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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(III) 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(III), 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 I, 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-1. 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 II dealt with adsorption of U(VI) from aqueous solution by application of 

iron hydro (oxide)-modified zeolite in a single-component system. Parameters such 
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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(VI) 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 III, iron oxide-coated zeolite (IOCZ) nanocomposite was prepared and 

fully characterized. This sorbent was then used for extraction of U(VI) and As(III) 

from aqueous 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(II) was dependent on the 

temperature. The presence of Cd2+, Co2+ and Cr3+ ions enhance the adsorption of 

As(III) whereas the opposite trend was observed for U(VI) sorption onto IOCZ 

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
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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) 

(Rösner 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; Rösner and Van Schalkwyk, 2000). In the Witwatersrand basin, more 

than 270 mine tailing has been identified and covers a total area of about 180 km2 

(Rösner and Van Schalkwyk, 2000). 
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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 low as 1 g kg−1 

in present day tailings and can be more prominent than 50 g kg−1 in historic tailings 

(Ye et al., 2002; Rosario et al., 2007; Mendez et al., 2007; Rösner 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−1 and a pH< 3. The water from the mine 

entered the Blesbokspruit River reducing the upstream pH from pH > 7 to a pH 
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value of approximately 3.2 and sulphate concentration ranging between 185-2250 

mg L−1(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: 
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Chapter One:  A general background to water pollution by heavy metal due to 

acid mine drainage generated from mine tailing and 

decommissioned mines. 

Chapter Two: A concise literature review on the impact of AMD on the 

environment, ecosystem and water system is given. 

Chapter Three: The methodology is outlined in this section 

Chapter Four: This chapter list all the manuscripts (Paper I-III) submit for this 

dissertation examination. The work carried out, results and 

discussion are presented in each paper. 

Chapter Five: General conclusions and future work based on experimental 

findings are discussed in this section 

References: The references arising from the introduction and literature review 

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

(FeS₂) with water and an oxidant such as dissolved O₂ or Fe(III). Occasionally, this 

reaction is supported by a catalyst, for example MnO₂ 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 

FeS2(s) + 7
2⁄ O2 + H2O →  Fe2+ + 2H+ + 2SO4

2−                                                  (1) 

Oxidation of Fe(II) to Fe(III) 
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Fe2+ + 1
4⁄ O2 + H+ →  Fe3+ + 1

2⁄ H2O                                                                   (2)  

Conversion of Fe(III) to Ferric Hydroxide 

Fe3+ + 3H2O ↔   Fe(OH)3 + 3H+                                                                           ( 3)  

The overall equation for the oxidation of pyrite by atmospheric oxygen is given as: 

4FeS2(s) + 15O2 + 14H2O → 4Fe(OH)3(s) +  16H+ + 8SO4
2−                         (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)3 on the surface of the stream in Figure 1 (Neculita et al., 2007). 
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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). 
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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 
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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. 

 

Figure 2: A Google earth  map of  Central and East rand Basin (26° 14ʹ13.67ʺ S, 

28° 07ʹ 34.00ʺ 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 
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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; Stanić 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 
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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 (Martí-Calatayud et al., 2014), 
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ultrafiltration (Al Abdulgader et al., 2013), chemical precipitation (Matlock et al., 

2002; Wei et al., 2005), ion exchange (Hubicki and Kołodyńska, 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; Martí-Calatayud et al., 2014).  

2.3.3 Ion exchange   

Ion 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 Kołodyńska, 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 Kołodyńska, 2012).  
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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-1 of U(VI), As(III) 

and As(V) were prepared by dissolving appropriate amount of UO2(NO3) ∙ 6H2O, 
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NaAsO2 and Na2HAsO4 · 7H2O respectively, .in Millipore-Q water with resistivity 

of 18.2 MΩ 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−1 

NaOH or HNO3 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 Kα radiation (1.5418 Å). 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−1 at a resolution of 2 cm−1 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-1 

Auxiliary Gas Flow Rate 1.00    L min-1 

Nebulizer Gas Flow Rate 1.00    L min-1 

Sample Pump Flow Rate 2.00    L min-1 

Sample Aspiration Rate 2.00    L min-1 

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. 

