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Abstract

Mining is an integral sector of most developing countries and it is a highly
lucrative industry that has been in existence for centuries, and assumes an essential
part in their economies. However, the legacy of mining in these countries has posed
a threat to underground and surface water as a result of contamination arising from
Acid Mine Drainage (AMD). Bearing in mind the environmental and ecological
impairment posed by AMD there is a need for innovation in the treatment of AMD,

to enable financially savvy treatment of the contaminated waters.

This research is focused on the extraction of U(VI), As(lll) and As(V) from
synthetic metal solutions as well as field removal of these metal ions by application
of iron hydroxide/oxide-modified zeolite. Batch experiments were performed to
evaluate the effectiveness of iron hydroxide/oxide-modified zeolite as a potential
low-cost sorbent for extracting As(I11), U(VI) and As(V) from AMD. The research
approach was based on the possible changes that can occur to a zeolite surface that
has been in contact with an iron-laden solution. Zeolite is a commonly used
adsorbent, but fewer studies have explored changes that it undergoes as an
adsorbent on contact with iron solutions. Thus, the study involved modifying zeolite
with iron hydroxide/oxide, which are the main precipitates of iron in the
environment and which can possibly alter the adsorption properties of zeolite. Batch

extraction studies were performed using the modified zeolite.

In paper 1, the synthesis of iron (hydr) oxide modified zeolite was achieved
through precipitation of iron on the zeolite. The kinetic data for As(V) adsorption
by iron (hydr) oxide-modified zeolite model fit well into pseudo second-order and
the adsorption capacity was obtained as 0.080 mg g*. The application of iron (hydr)
oxide modified zeolite on AMD for As(V) recovery showed that > 99% of As(V)
was extracted from the solution. The high removal efficiency of oxyanionic arsenic
species was attributed to arsenic forming complexes with iron oxyhydroxide

surface on the surface of the sorbent.

Paper |1 dealt with adsorption of U(VI) from aqueous solution by application of

iron hydro (oxide)-modified zeolite in a single-component system. Parameters such



as: solution pH, contact time, adsorbent dosage, initial concentration and
temperature were optimized before field application to real acid mine drainage. The
optimum parameters for U(V1) adsorption were: adsorbent dosage (3.0 g), solution
pH (6 £0.1) and contact time (30 min). Optimum parameters where then applied to

acid mine drainage were the effluent was found to be cleaner than the influent.

In Paper 111, iron oxide-coated zeolite (IOCZ) nanocomposite was prepared and
fully characterized. This sorbent was then used for extraction of U(VI) and As(lII)
from agqueous solutions by application of batch techniques. Batch study results were
modelled best by the pseudo second-order kinetic model and Freundlich isotherm.
The adsorption capacity of both U(VI) and As(ll) was dependent on the
temperature. The presence of Cd?*, Co?* and Cr®* ions enhance the adsorption of
As(I11) whereas the opposite trend was observed for U(VI) sorption onto 10CZ

nanocomposite.
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Chapter 1
1.0 Background

This chapter gives a background on the mining industry, mine tailings and acid

mine drainage

Xi



1.1 Background

In the minerals sector of the world, South Africa is renowned for its overwhelming
deposits of several minerals and mining industry contribute significantly to the
country Gross Domestic Product (GDP) (Cawthorn, 2010; Adler et al., 2007).
However, one of the negative impacts from the industry is a legacy of contamination
to the environment in the form of mine tailings and acid mine drainage (AMD)
(Rosner and Van Schalkwyk 2000).

Mining industries have contributed immensely to the volumes of waste materials
handled worldwide (Blowes et al., 2003). The important environmental concern
associated with mine wastes is the production of acidic water and the outflow of
water containing high concentration of dissolved trace and radionuclide elements
from these wastes are a global environmental issue (Blowes et al., 2003; Johnson
and Hallberg, 2005).

The process of extracting precious metal from the mineral bodies proceeds
through a sequence of the steps: from mining to pulverizing and mineral
recuperation. Each of these steps generate a stream of waste material and these
waste materials are incorporated together resulting in the formation of mine tailings
which are the main source of pollution and primary component of mining industry
(Blowes et al.,2003). These wastes are made of generally sand sized molecule, and
lack macronutrients for common development of plants (N, P, K), and
accommodate essentially no organic matter (Blowes et al., 2003; Ye et al., 2002;
Rosario et al., 2007; Mendez et al., 2007).

Mine wastes are primary composed of sulphide mineral with pyrite and pyrrhotite
being the principal sulphide mineral, and other sulphide mineral liable to oxidation,
releasing toxic elements which are incorporated in minute percentage (Blowes et
al., 2003; Rosner and Van Schalkwyk, 2000). In the Witwatersrand basin, more
than 270 mine tailing has been identified and covers a total area of about 180 km?
(Rosner and Van Schalkwyk, 2000).



The mine tailings in the Witwatersrand Basin run from exceedingly acidic (pH <
2) to basic (pH >9) depending upon the carbonate content and acid-generating
capability of the tailings (Gitari et al., 2006). In mine tailings, rain water percolates
through the finely divided tailings encountering sulphide minerals that are
experiencing oxidation resulting in the formation of highly acidic (pH 2-4),
sulphate-rich water which solubilise high context of transition metal, heavy metal
and low concentration of radionuclide which are adequately environmentally
harmful to require exclusive storage, remediation and disposal technique (Gitari et
al., 2006). Mine drainage can have significant adverse effects on the freshwater
communities, starting from direct lethal effects through to interfere with the
ecosystem processes due to the toxicity of trace elements (Johnson and Hallberg,
2005).

The extreme low pH levels promote weathering of tailing resulting in leaching of
toxic trace elements such as Al, Fe, As, Cd, Cu, Mn, Pb, and Zn contained in the
tailings (Masindi et al.,2016). These elements leaching from tailing amass in living
organism and are non-biodegradable, causing numerous diseases, death and
disorders (Sprynskyy et al., 2006). The increase in solvency of trace elements
associated with gold correlates with the increase in the acidity of the water. Trace
elements concentrations such as: As, Cd, Cu, Mn, Pb, and Zn are as lowas 1 gkg ™!
in present day tailings and can be more prominent than 50 g kg1 in historic tailings
(Ye et al., 2002; Rosario et al., 2007; Mendez et al., 2007; Rosner and Van
Schalkwyk, 2000; Mendez et al., 2008). However, the bioavailability of these
metals is controlled by other natural component such as: pH, temperature and the

dissolved organic carbon in the tailings (Peng et al., 2008).

The unfavourable repercussion of AMD in South African was documented in a
case study based on coal mine located in Middleburg colliery near Witbank (Bell at
al., 2001). The case study illustrated the effects of AMD generated from a mine
decommissioned in 1947, and in 1996 the mine was still discharging water with
sulphate level in excess of 1000 mg L™! and a pH< 3. The water from the mine

entered the Blesbokspruit River reducing the upstream pH from pH > 7 to a pH



value of approximately 3.2 and sulphate concentration ranging between 185-2250
mg L™(Bell at al., 2001).

In-order to avoid the undesirable impact of AMD on the environment, the
decommissioned mines and mine tailing should be managed properly and the water
contaminated by AMD must be collected, treated to remove toxic metal and
increase the pH before being released into the streams (Neculita et al., 2007). Since
AMD represents a substantial source of water if properly treated (Enslin et al.,
2010).

1.2 Aims and objectives

The study considered the synthesis and the performance evaluation of iron
hydroxide/oxide-modified zeolite adsorbent in the removal of arsenic and uranium
from acid mine drainage. This aim will be achieved by addressing the following

objectives:

% To conduct batch studies to assess the effect of pH, concentration, time,
temperature and competing and other ions on the adsorption of arsenic and
uranium.

¢+ To conduct desorption studies based on various desorbing solutions to establish
the potential release of the pollutants back to the solution.

1.3 Hypotheses

The hypothesis put forward in this research is that the iron hydroxide in the AMD
will coat the natural zeolite altering the sorptive characteristics of the readily

available natural zeolite.

1.4 Dissertation layout

This dissertation is made up of three chapters, each explaining the investigations

performed on this research in detail. The summary of the chapters is given below:



Chapter One:

Chapter Two:

Chapter Three:

Chapter Four:

Chapter Five:

References:

A general background to water pollution by heavy metal due to
acid mine drainage generated from mine tailing and

decommissioned mines.

A concise literature review on the impact of AMD on the

environment, ecosystem and water system is given.
The methodology is outlined in this section

This chapter list all the manuscripts (Paper I-111) submit for this
dissertation examination. The work carried out, results and

discussion are presented in each paper.

General conclusions and future work based on experimental

findings are discussed in this section

The references arising from the introduction and literature review

(Chapter 1 and 2) are listed at the end of the dissertation.



Chapter 2
2.0 Literature review
This chapter commences with an in-depth literature review on the impact of AMD
on the environment, ecosystem and water system. This chapter is concluded by the

concise review on the possible treatment technigues.




2.1 Mine water chemistry and Acid Mine Drainage

In the aqueous environments two utmost important reactions that occur involve
either protons or electrons (Stumm and Morgan, 1996). The transfer of electrons
and protons affect the redox potential, signified as the ‘Eh’ or ‘pe’ and the pH of
the system, respectively. In summary, in a chemical reaction protons and electrons
are interdependent of each other and govern the oxidising power and acidity of the

solution (Stumm and Morgan, 1996).

Metal rich seepage can be produced through a combination of physical and
chemical processes by which sulphide minerals are converted to iron
oxyhydroxides and sulphates (Neculita et al., 2007). When either surface or
groundwater encounters sulphide minerals at mine sites under oxic conditions,
problematic mine drainage generally develops as dissolution reactions between the
water and the ore or rock forming minerals (Akcil and Koldas, 2006). The
characteristics of mine waters vary considerably relying upon the geochemical
conditions at point source and the chemistry of the host rocks and gangue minerals
(Espana et al., 2005). These characteristics determine whether waters will be acidic
and ferruginous, net alkaline and ferruginous, circumneutral or saline (Gitari et al.,
2006). The Witwatersrand basin, in which the sites of primary focus of this study
are located, is generally characterised by acidic mine drainage because of the high
content of pyrite in the ores (Tutu et al., 2008; Naicker et al., 2003).

In general terms, AMD is generated through a reaction of pyrite or marcasite
(FeS.) with water and an oxidant such as dissolved O, or Fe(l11). Occasionally, this
reaction is supported by a catalyst, for example MnO, or microorganisms (Blowes
et al., 2003; Tutu et al., 2008). Depending on the oxidant present, reactions occur
in both oxygenated and anoxic systems. Furthermore, the commonly complex

process involves chemical, biological and electrochemical reactions.

The steps are as follows:

Oxidation of pyrite in the presence of water and oxygen
FeSy(s) + 7/, 0, + H,0 > Fe?* + 2H* + 2503~ (1)
Oxidation of Fe(ll) to Fe(l11)



Fe>* +1/,0, + H* > Fe** + 1/, H,0 )
Conversion of Fe(lll) to Ferric Hydroxide

Fe3* + 3H,0 < Fe(OH); + 3H* (3)
The overall equation for the oxidation of pyrite by atmospheric oxygen is given as:
4FeS,(s) + 150, + 14H,0 — 4Fe(OH)5(s) + 16H* + 8503~ (4)

Furthermore, the precipitation of iron oxide and oxyhydroxide forms the
characteristics orange staining (yellow boy) that can be seen coating river beds and
streams (Neculita et al., 2007; Johnson and Hallberg, 2005; Gray, 1997.). The four
moles of proton released for each mole of pyrite oxidized, reduces the pH of the
stream or drainage, pose great threat to the ecological system and facilitate the
oxidation process of other minor sulphide minerals present in the tailings releasing
trace elements such as: Cu, As, Ni, Zn, Cr, Pb and Co to the environment (Akcil
and Koldas, 2006). The presence of carbonates as natural buffering system may
neutralize the pH and reduce the detrimental effect of posed. At a pH of 4.2, the
buffering system becomes inadequate for neutralization. The water drainage
suddenly becomes acidic, and therefore posed a great threat to ecosystem life. This
leads to the precipitation out of amorphous, orange, yellow or red deposit (yellow

boy) Fe(OH)5 on the surface of the stream in Figure 1 (Neculita et al., 2007).



Figure 1: Impact of low pH on the trench.
2.1.1 Impact of acid mine drainage on water resource

AMD poses a major environmental threat to clean water bodies throughout the
world (Nganje et al., 2010; Johnson and Hallberg, 2005). South Africa is one of the
nations confronted with water insecurity, resulting from the release of mineral
wastes such as AMD, fluoride. The country is confronted with disproportionately
distributed water resources with low and inconsistent rainfalls with an average
yearly rainfall of around 464 mm and erratic climate conditions. With limited water
resources, the water resources of the country are being contaminated by leachates
from mine tailing and decommissioned mine (Johnson and Hallberg, 2005).

AMD enters streams and rivers altering the ecosystem by reducing the pH into
unnaturally low value (< 3), introducing elevated levels of toxic trace elements, and
inducing the formation of metal hydroxide precipitates (Fig. 1) (Sprynskyy et al.,
2006). Thus, the metal solubilised enters the food chain through the aquatic system
(Gitari, 2006).



2.1.2 Deleterious effect of AMD acidity

The damaging effect of AMD on the environment is controlled by the pH of the
drainage, since solution pH is a principal variable for metal ion mobility, sorption
and precipitation which all influence the bioavailability (Simate and Ndlovu, 2014).
The lower the pH value, the more extreme the impacts of the AMD will be on the
aquatic life (Johnson and Hallberg, 2005; Sprynskyy et al., 2006; Motsi, 2010).

A drop-in pH below the tolerance level may results in death due to respiratory or
osmo regulatory failure (Motsi, 2010; Simate and Ndlovu, 2014). At low pH levels,
sodium, which is vital for normal body operation is replaced by hydrogen ions in
the cell. Sodium is essential in the function of the nerve, muscle and in the
regulation of body fluids (Motsi, 2010; Simate and Ndlovu, 2014).

The acidity effect of AMD does not end on the aquatic life, it also affects the man-
made structure through corrosion. In overall the high acidity reduce the ability of a
stream to buffer other chemical change, reduction in habitant, food chain

breakdown and accumulation of toxic metal in the food chain (Motsi, 2010).
2.1.3 Impact of dissolved metals on the aquatic life

Trace elements solubilized by AMD not only increase the poisonous quality of
the drainage but also acts as metabolic toxins to aquatic life. These elements amass
in living organism and are non-biodegradable, causing numerous disease and
disorders (Demirbas, 2008; Bailey et al., 1998). With appropriate conditions,
precipitation of dissolved heavy metal as metal oxide or hydroxide occurs (Johnson
and Hallberg, 2005; Kumari et al., 2010). The precipitation of different metal oxide
or hydroxide consumes oxygen, resulting in diminishing the dissolved oxygen
content. creating an inhospitable ecosystem for aquatic life (Simate and Ndlovu,
2014; Motsi, 2010) and small animal that feed on the bottom of the stream can no

longer feed, resulting in their demise.

Metal like aluminium rarely occurs naturally in water systems at elevated levels
but significant amount of aluminium introduced to aquatic system through AMD

coupled with low pH increase the rate of sodium ions depletion from tissue and



blood resulting in death (Kumari et al., 2010). According to Brown and Sadler
(1980) the death of fish in AMD contaminated water reservoirs was due to loss of

sodium ions and oxygen from blood and tissue, respectively.
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Figure 2: A Google earth map of Central and East rand Basin (26° 14'13.67" S,
28° 07’ 34.00" E) (Elevation 1659 m, eye alt 59.69 km)

2.2 Toxic metal present in AMD contamination

Gold tailings in the Witwatersrand Basin contribute significantly to the heavy
metal released into the water system in this region (Winde and Van der Walt, 2004;
Nengovhela, 2006). Heavy metals form part of the most common pollutant in the
ecosystem and are non-degradable. They bio-accumulate throughout the food chain,
giving rise to ecological instabilities and posing health risk to human (Akpor and
Muchie, 2010). The toxicity of heavy metals in the ecosystem depends on their
solubility at varying different pH state, which consequently determines the phase
of occurrence of the metal (Gadd and Griffiths, 1977). At near-neutral pH heavy
metals are generally less toxic, since this represent the range of minimum solubility
of most metal hydroxides (Gitari, 2006).

Tailing dams in the Witwatersrand Basin remains a major source of high

concentrations of radioactive and chemical toxic heavy metals (Winde and Van der

10



Walt, 2004). A lot of literature has reported the existence trace elements such as U
and As in high levels in the Witwatersrand basin, which represent the source of
severe potential hazard on the aquatic system when leached to the streams (Bakatula
et al.,2017: Winde and Van der Walt, 2004; Tutu, et al., 2008).

2.2.1 Arsenic

Arsenic (As) is a toxic metalloid widely distributed throughout soils, natural water
bodies and in trace levels in all-living matter. Elevated arsenic concentrations in
water bodies have resulted from both natural and anthropogenic activities and
represent a noteworthy threat to human wellbeing (Wang and Mulligan, 2006;
Morin and Calas, 2006; Wong et al., 1999). Arsenic is commonly associated with
volcanic and sedimentary rocks, especially with sulfidic minerals of copper, lead
and gold (Rathinasabapathi et al., 2006; Cheng et al., 2009).

Arsenic prevails in the environment in numerous oxidation states (-3, 0, +3, +5),
with the trivalent and pentavalent oxidation state being the most stable (Mohan and
Pittman, 2007; Khaodhiar et al., 2000; Stanic¢ et al., 2009). In natural water bodies,
inorganic arsenic enerally found as trivalent arsenite or pentavalent arsenate (Morin
and Calas, 2006; Payne et al., 2005). The mobility of arsenic is governed by the
bacterial activity and its speciation is affected by the pH and seasonal changes, even

at extreme concentrations (Morin and Calas, 2006).

The trivalent arsenite is considered more toxic and more potent in chronic toxicity
than the pentavalent arsenate. Arsenic is toxic to plants and aquatic life: in humans,
chronic exposure can cause bladder and kidney cancer. Chemically, arsenic has
very similar chemical properties to its predecessor, phosphorus, and it can partially
substitute for phosphorus in biochemical reactions (Cheng et al., 2009; Mohan and
Pittman, 2007).

One of the more widespread problems is leaching of elevated amount of arsenic
into water aquifer through AMD which has been reported in many countries

including South Africa in the Witwatersrand basin, due to high affinity of arsenic

11



to sulfidic ores (Cheng et al., 2009; Simate and Ndlovu, 2014; Hansen, 2015;
Nengovhela, 2006).

2.2.2 Uranium

The auriferous ores of the Witwatersrand Basin contain up to 1000 mg/kg of
uranium (Tutu et al., 2009). In the Witwatersrand Basin uranium is discharged to
the environment as a by-product of gold mining industry, and close to 6000 tons of
uranium waste was reported to be annually disposed into tailing dams and seepage
from such deposits frequently leads to diffuse contamination of nearby streams
(Winde et al., 2004; Sprynskyy et al.,2011).

