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Abstract 

Coal seam gas (CSG) is obtained by pumping water from the saturated coal seam to 

reduce the pressure allowing the methane gas to desorb. The co-produced water from 

the gas extraction process has a geochemical signature mainly determined by the 

moderate levels of salinity, sodicity and dissolved trace elements. Typically, CSG co-

produced water requires treatment to be suitable for beneficial re-use, since untreated 

co-produced water can cause soil infiltration damage and nutritional imbalance for 

crops and livestock. CSG water from the Bowen Basin (Queensland) was used in this 

study and has a typical ionic composition of Na+-Cl--HCO3
-. 

 

In this study, two natural ion exchange materials, zeolite and scoria, were used for the 

removal of Na+, Sr2+ and Ba2+ from CSG co-produced water. Following XRD analysis, 

the mineral composition of the zeolite material was found to be consistent of 

clinoptilolite (41%) and mordenite (29%), while the scoria material presented as 

diopside (35%), forsterite (33%) and anorthite (29%) characteristic. The real exchange 

capacity exhibited by the zeolite material was 75 meq/100 g, while the real exchange 

capacity determined for the scoria was 28 meq/100 g. 

 

Adsorption capacity and kinetic rates for Na+ ions were favoured by the use of small 

fraction sizes of natural forms of the zeolite and scoria material, which increased the 

accessibility of available adsorption sites on the material for cation interaction, 

consequently, an optimised fraction size of 0.6 – 0.3 mm was used in all studies.  

 

Equilibrium studies used a ratio of 20:1 for solution and material (50 mL : 2.5 g) for 

72 h showing that the scoria and zeolite material treated with NH4
+ exhibited greater 

adsorption capacities for Na+, Sr2+ and Ba2+ than the natural form. The maximum Na+ 

adsorption observed in the scoria and zeolite materials enriched with NH4
+ was 17 and 

45 meq/100 g, which corresponds to 61% and 60% of the measured real exchange 

capacity, respectively. The scoria and zeolite materials enriched with NH4
+ for Sr2+ 

adsorption were 4.5 and 8 meq/100 g (44 and 80% removal of the initial Sr2+ 
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concentration). The maximum Ba2+ adsorption achieved using the scoria and zeolite 

in NH4
+ form was 5.8 and 10.6 meq/100 g (40 and 94% removal of the initial Ba2+ 

concentration). Competitive uptake studies were undertaken to determine selectivity 

isotherms and coefficients that showed the scoria material’s selectivity series was Ba2+ 

>Sr2+ >> Ca2+ > K+ > Na+, while, the zeolite material exhibited selectivity for K+ 

>Ba2+> Sr2+ >> Ca2+ > Na+. Other cations present in CSG water compete with Na+ for 

adsorption sites, reducing its adsorption capacity to 10 and 38 meq/100 g for scoria 

and zeolite. The adsorption and desorption of Na+ ions studied in batch mode showed 

that the ability of scoria and zeolite to adsorb cations decreased with the number of 

regeneration cycles. 

 

The effect of the flow rate on the removal of Na+ by the scoria and the zeolite material 

in a fixed bed column experiment was relatively small (5% reduction when using flow 

rates of up 10 BV/h). Columns packed with the scoria and the zeolite material exhibited 

a larger Na+ dynamic adsorption capacity (breakthrough capacity) when treated with 

NH4
+ as well as larger desorption capacities than the same materials in K+ form. 

Nonetheless, the adsorption capacity exhibited for both materials was approximately 

50% of the real exchange capacity. The maximum bed volumes obtained before the 

breakpoint (C/C0 = 0.3, output concentration) with a flow rate of 5 BV/h for the scoria 

material in NH4
+ form using CSG water was 1.5 BV, while zeolite in NH4

+ form 

exhibited 4.5 BV.  

 

These results showed that in using any natural and pre-treated ion exchange material 

as a CSG water treatment technology, allow the adsorption of Na+ ions with evident 

improvement for pre-treated materials. Batch and column type experiments showed 

that chemical conditioning increased the zeolite and scoria ion selectivity towards 

cations such as Ba2+, Sr2+ and Na+ present in high concentrations in CSG water. Ion 

selectivity was found to be correlated to the incoming hydrated cation size and its 

energy of hydration. The outcomes obtained from the experimentation indicates that 

natural ion exchangers are suitable for the removal of cations present in CSG water 

through ion exchange. Nonetheless, limitations to the use of natural and pre-treated 

ion exchange materials were identified. The high salinity characteristic of CSG water 

needs to be corrected with other treatment methods or mixed with low salinity water, 
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before the CSG water can be beneficially re-used.  The use of natural ion exchange 

material for the treatment of CSG water may consist of a multi-column arrangement 

with several trains operating in parallel allowing continuous treatment and facilitate 

the regeneration of the column without the need to stop the treatment. 
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Chapter 1:  Introduction 

Background 

Technology has enabled the safe extraction of gas from coal seams to provide a 

commercial source of natural gas aptly called Coal Seam Gas (CSG). The CSG 

extraction involves the management of two equally important natural resources, the 

evolved natural gas and co-produced CSG water (Reddy, 2010). The gas is obtained 

from the coal seam, whereby methane desorbs from the coal seam and flows to the 

surface by pumping water from the saturated seam to reduce the pressure (Abousnina 

et al., 2015).  

 

CSG co-produced water management has become a challenge for the CSG industry, 

governmental agencies, land owners and the general public due to the quantity and 

quality of water involved. Water production of a typical CSG well decreases 

exponentially over time after the well operation. In Australia, CSG co-produced water 

is estimated to be around 450 gigalitres per year, and it is projected that over the next 

25 years CSG operations could extract 7,500 gigalitres from groundwater systems, 

creating major environmental concerns in relation to the water disposal procedure and 

overall reuse (Abousnina et al., 2015; Berger, 2012). Surat and Bowen Basins in 

Queensland (Australia) have been epicentres of CSG operations and CSG production. 

In this study CSG operations located in the Bowen Basin was used as a case study 

along with the investigation of CSG co-produced water from this site. 

 

CSG co-produced water quality has a geochemical signature mainly determined by the 

levels of salinity, sodicity and dissolved trace elements (metal cations dissolved in 

water) (Batley & Kookana, 2012). Typically, CSG co-produced water needs treatment 

to render it suitable for beneficial use due to the high salinity and high concentration 

of sodium. Untreated CSG water can cause soil dispersion, and thus decrease 

infiltration and cause nutritional toxicities or imbalance for crops and livestock 

(DEWS, 2013; Hamawand et al., 2013). The cost of treating and handling CSG co-

produced water can be determinant on the feasibility of a CSG operation (Fell 

Consulting Pty Ltd, 2014). Furthermore, current water treatment technologies, in some 
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cases, are ineffective due to the chemical composition of the water (Davies, 2013; 

Mannhardt, 2009). Therefore, there is a need in the CSG industry for a cost-effective 

alternative treatment that complies with the water quality guidelines required for 

beneficial water re-usage (DEHP, 2013).  

 

The potential use of natural materials for adsorption or ion exchange processes have 

been a focus of research over the last decade (Can, 2004; Erdem et al., 2004; Ismael 

et al., 2012; Spiridonov et al., 2015). Natural adsorption systems are often 

characterised as cost effective processes, demonstrating low capital and operations 

costs, and reduced disposal issues (Gedik & Imamoglu, 2008; Inglezakis et al., 2004; 

Perić et al., 2004). It is established that natural materials exhibit exceptional adsorption 

capacity and selectivity towards cations. However, adsorption or ion exchange 

processes of natural materials is complex and variable due to the unique mineralogical 

heterogeneity, particular porous structure, and adsorption capacity intrinsic of each 

material (Perić et al., 2004). It is therefore of special interest to this project to 

characterise the use of the natural materials for the removal of cations present in CSG 

co-produced water. 

 

The treatment of CSG co-produced water through ion exchange using natural zeolite 

materials has been approached by different research groups (Ganjegunte et al., 2011; 

Taulis & Milke, 2009; Wang et al., 2012; Zhao et al., 2008; Zhao et al., 2009). 

Research has focused on the removal of sodium from CSG operations in the USA, 

New Zealand and Australia (Surat Basin only) using natural zeolites. These studies 

have shown that the major and trace chemical composition of the CSG co-produced 

water is different from site to site. For that reason, it is an interest of this research 

project to determine the geochemical signature of Bowen Basin CSG water and to use 

natural adsorption materials sourced from the eastern coast of Australia for the removal 

of metal ions (cations) dissolved in CSG water. 

Motivation and objectives of the research 

The importance of mitigating any environmental impact that may be caused from the 

CSG operations motivates this research, and especially in the context of managing co-

produced water. The treatment strategies investigated, aim to provide the CSG 
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industry, landholders, the general public, governmental agencies and end-users with a 

reliable and cost-effective solution that can potentially reduce any environmental 

concerns over the use of treated co-produced water. 

 

The aim of this research is to develop a low cost and effective alternative for the 

treatment of CSG co-produced water using locally sourced natural scoria and zeolite 

materials for the removal of dissolved metal ions found in CSG water including Na+, 

Sr2+ and Ba2+. The objectives of this thesis were: 

 

 To determine the chemical composition of the co-produced water from the 

research site located in the Bowen Basin; 

 To characterise mineralogical, chemical, physical and the adsorptive 

properties of Australian natural scoria and zeolite; 

 To evaluate the scoria and zeolite adsorption capacity for Na+, Sr2+ and Ba2+ 

under varying process conditions such as initial concentration, particle size, 

and material treatment, among others; 

 To evaluate the effect of competing cations present in CSG water on the 

adsorption of Na+; 

 To evaluate the adsorption and desorption (regeneration) of cations from the 

scoria and the zeolite using different regenerate solutions, and finally to; 

 Identify the ability of the scoria and zeolite material for dynamic adsorption 

in fixed bed columns using synthetic solutions and field-collected CSG 

water. 

 

 

Thesis Outline 

The thesis document is divided into a number of chapters, each explaining different 

aspects of this research project along with a brief description of the content of each 

chapter is given below: 
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Chapter 1: Introduction 

 

A brief background on CSG and co-produced water operations and environmental 

challenges of managing water resources. The context, motivation and research 

objectives are described. 

 

Chapter 2: Literature review 

 

This chapter details the CSG extraction process, the coal seam co-produced water 

characteristics, environmental impacts and current treatment methods of CSG water. 

Innovative adsorption treatment techniques using natural ion exchangers are also 

described. A review of the characteristics of natural ion exchangers as well as previous 

research involving the use of natural materials is discussed. 

 

Chapter 3: Case study, CSG water from Bowen Basin operations 

 

A brief history of the development of coal seam gas production in the Bowen and Surat 

Basins in the central region of Queensland (QLD), Australia is presented. 

Identification of the characteristics of the CSG co-produced water from Bowen Basin 

operations is presented. Finally, CSG water from the Bowen Basin is compared with 

CSG water from different sites. 

 

Chapter 4: Materials and methods 

 

This chapter presents the materials and methods used in the experiments of Chapters 

5-8. Experimental and analytical methods used in the characterisation of fundamental 

properties are given for the natural exchangers used for the treatment of co-produced 

CSG water are also presented. 

 

Chapter 5: Characterisation of natural ion exchangers 

 

This chapter presents physicochemical properties of natural ion exchangers used in 

this study such as mineral and elemental composition, determination of surface area, 
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and determination of the cation exchange capacity from scoria and zeolite natural 

materials. 

 

Chapter 6: Equilibrium Studies 

 

Equilibrium studies describe the theory and models used to determine equilibrium 

adsorption isotherms as well as the theory of selectivity for natural ion exchangers are 

presented. Equilibrium experiments describe the removal of Na+, Sr2+and Ba2+ cations 

for natural and treated forms of scoria and zeolite. Experimental results are analysed 

using adsorption equilibrium isotherms models such as Langmuir, Freundlich among 

others are given. The interaction and competition on the adsorption of Na+ ions over 

Ca2+, Sr2+ and K+ ions is studied and discussed by selectivity experiments. 

 

Chapter 7: Kinetic studies 

 

Kinetic theory and models are explained in this chapter as well as models that describe 

diffusion processes occurring in adsorption processes. Kinetics studies that determined 

the overall performance and efficiency of natural materials for the removal of cations 

present in CSG co-produced water are discussed. The kinetics experiments describe 

the effect of particle size on the adsorption of Na+ ions, and adsorption rates for Na+, 

Sr2+, Ba2+ using natural and treated forms of adsorbents. Additionally, adsorption and 

desorption cycles are presented; these were conducted for the determination of the 

performance and efficiency of natural and treated scoria and zeolite for the removal of 

Na+ ions using different chemical treatments are shown in this chapter. 

 

Chapter 8: Column studies 

 

The design, modelling and operation of ion exchange columns using natural and 

treated material are described in this chapter. The assessment on performance of 

adsorption and desorption of cations contained in CSG co-produced water determined 

experimentally and validated with fixed bed models is discussed. 
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Chapter 9: Conclusions and recommendations 

 

The main findings and conclusions on the performance of the adsorption of cations in 

CSG co-produced water are summarised in this chapter. Recommendations and further 

studies on the use of natural ion exchange for the treatment of CSG co-produced water 

are discussed. 
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Chapter 2:  Literature Review 

Introduction 

Population and economic growth and technology advancement, drive increase for 

energy demand using sources such as coal, oil, natural gas, uranium, wind, solar, 

hydro, coal seam gas, shale gas and geothermal resources (NRC, 2010; Reddy, 2010). 