Extraction efficiency (%) =
Ci − Cf

Ci
 X 100                                                               (5) 

The adsorption capacity, qe (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.  

qe =
(Ci − Cf)V

m
                                                                                                                 (6) 

where Co(mg L−1) and Ce(mg L−1) are the concentration of metal ions in the 

solution before and after adsorbent addition respectively, V(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 (Eq. (7)) and the pseudo 

second-order equation (Eq. (8)) (Oke et al., 2008; Pokhrel and Viraraghavan, 2008): 

log(qe − q) = logqe −
k1

2.303
t                                                                                      (7) 

t

qt
=

1

k2qe
2

+
t

qe
                                                                                                                 (8) 

Where k1 (min−1) and k2 (g  mg−1 min−1) are the rate constant for Lagergren 

pseudo first-order and the pseudo second-order, respectively. qt (mg g-1) 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 (Eq. (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

qe
=

Ce

qm
+

1

klqm
                                                                                                             (10) 

log (qe) = logkf) +
1

n
log( Ce)                                                                                    (11) 

ln qe =  ln xm + 𝛽ε2                                                                                                      (12) 

 

where for Eqs. (10) and (11) Ce(mg L−1) is the equilibrium concentration, qm is the 

monolayer sorption capacity, kl (L mol−1) is the Langmuir adsorption constant 

related with the free energy adsorption and kf  (mg g−1 ) is the Freundlich constant, 

n is the heterogeneity factor and varies with adsorbent, respectively. 

For Eq. (12) xm is the maximum sorption capacity and K (mol2kJ−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 

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

1
100(%)

2

1 exp

exp













 






n

q

qq

q

n

i

calc

                                                                      (14) 

where qexp is the experimental metal ion removal, qcal 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 I  and paper III have already been 

published, while Paper II is a manuscript to be submitted soon. 
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Paper I 

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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Paper II 

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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Adsorption of uranium(VI) from aqueous solution by 

application of iron hydro (oxide) modified zeolite. 

Pfano Mathews Nekhunguni, Nikita Tawanda Tavengwa, Hlanganani Tutu*  

Molecular Sciences Institute, School of Chemistry, University of the Witwatersrand, 

Private Bag X3, WITS 2050 Johannesburg, South Africa, 

*Corresponding author. Email: hlanganani.tutu@wits.ac.za, Tel.: +27 11 717 

6753 

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(VI) 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−1 ), mass (3.0 g) and contact time (30 

min). The kinetic data was better correlated by the pseudo-second-order kinetic 

model (R2 > 0.999). The adsorption experimental equilibrium data was best defined 

by Freundlich isotherm model (R2> 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 (Medvidović 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 µg L−1 in water. The U.S. Environmental Protection Agency (US EPA) has 

recommended a limit of 20 µg L−1 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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Camcı, 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 (UO2(NO3)2. 6H2O), ferric nitrate 

(Fe(NO3)3. 9H2O), 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−1 of U(VI) was prepared by dissolving a 

desired amount of uranyl nitrate(UO2(NO3)2. 6H2O) 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 HNO3 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−1 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 NaCl 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, AgNO3 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)3 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 HNO3 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(VI) in (mg g−1) at equilibrium (qe) 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 Eq. 1 and the adsorption percentage of 

U(VI) ions adsorbed were calculated by the difference of initial and final 

concentration using Eq. 2:  

qe =
(Co−Ce)V

m
                                                                                                                     (1)                                                                     

Adsorption (%) =
(Co−Ce)

C0
 ×100                                                                                (2)                                                     

where Co(mg L−1) and Ce(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 (𝑝𝐻𝑝𝑧𝑐) 

For the point of zero charge ( pHpzc) 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-1 NaNO3 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 SO4
2−

, CO3
2−

 and HPO4
2−

 anions were assessed through batch 

technique, and the U(VI) concentration was determined using ICP-OES. A multi-

element mixture containing Cr3+, Mn2+, Pb2+, Cu2+ and Co2+ 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 SiO2, Al2O3, K2O, Na2O, 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 2θ = 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 (2θ = 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 

et al.,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; Díaz-Nava et al., 2005). 

Kragović et al (2013) observed similar morphology when investigating adsorption 

of lead by Fe(III)-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−1 are characteristic peaks of zeolite 

(Fig 3).  The peaks at 3410.11 cm−1 and 1627.68 cm−1 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−1 

represent the symmetric stretch of the zeolite framework. While bands at 1009.65, 

671, and 592.04 cm−1 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)  

SiO2 77.91 Al2O3 12.95 

Fe2O3 0.13 FeO 1.04 

MnO 0.02 MgO 0.76 

CaO 0.89 Na2O 2.74 

K2O 3.59 TiO2  0.153 

P2O5, NiO, and Cr2O3 <1 LOI* 10.8 

*LOI loss of ignition    

 

 

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. 