Uranium is a life-threatening radionuclide due to its high toxicity and
radioactivity, and occurs in diverse oxidation states (+2, +3, +4, +5, and +6), with
the hexavalent as the most commonly found in environment. In natural
environments, uranium exits as the mobile hexavalent uranyl ion (Krestou, 2004;
Wade and Coetzee, 2008; Bakatula et al., 2017; Winde et al., 2004).

The mobility of uranium ions depends on the presence of chelating agents which
forms soluble complexes with the uranyl ions (Winde et al., 2004). Uranium, it is
known to cause intense toxicological consequences for human and living life form,
and its compounds are potential occupational carcinogens according to USEPA
(Rahmati et al., 2012). In human uranium can induce nephritis chemically when
consumed (Das et al., 2010; Sureshkumar et al., 2010; Rahmati et al., 2012).

Leachates from mine tailings containing uranium pose a threat to surface and
ground waters (Winde et al., 2004; Parab et al., 2005).

2.3 Remediation techniques for trace elements in contaminated water

Numerous processes have been developed to purify water contaminated by
dissolved trace elements from mining industry both locally and globally. The most
common processes developed for AMD treatment involve either chemical or
biological remediation strategies to remove the metal and elevate the water pH to
values between 6 and 9 prior to mixing with surface waters. These processes include

reverse osmosis (Zhong et al., 2007), electrodialysis (Marti-Calatayud et al., 2014),

12



ultrafiltration (Al Abdulgader et al., 2013), chemical precipitation (Matlock et al.,
2002; Wei et al., 2005), ion exchange (Hubicki and Kotodynska, 2012) and
adsorption (Yavuz et al., 2003).

Most of these techniques are costly, require high levels of expertise and generate
secondary wastes requiring further treatment and disposal, which restricts their
application in pilot scale (Febrianto et al., 2009). Compared to many other
developed techniques, adsorption is the most frequently applied technique in
wastewater treatment because its application is simple, safe and environmental
friendly (Yavuz et al., 2003).

2.3.1 Reverse osmosis

This treatment system utilizes semi-permeable film to treat AMD. AMD effluent
is pressurized through a membrane which permits passage to solvent not solute
(Zhong et al., 2007). The highly concentrated AMD is left on the other side of the

membrane. The high operating and setting cost limit the application in pilot scale.

2.3.2 Electrodialysis

In Electrodialysis systems, ions are separated by imposing an electromagnetic
field difference across the membrane resulting in selective migration of positively
and negatively charged ions through ion-exchange membrane as a result of an

electrical driving force (Simate and Ndlovu, 2014; Marti-Calatayud et al., 2014).

2.3.3 lon exchange

lon exchange treatment involves the interchange of ions between a liquid phase
and porous materials, which maybe be synthetic or natural such as zeolite or resins
(Simate and Ndlovu, 2014; Hubicki and Kotodynska, 2012). In ion exchange
remediation of AMD toxic metal present in solution substitute for the harmless
metal ions in the pores of the porous solid which can either be zeolite or resins
(Hubicki and Kotodynska, 2012).

13



2.3.4 Ultrafiltration (UF)

In ultrafiltration (UF) process, semi-permeable polymeric membrane and high
pressure are used to separate molecules on the premise of molecular size, shape,
surface electric charge and chemical structure (Al Abdulgader et al.,2013). This
technique separates relatively high molecular weight solutes such as protein,
polymer and colloidal materials. The permeability and retention characteristics are

the most important characteristic of ultrafiltration (UF) process.
2.3.5 Chemical precipitation

In chemical precipitation wastewater treatment process the state of dissolved
material is change into solid particles (Matlock et al., 2002; Wei et al., 2005). The
phase change is induced by addition of counter-ion to reduce the solubility of the
metallic cation (Wei et al., 2005).

2.3.6 Adsorption

“Adsorption has been defined by many authors but conventionally it is accepted
as a phenomenon where molecules of the contaminants dissolved in water attach
themselves to the surface of individual soil particles”. The adsorption process can
occur in two forms and according to the type of adsorbate- adsorbent interactions
bonds are formed.

The two forms of adsorption are:

» Physisorption

In this process, the adsorbate is attached to the adsorbent micro-pores
through weak van der Waal forces. This makes the Physisorption process
reversible because the adsorption bonds between adsorbate and adsorbent
are easily formed and broken, due to the low energy of adsorption for such

system.

» Chemisorption
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This process is a result of chemical interaction between analyte and
sorbent in solution. Interactions between adsorbate and adsorbent surface
results in the formation of ionic and covalent bonds and high adsorption
energy is liberated. This process is usually irreversible as the bonds formed
are semi-permanent; thus, for desorption to occur, the adsorbate undergoes
a chemical change.

2.4 Zeolite

Zeolites are hydrated aluminosilicate minerals occurring naturally with a 3D
structure composed of AlO4 and SiO4 tetrahedral (Motsi et al., 2009; Erdem et al.,
2004; Wang and Peng, 2010). The AlO4 and SiO4 tetrahedral are linked together by
sharing an oxygen atom to form cages and channels which are interconnected
(Erdem et al., 2004).

The negative charge on the surface is generated from isomorphic substitution of
Si by Al in the lattice is counterbalanced by the exchangeable cation present on the
cages and channels (Erdem et al., 2004; Wingenfelder et al., 2005). These
exchangeable cation ions are relatively innocuous which makes the suitable for

extracting toxic elements from contaminated waters (Erdem et al., 2004).

In contrast to synthetic zeolites, natural occurring zeolite exhibits higher
resistance towards acidic solutions (Wingenfelder et al., 2005; Wang and Peng,
2010). To date, more than forty types of natural occurring and over 170 synthetic
zeolites have been reported in literature. Among the natural occurring zeolites,
clinoptilolite is one of the most abundant (Wingenfelder et al., 2005; Polat et al.,
2004). Due to its extraordinary properties clinoptilolite is widely used in waste
water treatment, contaminated soils and in agronomical applications (Wingenfelder
et al., 2005; Polat et al., 2004; Wang and Peng, 2010).

The earliest application of clinoptilolite was the in the decontamination of cesium
and strontium radioisotopes (Erdem et al., 2004). The high selectivity of
clinoptilolite towards toxic trace elements makes it a promising material for the

treatment of mine waste waters (Wingenfelder et al., 2005). Several studies have
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been conducted on the utilization of natural and surfactant-modified clinoptilolite
for removing and/or exchanging trace elements from mine waste waters (Motsi et
al., 2009; Li et al., 2008; Bowman, 2003).

Even though considerable research has been conducted on the utilization of
zeolite as a low-cost absorbent for AMD, the main gaps exist in the field application
of zeolites, mainly the fact that most studies are simply based on the properties as
used at the laboratory scale. However, field application leads to the coating of the
zeolite with hydroxides and oxides of Fe, largely influencing the adsorptive
properties as the zeolite surfaces become modified and can be viewed as mixtures
of zeolitic and Fe hydroxide surfaces. The investigations into the effects of these
changes have not been widely reported. Thus, the aim of this study was to gain
insight into the effect of the hydroxides and oxides (resulting from maturation of

hydroxides) of Fe coating will have on the adsorptive properties of zeolite.
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Chapter 3

3 Research Methodology

3.1 Chemicals

All the chemical reagents used were analytically pure and were purchased from
Sigma-Aldrich, South Africa. Standard solutions of 1000 mg L™ of U(V1), As(lI)
and As(V) were prepared by dissolving appropriate amount of UO,(NO3) - 6H,0,
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NaAsO, and Na,HAsO, - 7H,0 respectively, .in Millipore-Q water with resistivity
of 18.2 MQ cm, which was used for preparation of standard solutions and cleaning
of glassware. Working solutions were prepared by serial of dilution of the stock
solutions. Initial solution pH values were adjusted by the addition of 0.1 mol L
NaOH or HNO; solutions.

3.2 Instrumentation

All metal ions measurements were performed on a Spectro Genesis inductively
coupled plasma optical emission spectrometry (ICP-OES) (Kleve, Germany).
Solution pH measurements were performed on a Five easy FE20 pH meter from
Mettler Toledo (Johannesburg, South Africa). All instruments used for sorbent

characterization are briefly described below:
3.2.1 Powder X-ray diffraction

Powder diffractograms were collected with a Bruker D2 diffractometer (Bruker,
Germany) coupled with Cu Ka radiation (1.5418 A). Continuous scans from 10° to
90° were obtained at a scan speed of 0.020°/step and 17.7 s/step. The reflection
positions and intensities peaks were used to identify the underlying structure of the

material.

3.2.2 X-ray fluorescence (XRF) spectroscopy

Chemical composition of natural zeolite was determined using WD X-ray
fluorescence (XRF) spectrometer (Almelo, Netherlands). Only major elements

were determined in their oxide form.

3.2.3 Fourier transform infrared (FT-IR) spectra
Fourier transform infrared (FT-IR) spectra were recorded using a Tensor 27
spectrophometer (Bruker, Germany). The spectra were recorded in the frequency

range of 400 — 4000 cm™! at a resolution of 2 cm™? and in solid state.
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3.2.4 Scanning electron microscopy (SEM)

The microphotographs of the sorbent were recorded using a FEI Quanta 200
ESEM electron microscope (Oregon, USA). Small amount of the sorbent was
sprinkled onto the carbon tape on the specimen stub. The small was coated with
Chromium and then loaded into the SEM microscope where the microphotographs

were viewed.

3.2.5 Inductively coupled plasma-optical emission spectrometry (ICP-OES)

A Spectro Genesis inductively coupled plasma-optical emission spectrometry
(ICP-OES) (Kleve, Germany) was used to determine the concentration of metals in

solutions with operating conditions shown in Table 1.

Table 1: Operating condition of the ICP-OES

Instrumental parameter Setting

RF power 1400 W
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Coolant Gas Flow 14.00 L min™t

Auxiliary Gas Flow Rate 1.00 L min?
Nebulizer Gas Flow Rate 1.00 L min?
Sample Pump Flow Rate 200 Lmint
Sample Aspiration Rate 200 Lmint
Flush Pump Rate 100  rpm
Replicates 3

Plasma Torch Quartz

Spray Chamber Single pass
Nebulizer Cross-flow
Processing Mode Area

3.3 Batch Adsorption Experiments

In batch experiments, various factor such as: solution pH, sorbent dosage, contact
time and initial metal concentration were optimized. Each factor was optimized
independently. The experiments were executed in triplicates. The influence of these
parameters on the adsorption of the metal ions was evaluated by calculating the
extraction efficiency as shown in Eq. 5.

Ci — C¢

Extraction efficiency (%) = X100 (5)

1

The adsorption capacity, q. (mg g~1) of a sorbent is defined as the amount of the
adsorbate sorbed on a gram of the adsorbent at equilibrium. It can be calculated
mathematical from equation 6.

C;— CoV
ge = L= GV (6)

m
where C,(mgL™1) and C.(mgL™1) are the concentration of metal ions in the

solution before and after adsorbent addition respectively, VV(mL) the volume of the
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aqueous solution and m (g) is the weight of the iron hydro (oxide) modified zeolite.

The procedure for each optimization is detailed in chapter 3 under each manuscript.
3.4 Data modelling

3.4.1 Kinetic modelling

Batch kinetic data was modelled using the two most commonly utilized Kinetic
models namely the Lagergren pseudo first-order equation (Eg. (7)) and the pseudo
second-order equation (Eq. (8)) (Oke et al., 2008; Pokhrel and Viraraghavan, 2008):
log(qe — q) = logge — L (7)

2.303
t 1 t
a B k,q2 * E
Where k; (min~1) and k, (g mg~! min~1) are the rate constant for Lagergren

(8)

pseudo first-order and the pseudo second-order, respectively. g, (mg g?) is the

adsorption capacity of the adsorbent at time “t”.

3.4.2 Isotherm modelling

The affinity of the adsorbate-adsorbent was assessed using three isotherm model
namely the Langmuir (Eg. (9)), Freundlich (Eq. (10)), and Dubinin—Radushkevich
(D-R) (Eq. (11)) isotherm models (Martinson and Reddy, 2009: Chutia et al., 2009;
Saada et al., 2003).

Ce _ Lo + ! (10)
de dm qum

1
log(qe) = logke) + —log(Ce) (11)
Inq, = Inxy, + f&? (12)

where for Egs. (10) and (11) C.(mg L™1) is the equilibrium concentration, qy, is the
monolayer sorption capacity, k; (L mol™1) is the Langmuir adsorption constant
related with the free energy adsorption and k¢ (mg g=1) is the Freundlich constant,
n is the heterogeneity factor and varies with adsorbent, respectively.

For Eq. (12) x,,, is the maximum sorption capacity and K (mol?k]~?2) is related to

the mean free energy of sorption per mole of the sorbate.
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3.5 Data validation

In all scientific investigations, it is essential to know the quality of the data used
for decision-making purposes. The limit of detection (LOD) is defined as the lowest
concentration of the measured that can be detected at a specified level of
confidence. Equation (13) shows the mathematical equation for calculating the limit
of detection (LOD)

LOD = Blank + 3sd(blank) (13)
The validity of each model was evaluated using the normalized standard deviation

Aq (%) which can be calculated from the following Eq. 14:

il:qexp - qcalc :|2

i=1

Aq(%) =100

(14)

where Qexp IS the experimental metal ion removal, gca is the calculated amount of
metal ions adsorbed and n is the number of data points. The significance difference
between the experimental values was evaluated by the p value using one way
ANOVA at the 95% confidence level.
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Chapter 4

List of publications
This chapter list all the three manuscripts submitted for examination. Each
manuscript is formatted according to the style required per journal. Note also that
the reference styles are different. Paper | and paper 111 have already been

published, while Paper 11 is a manuscript to be submitted soon.
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Paper |
This paper “Investigation of As(V) removal from acid mine drainage by iron (hydr)
oxide modified zeolite” was published by Journal Environmental Management. It
explores the use of iron (hydr) oxide modified zeolite as an alternative adsorbent

for As(V) removal from acid mine drainage.
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In this work, the synthesis of iron (hydr) oxide modified zeolite was achieved through precipitation of
iron on the zeolite. The structure and surface morphology of iron (hydr) oxide modified zeolite (IHOMZ)
was studied by scanning electron microscopy (SEM), coupled with an energy-dispersive X-ray spec-
troscopy (EDX), and Fourier transform infrared (FT-IR) spectra. The efficiency of IHOMZ was then
investigated through batch technique for the extraction of As(V) from mine waste water. The optimum
parameters for maximum As(V) adsorption were: an initial As(V) concentration (10 mg L™"), adsorbent
dosage (3.0 g), contact time (90 min) and temperature (53 °C). The initial pH of the solution had no

K 3
A?s/:ﬁzds compelling effect on As(V) adsorption by IHOMZ. However, adsorption capacity was significantly affected
Adsorption by the solution temperature with 53 °C registering the maximum removal efficiency. The thermody-

namic parameters: Entropy (AS® = 0.00815 k] (K mol)~"), variation of the Gibbs free energy (AG®) and
enthalpy (AH® = 9.392 k] mol ') of As(V) adsorption onto IHOMZ system signified a non-spontaneous
and endothermic process. It was noted that Freundlich isotherm model exhibited a better fit to the
equilibrium experimental data, implying that the adsorption process occurred on a heterogeneous sur-
face. The kinetic data from As(V) adsorption experiments was depicted by the pseudo-second-order
kinetic model (R?> > 0.999), suggesting a chemisorption adsorption process. The experimental batch
equilibrium results indicated that IHOMZ could be used as an effective sorbent for As(V) ion extraction
from acid mine drainage.

Isotherm model
Modified zeolite
Thermodynamics
Acid mine drainage

© 2017 Published by Elsevier Ltd.

1. Introduction

Water pollution by arsenic is a worldwide problem (Sun et al.,
2006). Arsenic is discharged into the environmental water bodies
through a combination of natural and anthropogenic processes
(Kanel et al., 2005; Alam et al., 2002). These processes can either be
due to weathering of As-containing minerals, mining, and appli-
cation of arsenic containing herbicides and pesticides (Alam et al.,
2002).

Arsenic exists in two forms, namely as inorganic and organic
arsenic, though the organic form is uncommon (Sari and Tuzen,
2009). In natural water environment such as lakes, the inorganic
form occurs primarily as As(Ill) and As(V) (Kanel et al., 2005).
Arsenite (H3AsO3) species is the most toxic form of arsenic,
although arsenate (H3AsO4) is the mobile species (Macedo-
Miranda and Olguin, 2007; Bonnin, 2000). At near neutral pH,

* Corresponding author. Tel.:+27 11 7176713.
E-mail address: hlanganani.tutu@wits.ac.za (H. Tutu).

J/dx.doi.org/10.1016/j jenvman.2017.04.038
0301-4797/© 2017 Published by Elsevier Ltd.

As(V) predominately exists as divalent (HAsO}{) and monovalent
(H,AsOy) species, whereas As(Ill) occurs as neutral species
(H3AsO3) (Sun et al., 2006; Joshi and Chaudhuri, 1996; Ghimire
et al., 2003).

Elevated concentrations of arsenic above the recommended
standard in drinking water level of 10 ug L™ can cause adverse
effects on human health and ecological balance (Baskan and Pala,
2011; Katsoyiannis and Zouboulis, 2004). Chronic subjection to
arsenic can cause skin, lung, and kidney cancer (Ng et al.,, 2003;
Wang et al., 2014; Mohan and Pittman, 2006; Simsek et al., 2014).
Quite a lot of literature studies have reported that arsenic's harmful
effects are primarily due to the consumption of arsenic contami-
nated water. When ingested, arsenate replaces phosphate in
biochemical reactions, whereas arsenite react with thiol in the
protein and inhibit their activity (Ng et al., 2003; Payne and Abdel-
Fattah, 2005).

Several remediation methods have been used in the extraction
of arsenic from water, such as filtration (Beolchini et al., 2006), lime
softening (Vahedi and Gorczyca, 2011), reverse osmosis (Kang et al.,
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2000), and coagulation (Guo et al., 2009). However, most of these
techniques are encumbered by problems associated with high
operating costs, technical difficulties in the preparation of material,
and treatment and disposal of the waste sludge generated (Guo
et al, 2009). In-order to overcome these hurdles, adsorption
among others, has emerged as the preferred method. Adsorption
offers a more convenient route for metal recovery, removal and
recycling from wastewater (Shuibo et al., 2009).

In literature, there are reports about arsenic removal from
contaminated water using Fe(lI-Ill) bearing materials such as
haematite, goethite, and Fe(IlI) loaded resins due to their selectivity
and affinity towards inorganic arsenic species (Sun et al., 2006;
Stani¢ et al,, 2009; Jeon et al, 2009; Guan et al, 2008a). Even
though these materials are efficient and selective, their application
ina pilot scale is limited due to operational costs (Elizalde-Gonzalez
et al., 2001).

Hence, the use of a naturally occurring material such as zeolite
in adsorption of arsenic has emerged as a viable option (Sari and
Tuzen, 2009; Chowdhury and Yanful, 2010). These naturally
occurring materials main advantages are their low cost, simple
modification and availability in huge amounts (Sari and Tuzen,
2009). However, these materials have low affinity for anionic pol-
lutants so by improving their surface characteristics; their affinity
for anionic pollutants can be improved (Macedo-Miranda and
Olguin, 2007).

