0.3 1.0
2 69.9 42.8 12.7 0.7 0.1 1.4
3 55.3 38.6 8.7 11 0.1 2.2
4 58.8 44.4 7.6 31 0.2 3.3
5 64.9 50.3 7.0 6.4 0.3 4.4
6 67.9 53.0 6.9 9.1 0.4 51
7 72.8 56.5 6.1 15.6 0.7 6.3
8 74.2 57.9 5.9 20.3 11 6.9
9 73.1 57.6 5.8 21.1 1.3 6.8
10 75.3 58.5 55 25.9 1.9 7.3
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E.3.1: Effect of water pH: Mixed metal solution (pH3)_REV1

Feed Volume Cd mg/L Mn mg/L Zn mg/L Na mg/L
Interval

1 77.6 39.8 48.2 2604.7
2 243.2 173.2 154.3 716.5
3 307.2 247.2 216.6 506.3
4 360.6 313.6 274.7 356.7
5 384.4 349.3 310.5 300.0
6 394.6 366.8 327.7 269.6
7 387.5 368.2 331.3 377.6
8 406.6 386.5 349.1 235.3
9 398.4 386.1 351.6 254.6
10 405.5 396.3 262.2 251.2

E.3.2: Effect of water pH: Mixed metal solution (pH3)_REV2

Feed Volume Cd mg/L Mn mg/L Zn mg/L Na mg/L
Interval

1 75.3 38.6 46.7 2474.5
2 235.9 168.0 149.6 680.7
3 298.0 239.7 210.1 481.0
4 349.7 304.2 266.5 347.4
5 372.9 338.8 301.2 285.0
6 382.8 355.8 317.8 256.1
7 375.9 357.2 321.4 263.7
8 394.4 374.9 338.6 223.6
9 386.5 374.5 341.1 241.9
10 393.3 384.5 351.3 238.6
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E.3.3: Effect of water pH: Mixed metal solution (pH3) REV3

Feed Volume Cd mg/L Mn mg/L Zn mg/L Na mg/L
Interval

1 69.8 35.9 43.4 2787.1
2 218.9 155.9 138.8 766.7
3 276.5 222.4 194.9 541.7
4 3245 282.2 247.2 391.3
5 346.0 314.3 279.5 321.0
6 355.2 330.1 294.9 288.5
7 348.7 3314 298.2 297.1
8 366.0 347.8 314.2 251.8
9 358.6 347.5 316.5 272.4
10 365.0 356.7 326.0 268.8

E.4.1: Effect of water pH: Mixed metal solution (pH5)_REV1

Feed Volume Cd mg/L Mn mg/L Zn mg/L Na mg/L
Interval

1 111.5 66.5 28.1 3879.2
2 242.6 181.5 143.1 905.8
3 291.4 247.9 210.2 535.6
4 332.0 285.5 241.6 461.2
5 352.5 316.4 284.4 339.6
6 366.9 352.1 320.8 274.0
7 364.0 351.2 317.3 278.2
8 383.3 377.1 345.7 231.1
9 385.7 379.6 339.2 223.0
10 395.3 382.3 344.4 206.3
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E.4.2: Effect of water pH: Mixed metal solution (pH5)_REV2

Feed Volume Cd mg/L Mn mg/L Zn mg/L Na mg/L
Interval

1 103.8 61.8 26.1 3685.2
2 225.7 168.8 133.1 860.5
3 271.0 230.6 195.5 508.8
4 308.7 265.5 224.7 438.1
5 327.8 294.2 264.5 322.6
6 341.3 327.5 298.4 260.3
7 338.6 326.6 295.1 264.3
8 356.5 350.7 321.5 219.5
9 358.7 353.0 315.5 211.9
10 367.6 355.5 320.3 196.0

E.4.3: Effect of water pH: Mixed metal solution (pH5) _REV3

Feed Volume Cd mg/L Mn mg/L Zn mg/L Na mg/L
Interval

1 113.7 67.8 28.7 4073.1
2 247.5 185.1 146.0 951.1
3 297.2 252.9 214.4 562.4
4 338.6 291.2 246.4 484.2
5 359.5 322.7 290.1 356.6
6 374.3 359.2 327.2 287.7
7 371.3 358.2 323.7 292.1
8 391.0 384.7 352.6 242.6
9 393.5 387.2 346.0 234.2
10 403.2 389.9 351.3 216.6
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E.5.1: Effect of water pH: Mixed metal solution (pH7)_REV1