The most abundant fossil energy source on Earth is coal, but its use results in one of 

the highest emissions of carbon dioxide (CO2) per gigajoule of energy produced when 

compared to other fossil fuels (Schraufnagel, 1993). In this new era of high demand 

for cleaner fossil energy alternatives, resources such as natural gas are gaining 

acceptance (NRC, 2010). Natural gas is considered a cleaner fuel, since natural gas 

emits less CO2 upon combustion of the primary constituent gas methane (CH4) 

producing 53 kg of CO2 per gigajoule of energy released in comparison to coal or 

petroleum produces 94 kg and 74 kg, respectively for the same amount of energy 

(NRC, 2010). Natural gas has been traditionally produced from underground 

reservoirs as a by-product of petroleum extraction process (Reddy, 2010). A growing 

energy demand coupled with technology advances have led to the exploration and 

recovery of large volumes of gas from unconventional sources (Bishop, 2006; Reddy, 

2010). Some of the non-traditional sources include quantities from large deposits that 

reside in low permeability reservoirs, coal, sandstone and shale (All-Consulting & 

Montana Board of Oil & Gas Conservation, 2002; Ayoub et al., 1991). 

 

Several countries are now planning and/or producing methane gas from coal deposits 

from un-minable coal seams that are often too deep, poor quality, thin or represent 

another difficult mining condition. This gas is often referred to as CSG or coalbed 

methane (CBM) (Benson et al., 2005; Reddy, 2010; Rice & Nuccio, 2000). A major 

characteristic of CSG field developments is that water from the coal formation must 

be pumped out of the seam producing about 400 ML per gigajoule of energy (Rice et 

al., 2000; Richard et al., 2011). This water is called co-produced CSG water. 

Managing large volumes of CSG co-produced water represents an important challenge 
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for CSG operators due to the particular geochemical characteristics and the potential 

environmental impacts this escaping body of water may have. 

Coal seam gas and co-produced water 

The geologic process of coalification involves conversion of plant material and organic 

debris with heat and pressure to produce coal (Reddy, 2010; Ross et al., 2013; Taulis 

& Milke, 2007; Van Voast, 2003). Coalification generates large quantities of methane, 

carbon dioxide and nitrogen gas, which are mainly adsorbed and absorbed in the 

underground coal beds, being physically trapped by confined pressures of water and 

overburden (Ayoub et al., 1991; Bechtel et al., 2007). The coal seam matrix, cleats 

and void spaces are saturated with water that constantly pressurises gas molecules 

within the coal structure (Bishop, 2006; USEPA, 2013). Usually, coal seams are 

confined, both above and below, by impermeable layers of clays, mudstones or shale 

(NRC, 2010). 

 

The CSG mining process is carried out by drilling a hole and pumping water from the 

coal seam lowering the aquifer pressure, allowing the methane gas to desorb from the 

coal matrix (Jamshidi & Jessen, 2012). The dewatering of the coal seam by pumping 

water from the well is essential because it permits methane gas to desorb from the coal 

and flow as free gas up the well to the surface (USEPA, 2013). CSG wells are drilled 

in different ways depending on the coal rank and operation type available at the site, 

natural fracturing and availability of coal seams (Schraufnagel, 1993). Drilling 

technology can help to dramatically boost methane recovery rates and also reduce the 

operation footprint. A horizontal drilling approach eliminates the need for hundreds of 

vertical single wells (Abousnina et al., 2015). 

 

For natural gas extraction, cased wells are drilled (100 – 1500 m below ground) to the 

coal seam, where the casing effectively isolates the coalbed and prevents well collapse 

(All-Consulting, 2012). As the pressure within the coalbed reduces, caused by a natural 

decompression of the coal seam, both methane gas and co-produced water come to the 

surface (Figure 2.1). The gas is then directed to a processing plant or gas pipeline. The 

CSG co-produced water is stored in an impoundment for its subsequent treatment or 

disposal (All-Consulting & Montana Board of Oil & Gas Conservation, 2006). 
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Figure 2.1 A schematic of the profile diagram showing vertical and horizontal well drilling. CSG 

well diagram for the extraction of methane gas and co-produced water (USEPA, 2013; Jamshidi 

& Jessen, 2012). 

 

 

Figure 2.2 A process chart to illustrate the typical changes in the rate of water and gas production 

from a CSG well (Hamawand et al., 2013). 

 

A typical CSG well lifespan ranges from 5 - 20 years and the maximum methane 

extraction is reached after water is removed (Anderson, 2013; Benson et al., 2005; 

Environmental Protection Agency, 2010; Hamawand et al., 2013). CSG wells go 

through three main production stages (Berger, 2012; Hamawand et al., 2013; 
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Schraufnagel, 1993). (i) An early stage that requires large volumes of groundwater to 

be pumped from the coalbed to reduce pressure and initiate the methane gas desorption 

process (dewatering stage). (ii) A stable stage (production stage) in which natural gas 

is produced in large volumes and groundwater pumped from the coalbed decreases. 

(iii) A final stage, in which gas production declines (decline stage) and the 

groundwater is maintained low (Figure 2.2). CSG resources worldwide are estimated 

to be around 256x1012 m3, the majority of the resources are located in North America, 

Asia Pacific and the former Soviet Union (Figure 2.3) (Hamawand et al., 2013; 

Pacwest, 2012; Reddy, 2010). 

 

 

Figure 2.3 Global map of the regions rich in natural gas and the potential for coal and shale gas 

extraction (Pacwest, 2012).  

 

The total worldwide CSG co-produced water based on the total CSG operation is 

between 1696 – 5090 GL/year (All-Consulting, 2003; All-Consulting & Montana 

Board of Oil & Gas Conservation, 2002). The total CSG production and estimation of 

co-produced water from countries in which CSG is recovered from coalbeds is shown 

in Table 2.1(Bishop, 2006; Hamawand et al., 2013; Richard et al., 2011). 
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Table 2.1 Total worldwide CSG production and an estimation of CSG co-produced water 

(Abousnina et al., 2015). 

Country 
Gas production (x109 

m3/year) 

Total CSG water 

(GL/year) 

USA 52.0 1,355 - 4,066 

Australia 6.2 162 - 485 

China 1.4 36 - 109 

Canada 0.8 22 - 66 

India 0.06 1.5 - 4.4 

Europe 4.6 110 - 330 

Total 65.1 1,696 - 5,090 

 

Australian context 

Extensive exploration and notable production for CSG is occurring in Australia. 

Commercial production of CSG commenced in 1996 at Moura Mine (Bowen Basin) 

in Queensland. Since then, CSG production has increased significantly, becoming an 

integral resource of the upstream gas industry in eastern Australia (Hamawand et al., 

2013; Yusaf et al., 2014). Large and rich deposits are located in the Australian states 

of Queensland and New South Wales; where the Queensland coal basins account for 

90% of the CSG produced in Australia, especially from the Bowen and Surat Basins 

(Figure 2.4) (Hamawand et al., 2013; Vacher et al., 2014; Yusaf et al., 2014). CSG 

production in Queensland has achieved high commercial acceptance, with a number 

of liquefied natural gas (LNG) processing plants in operation along the eastern coast 

(Nghiem et al., 2011). 

 

CSG production in Australia has increased from 0.025x109 m3 to 6.2 x109 m3 per year 

over the last 15 years, and accounts for 10% of total gas production (Hamawand et al., 

2013). During 2010 and 2011, 98% of Queensland CSG production came from Bowen 

(3 x109 m3/y) and Surat (2.8 x109 m3/y) Basins (Williams et al., 2012b). CSG co-

produced water volume was estimated to be 300 GL per year in 2008, and is projected 

to increase over the next 25 years CSG operations extracting up to 7,500 GL from 

groundwater systems (Averina et al., 2008; DEHP, 2012b).  
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Figure 2.4 CSG gas exploration and production in Australia and Queensland (Geoscience-

Australia, 2015). 

 

Coalbed groundwater has a unique chemistry that relates to the geological, 

geochemical, physical, and biological processes during coalification (All-Consulting, 

2003; All-Consulting & Montana Board of Oil & Gas Conservation, 2002; Taulis & 

Milke, 2007). Owing to the unique coalification process, CSG co-produced water is 

variable from site to site in quantity and chemical composition (NRC, 2010; Reddy, 

2010). Nonetheless, CSG water is categorised as a brackish water due to the high 

concentration of total dissolved solids (TDS), slightly basic pH, alkaline and depleted 

sulphate, magnesium and calcium (Abousnina et al., 2015; Hamawand et al., 2013; 

Mannhardt, 2009; Yusaf et al., 2014). The typical ionic composition of CSG water is 

Na+-Cl--HCO3
- or Na+-HCO3

- and the ionic concentrations of the CSG water reflect 

the processes of recharge, flow, flushing and discharge of groundwater (All-

Consulting, 2003; USEPA, 2010; Rice et al., 2000; Richard et al., 2011; Taulis & 

Milke, 2007; Taulis & Milke, 2012). 
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Figure 2.5 Geochemical evolution and concentration of ions present in coalbed water. Calcium 

and magnesium are depleted due to precipitation or ion exchange, sulphate is reduced through 

coalification, resulting in concentrated sodium, chloride and bicarbonate. The arrows’ size 

represent the concentration of the respective ion (Taulis, 2007). 

 

The geochemical nature of all CSG waters reflects a background of chloride and 

sodium, and a succession of the processes linked to coalification (Anderson, 2013; 

Arthur & Seekins, 2010; Averina et al., 2008). Coalbeds have a stratigraphic 

association with marine transitional beds in which chloride and sodium are the 

substantial components of CSG waters (Taulis & Milke, 2012). Dissolution of sodium 

feldspar as water seeps through the recharge points areas and flow through the coal 

aquifer is another factor for the increased sodium content (Figure 2.5).  

 

Whether the influence of Na+ and Cl- are from marine sources or groundwater 

interactions, the geochemical process is linked to the reduction of sulphate during the 

formation of methane gas that produces the enrichment of dissolved carbonate that 

results in the depletion of calcium and magnesium during the process (Lemay, 2006). 

When fresh water seeps along the recharge path towards the coal aquifer, it dissolves 

sulphate ions contained along the flow or through the weathering and oxidation of 

pyrite or marcasite, which are sulphate minerals. As water containing dissolved 

sulphate enters deeper in the coalbed, biochemical reduction of dissolved sulphate 

precipitates the sulphides. The anaerobic environment in which coalification occurs 

reduces the sulphate concentrations that exists within the aquifer. A by-product of 
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sulphate reduction is the dissolved hydrogen sulphite that in some cases includes the 

presence of iron precipitate forming iron sulphite (Mcbeth et al., 2003). 

 

The relatively high concentration of bicarbonate in CSG water is mainly due to the 

production of methane gas resulting from the sulphate reduction that generates large 

amounts of carbon dioxide, carbonic acid and bicarbonate, which leads to an alkaline 

pH. Bicarbonate is the dominant dissolved specie since pH falls between 6.3 and 10 

according with the carbonate chemistry (Jackson & Reddy, 2007a). Carbonate can also 

be found in CSG water due to dissolution of carbonate by oxygenated water that seeps 

down to the coalbed. 

 

Calcium and magnesium ions are depleted from CSG water due to two main processes 

in the aquifer. First, the elevated bicarbonate concentrations that causes precipitation 

of calcium and magnesium, producing calcite and dolomite. Depletion of calcium and 

magnesium can also occur due to ion exchange. When groundwater encounters clays 

or shale deposits, calcium and magnesium ions are exchanged for other ions such as 

sodium, hence few calcium and magnesium ions ever reach the coal seam (Jackson & 

Reddy, 2007b; Lemay, 2006). As water flows into deeper aquifers, calcium and 

magnesium concentrations are gradually decrease while sodium ions may increase in 

concentration. 

 

When discussing the properties of CSG co-produced water, water quality parameters 

include: the total dissolved solids (TDS), pH, electrical conductivity (EC), 

concentration of major ions (mg/L or meq/L) and sodium adsorption ratio (SAR, an 

expression of concentration of sodium, relative to the concentration of calcium and 

magnesium). Ion concentrations can be displayed graphically in a Scholler diagram 

(Figure 2.6), which shows the concentrations of CSG waters worldwide. 
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Figure 2.6 Schoeller diagram for CSG co-produced water from coal basins in Australia, United 

States of America and New Zealand (Abousnina et al., 2015; Averina et al., 2008; Benson et al., 

2005; Hamawand et al., 2013; Jackson & Reddy, 2007a; Manthey, 2014; Mcbeth et al., 2003; 

Taulis & Milke, 2007). 

 

Water constituents from CSG operations have similar characteristics (Na+-Cl--HCO3
- 

or Na+-HCO3
- type) across the different coalbed basins around the world but 

concentrations can vary dramatically (Taulis & Milke, 2007). A summary of the major 

constituents of CSG co-produced water from two coal basins in the United States of 

America, three from Australia, and one in New Zealand. CSG water in general has 

elevated levels of salinity, ionic concentration dominated by Na+-Cl--HCO3
- or Na+-

HCO3 (Table 2.2). 

 

The overall coalification process generates by-products other than what is contained 

in CSG water such as inorganic and organic chemicals, and naturally occurring 

radioactive materials (Jackson & Reddy, 2007a; Mcbeth et al., 2003; Stearman et al., 

2014; Taulis & Milke, 2012). Many of the naturally occurring inorganic and organic 

chemicals found in the coalbed may be transferred to groundwater through the long-

term contact with the coal. 
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Table 2.2 Characteristics of CSG co-produced water in some different basins worldwide (Abousnina et al., 2015; Averina et al., 2008; Benson et al., 2005; Hamawand 

et al., 2013; Jackson & Reddy, 2007a; Manthey, 2014; Mcbeth et al., 2003; Taulis & Milke, 2007). 