Therefore, the objectives of this research were (1) to alter the
sorptive characteristics of the readily available natural zeolite using
iron hydroxide to adsorb anionic arsenic species from aqueous
solution, (2) to investigate the adsorption of arsenic on iron (hydr)
oxide modified zeolite under different experimental conditions viz.,
pH, arsenic concentration, temperature, contact time and selec-
tivity and (3) to examine the reusability of iron (hydr) oxide
modified zeolite. An insight view of these aspects of adsorption
process is helpful in elucidating the adsorption mechanism.

2. Experimental
2.1. Chemical and reagents

Sodium hydroxide (NaOH), nitric acid (HNOs3), ferric nitrate
(Fe(NO3)3-9H,0), sodium arsenate dibasic heptahydrate
(NayHAsO4-7H,0), calcium carbonate (CaCOs3), magnesium sul-
phate (MgS0O,) and sodium hydrogen phosphate (NaH,PO,) were
purchased from Sigma-Aldrich (Johannesburg, South Africa). All
chemicals used were of analytical grade and no further purification
was needed. The natural zeolite was obtained from Johannesburg
fields in South Africa. An appropriate amount of sodium arsenate
dibasic heptahydrate was dissolved in ultrapure water to prepare
As(V) stock solutions. A solution of 0.1 M HNO3 and/or 0.1 M NaOH
was used to adjust the initial pH of the working solutions, and was
measured using a Mettler Toledo pH meter (Johannesburg, South
Africa). Fresh dilutions were used for each experiment, and samples
were analysed by a Spectro Genesis inductively coupled plasma
optical emission spectrometry (ICP-OES) (Kleve, Germany). The
solutions were centrifuged using a ROTOFIX 32A benchtop centri-
fuge obtained from Hettich (Massachusetts, United States).

2.2. Preparation of iron hydro (oxide) modified zeolite

Initially, the natural zeolite was immersed in distilled water for
24 h to reduce its alkalescency, and dried at room temperature. A
sample of 100 g of natural zeolite was transferred to a flask con-
taining 1000 mL of 2.0 M NaCl solution. The mixture was agitated
for 24 h at ambient temperature and the phases were separated by
decantation. The natural zeolite sample was then washed with

deionized water until elimination of chloride ions was achieved,
silver nitrate (AgNO3) was used to test the presence of chloride
ions. Finally, the sodium-treated zeolite (NaZ) was air-dried.

For the preparation of iron hydro (oxide) modified zeolite
(IHOMZ), a sample of 100 g of NaZ was transferred to a flask con-
taining 1000 mL of 0.5 M Fe(NO3)s3 solution, the pH of the solution
was adjusted to a value between 2 and 3 using 0.1 M NaOH and/or
0.1 M HNOs. The mixture was shaken with an overhead shaker
(150 rpm) for 24 h. The liquid phase was then decanted off and the
remaining solid phase was washed exhaustively with deionized
water and then air-dried.

2.3. Characterization of the prepared sample

Powder X-ray diffraction analysis was performed on both NaZ
and IHOMZ to identify the mineralogy. Powder diffractograms of
both samples were collected with a Bruker D2 diffractometer
(Bruker, Germany) coupled with Cu Ko radiation. Continuous scans
from 10° to 90° were obtained at a scan speed of 0.020°/step and
17.7 s/step. Fourier transform infrared (FT-IR) spectra were ob-
tained using a Tensor 27 spectrophometer (Bruker, Germany). The
FT-IR spectra ranged from 400 to 4000 cm~! at a resolution of 2
cm-!. For scanning electron microscopy observation, the sample
was mounted on the sample holder and coated with chromium. The
microphotographs were observed at 30 keV by FEI Quanta 200
ESEM electron microscope (Oregon, USA). The elemental compo-
sition of the zeolite sample was determined by an EDX system
coupled to the microscope.

2.4. As(V) adsorption experiments

Batch scale experiments were conducted to study the impact of
PH, contact time, adsorbent dosage, temperature and initial con-
centration on the adsorption of As(V) by IHOMZ. To study the in-
fluence these parameters on the removal of As(V) by IHOMZ,
different conditions of pH (3.0—8.0), adsorbent dose (0.5—3.0 g),
contact  time (0.5-1080 min), initial  concentration
(0.5-220 mg L"), and temperature (23—53 °C) were evaluated.
The aqueous solution was filtrated before analysis with ICP-OES. All
sorption experiments were done in triplicates at 150 rpm.

The amount of As(V) adsorbed in (mg g~!) at equilibrium (qe)
was calculated from mass balance of its concentrations in test so-
lution and in the supernatant liquid after adsorption. The amount of
As(V) adsorbed at equilibrium was calculated from mass balance
using Eq. (1) and the adsorption percentage of As(V) adsorbed was
calculated using Eq. (2).

(Co = Ce)V
m

Qe = (1)

Adsorption (%) =

LC’OCQ) « 100 @)

where Co(mg L") and C. (mg L) are the concentrations of As(V)
in solution before and after adsorbent addition respectively, V (mL)
is the volume of the aqueous solution and m (g) is the weight of the
IHOMZ. The initial and final concentrations of arsenic were deter-
mined by using ICP-OES.

2.5. Influence of co-existing anions

To determine the influence of co-existing anions on the per-
formance of the adsorbent; batch equilibrium experiments were
performed with sulphate, carbonate and phosphate (10, 100 and
250 mgL!) at optimized conditions. After shaking and
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centrifugation at ambient temperature, the remaining As(V) con-
centration was evaluated using ICP-OES.

2.6. Reusability studies

For the regeneration of spent IHOMZ, the best desorbing eluent
(0.1 M HNO3) investigated by Pushpa et al. (2006) was used. Firstly,
batch equilibrium experiments were performed on IHOMZ; A
30 mL As(V) solution with an initial concentration of 10 mg L' was
added and contacted with 3.0 g sorbent in a 50 mL polyethylene
tube. The spent [HOMZ was alienated from the solution through
centrifugation, thoroughly washed with 30 mL ultrapure water four
times to remove unsorbed As(V), and dried at 100 °C in an oven.
As(V) ions loaded IHOMZ samples were taken and equilibrated at
ambient temperature, with 30 mL of 0.1 M HNOj3 solution. The
HNO; extract was collected and analysed for As(V) ions. Three
consecutive adsorption-desorption cycles were performed on the
spent IHOMZ. The recovery efficiency of As(V) from the solid phase
was calculated using Eq. (3):

Recovery efficiency = % x 100 3)
Cads

where Cges (Mg L™') and C,q (mg L") are the amount of As(V)
released into the solution and the amount of As(V) adsorbed onto
the IHOMZ sorbent, respectively. Statistical analyses and inferences
were conducted using MS Excel 2010.

3. Results and discussion
3.1. Characterization of the adsorbent

The surface characteristic of NaZ and IHOMZ was examined by
scanning electron microscopy (SEM). The SEM microphotograph of
NaZ and IHOMZ were characterized by plate and laths which are
morphologies characteristic of clinoptilolite family of zeolite
(Charkhi et al., 2010; Mozgawa et al., 2009a; Jha and Hayashi, 2009)
and the crystal morphology were not altered after coating with iron
hydroxide (Fig. 1(a) and (b)). Jiménez-Cedillo et al. (2009) observed
similar morphology when investigating the adsorption kinetic of
arsenate by iron, manganese and a combination of iron-
manganese-modified clinoptilolite.

The elemental composition on the surface of IHOMZ was per-
formed by qualitative EDX analysis. The EDX results were as fol-
lows: O (51.59%), Na (0.76%), Mg (0.53%), Al (6.62%), Si (33.22%), K
(4.0%), Ca (2.09%) and Fe (1.19%) on the surface of IHOMZ.
Clinoptilolite-rich  tuffs are aluminium silicate materials

Intensity (a.u.)
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Fig. 2. FT-IR spectrum of (a) natural zeolite and (b) IHOMZ.

characterized by high silica content confirmed by high silica per-
centage obtained from EDX analysis. Han et al. (2009) observed
similar results on the high content of silica when investigating iron
oxide-coated zeolite as new composite sorbent for extracting Cu(Il)
from aqueous solution.

The FT-IR spectra of NaZ and IHOMZ are shown in Fig. 2. The
characteristic peaks of natural zeolite observed were: peaks of
water deformation at 1627.68 cm™!, sorbed water molecules
671 cm™ !, vibration bands of the zeolite framework between 719.77
and 1009.65 cm ™!, and stretching vibration band of hydroxyl group
Si— OH or Al —OH at 341011 cm™' (Mozgawa et al., 2009b;
Mozgawa, 2000). Similar FT-IR results for natural clinoptilolite
zeolite were reported by Mozgawa et al. (2009a). The spectra of
IHOMZ maintained the basic characteristic peaks of NaZ with a
minute shift on the peaks; stretching vibration band of hydroxyl
group was shifted to 3409.03 cm ™. The vibration band of water
deformation was shifted to 1632.41 cm™’. The stretching bands
of tetrahedral framework were shifted to the range of
725.25-1007.04 cm™ . The iron (hydr) oxide bands were masked by
the zeolite peak. The minute shifts on the bands indicated the
presence of small content of iron. Han et al. (2009) reported similar
minute shift on the FI-IR bands of iron oxide-coated zeolite as
compared to that of the raw zeolite.

Fig. 3 illustrates the powder diffractograms of natural clinopti-
lolite zeolite and IHOMZ. X-ray powder diffraction pattern showed
that the position of the intense reflections observed corresponds to
reported literature data of clinoptilolite (Vasylechko et al., 2003;
Korkuna et al., 2006; Olad and Naseri, 2010; Kurama et al.,, 2002;
Li et al, 2011). Examination of IHOMZ by X-ray powder diffrac-
tion revealed that modification of natural clinoptilolite resulted in
no significant structural change but comparative evaluation of the

Fig. 1. SEM image of (a) natural zeolite and (b) IHOMZ.
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Fig. 3. X-ray powder diffraction pattern of (a) natural zeolite and (b) IHOMZ.

diffractograms revealed that there was no visible change on the
reflection position, although the bernalite peak was observed at
26 = 33°. Furthermore, a decrease in the reflection intensities was
observed, except for the peak at 26 = 26°, which represent silicon
oxide. The reflection position at (20 = 11°,13°, 22°, 26°, 35°, 37°, and
38°) corresponds to clinoptilolite (Korkuna et al., 2006; Ren et al.,
2014). A similar change in the intensity of most reflections was
observed by Vasylechko et al. (2003) after treating clinoptilolite
with 1.0 M HCl solution.

3.2. Effect of initial solution pH

The surface charge of IHOMZ is controlled by the protonation
and deprotonation reaction of the iron-hydroxide grafted on the
surface of the zeolite (Jeon et al.,, 2009). Depending on the solution
PH, the surface charge can either be positive or negative. At acidic
PH (pH< pH,), the material is positive because of the protonation
of the hydroxyl groups around the sorbent by the excess proton in
solution, providing more active site for arsenate adsorption which
exists as an oxyanion. At pH > pH,,, the surface of IHOMZ is
negatively charged. The adsorption of As(V) onto IHOMZ was
insignificantly affected by the initial pH of the solution. As illus-
trated in Fig. 4, the adsorption capacity of As(V) by IHOMZ
remained constant at pH studied (3—8) indicating that adsorption
likely followed a surface complexation process and was thus in-
dependent of pH. At pH range 3—8 the speciation of As(V) was
found to remain constant (as As(V)) throughout this pH range with
HyAsOj as the dominant species. Thus, the reaction of As and the
surface before and after the pHpzc did not change. Jeon et al. (2009)
observed a similar trend in pH range 3 < pH <9 when investigating
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Fig. 4. Effect of pH on the adsorption of As(V) onto IHOMZ. (Experimental conditions:
As(v) concentration = 10 mg L', mass = 3.0 g volume = 30 mL and contact
time = 90 min) (n = 3, RSD < 5%).

the adsorption of As(V) by iron coated zeolite. The possible mech-
anism for As(V) adsorption by iron (hydr) oxide modified zeolite
was therefore proposed to proceed via inner sphere complexation
and could be presented as:

Fe — OH(s) + HyAsO =Fe — OAsO3H, + OH™

The mechanism put forward is well in agreement with the
observed pH increase in the equilibrium solution an increase in pH
of 0.10—0.40 for the initial As(V) concentrations of 10—212 mg L™,
This observation could be due to the fact that arsenic forms com-
plexes with the iron attached to the surface of the zeolite, dis-
placing the hydroxyl group, resulting in an increase observed while
conducting the batch experiments. The formation of inner sphere
complexes between iron(IIl) hydroxide on the surface of the zeolite
and arsenate would enhance As(V) removal from aqueous solution.
An increase in the equilibrium pH from an initial pH of 3.10—3.30
supports the proposed mechanism of As(V) adsorption by [HOMZ.

3.3. Effect of adsorbent dosage

The influence of sorbent dosage on the removal efficiency of
As(V) by IHOMZ is illustrated in Fig. 5. The adsorption capacity of
As(V) decreased from 0.175 mg g~ to 0.108 mg g~ ! with an increase
in IHOMZ dosage. The increase in the dosage resulted in an increase
in the number of vacant active sites available for adsorption, thus an
increase in removal efficiency of As(V) by IHOMZ. After 2.0 g, the
adsorption reached a plateau value, and 3.0 g was taken as an op-
timum dosage for further experiments.

3.4. Effect of contact time on As(V) uptake and kinetic modelling

The effect of contact time on the adsorption of As(V) onto by
IHOMZ was studied and the results are shown in Fig. 6. The plot
shows that the adsorption of As(V) increased with time, reaching a
plateau at 240 min. After that, no significant change was observed
in the adsorption of As(V), suggesting that equilibrium was reached.
This may be attributed to lower availability of active sites onto the
surface of IHOMZ as time progressed. The amount of As(V) sorbed
at equilibrium point reflects the maximum removal by the sorbent
under the operating conditions applied. Similar time dependence
results were obtained by Li et al. (2011) who used Fe-modified
zeolite to adsorb arsenic.

The two most commonly utilized kinetic models; pseudo-first-
order and pseudo-second-order kinetic models were employed to
explore the characteristic adsorption behaviour of As(V) onto
IHOMZ, and the suitability of the models was judged by coefficient
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Fig. 5. Effect of adsorbent dose of IHOMZ on the adsorption of As(V). (Experimental
conditions: As(V) concentration = 10 mg L~', mass = 3.0 g, volume = 30 mL and
contact time = 90 min) (n = 3, RSD < 5%).
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Fig. 6. Effect of contact time on the adsorption of As(V) by IHOMZ. (Experimental conditions: As(V) concentration = 10 mg L', mass = 3.0 g and volume = 30 mL) (n = 3, RSD < 5%).

of determination (R?) and the closeness of the experimental qp, to
the calculated qca. The pseudo-first model was used in the linear-
ized form Eq. (4):

k
log(qe — @) = logqe — 532t 4)

where q. (mgg~') and q (mgg!) are the amounts of arsenic
adsorbed at per unit mass of adsorbent at equilibrium and time ‘t’
(min), respectively. k; (min 1 is the rate constant of pseudo-first-
order adsorption. The rate constants, k; and g, were computed
from the straight-line plot of log(qe — q) versus t. The linearized
form of the pseudo-second-order is expressed as Eq. (5).

t_1 .t
a4 kg Qe

(5)

where kj(gmg~! min~!) is the rate constant of second-order
adsorption. The intercept and slope of the kinetic plot of & versus
t were used to determine the value of k, and qe.

The values of ky, k; and g, and coefficients of determination
obtained from the linear plots are presented in Table 1. The pseudo-
second-order model gave a good linear regression coefficient
(R? > 0.99). Consequently, the good agreement between the
modelled and experimentally observed equilibrium adsorption
capacity value, and the large correlation coefficients, suggested that
As(V) adsorption by IHOMZ followed the pseudo-second-order
kinetic model and adsorption occurred via a chemical interaction.
Ren et al. (2014) reported similar findings when investigating the
sorption of As(V) onto modified montmorillonite. The pseudo-
second-order kinetic model is the more probable kinetic model to
predict the behaviour of the adsorption process with chemical
adsorption as a rate controlling step.

3.5. Effect of initial As(V) concentration and isotherm modelling

The dependence of the adsorption on the initial As(V) concen-
tration is shown in Fig. 7. The adsorption percentage decreased

Table 1

with an increase in the initial As(V) concentration. At lower initial
As(V) concentration, the number of unoccupied active site on the
surface of IHOMZ is higher than the number of As(V) ions so most of
As(V) ions are adsorbed onto the sorbent sufficiently. As the initial
As(V) concentration increased, the ratio decrease, resulting in the
decrease in the adsorption efficiency. Correspondingly, the
adsorption capacity increased with an increase in the initial As(V)
concentration.

In-order to gain insight on the adsorption mechanism, surface
properties and affinity of the sorbent, the equilibrium isotherm
models were applied to the equilibrium adsorption data. The
experimental adsorption equilibrium information was examined
with three most commonly utilized isotherm models, namely the
Langmuir, Freundlich, and Dubinin—Radushkevich (D-R) isotherm
models. The applicability of the models was judged by the close-
ness of qm to the calculated value qcyc and the correlation co-
efficients, R2.

The Langmuir model assumes a homogeneous surface within
the sorbent. The model can be expressed in its linear form, Eq. (6):

C G 1 ©
e dm Kidm

where q. (mg g~') is the maximum sorption capacity of a sorbent,
dm(mgg") is the monolayer capacity of the adsorbent, and k
(L mol’l) is the equilibrium constant. The coefficient of determi-
nation (Rz) was found to be 0.947, indicating that the adsorption of
As(V) fitted the Langmuir model. The monolayer adsorption ca-
pacity and the k; values of the IHOMZ were found to be 1.69mg g~
and 7626.3 L mol ™, respectively.

The Freundlich model was assessed in the linearized form, Eq.
(7):

log(qe) = log(pg ki) + %log(ca ™

where ki (mgg~!) is the Freundlich constant, n is the heteroge-
neity factor and varies with adsorbent. The Freundlich constants k¢

Calculated kinetic parameters of pseudo-first and second orders for initial As(V) concentration of 10 mg L.

Pseudo-first-order

Pseudo-second-order

Qeexp (Mg g~") ki (min~") Qe (mgg ")

kz (g mg~! min~") e (mgg™") R’

0113 0.008 0.992

0.899

6.902 x 107° 0.080 0.999
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Fig. 7. (a) Effect of initial concentration, Langmuir and Freundlich isotherm on the adsorption of As(V) by IHOMZ. (Experimental conditions: mass = 3.0 g, volume = 30 mL and
contact time = 90 min) (n = 3, RSD < 5%). In the insert is the % removal versus initial concentration.

and n were calculated to be 0.152 and 1.637 for As(V) adsorption by
IHOMZ, respectively. The value of n > 1 indicated that the
adsorption of As(V) was favourable at the operating conditions
studied.