 

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. Kütahyalı and Eral 

(2004) reported similar results when investigating the adsorption of U(VI) by 

activated carbon. The solution pH affects U(VI) 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 UO2
2+ 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(VI) 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:  UO2(OH)+, (UO2)2(OH)2
2+, 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: UO2(OH)3
−, UO2(OH)4

2−, and (UO2)3(OH)7
−. 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 

(pHpzc) is at 5.6 ±0.1 (Fig.5). 
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Figure 4: Effect of pH on the adsorption of uranium onto iron hydro (oxide) 

modified zeolite (U(VI) Concentration = 10 mg L-1, contact time = 30 min and mass 

=3.0 g) (n = 3, RSD < 10%). 

 

 

 Figure 5: pHi versus pHf for point of zero charge determination. 
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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(VI) was attained at a dosage of 3.0 

g. Therefore, the optimum dosage of 3.0 g was fixed for the subsequent 

experiments. 

 

Figure 6: Effect of adsorbent dosage on uranium (VI) adsorption onto iron hydro 

(oxide) modified zeolite (U(VI) Concentration = 10 mg L−1, 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(VI) ions and 

then became constant. The rapid adsorption of U(VI) in the initial stage could be 
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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-1 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.  

 

 

Figure 7: Effect of contact time on uranium (VI) adsorption onto iron hydro (oxide) 

modified zeolite (U(VI) Concentration = 10 mg L-1, 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 Eq. (3): 

log(qe − q) = logqe −
k1

2.303
t                                                                                        (3)                                                        

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

qt
=

1

k2qe
2 +

t

qe
                                                                                                                    (4)                                                                     

Where qe(mg g−1) and, 𝑞𝑡(mg g−1) signify the mass of U(VI) retained on a unit 

mass of adsorbent at equilibrium and time t (min), respectively. k1(min−1) is the 

rate constant of pseudo-first-order kinetic model and k2 (g min−1 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(qe − q) vs t and 
t

qt
 vs t, respectively. The applicability of the Kinetic model 

equation to describe the adsorption process was judged by the coefficient of 

determination (R2) and the closeness of the experimental qm to the calculated qcal. 

The kinetic parameters together with corresponding coefficient of determination 

(R2) are shown in Table 2. Noticeably, the coefficient of determination (𝑅2) of the 

pseudo-second-order kinetic model is higher than that of the pseudo-first-order 

kinetic model. Moreover, the qe, 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(VI) 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 

 

qe (mg g-1) 

 

0.015 

 k1 (min-1)  0.0097 

 R2 0.378 

   

Pseudo-second-order qe (mg g-1) 0.135 

 k2 (g mg-1 min-1) 4.864 

 R2 0.999 

   

Experimental  qe (mg g-1) 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, R2 values the closeness of the experimental qm to the calculated qcal. 

The experimental data for U(VI) 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

qe
=

Ce

qm
+

1

klqm
                                                                                                               (5)                                                                             

where qe (mg g−1) is the equilibrium metal ion concentration on the adsorbent, Ce 

(mg L−1) is the equilibrium metal ion concentration in the solution, qm (mg g−1) is 
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the monolayer adsorption capacity of the adsorbent, and kl (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 RL: 

RL =  
1

1 + bC0
                                                                                                                    (6) 

where C0 (mg L−1) is the initial concentration. The factor RL indicates the affinity 

of the adsorbate to the investigated adsorbent and can be used to interpret the 

adsorption types as follows: 

RL > 1 (unfavourable), RL < 0 (unfavourable), 0 <RL > 1 (favourable) and 

RL = 0 (Irreversible) 

In this study, the RL value was found to be 2.36 x 10−5 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 (qe) = log(q)
1

n
log( Ce)                                                                                         (7)                                                                      

where kf  (mg g−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: 

lnqe = lnxm + Kε2                                                                                                            (8) 

where ε (Polanyi potential) =RTln(1 + 1
Ce

⁄ ), xm is the maximum sorption 

capacity and K (mol2kj−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) 

E =
1

√2𝐾
                                                                                                                             (9) 

The magnitude of EDR is a useful parameter for estimating the type of adsorption 

process as physical or chemical, the EDR value was found to be 9.13 kJ mol-1 

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 kf  and 𝑛 

were found to be 0.105 and 1.315 for U(VI) 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  