Country   
Australia   

New Zealand    USA 

Basin 

 

Surat Basin   Bowen Basin 

  

Gloucester 

Basin 
 

Maramarua   

Black 

Warrior 

Basin 

Powder River 

Basin 

Location 

 

Roma Kogan Undulla Chinchilla 
Durham 

Ranch 
Fairview  

Upper 

north 

Upper 

south 

Lower 

north 

Lower 

south 
 

Hunter 

Coalfields 
 Maramarua C-1  Alabama Mitchell Draw 

pH mg/L  8.1 8.4 8.4 7.8    7.9 7.9 8.0 7.8  8.4  7.7  7.5 8.2 

TDS mg/L         5810.0 4488.0 4838.0 5846.0    776.0  16846.0 3460.0 

Conductivity mS/cm  3.4 9.0 5.0 2.8    10.5 7.9 8.6 11.1  4.4  1.3    

Sodium mg/L  904.0 1955.0 1050.0 636.9 2290.0 251.9  2324.0 1730.0 2054.0 2464.0  1351.2  312.8  5103.0 880.0 

Calcium mg/L 
 

6.0 9.0 3.0 13.8 7.0 0.3  40.0 46.0 15.0 52.0  26.5  5.9  231.0 28.0 

Magnesium mg/L 
 

3.0 5.0 1.0 4.8 4.8 0.5  23.0 16.0 9.0 26.0  4.8  3.2  75.0 14.6 

Potassium mg/L  3.0 9.0 4.0 3.9    17.0 10.0 8.0 12.0  29.0    15.0 35.2 

SAR   75.0 129.1 133.7 37.5 162.6 66.0  72.2 55.8 103.1 69.4  63.2  25.6  74.4 33.4 

Chloride mg/L  891.0 2250.0 711.0 564.3 2481.5 212.7  3280.0 2330.0 2223.0 3670.0  62.2  143.9  11198.0 28.4 

Bicarbonate mg/L  861.0 1451.0 1841.0 624.3 732.0 610.0  719.0 667.0 1482.0 550.0  1717.4  471.6  347.0 2416.0 

Sulphate mg/L   10.0 <1 <1 <1 41.2 2.4   <1 <1 1.0 1.0       <2   6.0 1.0 
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Investigations carried out in the CSG basins in USA and Australia, have identified 

trace elements present in the co-produced water including: iron (Fe), aluminium (Al), 

zinc (Zn), arsenic (As), boron (B), selenium (Se), cadmium (Cd), strontium (Sr) and 

barium (Ba) (Jackson & Reddy, 2007b; Mcbeth et al., 2003; Tang et al., 2014). These 

inorganic trace elements were found in a wide range of low concentrations (< 8 mg/L), 

below the maximum level for human drinking water and aquatic life (Abousnina et al., 

2015; Mcbeth et al., 2003; Nghiem et al., 2011; Stearman et al., 2014). 

 

Other naturally occurring by-products of the coalification process are the semi-volatile 

organic compounds (benzene, toluene, ethylbenzene and xylenes often collectively 

named BTEX), along with polycyclic aromatic hydrocarbons (PAH such as 

naphthalene, phenanthrene, among others) which may be present in some CSG waters 

(Fakhru’l-Razi et al., 2009; Leusch & Bartkow, 2010). Recent studies carried out in 

Australia have shown that the presence of these organic compounds is low and does 

not exceed the Australian Drinking Water Guidelines or USEPA Guidelines (Stearman 

et al., 2014; Tang et al., 2014). In addition to the organic compounds, some locations 

also present radioisotopes of radium, thorium and uranium that are transferred to the 

co-produced water in low levels are considered a low risk (Kinnon et al., 2010; 

Stearman et al., 2014; Tang et al., 2014).  

 

The water management of the co-produced water depends largely on its composition 

or water quality. CSG water is either disposed of or reused for beneficial usage. 

Depending on the water quality of the CSG water, surface discharge without treatment 

can be done directly or after being amended/treated to meet discharge specifications 

(EPA Queensland, 2008). CSG water can also be used for irrigation, wetlands, to 

supplement water supplies, or be injected into suitable subsurface aquifer formations 

with and without treatment according with the water quality specifications of the 

existing aquifer (All-Consulting, 2003). CSG operators are in charge of managing the 

co-produced water from their operations and regulators require that CSG producers 

find beneficial uses for the extracted water while minimising and remediating the 

negative environmental impacts that co-produced water could cause on the 

environment (EPA Queensland, 2010a; DERM, 2005). 
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Frequently, the cost of treating and handling CSG co-produced water is, to an extent, 

determinant on the feasibility of CSG operations. Because current methods are focused 

on the utilisation of desalination methods for the water treatment, that includes ion 

exchange pre-treatment, reverse osmosis for removal of solutes, remineralisation of 

treated water and brine management (USEPA, 2010). Therefore, water treatment 

technologies are required to treat CSG water at low capital and operating costs. 

Environmental impacts and beneficial use of co-produced CSG water 

CSG water may affect the freshwater environment such as the ephemeral or perennial 

rivers, increasing the bottom sedimentation, bank scouring, or channel erosion 

affecting the stream ecology (Biggs et al., 2012; Hamawand et al., 2013; Vacher et al., 

2014). Freshwater ecosystems can be detrimentally affected due to exposure to 

elevated concentrations of TDS, bicarbonate, magnesium, chloride, and/or sulphate, 

impacting the chemistry of the waterways and also to some freshwater organisms 

(Khan & Kordek, 2014). Similar adverse effects on freshwater ecosystems may be 

observed if desalinated water with low salinity is released to ecosystems. 

 

The direct impact of salinity on a particular species is likely to disrupt ecosystems 

processes such as: nutrient cycling, recycling and energy flow through trophic webs 

underpinning the overall health and integrity of the ecosystem (Davies, 2013). Toxic 

effects would be expected for simple multicellular organisms due to their lack of 

cellular osmoregulatory capabilities (Taylor et al., 2013). It is also suggested that some 

of the macroinvertebrates individuals in the ecosystems in receiving CSG waters could 

benefit from the change in salinity, resulting in an overall shift of species composition 

of the particular ecosystem.  

 

In Queensland, disposal of CSG water to waterways is considered appropriate only 

where no other feasible option for beneficial use can be found, and the disposal is a 

contingency measure to support beneficial use during high rainfall events. 

Environmental values will be protected despite the discharge and assessed relevant 

water quality guidelines (DEWS, 2012; DEHP, 2012a; DEHP, 2012b; DEWS, 2010b). 
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CSG waters may be applied to terrestrial environments either as a means of disposal 

by infiltration and evaporation or beneficial use for irrigation or dust suppression. In 

either case, disposal or beneficial use, inorganic dissolved salts present in the CSG 

water can accumulate over time within the soil profile by ion exchange processes 

affecting the physical and mechanical properties of the soil, the degree of dispersion 

of soil particles, permeability and stability of aggregates (DEWS, 2012; DERM, 

2010b; DERM, 2011; Hamawand et al., 2013). 

 

Land application using CSG co-produced water may have adverse effects on soils and 

plants due to the high salinity and sodium concentration (Ezlit et al., 2010). Salinity is 

the main driver of soil dispersion, which is directly related to permeability. Since CSG 

waters often have high sodium concentrations, interactions with this metal and soil can 

cause deterioration of the physical condition of the soil, such as waterlogging, 

formation of crusts and reduction of soil permeability. In some extreme cases, due to 

the physical damage of the soil structure infiltration rates are dramatically reduced, 

preventing plants or crops from accessing water for their normal growth (Johnston et 

al., 2008; Oster, 1994). In contrast, calcium and magnesium cations when applied to 

soils enhance soil flocculation. 

 

Salinity is referred as the accumulation of salt at the plants root levels reducing soil 

porosity, hydraulic conductivity and water storage, while high sodium concentration 

is often referred to sodicity and the sodium accumulation on the cation exchange 

complex of soil (Biggs et al., 2012; DERM, 2011; Van De Graaff & Patterson, 2001).  

 

Measures to prevent infiltration issues in soils due to irrigation with saline water with 

high sodium content include use of threshold values for soils based on the 

exchangeable sodium percentage (ESP). This index represents a proportion of sodium 

adsorbed by the soil as the proportion of cation exchange capacity (DERM, 2009; Ezlit 

et al., 2010; Johnston et al., 2008). Another index of use is the sodium adsorption ratio 

(SAR), which is an expression of the sodium concentration relative to concentrations 

of calcium and magnesium. 

 

ESP is determined by the ratio of sodium cations to the total soil cation exchange 

capacity, and it is calculated using Eq. 2.1, where Na+ is the exchangeable sodium, and 
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CEC is the cation exchange capacity of given soil. The units for ESP and CEC are 

milliequivalents per mass of soil (meq/100 g) (DERM, 2009). SAR is the exchange 

ratio of sodium to calcium and magnesium cations, and can be calculated using Eq.2.2, 

where Na+, Ca2+ and Mg2+ are concentrations expressed in milliequivalents per litre 

(meq/L) (Rengasamy & Marchuk, 2011). 

 

𝑬𝑺𝑷 =
𝟏𝟎𝟎∗𝑵𝒂+

𝑪𝑬𝑪
        Equation 2.1 

𝑺𝑨𝑹 =
𝑵𝒂+

√𝑪𝒂𝟐++𝑴𝒈𝟐+

𝟐

        Equation 2.2 

 

 

Figure 2.7 Prediction and assessment of irrigation water in relation of its SAR and EC (DERM, 

2011). 

 

The relationship between the SAR and the EC of irrigation water in relation to soil 

structure is shown in Figure 2.7. Water quality of CSG operations varies widely in the 

ranges of 300-180,000 mg/L for TDS and SAR greater than 50 (Arrow Energy Ltd, 

2011; Mannhardt, 2009). It is expected that irrigation with this saline and high sodium 

concentration water causes dispersion of the soil in which it is being applied according 

with Figure 2.7. Infiltration rates in soils often decrease as SAR increases or as salinity 

increases, which in CSG waters both of these parameters is driven by the sodium 

concentration. Additionally, crops irrigated with high SAR waters and sodium can 

suffer of sodium accumulation in plant leaves causing leaf burn and limiting plant 

growth (Huang & Natrajan, 2006; Jackson & Reddy, 2007a; Johnston et al., 2008; 

Oster, 1994). Although, SAR and ESP are acceptable indicators of possible soil 
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dispersion or flocculation, soil properties and external conditions could also influence 

the infiltration processes, which is the water with properties that fall in the area 

between the two curves in Figure 2.7. 

 

If CSG co-produced water is likely to cause soil and vegetation problems, water quality 

parameters need to be adjusted before using the water for any beneficial use or disposal 

(Ezlit et al., 2010; Hamawand et al., 2013; Stearman et al., 2014; Taulis, 2011). 

Therefore, CSG water needs to be treated in order to be suitable for a beneficial use 

such as irrigation, dust suppression or land disposal. State of Queensland (DEWS, 

2012; DEHP, 2012a; DERM, 2010a; EPA Queensland, 2008) elaborated guidelines 

for beneficial use of irrigation or land disposal with CSG water based on the ANZECC 

minimum water quality requirements for irrigation (ANZECC, 2000). These 

guidelines apply the following criteria for the general approval to re-use CSG water 

for irrigation or land application purposes: 

 

1. Irrigation shall not be applied to good quality agricultural land; 

2. The maximum electrical conductivity (EC) shall not exceed 3,000 μS/cm; 

3. The pH must be within the range of 6 - 8.5; 

4. The maximum SAR shall not exceed 6 - 12; 

5. The maximum bicarbonate ion concentration shall not exceed 100 mg/L; 

6. The maximum fluoride concentration shall not exceed 1 mg/L; 

7. Flood or related surface irrigation is specifically excluded; 

8. Irrigation shall not be undertaken in circumstances where soil erosion is likely 

to occur;  

9. Irrigation shall not be undertaken at a rate that results in water run-off to 

permanent water courses; and 

10. The concentration of heavy metals described in ANZECC guidelines for 

irrigation water shall not be exceeded. 

 

Water quality standards directed by the State of Queensland for the use of CSG co-

produced water for irrigation (Table 2.3) minimise the impact of CSG water on soils 

by having a low SAR and reasonable EC parameters. Nonetheless, in order to ensure 

soil structure and avoid toxic effects, treated CSG water should be used in order to 

achieve a stable soil structure (Figure 2.8). 
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Table 2.3 Water quality parameters for agricultural irrigation water for short term trigger values 

and water quality trigger values (low risk) for livestock watering using CSG co-produced water 

(DEHP, 2012b; DERM, 2010a; DERM, 2011; EPA Queensland, 2005; EPA Queensland, 2008).  

Characteristic 

Short term trigger value in irrigation 

water (Short term use up to 20 years) 

Trigger values for livestock 

drinking water  

(mg/L) (mg/L) 

EC (dS/m) 1 to 3 - 

SAR 6 to 12 - 

TDS 

Beef Cattle 

1,500 to 5,000 

5,000 

Dairy Cattle 4,000 

Sheep/Horse/Pig 6,000 

Aluminium  20 5 

Arsenic  2 0.02 

Barium  2 - 

Beryllium  - 300 

Bicarbonate  100 - 

Boron  2 5 

Cadmium  0.05 0.01 

Calcium  - 1,000 

Chloride  700 2,000 

Chromium  1 1 

Cobalt  0.1 1 

Cooper  5 0.4 

Dissolved Oxygen - > 3 

Ethylbenzene  - 0.3 

Fluoride  2 2 

Iron  10 - 

Lead  5 0.05 

Lithium  2.5 - 

Manganese  10 - 

Mercury  0.002 0.002 

Molybdenum  0.05 0.15 

Nickel  2 1 

Nitrate  - 100 

Nitrite  - 10 

Radionuclide 

Gross alpha 

(excluding K-40) 
- 0.5 Bq/L 

Radium 226/228 - 5 Bq/L 

Uranium 238 - 0.2 Bq/L 

Selenium  - 0.02 

Sodium  465 - 

Sulphate  - 1,000 

Toluene  - 0.8 

Uranium  - 0.2 

Vanadium  - 0.1 

Xylenes  - 0.6 

Zinc  5 2.5 
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The targeted parameters for SAR are 6-12 and EC are 2-5 dS/m. These parameters 

guarantee that the water used for irrigation or land application may have minimal 

impact on the soils structure because it is within the area of the on the graph where no 

soil or vegetation problems would be encountered (Bern et al., 2013; DERM, 2009). 