With the use of the correlation coefficients, the applicability
of different isotherms was assessed. The Freundlich model
(R? = 0.984) was more suitable in describing the equilibrium data,
since the coefficient of determination (R?) for the model was higher
than that of the Langmuir model (R? = 0.947). The modelled results
concur with studies executed by other scientist which revealed that
the Freundlich model gave a superior fit compared to the Langmuir
model for the adsorption of As(V) on different sorbents such as iron
modified pottery granules (Dong et al., 2009), nanocrystal line ti-
tanium dioxide (Pena et al., 2005), L. nigrescens (Hansen et al.,
2006), montmorillonite-supported nanoscale zero-valent iron
(Bhowmick et al.,, 2014), granular ferric hydroxide (Guan et al.,
2008b), granular activated carbon (Mondal et al., 2008) and iron-
—chitosan-modified sand (Gupta et al., 2013). Consequently, the
comparison between the measured and modelled data for both the
Freundlich, and Langmuir isotherm showed that the Freundlich
isotherm is a better fit.

Lastly, the Dubinin—Radushkevich isotherm model was
employed on the equilibrium data to determine the nature of the
adsorption processes. The linearized form of the Dubi-
nin—Radushkevich model can be expressed as Eq. (8):
Inge = In Xy + Be? (8)
where xm (mg g~') is the maximum sorption capacity of sorbent,
qe (mg g~1) is the amount adsorbed at equilibrium, § is a constant

(mol? k] %) related to the mean sorption energy, and & is the

Polanyi potential (e = RTIn (1 + %) ). The mean free energy (Epg)
(k] mol~1) can be expressed as Eq. (9):
1

5 )

Epr =

The D—R model fitted the experimental data well, since the
coefficients of determination value was 0.998 and the x, value was
calculated to be 0.465 mgg~! for As(V) adsorption by IHOMZ
(Table 2). The magnitude of Epg is a useful parameter for assessing
the type of adsorption process (physical or chemical). Epg value
between 8 and 16 k] mol~! implies that the adsorption process
proceeds via a chemical ion exchange, and Epg < 8kJ mol ! implies
a physical nature of adsorption on the sorbent. The mean free en-
ergy for As(V) adsorption by IHOMZ was computed to be 10.56
kJ mol 1 implying the adsorption process was taking place via a
chemical ion exchange mechanism.

3.6. Adsorption thermodynamics

The temperature of the solution is important for energy
dependent adsorption process. In order to describe the thermo-
dynamic behaviour of As(V) adsorption, thermodynamic parame-
ters Gibbs free energy (AG®) was calculated from Eq. (10):

AG®

RTInKy (10)
where AG” is the standard free energy change, R (J K~! mol ') is the
universal gas constant, T (K) is the absolute temperature and Ky is
the distribution coefficient. The values of AH° and AS® were
computed from Eq. (11):

AS®  AH®
"R~ RT

The slope and intercept of the Van't Hoff plot were used to
calculate AH® and AS°, respectively (Fig. 8). The adsorption capacity
of As(V) onto IHOMZ increased with increasing solution tempera-
ture from 23 to 53 °C for a constant initial concentration, indicating
that the adsorption process was endothermic in nature. It is known
that the increase in temperature results in a decrease in the vis-
cosity of the solution, resulting in an increase in the rate of diffusion
of the As(V) ions across the boundary layer (Tan et al., 2008; Al-
Ghouti et al., 2005).

InKy =

(11)
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Table 2
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Langmuir, Freundlich, and Dubinin—Radushkevich isotherm model constants and their correlation coefficients.

Langmuir constant Freundlich constant

D-R constant

k(L mol ") qm (mgg™") R n

ke (mg g ') R’

Xm (Mg g ') Epg (K] mol ") R’

7626.3 1.69 0.947 1.64 0.152

0.984 0.465 10.43 0.998
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Fig. 8. Effect of temperature on the adsorption of As(V) by IHOMZ. (Experimental conditions: As(V) concentration = 10 mg L™', mass = 3.0 g, volume = 30 mL, and contact

time = 90 min) (n = 3, RSD < 5%).

The variations of AG® were calculated to be 6.98, 6.92, 6.82, and
6.74 k] mol~! for As(V) adsorption at 296.15, 303.15, 316.15 and
326.15 K, respectively (Table 3). The positive value of AG® indicated
anon-spontaneous adsorption process at the temperatures studied,
and may be attributed to a chemisorption process. This is usually
associated with a large activation energy (E,) barrier or irreversible
reaction. The decrease in the variation of AG® as the temperature
increased showed the feasibility of the adsorption process at higher
temperature. The enthalpy (AH®) and entropy (AS°) values were
calculated to be 9.392 kJmol™! and 0.00815 kJK ' mol !,
respectively. The positive value of enthalpy (AH®) indicated the
endothermic nature of adsorption at the sorbent. The positive en-
tropy (AS°) value was indicative of the increase in randomness at
the IHOMZ and As(V) solution interface during the adsorption
process, implying that this process probably by favoured
complexation.

3.7. Influence of co-existing oxyanions

The effect of other anions (SO3~, CO3~ and HPO3~ ) on the
adsorption of As(V) was examined (Table 4). The presence of SO?{,
HPO?~ and CO%~ anions had insignificant effect on the adsorption
of As(V) up to 250 mg L~'. However, the HPOE{ anion had the
highest effect compared to the other two oxyanions, and reduced
the adsorption efficiency of As(V) from 98.4 to 94.5%. The decrease
in the adsorption efficiency in the presence of hydrogen phosphate
ions was due to the competitive reaction with phosphate. The
chemical characteristics of phosphate are very similar to those of
arsenic thus; this anion competed with arsenic for the active sites

Table 4
Percentage of As(V) removal in the presence of competing anions.

Concentration (mg L ') Percentage uptake of As(V) in the

presence of anions

S0% co3 HPOZ
0 98.4 98.4 98.4
50 98.0 98.1 96.5
100 97.8 98.1 96.2
250 974 97.6 945

on the adsorbent. Another reason to this behaviour could be that
phosphate sorb strongly onto mineral surfaces and forms inner-
sphere complexes, therefore affecting the sorption of arsenate
(Gao and Mucci, 2001). Similarly, Su and Puls (2001) reported that
the removal of As(Ill) and As(V) by zero-valent was severely
inhibited in the presence of phosphate. Despite the effect of these
common anions, especially the phosphate anion, it can be
concluded that these anions would not interfere significantly with
the uptake of arsenic as they were at low concentrations in this
study. The observed trend on the adsorption of As(V) in the pres-
ence of common co-existing oxyanions anion was as follows:
H,POZ~ >S0%3~ >C03%.

3.8. Application of the adsorbent

The adsorbent was applied to a sample of mine waste water
obtained from an abandoned mine site in Johannesburg, South
Africa. The mine water had a pH of 2.23, oxidation reduction

Table 3
Thermodynamic parameters for adsorption of As(V) by IHOMZ.
AS® (k] (mol K)™) AH° (K] mol 1) R?
T (K) 297.15 303.15 316.15 326.15 0.00815 9.392 0.999
AG® (kj mol ") 6.98 6.92 6.82 6.74
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Table 5
Recovery of arsenic and other metal ions from acid mine drainage water.
As Cr Fe Mn Cu u Pb Zn
Raw AMD Mean (mg L") 0.38 032 557.25 32.50 135 0.54 0.42 9.58
RSD 526 313 0.25 0.18 0.07 0.19 0.71 0.09
Treated AMD Mean (mg L") <DL 0.14 35.93 10.06 0.36 0.21 0.25 1.82
RSD 0.01 7.14 0.04 0.60 0.28 0.48 120 0.55
Recovery (%) >99 56.9 93.6 68.6 73.5 60.8 41.7 81.0
RSD 526 779 0.25 0.18 029 0.52 139 0.56
RSD - relative standard deviation.
AMD — Acid mine drainage.
Table 6
Maximum adsorption capacities of some adsorbents reported in the literature.
Adsorbent pH q(mgg1) References
Iron (hydr) oxide modified zeolite 35 1.69 This study
Iron oxide coated sand 7 0.018 Thirunavukkarasu et al. (2001)
F400-M* 7 0.847 Vitela-Rodriguez and Rangel-Mendez (2013)
CAZ-M* 7 0.431 Hlavay and Polyék (2005)
Iron hydroxide-coated alumina 4.0 14.98 Hlavay and Polydk (2005)
Iron coated rice husk 4.0 2472 Pehlivan et al. (2013)
Iron oxide coated quartz (I0CQ) 6 0.097 Mostafa et al. (2010)
Iron oxide-coated perlite (IOCP) 6.5-7 0.390 Mostafa et al. (2011)

2 Activated carbons modified with iron hydro (oxide) nanoparticles.

potential of 496 mV and electrical conductivity of 3.06 mS cm™".

The water sample was subjected to batch equilibrium experiments
using the optimum conditions: amount of adsorbent (3.0 g), con-
tact time (90 min) and volume (30 mL). The results for the batch
adsorption experiments are presented in Table 5. Arsenic was not
detected after batch equilibrium adsorption, indicating that it was
below the detection limit of 0.006 mg L. This suggested that the
removal exceeded 99%. This result proved the suitability of [HOMZ
to selectively extract arsenic ions from aqueous matrices as other
recoveries of metal ions were below 100%. The method was also
good as it had good repeatability (RSD < 10%)

3.9. Comparison of iron (hydr) oxide modified zeolite with other
adsorbents

A comparison of adsorption capacity for As(V) adsorption by
IHOMZ with various other adsorbents reported in the literature is
shown in Table 6. The maximum adsorption capacity for As(V)
adsorption by IHOMZ was found to be 1.69 mgg~! (Table 6). In
comparison, the maximum As(V) adsorption capacity of iron (hydr)
oxide modified zeolite is superior to most of the adsorbents re-
ported in the literature (Table 6). It appears that IHOMZ has a
realistic prospective as an adsorbent for the removal of As(V) from
environmental water samples.

3.10. Reusability studies

Disposal of the exhausted adsorbent loaded with toxic pollut-
ants can create another environmental problem as it is potentially a
hazardous material (Mostafa et al., 2011). The feasibility of regen-
erating the spent adsorbent is of utmost importance in the appli-
cation of a sorbent on a large scale. To elute the As(V) sorbed on
IHOMZ and regeneration of the adsorbent, 0.1 M HNO3; was used as
an eluent (Pushpa et al, 2006). Three consecutive adsorption-
desorption cycles were performed on the spent IHOMZ to test its
reusability. The specific recovery efficiency for three adsorption-
desorption cycles performed on IHOMZ were 77.5%, 70.3% and
68.4%. These recovery efficiencies were found to be significantly
different (p < 0.000016). Moreover, it can be seen from the three

cycle a decrease of about 9.1% was observed in the recovery of As(V)
after three cycles of sorption-desorption processes.

4. Conclusion

Batch equilibrium study results showed that IHOMZ can be used
as an efficient adsorbent for the removal of As(V) from contami-
nated water sources. The adsorption process has been shown to be
dependent on the initial As(V) concentration, adsorbent dosage,
and the solution temperature. The adsorption of As(V) by IHOMZ
was insignificantly affected by the initial solution pH. The Freund-
lich isotherm model was found to describe the equilibrium
adsorption data adequately. The kinetic data revealed that a
pseudo-second-order kinetic model was more appropriate in
describing the adsorption process. The results obtained from batch
experiments showed that the adsorption of As(V) proceeds via
inner-sphere ligand ion exchange mechanism. This inner-sphere
ligand replacement by HyAsOz was also substantiated by the
thermodynamic results (sorption energy (Epg) of 10.43 k] mol™')
that showed that the reaction proceeded via a chemisorption pro-
cess. The positive enthalpy (AH®) value indicated that the adsorp-
tion process was endothermic in nature, and followed a
chemisorption process. The most common oxyanions such as sul-
phate carbonate and phosphate had insignificant effect on the
adsorption of As(V). The results from this study suggested that
IHOMZ has potential as an effective sorbent for As(V). Furthermore,
this adsorbent can be regenerated, making its reuse possible.
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This paper “Adsorption of uranium (VI) from aqueous solution by application of
iron hydro (oxide) modified zeolite” is still in preparation. It investigates the
extraction of U(VI) from aqueous solution by application of iron modified zeolite

as a sorbent.
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Abstract

Iron hydro (oxide)-modified zeolite was prepared by precipitation of iron onto
zeolite. The prepared iron hydro (oxide) modified zeolite was then assessed as the
adsorbent for uranium(V1) removal from aqueous solution. The concentration of
uranium in solution was determined using ICP-OES. The prepared adsorbent
material was characterized by scanning electron microscope (SEM), and Fourier
transform infrared spectroscopy (FTIR). Various parameters such as solution pH,
initial concentration, sorbent dosage and rate of adsorption were investigated using
batch adsorption experiments and the optimum conditions were: solution pH (6 +
0.1), initial U(VI) concentration (10 mg L™! ), mass (3.0 g) and contact time (30
min). The kinetic data was better correlated by the pseudo-second-order kinetic
model (R?> 0.999). The adsorption experimental equilibrium data was best defined
by Freundlich isotherm model (R?> 0.933). The adsorption of U(VI) onto iron

hydro (oxide) modified zeolite was non-spontaneous and exothermic.

Keywords: PHREEQC, Uranium, Iron hydro (oxide) modified zeolite, Modelling,

Thermodynamics
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1. Introduction

Contamination of water bodies by operational and out of commission gold mining
operation is a renowned environmental predicament in mining industry around the
world (Chisholm-Brause et al., 2001). Mining operation exposes pyrite and non-
pyritic sulfidic minerals to atmospheric conditions resulting in the formation of
acidic and sulphate rich waste-water (Akcil and Koldas, 2006). Waters infiltrating
through active and abandoned mines are often net acidic, allowing the transport of
metal in soluble forms (Akcil and Koldas, 2006).

Such waters characteristically pose an additional threat to the environment as they
are characterized by elevated concentrations of aluminium, iron, manganese and
low concentrations of toxic trace metals (Johnson and Hallberg, 2005). The metal
load in the waters is of superior concern as compared to its acidity when it comes
to environmental damage (Sheoran and Sheoran, 2006). Uranium is one of the most
severe contaminants of concern in gold and uranium mining industry, because of
its radioactivity and toxicity. The toxicity of uranium compounds poses a threat to
the human health and ecosystem balance (Weihau et al., 2009; Shimin et al., 2013).

The toxicity effect of uranium when consumed in water is similar to that of heavy
metal like cadmium, lead and arsenic, accumulates in kidneys causing irreparable
damage to the main filtering mechanism in the body (Medvidovi¢ and Trgo, 2006;
Johnson and Hallberg, 2005; Choy et al., 2005). The World Health Organization
(WHO) has classified uranium as a carcinogen and with a concentration limit of
50 ug L™t in water. The U.S. Environmental Protection Agency (US EPA) has
recommended a limit of 20 ug L~ in drinking water (Camacho et al., 2010; Wang
et al., 2009).

Under standard environmental conditions, uranium predominately exists in its
hexavalent form as the mobile, linear dioxo uranyl cation or with its hydroxyl
complexes. However, in the presence of commonly occurring oxyanions, uranyl
forms complexes and therefore its speciation is affected (Matijasevic et al., 2006;
Katsoyiannis, 2007; Katsoyiannis and Zouboulis, 2012).

Several processes are available for uranium removal in waste water such as
chemical precipitation (Fu and Wang, 2011), ion exchange (Dabrowski et al.,

2004), membrane separation (Mavrov et al., 2003) and coagulation (Feryal and
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Camci, 2010). However, most of these methods suffer from some disadvantage
such as incomplete metal recovery, generation of toxic sludge and immense cost
(Shuibo et al., 2009).

Adsorption has been reported to be an effective and economic method for metal
recovery from wastewater (Wang et al., 2009). Various materials, such as activated
carbon (Yi et al., 2016), synthetic polymer (Tavengwa et al., 2014), zeolite (Akyil
and Eral, 2004), and biomass (Bhat et al., 2008) have been used for uranium
recovery.

Among them, zeolite as low cost adsorbent, have gained significant interest in the
removal of heavy and trace metal from contaminated water, attributed to their
strong affinity for toxic heavy metals (Wang et al., 2009; Kreston et al., 2004). The
uranyl ion has been shown to be strongly sorbed onto metal oxide/hydroxide under
appropriate chemical conditions. Therefore, such material can be used for the
removal of uranium from aqueous solution (Shuibo et al., 2009; Sharma and Tomar,
2008).

As far as the authors are concerned, there is no investigation reported in literature
on the use of iron hydro (oxide) supported on zeolite as a sorbent for U(VI) recovery
from acid mine drainage. The purpose of this work was to study the possibility of
utilizing iron hydroxide modified zeolite as an adsorbent for the removal of U(VI)
from acid mine drainage water. Sorption of uranium onto iron hydro (oxide)
modified zeolite was investigated under various experimental conditions i.e. pH,
uranium concentration, temperature, contact time and contents of other heavy
metals in solution. The adsorption isotherms, kinetic, thermodynamic studies and
pH Redox Equilibrium Code (PHREEQC) code were used for data modelling to

gain insight of the equilibrium adsorption mechanisms
2. Materials and methods
2.1. Chemical and Reagents

All chemical used in this study were purchased as analytically pure, and no further
purification was done. Uranyl nitrate (UO,(NO3),.6H,0), ferric nitrate
(Fe(NO3)5.9H,0), sodium hydroxide (NaOH) and nitric acid (HNO3), were

purchased from Sigma-Aldrich (Johannesburg, South Africa). The raw zeolite
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sample used in this study was obtained from the field in Johannesburg, South
Africa. Stock solution of 1000 mg L™t of U(VI) was prepared by dissolving a
desired amount of uranyl nitrate(UO,(NO3),. 6H,0) obtained from Sigma-Aldrich
(Johannesburg, South Africa) in ultrapure water obtained from Millipore water
system (Massachusetts, USA). The initial pH of the working solutions was adjusted
by addition of 0.1 M HNO; and/or 0.1 M NaOH solution, and was measured using
a Mettler Toledo pH meter (Johannesburg, South Africa). A Spectro Genesis
inductively coupled plasma optical emission spectrometry (ICP-OES) from Spectro
(Kleve, Germany) was used to analyse the sample. The solutions were centrifuge
using a Hettich ROTOFIX 32A benchtop centrifuge (Massachusetts, United States)

2.2. Characterization techniques

Powered X-ray diffraction (PXRD) analyses were performed on both iron treated
and natural zeolite to identify the mineralogy of the zeolite materials. Powder
diffractograms of both samples were obtained with a Bruker D2 diffractometer
(Bruker, Germany) couple with a copper anode x-ray tube. Fourier transform
infrared (FT-IR) spectra were obtained using Tensor 27 spectrophometer (Bruker,
Germany). The FT-IR spectra ranged from 400 — 4000 cm™?! at a resolution of
2 cm™1. The chemical composition of natural zeolite was determined using WD X-
ray fluorescence (XRF) spectrometer (Almelo, Netherlands). Only major elements
were determined in their oxide form. For morphological observation, scanning
electron microscopy (SEM), a FEI Quanta 200 ESEM electron microscope
(Oregon, USA) at 30 KV was used.