Feed Volume Cd mg/L Mn mg/L Zn mg/L Na mg/L
Interval

1 113.3 61.5 43.4 3793.9
2 225.6 158.4 129.7 1023.2
3 280.0 223.5 188.7 670.0
4 320.2 278.3 233.3 520.3
5 335.9 311.2 274.4 455.2
6 348.3 320.2 282.6 441.0
7 353.2 345.8 306.9 391.4
8 369.1 356.4 322.6 363.7
9 339.7 335.8 296.4 369.4
10 3321 347.1 303.1 229.9

E.5.2: Effect of water pH: Mixed metal solution (pH7)_REV2

Feed Volume Cd mg/L Mn mg/L Zn mg/L Na mg/L
Interval

1 108.7 59.0 41.7 3566.2
2 216.6 152.1 124.5 961.8
3 268.8 214.5 181.1 629.8
4 307.4 267.2 224.0 489.1
5 3225 298.8 263.4 427.9
6 334.3 307.4 271.3 414.5
7 339.1 331.9 294.6 367.9
8 354.3 342.2 309.7 341.9
9 326.2 3224 284.6 347.3
10 318.8 333.3 291.0 216.1
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E.5.3: Effect of water pH: Mixed metal solution (pH7) REV3

Feed Volume Cd mg/L Mn mg/L Zn mg/L Na mg/L
Interval

1 122.3 66.5 46.9 3528.3
2 243.7 171.1 140.1 951.5
3 302.4 241.4 203.8 623.1
4 345.8 300.6 252.0 483.9
5 362.8 336.1 296.4 423.3
6 376.1 345.8 305.2 410.1
7 381.5 3734 331.5 364.0
8 398.6 384.9 348.4 338.3
9 366.9 362.7 320.2 343.6
10 358.6 374.9 327.3 213.8
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F.1.1: Effect of mineral characteristics: Alkaline mine drainage_REV1

Clinoptilolite Clinoptilolite & Quartz

Feed Camg/L Mg mg/L K mg/L Camg/L Mg mg/L | Kmg/L
Volume

Interval

1 317.6 154.9 80.7 575.5 168.8 56.7
2 60.8 384 24.4 351.1 115.7 43.1
3 59.3 45.8 19.0 133.8 63.5 24.9
4 72.2 54.9 17.5 103.9 56.3 21.8
5 824 60.5 16.8 100.0 60.1 21.4
6 825 72.5 16.7 98.7 75.5 21.0
7 93.0 82.6 16.0 106.4 83.3 19.5
8 98.3 82.7 15.7 107.1 87.1 19.7
9 95.3 82.0 15.7 97.8 90.7 20.8
10 96.6 82.2 155 98.8 91.2 20.6

F.1.2: Effect of mineral characteristics: Alkaline mine drainage_REV2

Clinoptilolite Clinoptilolite & Quartz

Feed Camg/L Mg mg/L K mg/L Ca mg/L Mg mg/L | Kmg/L
Volume

Interval

1 308.0 150.2 78.3 558.2 163.7 53.9
2 59.0 36.1 23.2 340.5 112.3 41.8
3 57.5 44.4 19.1 127.1 60.3 24.2
4 78.0 53.2 17.5 100.8 54.6 21.9
5 78.3 59.9 16.3 100.0 58.3 20.8
6 80.0 70.3 16.6 99.6 73.2 20.4
7 90.2 80.1 15.6 103.2 824 18.9
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8 98.7 81.9 155 103.9 84.5 19.1
9 92.4 79.6 15.3 94.9 88.0 20.1
10 91.8 79.7 15.1 95.8 88.5 20.0