 

qe (mg g-1) 

 

0.24 

 kl (L mol-1)  08471 

 R2 0.931 

   

Freundlich  n 1.315 

 kf (g mg-1) 0.105 

 R2 0.933 

   

Dubinin-Radushkevich  xm (mg g-1) 0.002 

 Es (kJ mol-1) 9.13 

 R2 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(VI) by iron 

hydro (oxide) modified zeolite, batch experiments were conducted at four different 

temperatures. The thermodynamic parameters such as entropy (∆S°), variation of 

Gibbs free energy (∆G°) and enthalpy (∆H°) were calculated from Eq. (8): 

∆𝐺° = − 𝑅𝑇𝑙𝑛𝐾𝑑                                                                                                             (8)                                                               

where ∆𝐺° is the standard free energy change, R (J mol-1 K-1) is the universal gas 

constant, T (K) is temperature in kelvin and Kd is the equilibrium constant. The 

values of ∆H° and ∆S° parameters can be estimated from Eq. (9): 

 lnKd =
∆S°

R
−

∆H°

RT
                                                                                                               (9)                                                                

The thermodynamic parameters for U(VI) adsorption by iron hydro (oxide) 

modified zeolite are summarized in Table 4. The positive value of (∆G°) mean that 

the adsorption process was non-spontaneous and the (∆G°) 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 (∆H°) indicates that the adsorption process was 

exothermic in nature. The negative value of Entropy (∆S°) 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.  
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Table 4: Thermodynamic parameters for adsorption of U(VI) on iron hydro (oxide) modified zeolite.  

   ∆Sᵒ (kJ (mol K)-1) ∆Hᵒ (kJ mol-1)  R2  

T(K) 297.15  303.15  316.15  326.15  
-0.0958 -24.873 0.917 

∆Gᵒ (kJ mol-1) 3.494 4.164 5.410 6.367 

 

 

 

Figure 9: Effect of temperature on uranium (VI) adsorption onto iron hydro (oxide) modified zeolite (U(VI) conc = 10 mg L-1, and m 

=3.0 g) (n = 3, RSD < 10 %). 
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3.10. Effect of co-existing cations and anions on the adsorption of uranium (VI) by 

iron hydro (oxide) modified zeolite  

Competitive adsorption of U(VI)/ SO4
2−

, U(VI)/ CO3
2−

, U(VI)/ HPO4
2−

, and 

U(VI)/ multi-element mixture (Cr3+, Mn2+, Pb2+, and Co2+) 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−1. 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(VI)-phosphate 

complexes such as UO2(HPO4)2
2-. The presence of UO2 (HPO4)2

2- (≈ 100%) species 

was confirmed by PHREEQC code. Cheng et al., (2004) reported similar effect 

when investigating the effect of phosphate on U(VI) 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
2- (≈ 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 (qe) decreased from 0.1329 mg g−1 to 

0.0151 mg g−1, 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. 

 

 

 

Figure 10: Effect of (a) anions and (b) cations on U(VI) adsorption onto iron hydro 

(oxide) modified zeolite (U(VI) = 10 mg L-1, Contact time = 90 min and m =3.0 g) 

(n = 3, RSD < 10 %).  

 

 



57 
 

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-

1. The extraction efficiency of U(VI) 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 (mg g−1) 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 mg g−1 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 qm (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 5.0 1.23 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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Paper III 

This paper “The Removal of Arsenic and Uranium from Aqueous Solutions by 

Sorption onto Iron Oxide-Coated Zeolite (IOCZ)” was published in Water, Air, & 

Soil Pollution. Investigate the extraction of Arsenic and Uranium from aqueous 

solution by Iron Oxide-Coated Zeolite (IOCZ). 
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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 I may have found has not seemed to me as a 

‘discovery’ of mine, but something that has been there and that I 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 H2AsO4
− 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 II, 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 

III); in-order to gain insight into the effect of the maturation of amorphous Fe 

hydroxide to crystalline iron oxide in the form of Fe2O3 will have on the sorption 

of U(VI) and As(III). The results demonstrated that the sorption efficiency of 

As(III) was insignificantly influenced by the solution pH, whereas the opposite was 

observed for the extraction of U(VI). This study clearly established that coating of 

zeolite by Fe hydroxide/oxide plays a vital role in the adsorption of U(VI), As(III) 
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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. 
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