2.3. Preparation of iron hydro (oxide) modified zeolite

Prior to modification, the natural zeolite was washed with 1000 mL of deionized
water and air-dried. A sample of 100 g of natural zeolite (Z) was then transferred
to a flask containing 1000 mL of 2.0 M NacCl solution. The mixture was shaken for
24 h at ambient temperature, and then separated by decantation. The zeolitic
material was washed with 1500 mL deionized water until elimination of chloride
ions was achieved, AgNO5 was used to test the presence of chloride ions. Finally,

the sodium-treated zeolite (NaZ) was air-dried.
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The iron hydro (oxide) modified zeolite was prepared by adding 100g of NaZ to
a flask containing 1000 mL of 0.5 M Fe(NO3)z solution, the pH of the solution was
adjusted to pH value between 3-4 by adding 0.1 M NaOH and /or 0.1 M HNO; to
create an iron precipitate. The mixture was shaken with an overhead shaker (150
rpm) for 24 h. The solid phase was separated by decantation and was washed

exhaustively with 500 mL of distilled water and then air-dried.
2.4. U(V) batch adsorption studies

The adsorption of U(VI) by iron hydro (oxide) modified zeolite was investigated
by batch technique in polyethylene tube at ambient temperature. Sorption
experiments were conducted at different condition viz., pH (3-10), mass (0.5 - 5.0
g), initial U(VI) concentration (1.0 - 50 mg L™1) and temperature (20 - 53°C). The
pH of U(VI) solution was adjusted by adding 0.1 M HNO3 and/or 0.1 M NaOH
solution. The mixtures were shaken on an overhead shaker. The samples were
centrifuge before analysis by ICP-OES.

The amount of adsorbed U(V1) in (mgg™1) at equilibrium (ge) was calculated
from mass balance of its concentrations initially in the test solution and that detected
in supernatant liquid after adsorption. The amount of U(VI) at time t (min) was
calculated from mass balance equation Eqg. 1 and the adsorption percentage of
U(VI) ions adsorbed were calculated by the difference of initial and final

concentration using Eq. 2:
— (Co_ce)v

Qe =~ — (D

m

Adsorption (%) = =2 x100 (2)
0

where C,(mgL™1) and C.(mg L™1) are the concentration of U(VI) in the solution
before and after adsorbent addition respectively, v(mL) the volume of the aqueous
solution and m(g) is the weight of the iron hydro (oxide) modified zeolite. The
initial and final concentrations of U(VI) were determined by ICP-OES.

2.5. Point of zero charge (pHp,.)

For the point of zero charge ( pHy,.) determination the procedure was adopted

from Tavengwa et al. (2015) and was followed step by step without any
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modification. A 0.01 mol L™ NaNOs solution was put in contact with 20 mg of iron
hydro (oxide) modified zeolite, in duplicate.

2.6. Influence of co-existing anions and cations

In practice, acid mine drainage contains a mixture of different cation ions and
anions. Batch experiments were carried out at optimum condition to investigate the
influence of the presence of competing cations and anions on the adsorption of
U(VI). The adsorption of U(VI) onto iron hydro (oxide) modified zeolite in the
presence of SO,%~, CO;%~ and HPO,*  anions were assessed through batch
technique, and the U(V1) concentration was determined using ICP-OES. A multi-
element mixture containing Cr¥*, Mn?*, Pb%*, Cu?* and Co?* was used to assess the

effect of selected competing cations.
3. Results and discussion
3.1. Characterization of the adsorbent

The chemical compositions of the natural zeolite investigated in this work was
determined by XRF elemental analysis and summarized in Table 1. XRF
measurement showed that the major chemical compositions of the natural zeolite
were SiO, Al203, K20, Na20, and FeO. The Si/Al ratio calculated from the data
was found as 6.01 and a loss of ignition of 10.8. Generally, major chemical
constituents of the studied clinoptilolite were similar to other natural clinoptilolite
zeolite from other countries (Alver et al., 2010; Camacho et al., 2010(a); Jha et al.,
2009). Fig 1 illustrates the XRD diffractogram of (a) zeolite and (b) iron hydro
(oxide) modified zeolite, respectively. The most intense reflections observed
correspond to the literature data of clinoptilolite zeolite (Baskan et al., 2011;
Camacho et al., 2011(b)). The two diffraction patterns show that there was no dire
change on the crystal-chemistry of the natural clinoptilolite zeolite after
modification with iron and but a new intense peak was observed at 26 = 33°
indicating the presence of additional iron hydroxide crystalline phase in the form of
bernalite resulting from the iron hydroxide coating of the zeolite. The reflection
position at (20 = 11°, 13°, 22°, 26°, 35°, 37°, and 38°) corresponds to clinoptilolite
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(Alver et al., 2010; Baskan et al., 2011; Camacho et al., 2011(b), Mihaly-Cozmuta
etal.,2014). The surface morphology of the iron hydro (oxide) modified zeolite was
investigated by SEM. Fig. 2 (a) and (b) shows the SEM microphotograph of natural
and modified zeolite, respectively. Both SEM micrographs (Fig. 2) showed no
difference between the natural and modified zeolite, and were characterised by a
rough surface. Plates, tabular morphology and laths crystals were observed on the
surface, and are typically crystals of clinoptilolite family of zeolite (Charkhi et al.,
2010; Jiménez-Cedillo et al., 2009; Jha and Hayashi, 2009; Diaz-Nava et al., 2005).
Kragovic¢ et al (2013) observed similar morphology when investigating adsorption
of lead by Fe(lll)-modified zeolite. SEM coupled with EDS provides a semi
quantitative elemental analysis of the sorbent. In the EDS spectra of natural
clinoptilolite zeolite, O (51.59%), Na (0.76%), Mg (0.53%), Al (6.62%), Si
(33.22%), K (4.0%), Ca (2.09%) and Fe (0.21%) were detected. Uranium was not
detected implying that there was no possibility of it leaching into the solution during
application of the sorbent in uranium adsorption. The natural and iron hydro (oxide)
modified zeolite was also characterised using Fourier transform infrared
spectroscopy (FTIR) technique. The intense peak observed at 3410.11, 1627.68,
1009.65, 788.94, 719.77, 671, and 592.04 cm™? are characteristic peaks of zeolite
(Fig 3). The peaks at 3410.11 cm~! and 1627.68 cm™! can be assigned to the
stretching vibration mode of the hydroxyl groups, lattice water and the OH bending
vibration of adsorbed water molecules. The bands 788.94 and 719.77 cm™!
represent the symmetric stretch of the zeolite framework. While bands at 1009.65,
671, and 592.04 cm™? represented the asymmetric stretch, water vibration mode
and the bending of the framework, respectively (Mozgawa, 2000, Han et al., 2009;
Nezamzadeh-Ejhieh and Zabihi-Mobarakeh, 2014). After modification with iron,
the characteristic peaks of zeolite were preserved. Thus, indicating that there was
no physical alteration on the zeolite framework and the perturbation observed on
the characteristic peaks of zeolite indicates the presents of iron on the surface of
zeolite. The minute shift observed on the FT-IR, were similar to those reported by
Han et al. (2009).

Table 1: Chemical composition of natural zeolite
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Percent (% w/w) Metal oxide  Percent (% w/w)
SiO; 77.91 Al2O3 12.95
Fe20s 0.13 FeO 1.04
MnO 0.02 MgO 0.76
CaO 0.89 Na20 2.74
K20 3.59 TiO2 0.153
P20Os, NiO, and Cr203 <1 LOI* 10.8

*LOI loss of ignition

C
C- clinoptilolite
] Q- quartz
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Figure 1: X-ray powder diffraction pattern of (a) natural zeolite and (b) iron hydro

(oxide) modified zeolite
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Figure 2: SEM image of (a) natural zeolite and (b) iron hydro (oxide) modified

zeolite.
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Figure 3: FT-IR spectrum of (a) iron hydro (oxide) modified zeolite and (b) natural

zeolite.
3.2. Effect of solution pH

Previous studies on adsorption of U(VI) showed that solution pH is an important

parameter affecting the adsorption process (Chegrouche and Barkat, 2005; Bhat et
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al., 2008, Xiao et al., 2015). It also influences the speciation, precipitation and
mobility of metal ions, and the surface charge of the adsorbent. Fig. 4 illustrates the
effect of solution pH on the adsorption of U(VI) by iron hydro (oxide) modified
zeolite. As seen from Fig. 4, the adsorption efficiency increased steadily with
increasing pH values till pH 6. Beyond the optimum pH 6, the extent of U(VI)
adsorption efficiency diminishes with further increase in pH. Kiitahyali and Eral
(2004) reported similar results when investigating the adsorption of U(VI) by
activated carbon. The solution pH affects U(V1) adsorption mechanism through the
hydrolysis of the uranyl ions (Han et al., 2007). At lower pH values (1- 4) uranium
is present in solution predominately in the form of UO%* ions, and it is known that
at low pH values, concentration of proton (H*) ions far exceeds that of the metal
ions and hence, they compete with U(V1) ions for the active site on surface of the
adsorbent. This hinders and limits the U(VI) ions from reaching the active sites of
the adsorbent resulting in low adsorption efficiency (Xiao et al., 2015). At pH 4-6,
hydrolysis of uranyl ions occurs to produce products such
as: UO,(OH)*, (UO,),(0H)3*, which are available for uranium adsorption by iron
hydro (oxide) modified zeolite, resulting in an increase in the uptake of uranium
(Zhou et al., 2016). Increasing the solution pH to values beyond 7 results in
polymerization of the  hydrolysed uranyl ion  species  such
as: U0, (0OH)3,U0,(0OH)3~,and (UO,);(0H)5. These negatively charge species
have low adsorption affinity and induce repulsion between the adsorbate and
adsorbent, since the iron hydro (oxide) modified zeolite point of zero charge
(pHp,c) is at 5.6 £0.1 (Fig.5).
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3.3. Effect of adsorbent dosage

The adsorption efficiency of U(VI) by iron hydro (oxide) modified zeolite was
investigated as a function of dosage (Fig. 6). It was observed that U(VI) adsorption
efficiency increased with the increment in the adsorbent dosage from 0.5 to 3.0 g,
this could be due to larger surface area and the increment in the available vacant
adsorptive sites with increasing adsorbent dosage. Further increase in adsorbent
dosage resulted in a slight decrease on the adsorption efficiency of U(VI). The
maximum adsorption efficiency of 66% for U(VI1) was attained at a dosage of 3.0
g. Therefore, the optimum dosage of 3.0 g was fixed for the subsequent

experiments.

700 - 0.18
- L Rt it n
- - 016
60.0 - . Py
Y ’l"
M - 014
L - B = U{Vl) adsorption %
500 a i) P
L7 .~ L 012
# . “w ==+=-qe (mg g-1]
c s e
5400 L ¢ 010 *
i w
T 300 - 008 Tz
= -
3 e 0.06
200 Ty
0.04
100 -
0.02
00 . . . ; ; ; . ; . 0.00
05 1 15 2 25 3 35 4 45 5 55

Dosage (g)
Figure 6: Effect of adsorbent dosage on uranium (V1) adsorption onto iron hydro
(oxide) modified zeolite (U(V1) Concentration = 10 mg L1, contact time = 30 min
and pH =6.01) (n =3, RSD < 10 %).

3.4. Effect of contact time

Effect of contact time on the adsorption efficiency of U(VI) is illustrated in Fig.
7. Kinetic plot of U(VI) adsorption consist of a rapid phase in the beginning where
adsorption was fast and contributed significantly to the uptake of U(V1) ions and

then became constant. The rapid adsorption of U(VI) in the initial stage could be

46



attributed to the higher concentration gradient and more available vacant sites for
adsorption. The adsorption capacity of U(VI) increases abruptly from 0.040 to
0.139 mg g* as the time increase from 30 sec to 30 min. Prolonging the contact
time to over 30 min gave no improvement in the adsorption efficiency. Therefore,
60 min was chosen as the reaction time required to reach pseudo-equilibrium for
U(VI) adsorption by iron hydro (oxide) modified zeolite.
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Figure 7: Effect of contact time on uranium (V1) adsorption onto iron hydro (oxide)
modified zeolite (U(VI) Concentration = 10 mg L%, pH = 6.01 and mass =3.0 g) (n
=3, RSD < 10 %).

3.5. Adsorption kinetics

In order to understand the mechanism and potential rate controlling steps, kinetic
models were applied to the experimental data. The pseudo-first-order and pseudo-
second-order kinetic models were applied to describe the Kinetic characteristic of
uranyl ions adsorption by iron hydro (oxide) modified zeolite. The pseudo-first

order rate equation may be expressed as Eqg. (3):

k
log(qe — q) = logqe — —=t (3)

2.303

Similarly, the pseudo second order rate can be written as Eq. (4):
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t 1 t
at k2093 Qe

(4)
Where gq.(mg g~1) and, q;(mg g™?1) signify the mass of U(VI) retained on a unit
mass of adsorbent at equilibrium and time t (min), respectively. k; (min™1) is the
rate constant of pseudo-first-order kinetic model and k, (g min™* mg=1 ) is the
pseudo-second-order Kinetic rate constant. The parameters of the pseudo-first-order
and pseudo second order kinetic models were calculated from the linear plots of

log(ge —q) vs t and qi vs t, respectively. The applicability of the Kinetic model
t

equation to describe the adsorption process was judged by the coefficient of
determination (R?) and the closeness of the experimental gm to the calculated gcal.
The kinetic parameters together with corresponding coefficient of determination
(R?) are shown in Table 2. Noticeably, the coefficient of determination (R?) of the
pseudo-second-order kinetic model is higher than that of the pseudo-first-order
kinetic model. Moreover, the e, cal Value of the pseudo-second-order kinetic model
is closer to the experimental value; this model can be adapted to describe the
adsorption process of U(V1) by iron hydro (oxide) model zeolite.

These results agree with the studied carried out by other researcher which reported
that pseudo-second-order kinetic model gave a better fit than the pseudo-first-order
kinetic model when investigating the removal of U(VI) by different adsorbent such
as activated carbon (Mellah et al., 2005), hematite (Shuibo et al., 2009), chitosan-
tripolyphosphate beads (Sureshkumar et al., 2010), cross-linked magnetic chitosan
beads (Huang et al., 2016) and cross-linked chitosan (Wang et al., 2009).

Table 2: Kinetic parameters of U(VI) adsorption on iron hydro (oxide) modified
zeolite at 298 K.
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Kinetic models Parameter

Pseudo-first-order ge (Mg g?) 0.015
ki (mint) 0.0097
R? 0.378

Pseudo-second-order ge (Mg g) 0.135
k2 (@ mg™? mint) 4.864
R? 0.999

Experimental de (Mg g}) 0.136

3.6. Effect of U(VI) initial concentration

The variation of adsorption capacity of iron hydro (oxide) modified zeolite for
U(VI) as affected by initial U(VI) concentration is shown in Fig. 8. With the
increase in U(VI) initial concentration, the equilibrium adsorption capacity of the
iron hydro (oxide) modified zeolite increased. This could be attributed to the fact
that the initial sorbate concentration provides a driving forces to overcome mass
transfer resistance between sorbent and solution medium (Ho and Mckay, 2000).
The equilibrium adsorption capacity increase with increasing initial U(VI)
concentration may also be due to higher interaction between U(VI) and the iron

hydro (oxide) modified zeolite.
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Figure 8: Effect of concentration on uranium (VI) adsorption onto iron hydro
(oxide) modified zeolite (Contact time = 30 min pH = 6.01 and mass = 3.0 g) (n =

3, RSD < 10 %).
3.7. Adsorption isotherms study

In order to understand the distribution of the adsorbate on the adsorbent surface
at equilibrium, adsorption isotherms are fundamental. It is imperative to establish
the most fitting correlation for the equilibrium curves. The applicability of the
isotherm equation to describe the adsorption process was judged by the correlation
coefficients, R? values the closeness of the experimental gm to the calculated gecal.
The experimental data for U(VI1) adsorption by iron hydro (oxide) modified zeolite
was correlated with the Langmuir isotherm, and Freundlich isotherm model.

The Langmuir isotherm is the simplest adsorption model which assumes that the
adsorbate form a monolayer on the surface of the adsorbent and the adsorption
energy decreases with an increase in the distance between the adsorbate and surface
of the adsorbent. The linear form of the model can be expressed as Eq. (5):

Ce Ce 1
Ce_Ce 1 5
Je dm kidm ( )

where g, (mg g~1) is the equilibrium metal ion concentration on the adsorbent, C,

(mg L™1) is the equilibrium metal ion concentration in the solution, q,, (mg g™1) is
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the monolayer adsorption capacity of the adsorbent, and k; (L mol™?1) is the
Langmuir adsorption constant related with the free energy adsorption.
The essential characteristic of the Langmuir isotherm can be described by the

dimensionless parameter Ri:
R;, = ! 6
LT 14 bC, ®)

where C, (mg L™1) is the initial concentration. The factor Ry indicates the affinity

of the adsorbate to the investigated adsorbent and can be used to interpret the
adsorption types as follows:

Ry, > 1 (unfavourable), R; < 0 (unfavourable), 0 <R > 1 (favourable) and
Ry, = 0 (Irreversible)

In this study, the R, value was found to be 2.36 x 10~° implying favourable
adsorption of U(VI) by iron hydro (oxide) modified zeolite.

The Freundlich isotherm which is an empirical model assumes a heterogeneous
adsorption surface and active site with different energy. The model can be

expressed as Eq. (7):

log(q.) = log(q)~log( Cc) (7)
where k¢ (mgg™1), is constant indicative of adsorption capacity, and n is an
empirical factor relating the adsorption intensity.

The Dubinin—Radushkevich (D-R) isotherm evaluates the nature of sorption
based on the Polanyi potential theory assuming heterogeneous surface energies.
This model can be written in the following linear form:

Inq. = Inx,, + Ke? (8)

where & (Polanyi potential) =RTIn(1 + 1/C ), Xm IS the maximum sorption
e

capacity and K (mol?kj~2) is related to the mean free energy of sorption per mole
of the sorbate when its transferred to the surface of the solid from infinity in the

solution and this energy can be computed using the Eq. (9)

1

T ©

The magnitude of Epy is a useful parameter for estimating the type of adsorption
process as physical or chemical, the Epg value was found to be 9.13 kJ mol?

suggesting the adsorption process proceed via chemical ion exchange.
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The model parameters obtained by applying both Langmuir and Freundlich model
to the experimental data are given in Table 3. All the three isotherms showed good
fit to the experimental data with good correlation coefficients (Table 3). The
applicability of the two mostly utilized adsorption isotherms to the sorption of
U(VI) shows that both monolayer sorption and heterogeneous energetic distribution
of active sites on the surface of the sorbent are possible. The values of k; and n
were found to be 0.105 and 1.315 for U(V1) adsorption, respectively. The value of
n > 1 indicated that the adsorption of U(VI) by iron hydro (oxide) modified zeolite
was favourable at the operating condition studied. Similarly, Nilchi et al. (2013)
reported similar findings when investigating the adsorption of U(VI) by crystalline

tin oxide nanoparticles.