F.1.3: Effect of mineral characteristics: Alkaline mine drainage_ REV3

Clinoptilolite Clinoptilolite & Quartz

Feed Camg/L Mg mg/L K mg/L Camg/L Mg mg/L | Kmg/L
Volume

Interval

1 327.1 164.2 85.5 610.0 178.9 60.1
2 64.4 40.7 25.9 372.1 109.9 42.7
3 62.8 48.5 20.1 127.1 67.3 26.4
4 76.6 58.2 18.6 110.1 59.7 231
5 79.9 59.9 17.8 106.0 58.3 22.7
6 874 76.9 17.7 104.6 80.0 20.4
7 92.1 80.1 17.0 105.3 88.3 20.6
8 104.1 87.7 16.6 103.9 92.3 20.8
9 101.0 87.0 15.3 103.7 96.1 22.0
10 102.4 87.1 154 104.7 96.7 22.0

F.2.1: Effect of mineral characteristics: Acid mine drainage_REV1

Clinoptilolite Clinoptilolite & Quartz

Feed Ca Mg K Al Fe Mn Ca Mg K Al Fe Mn
Volume | mg/L | mg/L | mg/L | mg/L | mg/l | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L
Interval

1 583.4 | 288.1 | 50.1 | 1.2 03 |10 364.8 | 124.9 | 42.3 | 11.0 |04 4.0
2 66.5 |40.8 |12.1 (0.6 01 |13 163.4 | 63.3 | 20.7 | 159 |0.8 4.8
3 52.6 |36.8 |8.3 1.1 01 |21 139.8 | 57.7 |19.3 | 149 |08 4.6
4 56.0 |42.2 |73 3.0 02 |32 1129 | 51.2 |15.7 |19.8 | 1.1 5.2
5 61.8 | 479 | 6.6 6.1 02 |42 979 | 524 | 132 227 |14 6.4
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6 64.7 | 504 |65 8.7 04 |4 526 |11.7 | 256 |24 5.8
7 69.3 |51.8 |58 148 | 0.7 6.0 806 547 |103 |29.8 |3.7 6.4
8 70.7 |522 |5.6 193 | 1.0 6.6 815 |594 |93 321 |56 6.8
9 69.6 |51.8 |55 201 | 1.2 6.5 80.6 |55.0 |89 344 | 7.6 7.1
10 711 | 517 |52 246 | 1.8 6.9 824 |57.2 |88 371 | 9.0 7.4

F.2.2: Effect of mineral characteristics: Acid mine drainage_REV?2

Clinoptilolite Clinoptilolite & Quartz

Feed Ca Mg K Al Fe Mn Ca Mg K Al Fe Mn
Volume | mg/L | mg/L | mg/L | mg/L | mg/l | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L
Interval

1 630.1 | 311.1 | 54.1 | 1.3 0.3 1.0 547.1 | 127.4 | 43.2 | 11.2 04 4.1
2 719 |44.0 13.1 | 0.7 0.1 1.4 166.6 | 64.5 211 | 16.2 0.8 4.9
3 56.8 | 39.7 | 8.9 1.2 0.1 2.3 1425 | 58.8 | 19.7 | 15.2 0.8 4.7
4 60.4 | 456 | 7.8 3.2 0.2 3.4 115.2 | 52.2 | 16.1 | 20.2 11 5.3
5 66.7 | 518 | 7.2 6.6 0.3 4.6 93.0 | 534 | 135 |232 15 6.5
6 698 |545 |7.1 9.4 0.4 5.2 894 |536 |119 |26.2 25 6.0
7 749 | 559 |63 16,0 |08 |65 822 |558 |105 [304 |56 6.6
8 76.4 | 564 |6.0 209 |11 7.1 83.1 | 605 |95 32.7 5.7 7.2
9 75.2 |56.0 |59 217 |13 7.0 82.2 |56.1 |9.0 35.1 7.7 7.3
10 774 | 559 |56 266 |19 7.5 90.6 |58.3 | 8.7 38.9 9.2 7.5