Additionally, irrigation with water containing excess of sodium, chloride, boron, 

and/or zinc may significantly reduce crop yield due to toxicity for plants and potential 

accumulation in soils, threshold values are shown in Table 2.3 (ANZECC, 2000; 

DERM, 2009). 

 

Among the beneficial uses of CSG co-produced water, livestock watering is a potential 

option. However, only suitable water with high quality should be used for successful 

livestock production. Guidelines have been developed to protect the livestock industry 

and reduce human health risk associated with livestock watering when CSG co-

produced water is used. Trigger water quality parameters for livestock are presented 

in Table 2.3. Some animal species can tolerate salinity better than others and older 

animals are able to tolerate higher salinity levels than younger animals (Nghiem et al., 

2011; Oldridge & Whatman, 2009). Feed livestock with CSG co-produced water may 

produce residues of contaminants in animal products that can affect directly human 

health. Queensland Government (DEHP, 2013) and ANZECC (2000) provided the 

minimum guidelines for livestock watering using co-produced water from CSG 

operations to safeguard and provide new resources to the livestock industry (Table 2.3) 

(ANZECC, 2000; DERM, 2009).  

 

Summarising, the chemical signature of CSG co-produced waters can be described as 

Na+-Cl--HCO3
- or Na+-HCO3

- type with high salinity, low concentrations of calcium, 

magnesium, sulphate and low content of trace elements and organic compounds. The 

high sodium concentrations lead to high salinity and high SAR which may have 

significant impact in the environment when CSG water is used for land, waterway 

discharge or agriculture applications without the corrective treatment and water quality 

standards needed for beneficial usage or disposal. CSG water in Australia usually 

exhibits low levels of trace elements and organic compounds. Nonetheless, the 

minimum water quality standards must be a guarantee for all uses and disposal 

methods as per the state government policies prior usage. 
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Current treatment methods for CSG co-produced water 

The variability of major and trace elements in CSG water challenges the selection of 

available technologies to accomplish the task of treatment, and adequate integration of 

multiple treatment processes is often required (Abousnina et al., 2015; Fakhru’l-Razi 

et al., 2009; Fell Consulting Pty Ltd, 2014). A typical treatment process (Figure 2.8) 

involves the removal of fine particles by disc filtration followed by ultrafiltration 

membranes. Then, synthetic ion exchange resins are used to remove ions that may 

precipitate prior to the reverse osmosis system. The final product water is chemically 

conditioned adjusting pH and conductivity for beneficial use. Along the treatment 

process, the use of chemicals to avoid scaling/fouling and periodic chemical cleaning 

of filtration systems is unavoidable. 

 

 

Figure 2.8 Talinga Water treatment facility process schematic at Australia Pacific LNG (Australia 

Pacific Lng Pty, 2011).  

 

The current technologies used to treat CSG water are referred to as desalinisation 

processes, which are able to reduce the salinity and concentration of other ions (Arrow 

Energy Ltd, 2011; Hamawand et al., 2013). The membrane processes, distillation, 

electrodialysis and ion exchange resins preferred for the treatment are costly (AUD $ 

2/m3) and in some cases ineffective due to the chemistry and composition of the CSG 
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water (Fell Consulting Pty Ltd, 2014; Mannhardt, 2009). Therefore, a combination of 

these technologies is usually necessary to reduce salinity and ionic concentration of 

some elements that compose CSG water (for example Figure 2.8). In only a few cases, 

CSG waters require little to no treatment to achieve water quality parameters dictated 

for beneficial use or discharge policies. 

 

The overall costs of managing CSG co-produced water can constrain the gas 

production making it unprofitable, since the treatment cost is about 3 - 15% of the sale 

price of the gas (Fell Consulting Pty Ltd, 2014). To exemplify, a CSG project in which 

the surface discharge, irrigation, disposal and impoundments of co-produced water 

requires an investment of AUD $1.6 billion to accord with an environmental impact 

statement (Fell Consulting Pty Ltd, 2014). For instance, a CSG operator in Queensland 

invested AUD $1 billion by 2014 in water treatment facilities and water infrastructure 

for the management of the co-produced water (Q.G.C. Pty Ltd, 2013). Therefore, there 

is a need in the CSG industry for a cost-effective treatment alternative that complies 

with the water quality required for beneficial usage and disposal. 

 

Additionally, membrane filtration generates large volumes of concentrated CSG water 

(10 – 15% of inflow water) as wastewater that requires additional disposal, increasing 

capital and operating costs for the management of co-produced water (Fell Consulting 

Pty Ltd, 2014; Hamawand et al., 2013). Often, further costly technologies to reduce 

concentrated volumes such as membrane distillation, brine concentrator, may also be 

required. 

Chemical adjustment and granular filtration  

Chemical adjustment is a simple and relatively inexpensive technique used to 

neutralise the pH of CSG waters (USEPA, 2010). Since CSG water presents high 

alkalinity, suitable acidic substances (either weak or strong acids) are added in to 

neutralise the pH and provide buffering. This chemical enhancement will have little to 

no effect on the composition of major dissolved ions found in CSG water. Although 

the chemical adjustment is a simple and inexpensive alternative, ongoing water 

monitoring is required to adapt the treatment to the influent water quality parameters. 

Chemical addition (such as NaOH) as well as aeration of CSG waters is often used to 

facilitate sedimentation and precipitation of oxidising metals such as iron, which is an 
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important aesthetic quality parameter. Filtration through sand or activated carbon 

granular media is usually used to reduce turbidity that may increase after chemical 

addition due to solubilisation of some suspended particles and slow precipitation of 

metals (Mannhardt, 2009). Media filtration removes solid particles, precipitated metals 

and some other contaminants found in suspension in CSG water. 

Membrane filtration 

To reduce ionic concentration levels, membrane treatment and particularly reverse 

osmosis (RO) has been used in broad applications including desalination of seawater, 

brackish water and industrial applications (Li, 2012; Mccool et al., 2010). An 

evaluation of the economic feasibility of several desalination technologies was carried 

out in Australia in 2004, and concluded that RO technology is the most economic 

technology for the treatment of CSG water (Fell Consulting Pty Ltd, 2014; Mannhardt, 

2009). Contaminants such as heavy metals and organics can also be removed through 

membrane filtrate using ultrafiltration (UF) and reverse osmosis (RO) membranes, as 

seen in Figure 2.9 (Mannhardt, 2009; Mondal & Wickramasinghe, 2008; Nghiem et 

al., 2015).  

 

 

Figure 2.9 Membrane technology for separation solutes (Howe et al., 2012). Mircofiltration (MF), 

ultrafiltration (UF), nano filtration (NF) and reverse osmosis (RO) are comcercial membrane 

tehcnologies available. 

 

The RO membrane element is a semipermeable material that allows the water flow 

through but not suspended particles and dissolved solutes that may be contained in the 

feed water (Figure 2.9). Membrane elements are able to remove suspended particles 

of about 0.1 to 5 micrometres as well as in solutes of 0.1 to 1 nanometres in size. 
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Pressure is essential in the process to remove the particles. The smaller the particle 

size and the lower the desired concentration of the effluent the greater pressure is 

needed. The main drawbacks of using membrane technology for the treatment of CSG 

waters are the high energy demand of the process to operate at elevated pressures, the 

high capital and operational costs associated with the process, and the creation of a 

concentrated stream with higher concentration of dissolved inorganic salts that may 

pose significant impact to the environment (Abousnina et al., 2015; Howe et al., 2012; 

Nghiem et al., 2011). RO membranes are typically a polyamide think film composite 

(TFC) membrane in a spiral wound configuration or hollow fibre with a pore size of 

approximately 0.0005𝜇𝑚 (Figure 2.10) (Li, 2012).  

 

 

Figure 2.10 Spiral wound membrane element (Greenlee et al., 2009). 

 

Membranes used for desalinisation of CSG water are susceptible to fouling through 

different mechanisms. The primary sources of fouling and scaling are particulate 

matter, precipitation of salts which is known as scaling, oxidation of soluble metals 

and biological matter (Van De Lisdonk et al., 2000). The average life span of a RO 

membrane element is 2-5 years depending feed conditions (Alghoul et al., 2009). For 

CSG waters, pH needs to be corrected due to the high alkalinity attributed to 

bicarbonate ions that may cause precipitation, scaling and fouling of metals during the 

RO process, the target pH is a neutral to slightly acidic (6-7). Anti-scalant is used in 

RO processes and modifies the pH of the feed stream, reducing the salt and metals 

precipitate. Permeate water obtained from RO system is typically low in hardness and 

alkalinity, and acidic pH, thus post-treatment is required (Li, 2012). 

Electrodialysis 

Electrodialysis (ED) and electrodialysis reversal (EDR) processes are considered as a 

membrane application in which ions are separated through semipermeable membrane 
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under the influence of an electrical potential. The electrical driven process reduces 

dissolved contaminants present that may be in CSG waters. Membranes are ion 

selective, charged negatively for cation selective membrane and positively charged for 

anion selective membrane, therefore rejecting ions of different charge (Figure 2.11) 

(Valero et al., 2011). By placing multiple membranes next to each other separated by 

channelled spacers, water can flow across the membrane surface, and ions can flow 

through membranes and be removed from solution (Figure 2.11). 

 

 

Figure 2.11 Schematic of EC system principles (Valero et al., 2011). Water flows through the 

channels, voltage is applied causing ions to migrate towards the opposite charge and restrain by 

membranes. 

 

ED and EDR can deal with TDS concentrations as high as 15,000 mg/L, removing up 

to 95% of the salt content (Mcgovern & Zubair, 2014). It is considered an attractive 

technology for the treatment of CSG water due to long membrane lifespan of 8-10 

years and reduced cost of maintenance. This technology has not been adopted by CSG 

operators but research studies have highlighted the major economical and operational 

benefits of implementing EDR for the treatment of co-produced waters (Sajtar & 

Bagley, 2009). 

Ion exchange resins 

Ion exchange is a process used in water treatment applications to remove specific 

dissolved ions that are in excess for different applications. In potable treatment 

applications, ion exchange technology is primarily used for water softening (removal 
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of Ca2+ by exchange with Na+), and demineralisation (Alchin, 2013). Ion exchange 

systems are a potentially attractive option for treatment CSG waters as it desalinate 

water by targeting nauseous ions with the potential of generating relatively small brine 

volume by using resins able to remove positive and negative ions (Millar et al., 2015a). 

Additionally, ion exchange is currently used in most RO systems as water softener as 

for the pre-treatment of CSG water (Venkatesan & Wankat, 2011).  

 

Figure 2.12 Resins beads with cation (left) and anion (right) exchange capacities. The negative 

charge on the resin allows to exchange H+ for cations dissolved in solution such as Na+ or Ca2+. 

While, positive charged resin is able to remove anions such Cl- or HCO3
- by exchanging OH-. 

Combination of these two resins allow demineralisation of the solution (Crittenden et al., 2012). 

 

Ion exchange materials are synthetic polymeric resins, which are specially designed to 

selectively remove cations and anions (Figure 2.12). Resins are strong acid exchangers 

and strong base exchangers that are able to exchange a wide range of cations and 

anions for hydrogen ions (H+) or hydroxide ions (OH-), respectively. Often hydrogen 

and hydroxide ions may be subsequently neutralised by pH adjustment (Helfferich, 

1962).  

 

A typical strong acid cation resin has a capacity between 180 to 220 meq/L, and a 

strong base anion exchange resin has a total capacity of 110 to 140 meq/L (Helfferich, 

1962). The operating capacity of resins is about 40 to 70% of the total capacity 

depending on the operation conditions. Cationic resins are able to remove many 

cations following this selectivity order Pb2+ > Ca2+ > Mg2+ > Na+ > H+. Selectivity 

order for some of the anions that are able to be removed with anionic resins are SO4
- > 

NO3
– > Cl– > HCO3

– > OH– > F– (Wachinski, 2006). From the selectivity series, it is 
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clear that Na+ is less selective than other ions and may have low removal rates when 

used for treatment of CSG water. When concentration of ionic contaminants is high, 

as Na+ in CSG water, the resins are loaded quickly, requiring increased frequencies of 

regeneration; this can be an uneconomical treatment method. Also, non-ionised 

contaminants in CSG waters will not be removed by ion exchange. 

 

Currently different commercial processes using synthetic ion exchange resins are used 

in treatment of CSG water, which are Higgins Loop, Drake system and Eco-Tec 

RecoPur System (Richard, 2011). The Higgins Loop is a continuous counter current 

ion exchange contactor packed with resins and divided in four zones or loops, which 

are adsorption, regeneration, backwashing and pulsing. This process is able to reduce 

98% of sodium concentration, lower TDS and treat about 4000 m3 per day per unit 

(All-Consulting & Montana Board of Oil & Gas Conservation, 2002). The Drake 

system is a variation of Higgins Loop for treatment of CSG waters rich in sodium 

bicarbonate and able to minimise the amount of brine. Finally, Eco-Tec RecoPur 

System uses a combination of resin beads in order to remove cations and anions 

simultaneously producing about 4300 m3 per day (Richard, 2011). 

The adsorption process 

Adsorption is the process that describes the capture of solute from solution by 

transferring solute to the external and internal surfaces of a solid material (Thomas & 

Crittenden, 1998). The solute that undergoes adsorption onto the surface is the 

adsorbate, and the solid onto which the solute is adsorbed is called the adsorbent. 

Adsorption can be classified in two main categories according to the type of bond 

formed between the adsorbate and adsorbent: 

 

 Physical adsorption: In physical adsorption, the adsorbate is confined to the 

surface by relatively weak van der Waals forces (Inglezakis & Poulopoulos, 

2006). Weak bonds formed makes physical adsorption a nonspecific reversible 

reaction that it is driven by the adsorbate which can desorbs in response to a 

decrease in solution concentration or displacement by more strongly adsorbed 

species (Crittenden et al., 2012). 