Table 3: Langmuir, Freundlich and Dubinin—Radushkevich adsorption isotherm

constants for U(VI) adsorption on iron hydro (oxide) modified zeolite.

Isotherm models Parameter

Langmuir de (Mg g}) 0.24
ki (L mol™) 08471
R? 0.931

Freundlich n 1.315
ke (g mg™?) 0.105
R? 0.933

Dubinin-Radushkevich ~ xm (mg g™?) 0.002
Es (kJ mol?) 9.13
R? 0.913

3.8. Effect of temperature and thermodynamic study
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In order to determine the effect of temperature on the adsorption of U(V1) by iron
hydro (oxide) modified zeolite, batch experiments were conducted at four different
temperatures. The thermodynamic parameters such as entropy (AS’), variation of
Gibbs free energy (AG") and enthalpy (AH") were calculated from Eq. (8):

AG’ = — RTInkK, (8)
where AG” is the standard free energy change, R (J mol* K1) is the universal gas
constant, T (K) is temperature in kelvin and Ky is the equilibrium constant. The
values of AH" and AS” parameters can be estimated from Eq. (9):

InK = &5 - 4% )

The thermodynamic parameters for U(VI) adsorption by iron hydro (oxide)
modified zeolite are summarized in Table 4. The positive value of (AG") mean that
the adsorption process was non-spontaneous and the (AG’) values increase as the
temperature increased, revealing low adsorption capacity, indicating that the
adsorption process was more favourable at low temperature, which agreed with the
experimental observation Fig. 9.

The negative value of enthalpy (AH") indicates that the adsorption process was
exothermic in nature. The negative value of Entropy (AS") confirms the decrease in
randomness at the solid-solution interface during adsorption and the reversibility of

U(VI) adsorption onto iron hydro (oxide) modified zeolite.

53



Table 4: Thermodynamic parameters for adsorption of U(VI) on iron hydro (oxide) modified zeolite.

T(K)

297.15

303.15

AS’ (kJ (mol K)D) R?

326.15

AH’ (kJ mol ™)

316.15

-0.0958 -24.873 0.917

AG’ (kJ molt)

3.494

4.164

5.410 6.367

25

30 35 40 45 50 55
Temperature (*C)

Figure 9: Effect of temperature on uranium (V1) adsorption onto iron hydro (oxide) modified zeolite (U(VI) conc =10 mg L%, and m
=3.0g) (n =3, RSD < 10 %).
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3.10. Effect of co-existing cations and anions on the adsorption of uranium (V1) by

iron hydro (oxide) modified zeolite

Competitive adsorption of U(VI)/ S0,%~, U(VI)/ CO5>~, U(VI)/ HPO,*~, and
U(VI)/ multi-element mixture (Cr¥*, Mn?*, Pb?*, and Co?*) were investigated
through batch technique at optimum conditions. Fig. 10 (a) and (b) illustrates the
effects of anions and cations on the adsorption of uranyl ion from aqueous solution,
respectively. A significant decrease on the adsorption capacity of uranyl ion was
observed when the concentration of anions specifically phosphate and carbonate
were increased from 100 to 250 mg L. According to PHREEQC at pH 5.0, in the
absence of competing anions the predominant species of uranium in solution is the
cationic uranyl ion (28.6%).With the addition of carbonates ions, the pH of the
solution increased resulting in the formation of highly negative charged polynuclear
hydroxo carbonato complex that cannot be adsorbed easily on the surface of the
iron hydro (oxide) modified zeolite due to their large size and lower mobility in
aqueous solution resulting in the reduction of U(VI) adsorption. Interactions
between U(VI) and phosphate ions govern the mobility of U(VI) in subsurface and
contaminated environments (Cheng et al., 2004). A higher total phosphate
concentration resulted in superior decrease in the adsorption capacity of U(VI) by
iron hydro (oxide) modified zeolite Fig. 10 (b). The decrease in the adsorption
capacity of U(VI) may be attributed to the formation of soluble U(V1)-phosphate
complexes such as UO2(HPO4).%. The presence of UO2 (HPO4)2? (= 100%) species
was confirmed by PHREEQC code. Cheng et al., (2004) reported similar effect
when investigating the effect of phosphate on U(VI1) adsorption by goethite coated
sand. The presence of sulphate in solution did not have much effect on U(VI)
adsorption, since a lot of sulphate is present as SO4> (= 99.27%) in solution. When
the ratio of competing cations to uranyl ion was increased from 1:1 to 1.5, the
adsorption capacity of uranyl ion (q.) decreased from 0.1329 mgg™! to
0.0151 mg g1, which resulted in 89% reduction on the maximum adsorption. The
decrease on U(VI) adsorption with the increase in cation concentration can be
explained on the basis of the dehydration energies and the diffusion coefficients of

the competing cations. Thus, metal with low dehydration energy, high mobility and
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low hydration radius will be preferred in this case lead is preferred over uranyl ion

and other competing metal.
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Figure 10: Effect of (a) anions and (b) cations on U(VI) adsorption onto iron hydro
(oxide) modified zeolite (U(VI) = 10 mg L, Contact time = 90 min and m =3.0 g)

(n =3, RSD < 10 %).
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3.11. Application of iron hydro (oxide) modified zeolite

The potential of iron hydro (oxide) modified zeolite as an adsorbent for the
recovery of U(VI) from real wastewater in the form of acid mine drainage(AMD)
water from the Witwatersrand Basin gold mines was determined by performing
batch sorption studies. The AMD water used for this study had a pH of 2.23,
oxidation reduction potential of 296 mV and electrical conductivity of 3.06 mS cm-
! The extraction efficiency of U(V1) was determined to be 60.8% from AMD water.
This demonstrated the suitability of iron hydro (oxide) zeolite to selectively extract

U(VI) ions from aqueous matrices.
3.12 Comparison of iron hydro (oxide) modified zeolite with other adsorbent

The monolayer adsorption capacity (mgg~?!) of iron hydro (oxide) modified
zeolite for the removal of U(VI) was compared with other similar adsorbent
reported in literature as presented in Table 3. In this work, the maximum adsorption
capacity was found to be 0.24 mgg~! U(VI) for iron hydro (oxide) modified
zeolite. It can be seen that the maximum U(VI) adsorption capacity of iron hydro
(oxide) modified zeolite is the lowest compared to the reported adsorbent in the
literature. This might be due to iron hydro (oxide) particles occupying the pores of
the zeolite. This results in the lowering of the adsorption capacity of the sorbent.

Table 3: Maximum adsorption capacities of some adsorbents reported in the

literature.
Adsorbent pH  gm(mg/g) References
Iron hydro (oxide) modified zeolite 5 0.24 This study
Magnetite nanoparticles 7 5 Das et al., 2010
Modified clays with titanium oxide 3.5  0.58 Humelnicu et al., 2008
Clinoptilolite zeolite 50 123 Kilincarslan and Akyil, 2005
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4. Conclusion

The removal of uranium from aqueous solution was carried out using classical
adsorption techniques. The adsorption of U(VI) ions onto iron hydro (oxide)
modified zeolite was fast with equilibrium reached after 30 min, and it was found
to be pH dependent. The kinetic data signified that the adsorption of U(VI) ions
onto iron hydro (oxide) modified zeolite followed well the pseudo-second-order
kinetic model. The adsorption behaviour of U(VI) ions onto iron hydro (oxide)
modified zeolite was best described by both Freundlich and Langmuir isotherm
model. The fact that the Freundlich isotherm model fits the experimental data
confirms the heterogeneous nature and possibly, the multi-layer adsorption of
U(VI) ions onto iron hydro (oxide) modified zeolite. The mean free energy obtained
from the Dubinin—Radushkevich isotherm model indicated that the adsorption of
U(VI) onto iron hydro (oxide) modified zeolite took place via chemical ion
exchange on the surface of zeolite. Based on the results of the batch studies
conducted with acid mine drainage water, it may be concluded that iron hydro
(oxide) modified zeolite cloud be used as a potential adsorbent for U(VI) ions

recovery from acid mine drainage water.
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Abstract In this study, an iron oxide-coated zeolite
(I0CZ) nanocomposite was synthesized and used for
the removal of U(VI) and As(III) from aqueous solutions
using a batch system. Parameters such as various contact
times, pH, competing ions (Cd**, Co?, and Cr**), tem-
perature, and initial concentrations of uranium(VI) and
arsenic(IIT) were investigated. The experimental results
were fitted to the Langmuir, Freundlich, and Dubinin—
Radushkevich isotherms to obtain the characteristic pa-
rameters of each model. Results suggested that adsorp-
tion of U(VI) and As(IIl) by IOCZ was best modeled
with the Freundlich isotherm. The kinetic experimental
data fitted the pseudo second-order model better than the
pseudo first-order model for both elements. Using the
thermodynamic equilibrium constants obtained at differ-
ent temperatures, various thermodynamic parameters,
such as AG®, AH’, and AS°, were calculated. These
parameters indicated that the process is spontaneous and
exothermic in nature. It was noted that an increase in
temperature resulted in a decrease of 8.5 and 27.5% for
U and As removal, respectively. An increase in initial
concentrations of U(VI) and As(III) from 10 to
100 mg L' at pH 3 resulted in increased adsorption
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capacities (¢.) for both elements. The increases were
from 1.247 t0 20.10 mg g ' for U(VI) and from 3.115
to 54.18 mg g ' for As(V). The presence of competing
ions such as Cd**, Co**, and Cr** enhanced the removal
of As by 9.2% whereas the adsorption capacity of ura-
nium decreased by 13.8%. This research demonstrated
that IOCZ is a potential adsorbent for the removal of
U(VI) and As(III) from aqueous solutions.

Keywords Iron oxide-coated zeolite - Arsenic -
Uranium - Adsorption - Isotherms

1 Introduction

Aquatic systems are prone to contamination by toxic
elements such as Cr, As, Pb, Hg, Cd, and U. Largely,
these elements emanate from mining and smelting op-
erations and can find their way into aquatic systems via
dust fallout, erosion, and weathering of waste as well as
leachate solutions emanating from such sources. In
South Africa, for instance, U and As are commonly
found in gold mining waste in the Witwatersrand Basin.
The basin has contributed immensely to the develop-
ment of the city of Johannesburg and the economy
through vast amounts of gold that have been mined in
it, accounting for over half of the gold ever mined in the
world (Robb and Robb 1998). The waste from the
mining activities is contained in tailing dumps that are
scattered along the mining belt stretching in an ecast—
west direction across the south of Johannesburg. Several
studies in the basin have reported that the dust and
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leachates emanating from the dumps contain significant
amounts of contaminants, among them U and As
(Winde 2002; Winde and Sandham 2004; Reimold and
Gibson 2006; Tutu et al. 2008; Tutu et al. 2009;
McCarthy and Pretorius 2009; Winde 2010; Bakatula
2012). U and As occur as uraninite (UO,), brannerite
(UTi,0¢), arsenopyrite (FeAsS), cobaltite (CoAsS), and
gersdofite (NiAsS) in the host ores (Feather and Koen
1975).

In oxidizing environments, uranium occurs as the
uranyl ion, UO,>*, in which it has a valence of VL.
Uranium is both chemotoxic and radioactive with the
liver and kidneys being the main targets of uranium’s
toxic effects and with reservoirs of uranium concentrat-
ing in the kidneys and bones (WHO 2005; Hakonson-
Hayes etal. 2002). This radionuclide makes its way into
the human body through eating, drinking, and inhaling
dust particles (DWAF 2015; Osborne and Ehrlich 1976).
The allowed limit of uranium in drinking water accord-
ing to South African guideline is 0.07 mg L' (DWAF
2015). The toxicity of arsenic depends on the specific
chemical form. Inorganic trivalent arsenite (Asm) is 2—
10 times more toxic than pentavalent arsenate (Asv)
(Ferguson and Gavis 1972), whereas the toxicity of
organo-arsenicals is generally lower than that of its
inorganic species. Inorganic forms of arsenic most often
exist in aqueous systems. Arsenic is sensitive to mobi-
lization at pH between 6.5 and 8.5 and under both
oxidizing and reducing conditions (Smedley and
Kinniburgh 2003). Contamination with high levels of
arsenic is of concern because it can cause a number of
human health effects. Several epidemiological studies
have reported a strong association between arsenic ex-
posure and increased risks of both carcinogenic and
systemic health effects (Tchounwou et al. 2003). Interest
in the toxicity of arsenic has been heightened by recent
reports of large populations in West Bengal, Bangla-
desh, Thailand, Inner Mongolia, Taiwan, China, Mexi-
co, Argentina, Chile, Finland, and Hungary that have
been exposed to high concentrations of arsenic in their
drinking water and are displaying various clinico-
pathological conditions including cardiovascular and
peripheral vascular disease, developmental anomalies,
neurologic and neurobehavioral disorders, diabetes,
hearing loss, portal fibrosis, hematologic disorders (ane-
mia, leukopenia, and eosinophilia), and carcinoma
(Tchounwou et al. 2004; Agency for Toxic Substances
and Disease 2000; Centeno et al. 2005; National
Research Council 2001).
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In South Africa, severe arsenic poisoning has been
reported in the Northemn Cape and Limpopo provinces
where concentrations of 1000 ug/L were found in
groundwater (Sami and Druzynski 2003). Another
source of arsenic to groundwater and the soil in South
Africa is the use of chromated copper-arsenate in the
preservation of timber. Arsenic actually protects the
timber from wood-destroying insects. Improper disposal
of waste from timber plants contaminates the soil and
water systems around the plants (Kesunathan et al.
2006). Significant amounts of arsenic have also been
reported in mine leachates and tailings in the Witwaters-
rand Basin (Tutu 2006). The allowed limit of arsenic in
drinking water according to South African guideline is
10 ug L' (DWAF 2015).

Iron oxides have proved to be an effective sorbent for
the removal of various contaminants from water, due to
their characteristics such as high surface area and sur-
face charge, as well as high affinity towards metals and
metalloids. When used by themselves, iron oxides are
difficult to remove from water after adsorption and thus
need to be placed as a coating onto particles to provide
mechanical stability (Thirunavukkarasu et al. 2003; Hsu
et al. 2008). Iron-based oxides have been found to
adsorb arsenic compounds in drinking water to a signif-
icant extent. For instance, Yuan et al. (2002) evaluated
several iron-treated natural materials, such as Fe-treated
activated carbon (FeAC), Fe-treated gel beads (FeGB),
and iron oxide-coated sand (IOCS), for removing arse-
nic in drinking water for household use (cooking and
drinking) and showed that IOCS had a good perfor-
mance in terms of As(IIT) and As(V) removal in batch
tests, column tests, and field experiments. Yean et al.
(2005) evaluated the sorption and desorption behavior
of arsenic to magnetite (Fe;04) nanoparticles, and they
found that the sorption capacity was dependent on the
pH value and surface area of the adsorbent.

Coating iron oxide onto particles with natural affinity
for cations (such as zeolites) and high surface area may
provide an effective sorption media with the application
for both cationic and anionic contaminants from water.

The aim of this work was to assess the performance
of iron oxide-coated zeolite (IOCZ) in removing U and
As from aqueous solutions. The approach was based on
conducting batch studies to assess the effect of pH,
initial concentrations of U and As, contact time, tem-
perature, and the presence of competing ions (Cd*,
Co®*, and Cr’*). The insight on the processes gained
in this study is useful for systems in which initially
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zeolite is used as the adsorbent, but the precipitation of
Fe out of the solutions being treated leads to the inad-
vertent coating of the zeolite.

2 Materials and Methods
2.1 Preparation of Iron Oxide-Coated Zeolite

Natural zeolite was provided by the School of Animal,
Plant and Environmental Sciences, University of the
Witwatersrand, South Africa. The natural zeolite was
treated with NaOH to obtain the activated zeolite—sodi-
um type used for the synthesis of the IOCZ. Na-zeolite
was obtained by soaking 100 g of natural zeolite (frac-
tion 2-3 mm) in 1000 mL of 2 mol L' NaOH for 24 h at
room temperature (i.e., 25 + 1 °C). The zeolitic material
was repeatedly washed with deionized water to remove
any excess Na and then dried at room temperature.

In the first step, iron oxide (magnetite) particles were
prepared by adding a2 mol L ™' NaOH solution drop by
drop (with agitation) to a 1000 mL solution containing
4.5 g of ferrous sulfate until the pH reached 11. The
resulting slurry (essentially iron hydroxide) was then
heated in a water bath to form iron oxide which was
then washed with deionized water and dried at room
temperature.

In the second step, iron oxide particles (2.0 g) were
re-dispersed in deionized water and Na-zeolite (6.0 g)
was added slowly with agitation at a ratio of 3:1 (w/w)
zeolite/iron oxide.

The IOCZ obtained was washed with deionized wa-
ter, dried at room temperature, and crushed to particle
size (<2 mm) using a mortar and pestle.

2.2 Physical-Chemical Characterization of the Natural
Zeolite and IOCZ

Natural zeolite was characterized using X-ray fluores-
cence (chemical composition, performed in the School
of Geosciences at University of the Witwatersrand,
South Africa) and FTIR (Tensor 27, Bruker, Germany)
(for the identification of functional groups). The surface
area and cationic exchange capacity (CEC) were deter-
mined by the Brunauer-Emmet-Teller (BET surface
arca and porosity analyzer, (Tristar 3000 Analyzer,
Micromeritics, USA) and BaCl, methods Gillman and
Sumpter (1986), respectively. The zeolite-iron oxide
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particles were characterized using the Fourier transform
infrared (FTIR) and X-ray diffraction (XRD).

The point of zero charge (PZC) for the IOCZ was
determined using the salt addition method (Tan et al.
2008; Mahmood et al. 2011). In the method, a sample
mass of 0.200 g was added to 40.0 mL of 0.1 mol L'
NaNOj; solution. The pH was adjusted using a pH
Benchtop meter (Thermo Scientific Orion Star A211,
Germany) to 2, 3,4, 5,6, 7,8,9, 10, and 11 (0.1 pH
units), with 0.1 mol L™" HNO; and 0.1 mol L' NaOH
as needed in each centrifuge tube. These were then
shaken for 24 h in an automated shaker (Labcon, South
Africa) at 150 rpm to reach equilibrium. After settling,
the final pH of each suspension was measured carefully.
The ApH (the difference between final and initial pH)
values were then plotted against the initial pH values.
PZC was the pH value where ApH equals zero. Each set
of experiments was done in triplicate, and the mean
value was recorded.

2.3 Preparation of Stock Solutions

All chemicals used were of analytical grade and were
purchased from Merck, South Africa. Uranium(VI) and
arsenic(II) stock solutions of 1000 mg L™" were pre-
pared by dissolving appropriate amounts of
UO,(NO3),°6H,0 and NaAsO,, respectively, in deion-
ized water. Working solutions were prepared by serial
dilution of the stock solutions. Three solutions of
10 mg L' of co-ions, including Cd**, Co**, and Cu**,
respectively, were prepared by the dissolution of known
mass of their nitrate salts with deionized water. The
initial pH values of the working solutions were adjusted
by the addition of 0.5 mol L' NaOH or HNO;
solutions.