F.2.3: Effect of mineral characteristics: Acid mine drainage_REV3

Clinoptilolite Clinoptilolite & Quartz
Feed Ca Mg K Al Fe Mn Ca Mg K Al Fe Mn
Volume | mg/L | mg/L | mg/L | mg/L | mg/l | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L
Interval
1 554.2 | 273.7 | 47.6 | 1.2 03 |09 350.2 | 119.9 | 6.3 105 |04 3.8
2 63.2 [38.7 |115 |06 01 |13 156.8 | 60.7 | 19.8 | 153 | 0.8 4.6
3 505 | 349 |79 1.0 01 |20 134.2 | 554 | 186 | 143 | 0.7 4.4
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4 53.2 |40.1 |69 2.8 0.1 3.0 108.4 | 49.1 | 151 |19.0 |11 5.0
5 58.7 | 455 |64 5.8 0.2 4.0 940 (503 |12.7 | 218 |14 6.1
6 614 |479 |6.2 8.3 0.3 4.6 841 |505 |11.2 | 246 |23 5.6
7 65.9 |49.2 |55 141 | 0.7 5.7 774 |525 |98 28,6 | 3.6 6.2
8 67.2 |49.6 |53 184 | 1.0 6.2 78.2 |57.0 |89 30.8 |54 6.5
9 66.4 |49.2 |52 191 | 1.2 6.1 77.3 |528 |85 330 |73 6.8
10 68.1 |49.1 |51 247 | 1.7 6.6 791 | 629 |84 356 |135 |71

F.3.1: Effect of mineral characteristics: Mixed metal solution (Cadmium)

Clinoptilolite Clinoptilolite & Quartz

Feed Cd mg/L Cd mg/L Cd mg/L Cd mg/L Cdmg/L | Cd mg/L
Volume REV 1 REV 2 REV 3 REV 1 REV2 |REV3
Interval

1 94,6 97,4 89,8 2257 226,2 207,7
2 242,9 250,2 230,8 335,5 336,2 308,7
3 299,3 308,3 284,3 352,4 353,1 324,2
4 346,3 356,7 329,0 373,9 374,6 344,0
5 368,5 379,5 350,0 410,7 411,6 377,9
6 380,8 392,2 361,7 431,1 432,0 396,6
7 375,8 387,0 357,0 437,9 438,7 402,8
8 395,0 406,8 375,2 436,4 437,3 401,5
9 392,1 403,9 372,5 443,0 4439 407,6
10 400,4 412,4 380,4 451,5 452,4 415,3

F.3.2: Effect of mineral characteristics: Mixed metal solution (Manganese)

Clinoptilolite Clinoptilolite & Quartz
Feed Mn mg/L Mn mg/L Mn mg/L Mn mg/L Mn mg/L | Mn mg/L
Volume REV 1 REV 2 REV 3 REV 1 REV2 | REV3
Interval
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1 53,17 54,8 51,0 175,8 179,3 170,6
2 177,36 182,7 170,3 252,6 257,7 245,1
3 247,54 255,0 237,6 268,0 273,3 259,9
4 295,56 304,4 283,7 296,5 302,5 287,6
5 332,82 342,8 319,5 340,8 347,6 330,6
6 359,47 370,2 345,1 368,2 375,6 357,2
7 359,70 370,5 345,3 381,7 389,4 370,3
8 381,79 393,2 366,5 387,0 394,7 375,4
9 382,87 394,4 367,6 395,3 403,2 383,5
10 389,30 401,0 373,7 407,3 4154 395,0
F.3.3: Effect of mineral characteristics: Mixed metal solution (Zinc)
Clinoptilolite Clinoptilolite & Quartz

Feed Zn mg/L Zn mg/L Zn mg/L Zn mg/L Znmg/L | Zn mg/L
Volume REV 1 REV 2 REV 3 REV 1 REV2 |REV3
Interval

1 23,1 24,8 22,5 145,4 152,7 142,5
2 133,7 143,1 129,7 207,8 218,2 203,6
3 198,4 212,3 192,5 217,8 228,7 2135
4 243,1 260,2 235,9 256,5 269,3 251,3
5 282,5 302,2 274,0 295,4 310,2 289,5
6 309,2 330,9 300,0 323,8 340,0 317,3
7 309,3 331,0 300,0 3249 341,1 318,4
8 332,4 355,6 322,4 349,3 366,8 342,3
9 330,4 353,6 320,5 358,7 376,7 351,6
10 337,3 360,9 327,2 378,7 397,6 371,1
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