 

32 Chapter 2: Literature Review  

 Chemical adsorption: Occurs when the adsorbate reacts with the adsorbent 

forming a covalent or ionic bonds. Covalent bonds are formed with shorter 

bond length and higher bond energy for particular functional groups on the 

adsorbent (Thomas & Crittenden, 1998). Consequently, covalent bonds are 

stronger than those formed through ionic bonding, hence it is usually an 

irreversible process. Ionic bonding is related to ion exchange processes in 

which attraction forces between ions or charged functional groups in solution 

are attracted to the adsorbent, displacing ions of the same charge on the surface 

of the adsorbent following Coulomb’s law and making the process reversible 

(Crittenden et al., 2012; Inglezakis & Poulopoulos, 2006). 

 

Adsorption and ion exchange 

The ion exchange process is similar to adsorption, since the diffusion process occurs 

by mass transfer from a solution phase to a solid phase, which is common in both 

processes (Inglezakis & Poulopoulos, 2006). Ion exchange is a sorption process where 

charged ions are adsorbed, while in the case of adsorption the adsorbed species are 

electrically neutral. It is generally accepted that ion exchange and adsorption processes 

are sorption processes and are grouped together in practical applications (Inglezakis & 

Poulopoulos, 2006; Kumar & Jain, 2013; Wachinski, 2006).  

 

The sorption process has been studied for decades and mathematical models and 

approaches have been developed originally for adsorption rather than merely for ion 

exchanges processes (Helfferich, 1962). However, sorption models are applicable with 

minor modification to ion exchange processes according to the practical application. 

The applicability of sorption theories on ion exchange depends more on the mode of 

operation than on the particular mechanism of solute uptake. Modifications in the 

theories are focused on the ion exclusion and ligand exchange. A significant feature of 

physical adsorption is the rate of the process, which is generally too high and 

consequently is controlled by mass or heat transfer resistance, rather than by intrinsic 

sorption kinetics (Clifford, 1999; Kammerer et al., 2010).  
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Materials used for adsorption processes 

There are a number of materials that are currently used in different applications 

ranging natural to those that are synthetically manufactured for removal of exceptional 

contaminants. Some of the adsorbent materials used include: activated carbon, 

activated alumina, silica gels, ion exchange resins and synthetic molecular sieves 

(Wachinski, 2006). 

Activated carbon 

Activated carbon is an adsorbent that has proven to remove organic and inorganic 

compounds for water treatment applications. Activated carbon is made from 

carbonaceous materials such as coal, hard wood, rice husks, bagasse ash, nutshells, 

and saw dust among others. However, these materials are not intrinsically porous and 

hence activation to generate fine porous is needed. Activation of the material is 

achieved by steam or carbon dioxide at elevated temperatures reaching 1000 °C to 

remove tarry carbonisation formed during pyrolysis, thereby cleaning pores in the 

material (Qi & Levan, 2005). Generally, the total surface area of activated carbon 

ranges between 300 – 1500 m2/g and the pore volume ranges between 0.7 – 1.8 cm3/g 

(Clifford, 1999). Activated carbon has a micro-crystalline structure, which is often 

organophilic hence efficient removal of organic compounds. 

Activated alumina 

Bauxite is a naturally occurring hydrated alumina oxide rock that is activated by 

heating to 230 - 815 °C that creates a large porous surface known as activated alumina. 

The activation of bauxite is a complex process because the crystal structure undergoes 

various stages of hydration over the whole process due to changes in temperature 

(Inglezakis & Poulopoulos, 2006). The activated surface exhibits acidic and basic 

characteristics that reflect the amphoteric nature of the aluminium metal and high 

affinity for water (able to neutralise acid and base). Activated alumina has a large 

surface area between 200 – 400 m2/g and pore diameters in the range of 2 – 5 nm 

(Thomas & Crittenden, 1998). Activated alumina is usually used for adsorption 

processes that occur at elevated temperatures such as percolation treatment of 

petroleum products and drying air. 
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Silica gels 

Silica gel is probably the most widely used desiccant due to its hydrophilic nature, 

large capacity to adsorb water and regeneration capability. Silica gel is partially 

dehydrated from polymeric colloidal silicic acid. It is formed when sodium silicate is 

acidified producing agglomerate of microparticles followed by heating expelling water 

leaving a hard, glassy porous structure. Surface area of silica gel typically ranges 

between 300 – 850 m2/g and pore diameter in the range of 22 – 150 Å (Thomas & 

Crittenden, 1998). Silica gels are used for dehydration of air and gases. 

Molecular sieves 

Molecular sieves are used for their effective separation by their intrinsic shape and 

selectivity towards contaminants. The most common molecular sieves are zeolites 

which are a porous crystalline aluminosilicate structure of SiO4 and AlO4 tetrahedral 

joined by oxygen atoms (Inglezakis & Poulopoulos, 2006). Molecular sieves such as 

zeolite occur naturally and can be synthetically produced. Over 40 natural occurring 

zeolites are known and have important commercial use. More than 150 types of zeolite 

have been synthesised for a wide range of applications being type A and X the most 

commercially used (Thomas & Crittenden, 1998). Both A and X zeolites are 

synthetised by using different aluminium, silica and sodium ratios resulting in a 

hydrogel which is dried at 100 °C (El-Kamash, 2008). The theoretical cation exchange 

capacity for these synthetic molecular sieves is about 545 meq/100 g, but often in water 

treatment applications exhibit 82 meq/100 g (El-Kamash et al., 2005). 

 

Cavities contained within the framework of a molecular sieve are connected by 

channels, which are of molecular dimensions and into which adsorbate molecules can 

penetrate. The process of adsorption and desorption of molecules in molecular sieves 

are based on differences in molecular size, shape and other properties such as polarity. 

Molecular sieves have a surface area ranging between 600 -700 m2/g and pore sizes 

between 3.9 – 8 Å (Thomas & Crittenden, 1998). 

 

Synthetic molecular sieves can be manufactured with different Si/Al ratios. 

Consequently, different cationic structures and thus different adsorptive properties 

may be tailored for the appropriate choice of framework structure, achieving higher 

selectivity during the separation process. Synthetic molecular sieves are extremely 
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polar and therefore separations may occur using both molecular sieving and polar 

surface effects. Commercial molecular sieves are produced by the crystallisation of 

gels under hydrothermal conditions in closed systems at a set temperature (25 – 200 

°C) over hours or longer (Thomas & Crittenden, 1998). Crystals are then mixed with 

clay binder to form pellets (spheres or extrudes) before being dried and fired to produce 

calcination, providing the final product. Synthetic molecular sieves with high ionic 

affinity are used in water treatment application for removal of contaminants, such as 

Cs+, Sr2+, Zn2+ and Cd2+ (El-Kamash et al., 2005). 

Polymeric resin adsorbents 

Resins are porous polymers with 0.6 mm of diameter onto which functional groups are 

attached containing a fixed ion that cannot be removed or displaced. To preserve the 

electrical neutrality of the resin, each fixed ion is neutralised with a counter ion. This 

counter ion is mobile and can migrate into and out of the resin bead. The cation resin 

beads have sulphonate (SO3
-) groups attached to the resin structure, attracting positive 

charge ions such as sodium. The anion resin beads have similar structure, but the 

functional group comprises of quaternary ammonium cations (N(CH3)3
+). Each ion 

going into the bead is replaced by an ion getting out of the bead, preserving electrical 

neutrality and this process is known as ion exchange (Harland, 1994; Wachinski, 

2006). Ion exchange resins are used as adsorbents for a broad range of applications, 

including water softening and demineralisation.  

The ion exchange theory 

Ion exchange process is defined as the reversible exchange between ions in solution 

phase (adsorbate) and ions in a solid phase (adsorbent) (Helfferich, 1962). Ion 

exchange occurs in a two-way transfer between solution and solid phase. Ions 

transferred to the solid phase must be exchanged by an equal amount of ions shifted 

from the solid phase to the solution phase to maintain electrical neutrality and 

stoichiometry in both phases (Harland, 1994; Helfferich, 1962; Inglezakis & 

Poulopoulos, 2006). 

 

The ion exchange process is described by the following equation: 
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     Equation 2.3  

 

where, zA and zB are the charges of the exchanging cations A and B, and subscripts S 

and Z correspond to the solution and solid phase correspondingly. When the exchanger 

is loaded with ions A comes in contact with a solution containing counter ions B, ions 

A will be exchanged for ions B in equivalent amounts and will change phase from 

solution to solid. This exchange will lead to changes in solution content of A and B 

ions until equilibrium is reached. The concentration ratio of A and B ions may not 

necessary be the same in both phases after equilibrium (Townsend, 1986; Townsend 

& Coker, 2001). The metric unit used to measure ion exchange or ion interaction is 

millimol [mmol] which can be calculated as the concentration of the element or 

functional group divided by its equivalent molecular weight in milliequivalents [meq] 

(equivalent molecular weight is the element or functional group molecular weight 

divided by its valency). 

 

An ion exchanger consists of a framework of negative or positive electric surplus 

charge with associated mobile counter ions (Helfferich, 1962). The features that 

characterise an ideal exchanger are controlled by effective ion exchange capacity, rate 

of exchange, ion selectivity, mechanical strength, consistency of particle size and 

effective surface area (Harland, 1994). Ion exchange between a solid exchanger and 

water containing electrolytes occurs without structural changes to the solid exchanger. 

The ions in the solution rapidly diffuse into the molecular framework of the exchanger. 

The exchanged ions diffuse out of the exchanger and into the bulk solution. 

 

Ion exchange is an intrinsic property of both natural and synthetic zeolite materials. 

Natural zeolites exhibit ion exchange, adsorption and molecular sieving properties as 

well as a widespread abundance worldwide generating a particular interest for its use 

in practical applications in water treatment (Inglezakis & Poulopoulos, 2006). Other 

commonly available natural materials such as basaltic material also exhibit comparable 

adsorption capacities as zeolite materials. Basaltic material such scoria has been used 

in a number of applications from construction to water filtration featuring promising 

results in the adsorption of heavy metals such as Cd2+, Cu2+, Pb2+, Zn2+ and As3+ from 

aqueous solutions (El-Shafai & Zahid, 2013; Kwon et al., 2005). 
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The ion exchange properties of a material can be studied in batch and fixed bed column 

mode. The batch mode is conducted to determine the performance of the material 

under comparable conditions with measurement of the effective cation exchange 

capacity, adsorption kinetics, adsorption behaviour at different concentrations, cation 

selectivity and performance of treated material. Use of fixed bed columns allow study 

of dynamic behaviour, which is the most common adsorption arrangement used in 

water treatment applications. 

Natural zeolites 

Natural zeolite minerals are ion exchangers with a crystalline, porous three 

dimensional aluminosilicate structure capable of exchanging alkali (Na+ or K+) and 

alkaline (Ca2+) cations. The zeolite structure is based on a tetrahedral (SiAl)O4 three 

dimensional framework with four oxygen atoms shared by an adjacent tetrahedral 

(Figure 2.13) (Townsend & Coker, 2001; Zaidi, 2012). This crystal framework has a 

channel structure of molecular dimensions ranging from 3-10 Angstroms (Å). The 

negative surplus charge of the zeolite comes from the Si4+ which is substituted by Al3+ 

and balanced with cations such as Na+, potassium K+, Ca2+ or Mg2+ (Pabalan & 

Bertetti, 2001). The exchangeable cations in a zeolite structure are loosely held in the 

anionic framework. Therefore, cations can be removed easily by washing the zeolite 

with demineralised water or a concentrated solution of another cation. Ion exchange 

behaviour in zeolites depends on the framework topology, ion size and shape, ionic 

charge and concentration of external electrolyte solution (Pabalan & Bertetti, 2001). 

 

Natural zeolites are the main mineral components in altered volcaniclastic and 

sedimentary rocks ranging in age and composition (Clifford, 1999). They form by 

alteration mainly of volcanic glass in various geological environments, under variable 

geochemical and temperature conditions. Temperature is a determinative factor in 

zeolitic alteration, controlling the type of zeolite species, which may form, as well as 

the reaction rate. The Greek name for zeolite is to boil “ζέιν”, and stone “λίθος” which 

describes the behaviour under fast heating conditions, when zeolites seem to boil due 

to the rapid loss of water (Inglezakis & Zorpas, 2012b). The most common zeolites 

worldwide are chabazite, clinoptilolite, erionite, mordenite and phillipsite (Inglezakis 

& Poulopoulos, 2006). These zeolites differ in molecular structure and thus ion 
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exchange capacity, and channel dimensions. Zeolites are commercially utilised due to 

a number of important characteristics: 

 

 Defined framework structure and uniformity of molecular sized channels and 

cavities in which cations diffuse in order to be exchange sites within the 

crystal structure; 

 The molecular zeolite framework permits the sieving of molecules in fluids 

such as gas or water (Clifford, 1999). Molecular sieving properties have great 

potential for industrial applications for separation process; 

 High rate of exchangeable cations determined by the number of negative sites 

created by the aluminium content in the framework. The higher the aluminium 

concentration the greater the negative charges for cations (Worch, 2012). 

However, dealumination can occur in natural zeolites under given 

circumstances. 

 

 

Figure 2.13 Tetrahedral (SiO4) structure and composition of the framework structure of 

a clinoptilolite structure with water molecules and cations on the exchangeable sites for 

a,b phase (Inglezakis & Zorpas, 2012b). 

 

Natural zeolites have benefits over other exchange materials in that they are relatively 

cheap, with a range of zeolites available with selectivity towards some ions. However, 

the efficiency of zeolites in water treatment applications depends on the particle size, 

cation exchange capacity, initial concentration of contaminants, pH of the feeding 
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solution, ion strength of the solution, temperature, contact time, anions and organic 

compounds (Margeta et al., 2013). 

 

Table 2.4 Natural zeolites typical composition and properties (Pabalan & Bertetti, 2001). 