In order to minimize the contamination of the sam-
ples, all glassware and polypropylene vessels were
cleaned by soaking in detergent solution then acid bath
and in deionized water each for 24 h. Before use, the
vessels were rinsed several times with deionized water
and air-dried.

2.4 Batch Adsorption Experiments

The setup of the two separate batches of experiments
was the same for uranium and arsenic. In each case,
elemental concentration, pH, kinetic, temperature, and
effect of competing ions were assessed. The different
procedures are described in paragraphs below.

4\ Springer



5 Page 4 of 14

Water Air Soil Pollut (2017) 228:5

2.4.1 Elemental Concentration Study

The effect of elemental concentration was studied by
adding 1.0 g of IOCZ into polypropylene bottles con-
taining 50 mL of U or As solutions at concentrations of
10, 20, 50, and 100 mg L™". The pH level of the
solutions was adjusted with 0.1 mol L™" solution
NaOH/HNO; to the given pH value of 3. The mixture
was shaken using an automated shaker (Labcon, SA) at
150 rpm for 5 h at a constant temperature (25 +1 °C).
The optimum contact time evaluated from the kinetic
experiments was used to perform these studies. The
supernatant was filtered through a 0.45-pm pore cellu-
lose nitrate membrane and then analyzed using an in-
ductively coupled plasma optical emission spectroscopy
(ICP-OES) (Kleve, Germany).

2.4.2 pH Study

The effect of varying solutions of pH on adsorbent
performance was conducted by adding 1.0 g of
I0CZ into polypropylene bottles containing 50 mL
of 20 mg L' U or As solutions. The pH was varied
by adding diluted solution of NaOH or HNO;
dropwise to achieve pH values of 3, 5, and 8. The
mixtures were agitated using automated shaker
(Labcon, SA) at 150 rpm for 5 h at a constant
temperature (2541 °C). After equilibration, the
mixture was filtered through a 0.45-pum pore cellu-
lose nitrate membrane. The supernatant was ana-
lyzed using an ICP-OES (Kleve, Germany).

2.4.3 Kinetic Study

The kinetic experiments were performed in a 1-L beaker
containing 500 mL of 20 mg | g U(V) or As(IIT) solu-
tions and 10.0 g of IOCZ. Solutions of uranium and
arsenic were adjusted at pH 3 using diluted HNO;. The
mixture was shaken in an automated shaker (Labcon,
SA) at 78 rpm, and the temperature was kept constant at
2541 °C. Samples were withdrawn at pre-determined
time intervals (20, 30, 60, 90, 120, 150, and 180 s). The
volume withdrawn at each pre-determined time was
5 mL (i.e.,, 1% of the total volume) to minimize the
change in the ratio of elemental concentration to the
adsorbent mass. The supernatant was analyzed using
ICP-OES (Kleve, Germany).

4\ Springer

69

2.4.4 Temperature Study

The effect of temperature was studied by adding 1.0 g of
I0CZ into polypropylene bottles containing 50 mL of
20 mg L' U or As solutions at pH 3. The mixture was
shaken at 24 and 30 °C (i.e., 297.15 and 303.15 K,
respectively) using an automated shaker (Labcon, SA)
set at 150 rpm for 5 h. At equilibrium, the mixture was
filtered and the filtrate was analyzed by ICP-OES (Kle-
ve, Germany).

2.4.5 The Presence of Competing lons

The study of the effect of the presence of competing ions
was done by adding 1.0 g of IOCZ into polypropylene
bottles containing 50 mL of a mixture of' Cd2+, Cr“, and
Cu®*. U and As solutions were added to each bottle such
that their concentrations were 10 mg L' while that of
competing ions was 5 mg L' The obtained mixtures
(multi-ion solution and I0CZ) were shaken using an
automated shaker (Labcon, USA) for 5 h at 150 rpm,
and the temperature was kept constant at 25+ 1 °C. At
equilibrium, the mixture was filtered and the filtrate was
analyzed by ICP-OES (Kleve, Germany).

All analyses were based on triplicate measurements
with analytical errors (relative standard deviation) less
than 10%.

2.5 Modeling of Analytical Results
2.5.1 Adsorption Capacity

The adsorption capacity (g.) of IOCZ was calculated
under various conditions using the following expression
(Eq. (1)):

R n ) 4 (1)

where Cy is the initial U or As concentration in milli-
grams per liter and C, the U or As concentration at
equilibrium in milligrams per liter, V the volume of U or
As solution (L), and M the mass of IOCZ adsorbent (g).

2.5.2 Adsorption Isotherms

The equilibrium adsorption isotherm is of importance in
the design of adsorption systems (Langmuir 1918;
Freundlich 1906; Dada et al. 2012). The equilibrium
data obtained in the present study were analyzed using
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the linear forms of the expressions of the Langmuir
(Eq. (2)), Freundlich (Eq. (3)), and Dubinin—
Radushkevich (D-R) (Egs. (4) and (5)) isotherm models:

logg, = logK  + %-logCe (3)
In(ge) = In(Xm) + B*F> (4)
F=R*T*ln(1 + 1/Ce) (5)

where forEgs. (2) and (3), C, is the equilibrium concen-
tration (mg L"), g, is the amount adsorbed at equilibri-
um (mg g ), g,, is the maximum amount of adsorbate
per unit weight of adsorbent to form a complete mono-
layer on the surface (mg g '), b is the Langmuir iso-
therm constant (L mg"), related to the affinity of the
adsorption sites, and K- ((mg gfl) (L mgfl)”") and n are
the Freundlich constants related to adsorption capacity
and adsorption intensity of adsorbents, respectively.

For Eq. (4), Xm is the maximum sorption capacity of
sorbent (mol/kg), (3 is a constant related to mean sorption
energy (mol*/kJ?), Fis the Polanyi potential, Ris the gas law
constant (kJ/(mol K)), and T'is the absolute temperature (K).

The constants (3 and Xm were obtained from the slope
and intercept of the plot of In(ge) vs. F~. The sorption
energy (E,) (kJ mol ) is correlated with 3 (the isotherm
constant) by the following relationship:

E=—=. (6)

IfE, is less than 8 kI mol ', the adsorption process is
physisorption (i.e., an ion-ion attraction); if E; is be-
tween 8 and 16 kJ mol ', the adsorption process is by
ion exchange; and if E; is greater than 16 kJ molfl, the
adsorption process is chemisorption (typically via the
formation of strong covalent bonds).

2.5.3 Adsorption Kinetic Study

The study of adsorption kinetics provides information
about the mechanism of adsorption, which is important
for the efficiency of the process and the prediction of the
rate at which contaminants are removed from aqueous
solutions. Several kinetic models are available to exam-
ine the controlling mechanism of the adsorption process
and to test the experimental data.
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The rate constants of the adsorbate removal from the
solution by IOCZ composites were determined using the
Lagergren pseudo first-order equation (Eq. (7)) (Aksu
2002; Fungaro et al. 2012) and the pseudo second-order
equation (Eq. (8)) (Ho etal. 1999):

kit
2.303

log(gq,~q,) = log(g,)~ (7)

L
d +— (8)

Z B k3'q3; 9.

where ¢, is the amount of ion adsorbed at equilibrium
(mg g '), ¢, is the amount of ion adsorbed at time ¢
(mgg "), ki is the rate constant for the pseudo first-order
model (min'l ), and k; is the rate constant for the pseudo
second-order model (g mg ' min ).

2.5.4 Thermodynamic Study

The thermodynamic parameters, namely the Gibbs free
energy change, AG® (kJ mol "), enthalpy change, AH°®
(kJ mol™"), and entropy change, AS° (kJ (mol Ky, for
the specific adsorption were calculated using Eqs. (9)
and (10) (Unlu and Ersoz 2007; Wang and Chen 2006):

AG’ =-R.T.InKc¢ (9)

AG® = AH°-T(AS°) (10)

where R is the universal gas constant (8.314 J mol ™ Kf'),
T is the absolute temperature in Kelvin, and K¢ is the
equilibrium constant (L g ). Enthalpy change, AH, and
entropy change, AS°, were determined from the slope and
intercept of the plot according to Eq. (10).

2.5.5 Mathematical Modeling and Statistical
Interpretation

The validity for each model is found by the use of a
normalized standard deviation Ag(%) which can be
calculated from the following Eq. (11):

n 2
Z |:qexp_quulv:|

= | ey

100

Il

Aq(%) — (11)

where g, is the experimental metal ion removal, gy is
the calculated amount of metal ions adsorbed, and n is
the number of data points.
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The goodness-of-fit of the models to the experimen-
tal data is found by the comparison of the correlation
coefficients (i.e., R?).

2.5.6 Elemental Speciation Study

The speciation of U and As in solution was studied using
the Hydra and MEDUSA geochemical modeling code
database (Puigdomenech 1999). The code assumes a state
of thermodynamic equilibrium for the solutions under
consideration and based on this calculates the species
distribution under the given solution conditions. It should
be noted here that speciation models do not require any
calibration as this is done intrinsically in the models.

3 Results and Discussion
3.1 Characterization of Zeolite

The chemical composition of the natural zeolite used in
this study was performed using XRF and the results are
presented in Table 1.

The cationic exchange capacity was 23.16 meq/
100 g, obtained according to the BaCl, method with
Na*, K*, Ca®*, and Mg>* being the exchangeable cat-
ions in the zeolite cavities (Gillman and Sumpter 1986).
The surface area and the average pore volume were
18.07 m*g and 0.0968 cm?/g, respectively.

FTIR and PXRD Analysis of Na-Zeolite and
1I0CZ Figure 1 shows the FTIR spectra for Na—zeolite
(Na-Z) as well as that for the IOCZ. Peaks were depicted
at 3434 em ' (O-H stretch); 1631 cm ™' (O-H bend);
1106 cm™' (Si-0) and 795 cm ' (Al-O); and 536 cm "
(O-H bend out of plane). The presence of iron oxide

was confirmed by the new peak at 2925 cm .

Table 1 Chemical com-

position of the natural Constituent Value (%)

zeolite
SiO, 7736
ALO; 1296
CaO 1.42
FeyOs 0.13
Na;0 1.62
K20 40
MgO 092
LOI 11.96

4 springer
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The powder X-ray diffraction (PXRD) patterns (not
shown here) depicted clinoptilolite ((Na,K,Ca),-
3AL3(ALSI), Siy3 O3612H50) as the predominant miner-
al in the natural zeolite. The PXRD pattern of IOCZ
revealed the presence of 23.98% of Fe,Os; an increase
of 22.85% compared to natural zeolite confirms the
coating of iron oxide on the surface of zeolite.

3.2 Adsorption Studies

3.2.1 Effect of Initial Uranium and Arsenic
Concentration

The results for the adsorption of U and As with respect to
change in initial concentration are presented in Fig. 2. The
results showed an increase of adsorption capacity with an
increase in the initial concentration from 10 to 100 mg L™
for both elements. The results indicated that the adsorp-
tion capacity of U(VI) and of As(IIl) increased from
1.247 10 20.10 mg g ' and from 3.115 to 54.18 mg g ',
respectively, as the elemental concentration increased
from 10 to 100 mg L~'. The adsorption of As was
generally higher (~2 times more) than that of uranium.
The saturation point was not reached up to a concentra-
tion of 100 mg L' for both arsenic and uranium.

The increase may be attributed to more elemental
ions being available for the adsorption sites as the con-
centrations increased. The higher adsorption of As com-
pared to U will be explained later when the mechanisms
of adsorption are assessed.

3.2.2 Adsorption Isotherms

As aforementioned, Langmuir, Freundlich, and
Dubinin—Radushkevich (D-R) isotherms were used to
quantitatively describe elemental sorption by IOCZ. The
correlation coefficient (R%) values were used to deter-
mine the most fitted model among all the three written
above. The isotherm parameters as well as the related
correlation coefficients are listed in Table 2.

Based on the correlation coefficient (R%), the
Freundlich model yielded a better fit for both elements
(R2=0.942 for U and 0.981 for As). The fit to the
Freundlich isotherm may be attributed to the heteroge-
nous distribution of active sites on the IOCZ surface
(Bakatula et al. 2014). This model assumes adsorption
onto a heterogenous surface where different sites could
have different energies. The values of the mean free
energy (Es) calculated from the D-R isotherm were
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Fig. 1 FTIR spectra of Na-zeolite and I0CZ

8.213 kJ mol" for uranium and 8.895 kJ mol ™" for
arsenic, indicating an ion exchange mechanism for both
elements. The following mechanism is suggested:

Firstly, the charge on the surface of iron oxides
results from the dissociation of the surface hydroxyl
groups (Eq. (12)) (Wang etal. 2010).

Protomition

3 FcOH,"
Hydroxylation 2
Fe,O4 B o i =FecOH \//

H,0 T EeO)- +
2 De = FeO +H
Fig. 2 Effect of U(V) and As(II) 60
concentrations on their adsorption AU EAs =
onto IOCZ (pH=3, temp = 50
25 °C, contacttime=5 h) (n=3
and RSD <10%) 40
E,, 30 m
oo
£
> 20 A
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A
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A
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Initial metal conc. (mg/L)
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Table 2 Langmuir, Freundlich. and D-R constant values for the sorption of U and As on IOCZ

Langmuir constant Freundlich constant D-R constant

b (L mg b} 4 (mol kg Y R Aq (%) n Kr(mgg Y R? Ag (%) Xm (mol kg D) E, (kJ mol h R? Ag (%)
U 21606 0.019 0293 2651 1999 1.022 0.942 20.77 0.958 8.213 0.928 25.71
As 3889 0.034 0.623 2124 1.893 1.012 0.981 1128 0919 7.295 0.947 36.73

Furthermore, the surface charge of iron oxide coated
onto zeolite becomes more positive in acidic conditions
due to protonation, resulting in an increase of adsorption
sites for As (Jeon et al. 2009).

Secondly, the hydroxyl ion is exchanged with the
arsenite ion:

Fe—-OH + H;AsO3;—Fe-OAsO,H + OH . (13)

Previous studies revealed that sorption of As(V) as
well as As(IIT) onto soil constituents, such as aluminum
and iron oxides, happens through an inner-sphere com-
plex via a ligand-exchange mechanism (Lumsdon et al.
1984; Sun and Doner 1996; Waychunas et al. 1993).
This means that arsenic ions interacted with iron-
modified zeolite surfaces in acid/base equilibrium,
where underlying Fe ions act as a Lewis acid by ex-
changing the hydroxyl ion for other ligands to form
surface complexes. Interaction between the surface hy-
droxyl groups and protons as well as ligand exchange
provides iron oxides with high affinity to both arsenate
and arsenite, both of which are Lewis bases (electron
pair donors).

The maximum capacities g,, (mol kg ') determined
from the Langmuir isotherm, defining the total capacity
of IOCZ for uranium(VI) as well as As(IIT), were 0.019
and 0.034, respectively.

The Freundlich constant, K, (adsorption capacity,
mg g") values were 1.022 and 1.012, respectively, for
uranium and arsenic. The subunitary values of the ratio
1/n suggest that the adsorption was favorable (Taffarel
and Rubio 2010) and that the elements were bound with
weak sorption energies (Ozer et al. 1997). These results
indicate that IOCZ has a very strong adsorption capacity
for U(VI) and As(III) in the solution. When comparing
the statistical results of the three models applied in this
work (Table 2), the Freundlich isotherm was found to
better predict the adsorption of U(VI) and As(IIl) onto
10CZ.

In previous studies, the Freundlich isotherm was
reported to be suitable to represent arsenic adsorption
processes by a wide range of iron containing adsorbents,
including iron-pretreated activated carbon (Mondal
et al. 2009), granular ferric hydroxide (Badruzzaman
et al. 2004), and iron oxide-coated sand
(Thirunavukkarasu et al. 2002).

3.2.3 The Effect of Initial pH

The initial pH of the solution is an important factor that
must be considered during adsorption studies. The pH
has two kinds of influence on elemental sorption, name-
ly an effect on the solubility and speciation of the ions in

Fig. 3 Effect of pH on the 1.2
adsorption of U and As on I0CZ AU @As
(temp=25°C. C;=20mg L', 1
contact time =5 h) (n=3 and o @
RSD <10%) _. 08 A
20
"
é 0.6
@
o
0.4
0.2
A
o
3 a4 s 6
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f Springer
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solution and on the overall charge of the adsorbent. The
adsorption of U and As was studied at pH 3, 5, and 8,
which is the pH regime of most of gold mine waters in
the Witwatersrand. The results of the effect of pH are
shown in Fig. 3.

As seen in Fig. 3, the adsorption efficiency of As(IIT)
on IOCZ was not much affected by the solution pH (pH
3 to 8). In fact, arsenic exists as oxyanions across pH
ranges 2 to 8, as represented by the speciation diagram
in Fig. 4. The diagram depicted H,AsO4 as the only
dissolved species from pH 3 to 7 and H,As0, % at pH
>7. Therefore, (HAsO,4) being the most abundant

species of As at the pH range studied, this explained
the trend seen in the Fig. 3, almost no variation in
adsorption capacity with the variation of solution pH.
Similar trend was observed by Jeon et al. (2009) when
adsorbing arsenic on iron-coated zeolite. As explained
in the previous paragraph, the adsorption of arsenic on
IOCZ followed an ion exchange process. This means
that the surface charge of the adsorbent had no effect on
the adsorption. Thus, it was concluded that adsorption of
arsenic from aqueous solutions is independent of pH.
The relative abundance of various uranium(VI) spe-
cies is a strong function of pH and composition of
solution. The strong dependence of adsorption on pH
can be explained by changes in the IOCZ surface charge
and U speciation with pH. The pHp,- 0f 10.4 means that
at the pH range of the experiments, the surface charge of
the IOCZ was positive. Thus, the predominance of U
species will greatly influence its adsorption. The distri-
bution of uranium species as a function of pH is pre-
sented in Fig. 5. At low pH (3-5), the UOz2+ was
predominant. Since both the uranyl ion and the adsor-
bent have net positive charges, the repulsion by the
positive surface could explain the low removal of ura-
nium by IOCZ. At pH 5-6, the neutral UO,(OH),"-H>O
(schoepite) was the most abundant species. This would
likely precipitate on the adsorbent, and thus, the ob-
served increase in adsorption may be a combination of
precipitation and adsorption. At pH >6, negatively
charged species, i.e., UO,(OH);  and UOZ(OH)f’,
were dominant. More U would have been expected to
be adsorbed, but the contrary was observed. This could
suggest that the positively charged sites begin to

Fig.5 Speciation of uraniumin a
uranium-water system at 25 °C
and /=0 M calculated using
Hydra and MEDUSA speciation
modeling freeware versions or
(Bakatula et al. 2015)

Log Conc.

[UO,>]1or = 80.00 uM

OH

)3~
2(OH) 42~
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Fig. 6 Adsorption kinetics of 0.5
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decrease at those higher pH values that are close to the
pHpzc, leading to decreased adsorption of negatively
charged U species.

Further work involving surface complexation model-
ing would have to be conducted to comprehensively
understand the mechanism behind U adsorption as pH
changes.