Zeolite Typical Unit-Cell Formula 
Specific 

gravity 

Channel 

dimension 

(Å) 

Ion exchange 

capacity 

(meq/100 g) 

Analcime Na16(Al16Si32O96).16H2O 2.24-2.29 2.6 454 

Chabazite (Na2Ca)6(Al12Si24O72).40H2O 2.05-2.10 3.7x4.2 381 

Clinoptilolite (Na4K4)(Al8Si40O96).24H2O 2.16 3.9x5.4 254 

Erionite (Na2Ca6K)9(Al9Si27O27).27H2O 2.02-2.08 3.6x5.2 312 

Ferrierite (Na2Mg2)(Al6Si30O70).18H2O 2.14-2.21 
4.3x5.5  

3.4x4.8 
223 

Heulandite Ca4(Al8Si28O72).24H2O 2.10-2.20 
4.0x5.5  

4.1x4.7 
291 

Laumontite Ca4(Al8Si16O48).16H2O 2.20-2.30 4.6x6.3 425 

Mordenite Na8(Al8Si40O96).24H2O 2.12-2.15 2.9x5.7 229 

Phillipsite (Na2K)10(Al10Si22O62).20H2O 2.15-2.20 
4.2x4.4  

2.8x4.8 
387 

 

Regardless of the formation mechanism and mineral composition, zeolite deposits are 

characterised as sedimentary deposits. The most common parent material for zeolite 

materials is volcanic glass of silicic, alkali or mafic composition. Feldspar and silica 

may also act as precursors in the formation of zeolite minerals (Inglezakis & 

Poulopoulos, 2006). Natural zeolites are presently limited to authigenic (precipitation 

or crystallisation), and alteration settings in finely crystalline sedimentary rocks 

including: analcime, chabazite, clinoptilolite, erionite, ferrierite, heulandties, 

laumonite, mordenite and phillipsite (Mumpton, 1999). Table 2.5 lists the typical 

formulae based on their chemical composition and properties for some natural zeolites. 

The cation exchange capacity (CEC) is a function of the degree of substitution of 

aluminium with silicon, and frequently the relationship is described by the silicon – 

aluminium ratio (Si/Al). The closer Si/Al is to unity, the higher the CEC would be 

greater because aluminium was included within the framework, providing additional 

exchangeable sites (Auerbach et al., 2003). 

Vesicular basaltic volcanic rock - Scoria 

Vesicular volcanic rocks have proved to be an efficient low-cost sorbent material for 

the treatment of complex industrial wastewaters containing heavy metals and arsenic 

(Kitsopoulos, 1999; Kwon et al., 2005; Kwon et al., 2010; Morgan-Sagastume & 
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Noyola, 2008). Scoria material is formed of vesicular fine to coarse fragments, the 

characteristic colours are reddish or black, and the material is light weight. Glass and 

phenocrysts basaltic materials such as scoria consist of plagioclase, olivine, 

hornblende and pyroxene minerals, with fine iron oxides and small amounts of clay 

minerals (Alemayehu & Lennartz, 2009). 

 

Volcanic rocks have received considerable interest for heavy metals removal mainly 

due to their valuable characteristics as a natural adsorbent material such as: high 

surface area, low cost, large available quantities, and cation capacity (Table 2.5). 

Volcanic rocks are formed from volcanic magma and the most abundant rocks are 

pumice and scoria. These materials are often found in areas of young volcanic activity 

in places such as Italy, Turkey, Greece, Central America and East Africa (Alemayehu 

& Lennartz, 2009; Hay, 1986; Silva et al., 1993).  

 

Table 2.5 Physical and chemical characteristic of scoria material (Alemayehu et al., 2011; Kwon 

et al., 2005). 

Chemical Composition Scoria - Ethiopia Scoria-Korea 

SiO2 47.4 48.02 

Al2O3 21.6 15.18 

Fe2O3 8.9 12.24 

CaO 12.4 8.66 

K2O 0.5 1.36 

Na2O 3.0 2.67 

MgO 3.3 7.84 

TiO2 1.7 2.41 

Others 1.2 1.66 

Physical properties     

Particle size (mm) 0.075-0.425 0.1-0.2 

Porosity (%) 36.0  

Particle density (g/cm3) 2.96  

Specific surface area (BET) (m2/g) 2.5 4.77 

Cation exchange capacity (meq/100 g) 0.09 16.1 

 

The chemical composition of basaltic scoria (Table 2.5) includes 40 – 60% SiO2 and 

10 – 25% Al2O3. Other elements in oxide form that are characteristic of scoria are 

Fe2O3 and CaO with about 15% each. This composition might be analogous to ion 

exchange materials such as zeolite but it has different mineral structures that are 

different compared to zeolite. Plagioclase minerals such as anorthite that are often 

present in scoria have a silicon tetrahedral framework substituted by aluminium, which 
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creates a negative charge that is balanced by cations, similar to those properties 

described for zeolite materials. Kwon et al. (2010) and Alemayehu and Lennartz 

(2009) used scoria for the removal of divalent heavy metals and arsenic from aqueous 

solutions, showing that this material effectively reduced concentrations of cations in 

solutions. 

Cation exchange capacity (CEC) 

The cation exchange capacity (CEC) of an ion exchanger can be described as the 

number of moles of adsorbed cation charges that can be displaced by an index ion per 

unit mass of exchanger (Rhoades, 1982). In general terms, the CEC of an exchanger 

sample is the maximum negative surface charge indicating the potential cation 

exchange capacity of a soil sample (Zaidi, 2012). 

 

The method commonly used to estimate CEC of a cation exchanger involves 

equilibration of a batch of sample solution of the exchanger with a solution of a known 

cation and calculating the uptake of the cation (Cerri et al., 2002; Rhoades, 1982). 

However, it is important to recognise that CEC is only the amount uptake by unit of 

mass of exchanger under the specific conditions of the test (Lehto & Harjula, 1995). 

 

 

Figure 2.14 Ion exchange definitions for natural exchangers (Inglezakis, 2005). 

 

IUPAC (1971) defines and standardises ion exchange terminology in the context of 

synthetic ion exchangers. Inglezakis (2005) introduced new terminology for natural 

exchangers. It was proposed to divide the capacity of natural exchange system in seven 

different types including ideal, theoretical, real, maximum, operating, breakthrough 



 

42 Chapter 2: Literature Review  

and effective exchange capacity. Inglezakis (2005) split the capacity in three different 

categories, theoretical, practical and useful capacity. Each of these categories are 

further sub-divided depending on the exchanger’s purity and methodology used to 

determine the capacity (Figure 2.14). 

 

The theoretical or ideal exchange capacity in natural cation exchangers can be deduced 

from their aluminium content. The exchanger is rarely present in a pure state, and thus 

the elevation of real exchange capacity is commonly used. The maximum real 

exchange level is obtained from equilibrium behaviour at a specific temperature and 

concentration of the solution. Operating capacity is influenced by the dynamics of the 

column experiment and hence the operational conditions will impact the capacity. 

 

An accurate CEC determination is crucial for the assessment of any ion exchange 

material, since the effectiveness of the exchanger for a determined application is based 

on this value. The REC is the one that measures the actual amount of cations that can 

be desorbed by ion exchange means, therefore it is the capacity of the material. The 

effective capacity can be evaluated under ion exchange process for a particular system 

in batch mode. 

 

The dynamic adsorption capacity determined in fixed bed columns corresponds to 

breakthrough capacity. Often breakthrough and effective exchange capacities are a 

fraction of the theoretical exchange capacity, since the ion exchange process depends 

on the type of cation in solution, concentration, and other factors that interfere with the 

exchange process (Inglezakis, 2005; Kitsopoulos, 1999).  

Adsorption kinetics 

Kinetics in ion exchange systems are influenced by the combined effects of 

concentration gradients, electrical charge gradients, ionic interactions and chemical 

interactions in either phase (Harland, 1994). Reaction kinetics are considered a mass 

transfer process from the solution to the adsorbent in a determined time lapse until 

equilibrium is reached. The rate of adsorption is often limited by diffusion processes 

on the external surface of the adsorbent and within the porous sites available on the 

adsorbent. The ion exchange and adsorption processes can be characterised in four 

steps (Worch, 2012): 
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1. Transport of the adsorbate from the solution to the hydrodynamic layer 

around the adsorbent particle; 

2. Transport over boundary layer to the external surface of the adsorbent 

particle known as film diffusion or external diffusion; 

3. Transport through the internal framework of the adsorbent (intraparticle 

diffusion) by the diffusion in the pore liquid (pore diffusion); and 

4. Energetic interaction between the adsorbate molecules and final adsorption 

sites.  

 

Overall, the first and the fourth characteristic of adsorption kinetics occur very fast. 

Hence, the majority of the total rate of adsorption process is mainly determined by film 

and intraparticle diffusion. These two adsorption processes occur in series and then the 

slower process is the one that determines the total adsorption rate (Islam et al., 2004; 

Kumar & Jain, 2013).  

 

Figure 2.15 Typical adsorption kinetic curve expressed in adsorbed amounts (q) until 

equilibrium (dotted curve), and the reduction in concentration (C) of the solute in 

solution at equilibrium in time (Worch, 2012). 

 

Experimentally, kinetic curves (Figure 2.15) can be obtained by mixing adsorbent with 

the solution containing sorbate in a batch mode experiment, measuring the 

concentration in the solution and loading on the adsorbent with time. During the 

adsorption process, initial concentration (C0) of the adsorbate decreases from its initial 

value to an equilibrium concentration (Cq) as seen in Figure 2.15 solid line. Every time 

step represents an equilibrium concentration (qt) in the adsorption system and 
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equilibrium is given by the amount of adsorbate balanced on the adsorbent during the 

adsorption process until total equilibrium (qeq) of the system is reached (dotted line). 

Experimental adsorption kinetic curves for the adsorption of the solute shows a 

characteristic uptake behaviour of the adsorbent and the factors that influence the 

adsorption rates and diffusion over the transport of solute from solution phase to solid 

phase (El-Kamash et al., 2005). To describe and quantify the changes in the adsorption 

process of ions over time, kinetic models can be applied. Kinetic adsorption models 

such as pseudo-first order, pseudo-second order and Elovich models that allow the 

determination of adsorption capacity and the adsorption rate are widely used for 

adsorption applications. For the determination of the transport mechanisms in the 

adsorption process, the film and the pore diffusion models can be applied to the 

experimental data (Argun, 2008). The used models are described in Chapter 7. 

Equilibrium isotherm and selectivity 

The adsorption equilibria depend on the interactions of the adsorbed and adsorbent as 

well considering the properties of the solutions that are in contact with the adsorbent 

material, often described by adsorption equilibrium isotherms. Furthermore, if the 

solution contains more than one element, they will inevitably compete for sorption 

sites located in the adsorbent (Qi & Levan, 2005). Therefore, equilibrium in this 

scenario for individual element in complex mixtures depends on these natural 

interactions, described by selectivity isotherms. 

 

The equilibrium in an ion exchange process as described in Eq. 2.3 depends on the 

amount of adsorbed on the adsorbate concentration and also temperature (Worch, 

2012). To simplify the ion exchange equilibrium, it is assumed that the reactions occur 

at a constant temperature. The ion exchange equilibrium isotherm shows the ionic 

behaviour of the exchanger as a function of the experimental initial conditions (Figure 

2.16). The adsorption at equilibrium (qe) is determined by the difference between the 

initial concentration and the equilibrium concentration of the solute in solution by a 

determined mass and volume of adsorbent. To create an adsorption isotherm curve for 

different initial concentrations, the resulting concentration at equilibrium (Ce) is 

plotted against the adsorption at equilibrium (Figure 2.16). The curve reaches a plateau 

when no further adsorption is achieved despite an increment initial concentration, 

reaching the adsorption capacity for the material (qeq). 
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Figure 2.16 Typical adsorption isotherm curve, where Ce is the concentration at equilibrium and 

qe is the adsorption achieved at equilibrium (Worch, 2012).  

 

Experimental adsorption isotherms show the capacity of the material for a range of 

initial concentrations and maximum practical capacity. Models that relate the 

adsorption capacity can be fitted to the experimental data in order to determine 

adsorption parameters that describe capacity and affinity for the sorbent. The most 

widely used models for adsorption equilibrium of adsorbent materials are: Langmuir, 

Freundlich, Sips and Toth, discussed in Chapter 6 (Günay et al., 2007; Rajic et al., 

2010). 

 

The ion exchange selectivity isotherm is analysed using a constant total normality of 

two different ions at different ratios and a known mass of adsorbed. The equilibrium 

is then plotted in terms of equivalent fractions of the liquid phase (𝑋) and solid phase 

(𝑌) of one of the ions in solution. The phases’ equivalent fractions are expressed by 

the following relationships: 

 

for liquid,  

 

𝐗𝐀 =
𝐂𝐀(𝐬)𝐳𝐀

𝐂𝐀(𝐬)𝐳𝐀+𝐂𝐁(𝐬)𝐳𝐁
    ;   𝐗𝐁 = 𝟏 − 𝐗𝐀     Equation 2.4  

 

where 𝐶𝐴 is the concentration of ion A in solution [meq L⁄ ] and CB is the concentration 

of ion B in solution [meq L⁄ ], and Za and Zb are the valency of the ions as per Eq. 2.3; 
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for solid, 

 

𝐘𝐀 =
𝐄𝐪𝐮𝐢𝐯𝐚𝐥𝐞𝐧𝐭𝐬 𝐨𝐟 𝐞𝐱𝐜𝐡𝐚𝐧𝐠𝐢𝐧𝐠 𝐢𝐨𝐧 𝐀

𝐓𝐨𝐭𝐚𝐥 𝐜𝐚𝐭𝐢𝐨𝐧𝐬 𝐨𝐟 𝐞𝐱𝐜𝐡𝐚𝐧𝐠𝐞𝐫
  ;   𝐘𝐁 = 𝟏 − 𝐘𝐀  Equation 2.5 

 

 

Figure 2.17 a) Typical ion exchange isotherms b) Ion exchange isotherms for a Na+/Ca2+ on 

synthetic exchanger (Colella, 1996; Harland, 1994). 

 

Ion exchange isotherms can be classified in four different types (Figure 2.17(a)). When 

the solution and the solid phase contain the same equivalent fraction following 

equilibrium, the linear isotherm is found in which both species are preferred equally 

(rectangular isotherm). In a favourable isotherm, the curve indicates that the exchanger 

phase loading is always greater than the liquid phase concentration, indicating a 

preference for that particular ion (that is ion A). An unfavourable isotherm is when the 

exchanger phase is always lower than the liquid phase, demonstrating no preference 

for ion A (Townsend & Coker, 2001). The sigmoidal scenario represents regions when 

loading in solid phase for ion A occurs, but others with no preference towards that ion. 

 

Figure 2.17(b) shows the ion exchange isotherms for a system containing sodium and 

calcium in a solution phase for a high and low saline solution. The high salinity 

isotherms show that Na+ is less preferred than Ca2+. The low salinity isotherm shows 

that at low Ca2+ is preferred over the Na+ but turns unselective at high concentrations 

of Ca2+.  

 

Natural zeolites usually exhibit strong preference behaviour towards ions with low 

energy density, small hydrated radii (hydration of an ion depends on electrostatic 
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attraction of water molecules around it), and low hydrated energy (energy released 

when one mole of ions experience hydration) (Pabalan & Bertetti, 2001). Thus zeolites 

are less selective for Na+ than other cations (Table 2.7). 

 

Table 2.6 Cation exchange selectivity in clinoptilolite (Zeolite) (Margeta et al., 2013). 

Selectivity Series Reference / Element of interest 

Cs+ > Rb+ > K+ > Na+ > Li+ ; Ba2+ > Sr2+ > Ca2+ > Mg2+ Ames (1960, 1961) - Cs+ 

Pb2+ ≈ Ba2+ ≫ Cu2+, Zn2+, Cd2+ > 𝐍𝐚+ Semmens et al. (1978) – Heavy metals 

Pb2+ > NH4
+,  Ba2+ > Cu2+, Zn2+ > Cd2+ > Co2+ Blanchard et al. (1984) - NH4

+ 

Pb2+ >  Cd2+ > Cs+ > Cu2+ > Co2+ > Cr3+ > Zn2+ > Ni2+ > Hg2+ Zamzow et al. (1990) – Heavy metals 

Cs+ > NH4
+ ≫ 𝐍𝐚+ Howery et al. (1965) - Cs+ 

Cs+ > Rb+ > K+ > NH4
+ >  Ba2+ >  Sr2+ > 𝐍𝐚+ >  Ca2+ > Fe2+ >  Al3+

> Mg2+ > Li+ 
Mumpton (1999) 

Pb2+ > Cr3+ > Fe2+ > Cu2+ Inglezakis et al. (2004) 

 

Treatment and regeneration on natural ion exchangers 

Pre-treatment or regeneration of natural exchange materials is crucial for their real and 

practical applicability (Semmens et al., 1981). If a natural exchanger can be pre-treated 

or regenerated multiple times, then it can be used and reused for a water treatment 

application reducing volume of waste material reducing operational costs (Katsou et 

al., 2011). 

 

Natural ion exchangers can be regenerated by single or combined treatment involving 

chemical or thermal modification using acids, bases and inorganic salts (Akdeniz, 

1999; Hedstrom, 2001; Jha & Hayashi, 2009; Katsou et al., 2011; Wang & Peng, 2010; 

Wu et al., 2008). These modifications result in migration of cations from the crystal 

framework and their replacement by the introduced cation. Modification with 

inorganic salts is a recognised effective regeneration technique. Treatment with high 

concentrations of inorganic salts, such as NaCl, CaCl2 and NH4Cl are often used and 

needed to displace ions on the exchanger framework.  

 

Treatment with acids or bases is one of the most common used and simple methods 

used in regeneration of natural exchangers. Use of inorganic bases such as NaOH or 

Ca(OH)2 and acid solutions like HCl or HNO3 can result in a substantial increase in 

adsorption properties over the natural form due to removal of competing cations from 

the matrix (Margeta et al., 2013). However, treatment with acid or base solutions may 
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lead towards pore blockage of the exchanger framework. This can be explained as due 

to dissolution of natural crystal framework by the acid or base solutions (Ates & 

Hardacre, 2012; Wang & Nguyen, 2016; Wang et al., 2012; Watanabe et al., 2003). 

The removal of aluminium from the framework reduces the CEC (Inglezakis et al., 

1999; Inglezakis et al., 2001c; Semmens & Martin, 1988; Wang & Peng, 2010).  

Fixed bed and column dynamics 

Fixed bed columns are used for water treatment since their operation allows water to 

percolate through granular media such as ion exchange or adsorbents. Adsorption and 

ion exchange in fixed bed columns depend on the initial concentration of the feed 

water, flow rate, height of the adsorbent/ion exchange bed and the particle sizes of the 

bed (Inglezakis, 2010a; Inglezakis & Grigoropoulou, 2004; Stylianou et al., 2007). 

Often in column studies the unit of Bed Volume (BV) is used and refers to a volume 

of liquid equal to the volume of material packed in the bed (Inglezakis et al., 2001a). 

 

During the adsorption process, adsorbate (C0, influent concentration) is percolated 

through the bed of particles accumulating adsorbate until equilibrium is reached (C, 

effluent concentration). Equilibrium is reached by successive layers from the inlet to 

outlet of the column (VB). Once the last layer of the column reaches equilibrium (VE), 

then it is considered that the fixed bed reached exhaustion (Figure 2.18). Since natural 

exchangers have a slow kinetics there is not a sharp boundary between loading 

boundaries within the column profile (Medvidović et al., 2006). 

 

VB is the number of bed volume (BV) treated, VI represents the breakthrough point at 

number of BV in which the maximum effluent concentration of ions before 

regeneration. VE represents the number of BV when the fixed bed column reached 

exhaustion (Figure 2.18). The parameters used to characterise a fixed bed are usually 

bulk density (ρB), bed porosity (εB), adsorbent mass (mA), adsorbent volume (VA), and 

adsorbed volume (VR). From the fixed bed characteristics, it is possible to estimate, 

linear flow velocity (vF), residence time (tr), effective flow velocity (uF), and 

throughput as bed volumes (BV). All of these parameters and characteristics combined 

with adsorption kinetics are components of the breakthrough model for fixed bed 

column adsorption (Worch, 2008; Worch, 2012). 
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Figure 2.18 Solution of initial (C0) concentration flowing through the column and exiting 

with a reduced concentration (C). The breakpoint occurs in VI (C/C0), and the material 

is exhausted after VE (C/C0 = 1). Column profile is the typical breakthrough curve for a 

fixed bed column (Harland, 1994; Worch, 2012). 

 

The breakthrough models used for fixed bed column adsorption are Thomas, Bohart-

Adams, and Yoon-Nelson (Xu et al., 2013). These models describe the breakthrough 

curve by fitting empirical mathematical relationships to the experimental data, 

providing with an estimate adsorption capacity and number of BVs before breakpoint. 

The used models are described in Chapter 8. 

Using natural zeolite and scoria for the treatment CSG co-produced 

water 

The primary concerns for using CSG co-produced water for irrigation include: high 

concentration of dissolved salts  and an excessive Na+ ion concentration that can cause 

soil dispersion (Biggs et al., 2012; DERM, 2009; DERM, 2011; Rengasamy & 

Marchuk, 2011; Van De Graaff & Patterson, 2001). Different authors (Belbase et al., 

2013; Huang & Natrajan, 2006; Taulis & Milke, 2009; Vance et al., 2007; Wang & 

Nguyen, 2016; Wang et al., 2012; Zhao et al., 2008) have proposed the use of natural 

zeolite to provide the CSG industry with a cost-effective treatment, alternative to their 

operations. Huang and Natrajan (2006) used zeolite in Ca2+ form sourced from New 

Mexico (USA) to reduce the concentration of Na+ (500 mg/L) from CSG water finding 

that the natural zeolite had a very low usable Na+ exchange capacity of about 10 

meq/100 g. Taulis and Milke (2009) used Ngakuru zeolites for the removal of Na+ 
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(304 mg/L) from New Zealand CSG waters removing about 11-20 meq/100 g natural 

ion exchange material and a maximum removal of 40.9 meq/100 g when zeolite was 

pre-treated with 1 M KCl. Wang et al. (2012) carried out Na+ adsorption tests using 

CSG water (563 mg/L) with Escott Australian zeolite in natural and acid treated 

material. The authors found that acid treated zeolite form enhanced the adsorption Na+ 

by 30%, when compared with the natural form. These studies have determined that the 

zeolites have large cation exchange capacity with a low Na+ adsorption reached. 

Additionally, natural materials have been used in water treatment applications to 

remove contaminants from industrial wastewaters that are also presented in CSG 

produced water (Erdem et al., 2004; Inglezakis et al., 2007; Oren & Kaya, 2006; 

Wingenfelder et al., 2005).  

 

Natural adsorption materials, such as zeolite and scoria, in theory, have the physical 

and chemical properties to remove pollutants and cations found in excess in CSG 

waters. These materials have high adsorption capacity, cation exchange properties, 

stability of the crystal framework, molecular sieving properties and distinctive 

porosity, appropriate from the removal of cations from solution. Therefore, in this 

study natural and treated adsorption materials, such as zeolite and scoria, will be used 

to remove cations from CSG water. The use of these materials could become a suitable 

technology for the treatment of CSG co-produced waters in the reduction of 

contaminants that could have negative impacts on soils, vegetation, livestock watering 

and environment. 

 

Batch and column type studies are carried out to determine the effectiveness of both 

materials in their natural and treated form on the removal of cations present in CSG 

water. With a reduction in Na+ concentration, the sodicity of the CSG water will be 

reduced together with the values for SAR, increasing the likelihood of the treated water 

being used for beneficial usage such as irrigation and livestock. 

Conclusions 

CSG co-produced water represents an important challenge for CSG operators due to 

the large volumes produced, geochemical characteristics and the potential 
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environmental impacts of this escaping body of water. The total volume of CSG water 

produced worldwide is estimated to be between 1696 – 5090 GL/year.  

 

CSG water is categorised as a brackish water due to the high concentration of total 

dissolved solids (TDS), high conductivity, with a chemical signature that follows Na+-

Cl--HCO3
- or Na+-HCO3

- type, low concentrations of calcium, magnesium, sulphate 

and low content of trace elements. This composition may have significant impact in 

the environment when CSG water is used for land, waterway discharge or agriculture 

applications without the corrective treatment and the water quality standards need for 

beneficial usage or disposal. 

 

The current technologies used to treat CSG water are referred to as desalinisation 

processes, which are able to reduce the salinity and concentration of other ions using 

a combination of filtration, membrane processes, and ion exchange resins. The 

combination of these technologies is often necessary to meet the regulatory parameters 

for beneficial usage due to the geochemical signature of the co-produced water, 

increasing the associated cost of the treatment of CSG water.  

 

Alternative methodologies for the treatment of CSG water can be implemented using 

natural ion exchange materials, such as natural scoria and zeolite, which provide 

adsorption for metal ions of concern present in the CSG water. In this study, both 

scoria and zeolite materials were used to determine the adsorption equilibrium and 

kinetic properties for metal ions present in CSG water, and study the selective 

adsorption behaviour of metal ions that compete during the uptake process. Fixed bed 

columns packed with scoria and zeolite were used to determine the dynamic adsorption 

of metals ions, along with the recovery of adsorptive properties of the adsorbent 

material through regeneration process. 
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Chapter 3:  Case study, CSG water from Bowen Basin 

operations 

Brief history of site  

Over the last decade, the Surat and Bowen Basins in Australia have been epicentres of 

CSG operations and gas production. Since the Surat Basin has been more extensively 

mined (coal), studies are in abundance on this particular sedimentary basin. Expanding 

CSG operations have moved into the southern part of the Bowen Basin, in an effort to 

search for new gas resources (Figure 3.1). 

 

 

Figure 3.1 Map showing the sedimentary Surat and Bowen Basins in the state of Queensland 

(Geoscience-Australia, 2015). 

 

Exploratory efforts for CSG detection in the Bowen Basin started in the late 1970’s. 

These efforts were without major success, principally due to a misunderstanding of the 

regional geology of the targeted coal measures, lack of knowledge of the stress regimes 
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and finally, a lack of understanding on the influence of coal permeability and 

inappropriate well completion techniques (Averina et al., 2008; Baker & Slater, 2008; 

Cook, 2013). 

 

The early CSG operations had the aim of pre-draining the methane from the coal seam 

prior to coal mining. It was not until the mid-1990s that CSG production started to 

become a viable operation separate to coal mining, as a result of: (i) the identification 

of coal targets, (ii) application of low cost drilling techniques, (iii) development of 

practical means of stimulating gas recovery, and (iv) the implementation of effective 

well completions (Baker & Slater, 2008; Berger, 2012).  

 

New technologies and processes now allow safe and profitable gas extraction. In just 

under a decade, CSG operations have moved from an exploratory phase to a major 

component of the production of the eastern Australian gas production industry. This 

development has been driven by good exploration and recovery techniques, putting 

Australia as a world leader in the CSG industry (Hamawand et al., 2013; Oldridge & 

Whatman, 2009; Williams et al., 2012a). 

 

 

Figure 3.2 Major CSG operations in the State of Queensland across the Bowen and Surat Basins. 
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Other major CSG projects occurring in the Bowen and Surat Basins are taking place 

at Fairview, Moranbah, Peat, Scotia and Spring Gully. Additionally, a large number of 

pilot operations are being developed and proposed in the northern and central parts of 

the Bowen Basin (Figure 3.2). Operations in the Bowen Basin in 2008 were extracting 

an approximate 1.5x109 m3 (58 PJ/y) of methane gas, while operations in the Surat 

Basin produced approximately 3.22 x109 m3 (120 PJ/y) of gas (Baker & Slater, 2008). 

Nonetheless, operation and production in these basins are on the rise and further 

operation is expected to develop across these basins. 