3.2.4 Adsorption Kinetics

Figure 6 illustrates adsorption kinetics of uranium and
arsenic onto IOCZ. Adsorption kinetic studies showed a
rapid removal of U(VI) and As(III) within the first 30 s
to achieve equilibrium. The adsorption kinetics can be
divided into two linear stages: (i) the rapid adsorption
phase and (ii) the second stage of steady state, where the
adsorption reached a plateau.

The change in the adsorption rate during adsorption
could be explained by the availability of a large number
of free adsorption sites on the surface of the adsorbent in
the beginning of the reaction.

Kinetic Parameters The pseudo first-order and pseudo
second-order models were applied to the kinetic data of

Table 3 Kinetic parameters of the adsorption of U and As on I0CZ

uranium and arsenic adsorption onto IOCZ to investi-
gate the mechanism of the adsorption process and de-
termine the rate controlling step in the overall adsorption
process. The kinetic parameters and correlation coeffi-
cients (R*) for the two kinetic models were calculated
from the linear plots of log(g.—¢,) vs. t and t/g, vs. t,
respectively, and are listed in Table 3.

Based on the correlation coefficients, the pseudo
second-order kinetic model represented the uranium
and arsenic uptake best. The plots of g/t vs. t showed
good linearity (Fig. 7) with high correlation coefficients
(0.989 for U(VI) 0.991 and for As(IIT)). In addition, the
equilibrium uptake calculated from the kinetic plots
(e,ca) agreed well with the experimental values (g exp,
0.363 and 0.421 mg/g for U(VI) and As(III),
respectively.

Therefore, the sorption kinetics was well described
by the pseudo second-order kinetics, which implied that
the uranium and arsenic uptake by IOCZ was due to
chemisorption.

The pseudo second-order kinetic model has been
used to describe uranium and arsenic uptake by other
iron containing adsorbents (Gu and Deng 2007; Guo
and Chen 2005; Fierro et al. 2009).

Metal Pseudo first-order Pseudo second-order
kl Gefcalc) Rz Aq kZ Gecalc) RZ Afl
min! mgg ! [%] [mol (kg min) '] mgg [%]
U 0.151 1.208 0.864 88.35 49.48 0.348 0.989 13.14
As 0.129 1.149 0.736 86.23 17.06 0.459 0.995 14.67
4 Springer
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Fig. 7 Pseudo second-order ki- 35
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3.2.5 Effect of Temperature

The adsorption of U(VI) and As(V) was assessed at two
different temperatures: 297.15 and 303.15 K. Thermo-
dynamic parameters, i.c., enthalpy change (AH®), free
energy change (AG®), and entropy change (AS°), were
calculated from the experimental data and the results are
presented in Table 4. Raising the temperature of the
metal solutions led to a decrease of the adsorption
capacity of 8.5 and 27.5% for U and As, respectively.
These results were confirmed by the negative values of
enthalpy change, suggesting that the adsorption of both
elements was exothermic. The AH® for the present pro-
cess was found to be negative (—124.9 and
—~16.25 kJ mol ', for U and As, respectively), which
proves the exothermic nature of the sorption reaction.
The standard free energies AG® for the sorption of
uranium, obtained from Eq. (8), were —4.429 and
1.787 kJ mol " at 297.15 and 303.15 K, respectively.
The negative value of AG® depicts a spontancous ad-
sorption process. The standard free energy AG® for As
was close to 0 (0.138 kJ mol "), implying that the
removal of As was spontancous. A more positive AG®
with the increment of temperature implies a non-

Table 4 Thermodynamic parameters of U and As on IOCZ

favorable reaction at higher temperature, which is a
characteristic of exothermic surface process. The entro-
py changes (AS®) were positive for both U and As,
suggesting a high affinity of the elements for the IOCZ.
This also confirms the increased randomness at the
solid—solution interface during adsorption.

3.2.6 Effect of Competing Ions

The presence of competing ions, such as Cd**,
Cr**, and Cu**, can have a significant effect on
uranium and arsenic adsorption onto IOCZ. The
results of the effect of competing ion studies are
presented in Table 5. The presence of Cd**, Cr**,
and Cu’* decreased the percentage of U(VI) ad-
sorption by 13.77%, whereas adsorption of As(III)
increased slightly by 9.21%.

The concentrations of competing ions in this study
are those likely to be encountered in wastewater from
some mining areas in South Africa (Bakatula et al.
2015). Thus, IOCZ is able to remove uranium and
arsenic even at the presence of competing ions investi-
gated in this study.

Metal ge Ea AH AS AG
mgg! kJmol ! kJ mol ! kJ (mol K) ! kJ mol !
297.15K 303.15K 297.15K 303.15K
U 0.992 0.907 129.8 1249 0.376 -4.429 1.787
As 0.946 0.686 107.2 -16.25 4.812 0.138 0.933
A springer
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Table5 Effect of the presence of competing ions (Cd**, Cr**, and
Cu?)

Multi-ions solution ¢, Single-ion solution ¢,

(mgg™) (mgg")
U 0457 0.530
As 0498 0456
cd 0249
Cu 0.248
Cr 0250

4 Conclusion

In this study, iron oxide-coated zeolite (I0CZ) was
synthesized and used for the removal of U(VI) and
As(V) from aqueous solutions. The equilibrium of ad-
sorption was suitably described by the Freundlich
models, depicting that adsorption on a heterogeneous
surface. The process of adsorption was relatively rapid
and was best described by the pseudo second-order
kinetic model. The thermodynamic models showed that
the adsorption of U and As was spontaneous and follow-
ed exothermic processes. Furthermore, IOCZ was able
to adsorb uranium and arsenic in the presence of com-
peting ions such as Cd**, Cr’*, and Co>*.

Further work should focus on comprehensively
understanding the adsorption at various pH values
as surface complexation may be an important pro-
cess. The findings of the study can be used to
design and understand systems applying zeolite
for contaminant removal from industrial and
mine-polluted water.
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Chapter 5

General conclusion and future work

In this section, conclusions based on experimental findings are discussed. The

recommended future work is also presented in this section.

“Any new fact or insight that [ may have found has not seemed to me as a
‘discovery’ of mine, but something that has been there and that | had chanced to
pick up”. ~ Subrahmanyan Chandrasekhar
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5.1 Conclusion

Natural zeolite (i.e. clinoptilolite-containing material) has the capacity to
effectively treat acid mine drainage by removing dissolved metal content. This
research aimed at gaining insight on the influence the hydroxides and oxides of Fe
coating on zeolite during field application will have on the adsorptive properties as
the zeolite surfaces become modified and can be viewed as mixtures of zeolitic and

Fe hydroxide and/or oxide surfaces.

The selectivity of iron (hydr) oxide modified zeolite towards As(V) was
demonstrated in paper I. The removal of As(V) from both synthetic and real AMD
was insignificantly affected by the solution pH indicating that adsorption likely
followed a surface complexation process and was thus independent of pH.
Speciation models for arsenic depicted H,AsO, as the most abundant and dissolved
species in the pH range studied. The pHpzc of sorbent did not have an influence on
the extraction of As(V), since no change was observed on the adsorption capacity
beyond the pHpzc (5.6 +0.1).

In paper 11, the same adsorbent was evaluated for its extraction capabilities for
U(VI) from synthetic solution. The results demonstrated that the removal efficiency
for U(VI) was strongly reliant on the solution pH. The extraction efficiency
increased with an increase in solution pH until the pHpzc of the adsorbent and then
declined slowly with a further increment in pH. This was attributed to repulsion
between the negatively charged U(VI) species and the negative charge on surface

of the sorbent.

A novel nanocomposite iron-oxide coated zeolite sorbent was synthesized (paper
I11); in-order to gain insight into the effect of the maturation of amorphous Fe
hydroxide to crystalline iron oxide in the form of Fe, 05 will have on the sorption
of U(VI) and As(Ill). The results demonstrated that the sorption efficiency of
As(111) was insignificantly influenced by the solution pH, whereas the opposite was
observed for the extraction of U(VI1). This study clearly established that coating of
zeolite by Fe hydroxide/oxide plays a vital role in the adsorption of U(VI), As(I11)
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and As(V) from AMD, a phenomenon that will have a significant bearing on a
large-scale remediation situation based on zeolite.

The adsorption capacities of As onto zeolite modified with iron hydroxide/oxide
were found to be higher than for natural zeolite while those of U were found to be
lower. The implications of these observations in a field application are that the
performance of natural zeolite will decrease over time for U following quotation by
iron hydroxide/oxide while that for As will increase. Thus, breakthroughs and
subsequent increase in U concentrations would be expected in a zeolitic system that
has been deployed for longer and has had sufficient modification of its surface
through precipitation of iron hydroxides/oxides.

5.2 Future work

The future work can focus on performing column studies using modified zeolite.
These will give a better perspective of the point made in the last paragraph in the
preceding text. Column studies will draw from the batch studies that have been
conducted and will enable the establishment of actual field parameters to be used
e.g. bed length, breakthrough volumes (and essentially replacement times) and flow
rate among others. With these established, it will be possible to use the modified
zeolite system in a variety of contexts, the main one being a permeable reactive

barrier integrated into the flow path of the contaminated water.

82



References

83



Adler, R.A., Claassen, M., Godfrey, L. and Turton, A.R. (2007) Water, mining, and
waste: an historical and economic perspective on conflict management in South
Africa, The economics of peace and security journal, 2, 32-41.

Akcil, A. and Koldas, S. (2006) Acid Mine Drainage (AMD): causes, treatment and
case studies, Journal of Cleaner Production, 14, 1139-1145.

Bell, F.G., Bullock, S.E.T., Hélbich, T.F.J. and Lindsay, P. (2001) Environmental
impacts associated with an abandoned mine in the Witbank Coalfield, South
Africa, International Journal of Coal Geology, 45, 195-216.

Blowes, D.W., Ptacek, C.J., Jambor, J.L. and Weisener, C.G. (2003) The
geochemistry of acid mine drainage, Treatise on geochemistry, 9, 612.

Bowman, R.S. (2003) Applications of surfactant-modified zeolites to environmental
remediation. Microporous and Mesoporous Materials, 61, 43-56.

Cawthorn, R.G. (2010) The platinum group element deposits of the Bushveld
Complex in South Africa, Platinum Metals Review, 54, 205-215.

Chutia, P., Kato, S., Kojima, T. and Satokawa, S. (2009) Arsenic adsorption from
aqueous solution on synthetic zeolites. Journal of Hazardous Materials, 162,
440-447.

Erdem, E., Karapinar, N. and Donat, R. (2004) The removal of heavy metal cations
by natural zeolites. Journal of colloid and interface science, 280, 309-314.
Enslin, F., Van der Mey, L. and Waanders, F. (2010) Acid leaching of heavy metals
from bentonite clay, used in the cleaning of acid mine drainage, Journal of The

Southern African Institute of Mining and Metallurgy, 110, 187-191.

Espana, J.S., Pamo, E.L., Santofimia, E., Aduvire, O., Reyes, J. and Barettino, D.
(2005) Acid mine drainage in the Iberian Pyrite Belt (Odiel river watershed,
Huelva, SW Spain): geochemistry, mineralogy and environmental implications,
Applied geochemistry, 20, 1320-1356.

Febrianto, J., Kosasih, A.N., Sunarso, J., Ju, Y.H., Indraswati, N. and Ismadji, S.
(2009) Equilibrium and kinetic studies in adsorption of heavy metals using
biosorbent: a summary of recent studies. Journal of hazardous materials, 162,
616-645.

Gitari, M.W., Petrik, L.F., Etchebers, O., Key, D.L., lwuoha, E. and Okujeni, C.

(2006) Treatment of acid mine drainage with fly ash: removal of major

84



contaminants and trace elements, Journal of Environmental Science and Health
Part A, 41, 1729-1747.
Gray, N.F. (1997) Environmental impact and remediation of acid mine drainage: a
management problem, Environmental Geology, 30, 62-71.
http://www.southafrica.info/travel/advice/climate.htm# WEIMmM9VI6M8  (Accessed
on 8 December 2016; 02:07)

Hubicki, Z. and Kotodynska, D. (2012) Selective removal of heavy metal ions from

waters and waste waters using ion exchange methods. INTECH Open Access
Publisher.

Johnson, D.B. and Hallberg, K.B. (2005) Acid mine drainage remediation options: a
review, Science of the total environment, 338, 3-14.

Li, L.Y., Tazaki, K., Lai, R., Shiraki, K., Asada, R., Watanabe, H. and Chen, M.
(2008) Treatment of acid rock drainage by clinoptilolite—adsorptivity and
structural stability for different pH environments. Applied Clay Science, 39, 1-
9.

Martinson, C.A. and Reddy, K.J. (2009) Adsorption of arsenic (I11) and arsenic (V)
by cupric oxide nanoparticles. Journal of Colloid and Interface Science, 336,
406-411.

Marti-Calatayud, M.C., Buzzi, D.C., Garcia-Gabaldon, M., Ortega, E., Bernardes,
A.M., Tenorio, J.A.S. and Pérez-Herranz, V. (2014) Sulfuric acid recovery from
acid mine drainage by means of electrodialysis. Desalination, 343, 120-127.

Masindi, V., Gitari, M.\W., Tutu, H. and De Beer, M. (2016) Fate of inorganic
contaminants post treatment of acid mine drainage by cryptocrystalline
magnesite: Complimenting experimental results with a geochemical model,
Journal of Environmental Chemical Engineering, 4, 4846-4856.

Matlock, M.M., Howerton, B.S. and Atwood, D.A. (2002) Chemical precipitation of
heavy metals from acid mine drainage. Water research, 36, 4757-4764.

Mendez, M.O., Glenn, E.P. and Maier, R.M. (2007) Phytostabilization potential of
quailbush for mine tailings, Journal of Environmental Quality, 36, 245-253.

Mendez, M.O. and Maier, R.M. (2008) Phytostabilization of mine tailings in arid
and semiarid environments-an emerging remediation

technology, Environmental Health Perspectives, 116, 278.

85


http://www.southafrica.info/travel/advice/climate.htm#.WElMm9V96M8 (Accessed

Motsi, T., Rowson, N.A. and Simmons, M.J.H. (2009) Adsorption of heavy metals
from acid mine drainage by natural zeolite. International Journal of Mineral
Processing, 92, 42-48.

Motsi, T. (2010). Remediation of acid mine drainage using natural zeolite (Doctoral
dissertation, University of Birmingham).

Neculita, C.M., Zagury, G.J. and Bussiére, B. (2007) Passive treatment of acid mine
drainage in bioreactors using sulfate-reducing bacteria, Journal of
Environmental Quality, 36, 1-16.

Naicker, K., Cukrowska, E. and McCarthy, T.S. (2003) Acid mine drainage arising
from gold mining activity in Johannesburg, South Africa and environs.
Environmental pollution, 122, 29-40.

Nganje, T.N., Adamu, C.I., Ntekim, E.E.U., Ugbaja, A.N., Neji, P. and Nfor, E.N.
(2010) Influence of mine drainage on water quality along River Nyaba in Enugu
South-Eastern Nigeria, African Journal of Environmental Science and
Technology, 4.

Oke, LLA., Olarinoye, N.O. and Adewusi, S.R.A. (2008) Adsorption kinetics for
arsenic removal from aqueous solutions by untreated powdered eggshell.
Adsorption, 14, 73-83.

Peng, J.F., Song, Y.H., Yuan, P., Cui, X.Y. and Qiu, G.L. (2009) The remediation of
heavy metals contaminated sediment. Journal of hazardous materials, 161, 633-
640.

Polat, E., Karaca, M., Demir, H. and Onus, A.N. (2004) Use of natural zeolite
(clinoptilolite) in agriculture. Journal of fruit and ornamental plant research, 12,
183-189.

Pokhrel, D. and Viraraghavan, T. (2008) Arsenic removal from an aqueous solution
by modified A. niger biomass: batch kinetic and isotherm studies. Journal of
Hazardous Materials, 150, 818-825.

Rdsner, T. and Van Schalkwyk, A. (2000) The environmental impact of gold mine
tailings footprints in the Johannesburg region, South Africa, Bulletin of
Engineering Geology and the Environment, 59, 137-148.

Rosario, K., Iverson, S.L., Henderson, D.A., Chartrand, S., McKeon, C., Glenn, E.P.
and Maier, R.M. (2007) Bacterial community changes during plant

86



establishment at the San Pedro River mine tailings site, Journal of environmental
quality, 36, 1249-1259.

Saada, A., Breeze, D., Crouzet, C., Cornu, S. and Baranger, P. (2003) Adsorption of
arsenic (V) on kaolinite and on kaolinite—-humic acid complexes: role of humic
acid nitrogen groups. Chemosphere, 51, 757-763.

Simate, G.S. and Ndlovu, S. (2014) Acid mine drainage: Challenges and
opportunities. Journal of Environmental Chemical Engineering, 2, 1785-1803.

Stumm, W. and Morgan, J.J. (1996) Aquatic Chemistry: Chemical Equilibria and
Rates in Natural Waters {Environmental Science and Technology}. Wiley.

Sprynskyy, M., Buszewski, B., Terzyk, A.P. and Namiesnik, J. (2006) Study of the
selection mechanism of heavy metal (Pb 2+, Cu 2+, Ni 2+, and Cd 2+)
adsorption on clinoptilolite, Journal of colloid and interface science, 304, 21-
28.

Tutu, H., McCarthy, T.S. and Cukrowska, E. (2008) The chemical characteristics of
acid mine drainage with particular reference to sources, distribution and
remediation: The Witwatersrand Basin, South Africa as a case study, Applied
Geochemistry, 23, 3666-3684.

Tutu, H., Cukrowska, E.M., McCarthy, T.S., Hart, R. and Chimuka, L. (2009)
Radioactive disequilibrium and geochemical modelling as evidence of uranium
leaching from gold tailings dumps in the Witwatersrand Basin. International
Journal of Environmental and Analytical Chemistry, 89, 687-703.

Ye, Z.H., Shu, W.S., Zhang, Z.Q., Lan, C.Y. and Wong, M.H. (2002) Evaluation of
major constraints to revegetation of lead/zinc mine tailings using bioassay
techniques, Chemosphere, 47, 1103-1111.

Yavuz, O., Altunkaynak, Y. and Giizel, F. (2003) Removal of copper, nickel, cobalt
and manganese from aqueous solution by kaolinite. Water research, 37, 948-
952.

Zhong, C.M., Xu, Z.L., Fang, X.H. and Cheng, L. (2007) Treatment of acid mine
drainage (AMD) by ultra-low-pressure reverse osmosis and nanofiltration.
Environmental Engineering Science, 24, 1297-1306.

Wang, S. and Peng, Y. (2010) Natural zeolites as effective adsorbents in water and

wastewater treatment. Chemical Engineering Journal, 156, 11-24.

87



Wei, X., Viadero Jr, R.C. and Buzby, K.M. (2005) Recovery of iron and aluminum
from acid mine drainage by selective precipitation. Environmental Engineering
Science, 22, 745-755.

Wingenfelder, U., Hansen, C., Furrer, G. and Schulin, R. (2005) Removal of heavy
metals from mine waters by natural zeolites. Environmental Science &

Technology, 39, 4606-4613.

88