 

The Bowen Basin operation comprises of developments at Moranbah, Moura, Mungi 

and Nipan areas. These operations are based on the recovery of CSG from the thick 

gassy coals of the Baralaba Coal Measures of the Late Permian age. Coal measures in 

this area are made of up to 10 seams with an aggregate coal thickness of up to 30 m, 

found at depths ranging from 300 to 1,000 m (Baker & Slater, 2008). Some of the gas 

produced in the Bowen Basin region is used at the ammonia and ammonium nitrate 

(explosives) plant at Moura. The majority of the excess production of gas is fed to the 

Queensland Gas Pipeline to supply markets in Gladstone. The gas is then liquefied and 

exported. It was estimated that 1.9x108 m3 of methane gas was extracted per year in 

2008 (7.3 PJ/y) (Baker & Slater, 2008). 

 

The Bowen Basin region has a rich mixture of industries including coal, coal seam gas, 

cattle, cotton, crops and explosives manufacturers (Ammonium Nitrate plant). 

Recently in Queensland, the productive agriculture capacity is being impacted by 

many factors including climate change, scarcity of water and loss of farmland. Public 

concerns have been raised due to the impacts that CSG activities could have on surface 

and groundwater resources, further impacting agricultural productivity (Berger, 2012; 

Kinnon et al., 2010). Inappropriate disposal of saline groundwater produced by the 

CSG activity could have adverse impacts on agricultural soils. 

 

Given the significant generation of water impacted and used by a typical CSG 

operation field and the fast development of the CSG industry across the state of 

Queensland, innovative treatment strategies are required. These water clean-up 

strategies for beneficial re-use of water are required to meet strict legislative and 

regulatory frameworks, according to the Coal Seam Gas Water Management Policy 
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2012 (DEHP, 2012a). Currently, CSG operators must seek approval of the government 

requirements and minimum standards agency for environmental impact assessment 

and CSG water management plans for beneficial re-use (DEHP, 2013). Current 

guidelines enforce standards that provide protection to the environment when used for 

beneficial use including irrigation, livestock watering, coal washing, industrial use, 

and augmentation of public water supply (DEHP, 2013). 

 

As part of the CSG co-produced water management strategies at Bowen Basin CSG 

operations, Arris Pty Ltd constructed a pilot water treatment plant for the treatment of 

the CSG water. The Arris Pilot Plant was designed to test the concept of shandying 

water from an ion exchange process using zeolite and scoria media with low salinity 

RO treated water with the aim of reducing the SAR and producing water fit for purpose 

(Kele, 2005a, 2016-Unpublished Doctoral Dissertation). Trials commenced before the 

start of this research project and continued to run. The zeolite and scoria used in this 

study had been identified for its suitability in CSG water treatment by another research 

project being conducted at CQU (Kele, 2016-Unpublished Doctoral Dissertation). The 

sodium exchange properties of natural zeolites at a recycled water test site in 2003 

were described by Kele (2005b); Kele et al. (2007); Kele et al. (2005). The zeolite and 

scoria used in this study had been identified for its suitability in CSG water treatment 

by another research project, with the sodium exchange properties of scoria first 

established in a series of trials conducted on effluent from the Springsure and Sunrise 

at 1770 sewage treatment plants during 2006 and 2007 (Kele, 2016-Unpublished 

Doctoral Dissertation). A variety of scoria and zeolite media were tested for sodium 

exchange properties with CSG water from wells in the Bowen and Surat basins. A 

variety of scoria and zeolite media were tested for sodium exchange properties with 

CSG water from wells in the Bowen and Surat basins (Kele, 2016-Unpublished 

Doctoral Dissertation). The zeolite and scoria media in this research exhibited the best 

results for sodium reduction in the Bowen basin CSG water (Kele, 2016-Unpublished 

Doctoral Dissertation).  Data from this site was provided by Arris to help frame the 

issues involved in CSG water quality (Table 3.1).  For convenience, this site is referred 

to as the research site. 
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Composition of CSG water from Bowen Basin operations 

On-site water quality monitoring program was conducted by Arris Pty Ltd in their pilot 

plant providing valuable information about raw co-produced water at Bowen Basin 

CSG operation. In order to characterise the co-produced water from this site, 

composite samples were collected from the receiving inlet tank at the pilot treatment 

water facility. This tank was fed by 18 nearby active CSG production wells. Samples 

were taken in a monthly basis for 14 months during 2013-2014 with the aim to identify 

the major elements and compounds in CSG co-produced waters. Methods, procedures 

and materials for water quality sampling were specified by a NATA accredited 

laboratory. The summary of the water quality parameters from CSG co-produced water 

is shown in Table 3.1. 

 

The characterised CSG water from this site had a high alkalinity with an average pH 

of 8.3. Electrical conductivity was found to be 6.0 dS/m, representing a brackish water 

value. The total dissolved solids (TDS) averaged at 4,092 mg/L. These composite 

water samples showed a typical geochemical signature for CSG waters with elevated 

pH and TDS values overall (Berger, 2012; Davies, 2013; Health, 2013; Kinnon et al., 

2010; Nghiem et al., 2015; Nghiem et al., 2011; Taulis & Milke, 2007). The ionic 

composition was dominated by sodium ions with an average concentration of 1,156 

mg/L, and low average concentrations of calcium, magnesium and potassium. 

Consequently, the Sodium Adsorption Ratio (SAR) averaged 67, which is similar to 

reported SAR values for CSG waters at a number of gas fields operating in the Bowen 

Basin and CSG operations around the world (All-Consulting & Montana Board of Oil 

& Gas Conservation, 2002; Averina et al., 2008; Benson et al., 2005; Davies, 2013; 

Hamawand et al., 2013; Huang & Natrajan, 2006; Jackson & Reddy, 2007a; Taulis & 

Milke, 2007; Van Voast, 2003; Zhao et al., 2008; Zhao et al., 2009). 

 

On average, chloride and bicarbonate ions were present in high concentrations of 1,993 

mg/L and 618 mg/L respectively, while sulphate concentrations were low (10 mg/L). 

The major ionic distribution and concentrations found for CSG water at the Bowen 

Basin operation are shown graphically in Figures 3.3 and 3.4. 
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Table 3.1 Water quality data over a 14-month period from the Bowen Basin CSG operation, supplied by Arris Pty Ltd. 

 Date 4-Feb-13 25-Feb-13 25-Mar-13 22-Apr-13 20-May-13 17-Jun-13 15-Jul-13 12-Aug-13 9-Sep-13 7-Oct-13 4-Nov-13 2-Dec-13 9-Jan-14 7-Feb-14 Average 

pH  8.55 8.16 8.33 8.33 8.08 8.76 8.60 8.65 7.08 9.03 7.25 8.85 8.94 8.09 8.34 

EC dS/m 5.60 3.04 5.63 5.95 5.50 7.85 8.05 7.60 6.26 6.18 6.50 7.59 4.55 3.96 6.02 

TDS  mg/L 3,808.00 2,067.20 3,828.00 4,046.00 3,740.00 5,338.00 5,474.00 5,168.00 4,257.00 4,202.00 4,420.00 5,160.00 3,094.00 2,692.80 4,092.50 

Na mg/L 1,167.00 1,152.00 1,040.00 1,121.00 1,073.00 1,533.00 1,524.00 1,419.00 1,016.00 1,111.00 1,034.00 1,421.00 875.10 703.30 1,156.39 

K mg/L 31.59 35.03 35.38 43.59 9.17 79.26 77.62 67.94 144.00 105.50 148.60 110.40 33.80 22.52 67.46 

Mg mg/L 4.18 6.39 5.49 5.60 1.51 6.27 6.07 5.27 12.31 5.42 9.80 4.65 2.49 3.10 5.61 

Ca mg/L 13.44 29.78 24.88 24.54 7.95 10.48 10.14 8.29 138.30 7.19 90.68 8.68 3.20 19.33 28.35 

SAR  71.30 50.00 49.20 53.10 91.40 92.50 93.50 94.90 22.22 76.22 27.50 96.80 89.24 39.20 67.65 

Hardness mg/L 51.00 37.00 85.00 84.00 26.00 52.00 50.00 42.00 396.03 40.25 267.00 41.00 18.21 61.00 89.32 

Alkalinity mg/L 740.00 644.00 620.00 570.00 570.00 850.00 810.00 760.00 620.00 680.00 450.00 390.00 500.00 450.00 618.14 

Cl mg/L 1,792.00 749.00 1,843.00 1,860.00 1,774.00 3,317.00 3,310.00 2,298.00 2,330.00 2,283.00 1,993.00 2,075.00 1,071.00 1,207.00 1,993.00 

SO4 mg/L 11.50 10.20 11.50 10.20 11.50 10.20 11.50 10.20 11.50 10.20 11.50 10.20 11.50 10.20 10.85 

F mg/L 0.63 0.52 0.85 1.18 1.46 2.36 2.27 2.35 0.82 0.64 1.19 1.03 0.52 0.80 1.19 

Br mg/L 5.57 2.60 4.01 2.23 1.50 3.91 4.10 3.85 - - - 2.70 0.95 - 2.24 

S mg/L 27.85 2.86 1.70 3.61 13.50 14.32 13.43 9.61 24.02 11.65 11.93 16.42 2.16 1.16 11.02 

Fe mg/L <0.02 <0.02 <0.02 0.01 0.03 0.03 <0.02 0.01 33.99 0.50 45.42 0.98 0.15 2.08 8.32 

B mg/L 1.40 0.68 1.34 1.89 1.16 1.86 1.88 1.65 0.90 1.05 1.53 1.25 0.83 0.68 1.29 

Mn mg/L <0.02 0.05 0.01 0.01 0.01 <0.02 <0.02 0.00 1.66 0.01 0.89 0.03 <0.02 0.09 0.28 

Al mg/L 0.01 0.13 0.08 0.30 0.18 0.16 0.06 0.34 0.16 0.67 0.04 8.08 3.50 7.96 1.55 

Zn mg/L 0.02 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 - <0.005 <0.005 0.01 

Sr mg/L 3.69 1.53 5.12 5.64 2.29 3.03 2.88 2.67 9.01 1.69 8.06 2.77 1.61 2.94 3.78 

Ba mg/L 11.14 3.70 17.78 20.86 6.86 9.92 9.59 8.89 24.40 2.80 23.36 9.06 3.58 27.05 12.78 

As mg/L - - 0.01 0.01 0.03 0.01 0.01 0.01 <0.005 <0.005 <0.007 - - - 0.01 

TSS mg/L - - 10.00 40.00 360.00 20.00 20.00 40.00 100.00 15.00 113.00 - - - 51.29 
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Figure 3.3 Piper diagram of CSG water from research site operations for 14 monthly samples 

over 2013 -2014. The relative concentration of ions (cations in the left-bottom triangle, anions in 

the right-bottom triangle), and ion combinations (diamond chart). 

 

 

Figure 3.4 Schoeller diagram showing the major ionic composition of CSG water from the 

research site. Each coloured line represents the ionic concentrations of a single water sample. 

 

Figure 3.3 highlights an excess of sodium ions compared to other ions such as calcium 

or magnesium, thus, data points are clustered near to the upper limit on the sodium-

potassium axis. For the anions, the CSG water has a prevalence of bicarbonate and 
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chloride ions and limited occurrence of sulphate ions, hence data points are grouped 

near to the maximum values on the chloride-fluoride and bicarbonate-carbonate axis. 

These analyses are consistent with the general characterisation for CSG water reported 

for CSG water in the Surat Basin, where low calcium, magnesium and negligible 

sulphate concentrations were detected and CSG groundwater presented an alkaline pH 

(8 – 9), salinity (2160 – 4040 µS/cm) and an ionic composition Na+-Cl--HCO3
- (Tang 

et al., 2014). 

 

The variation in ionic composition between monthly samples was considered in Figure 

3.4. The diagram shows the concentration of major ions in meq/L, plotted on a 

logarithm scale. The monthly samples were consistent in composition of sodium, 

chloride and bicarbonate ions, with no seasonal pattern evident. Calcium ions were the 

most variable. In general, the CSG water from the Bowen Basin operations can be 

described in ionic terms as a Na+-Cl--HCO3
- type of CSG water. 

 

The CSG water exhibited an average total dissolved solid value of (TDS) of 4092 

mg/L, which corresponds to 12% of the TDS concentration present in seawater (35,000 

mg/L), and four-fold the maximum TDS value for drinking water (500 mg/L). Most of 

the salinity or TDS was a product of the high concentration of Na+, and together with 

low concentrations of Ca2+ and Mg2+, the sodicity of the water was high (SAR values 

averaged 67). Both parameters, TDS/salinity and SAR, are over the recommended 

values for beneficial use (EC = 3,000 μS/cm; SAR= 6-12).  

 

Although the major composition can be described by Na+-Cl--HCO3
-, there are other 

important elements present in trace amounts such as Fe2+, Ba2+, Sr2+, B3+ (>2 mg/L). 

Trace elements of concern that were identified in the CSG water are Sr2+ (3.7 mg/L) 

and Ba2+ (12.7 mg/L). The concentration of Ba2+ is over the maximum levels for 

beneficial use (2 mg/L). Other contaminants such as organic compounds and 

radioactive elements were typically below guideline thresholds and in most of the 

cases below detection limits (Appendix A). 

 

This ionic characterisation was consistent with international reports for CSG co-

produced water as well as those at other Surat and Bowen Basin sites (All-Consulting 

& Montana Board of Oil & Gas Conservation, 2002; Averina et al., 2008; Benson et 
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al., 2005; Davies, 2013; Hamawand et al., 2013; Huang & Natrajan, 2006; Jackson & 

Reddy, 2007a; Taulis & Milke, 2007; Van Voast, 2003; Zhao et al., 2008; Zhao et al., 

2009). Figure 3.5 compares the average concentrations of major ions in the research 

site with those reported for different CSG operation sites across the Bowen and Surat 

Basins.  

 

 

Figure 3.5 Schoeller diagram for major ions found in research site (labelled ‘Bowen Basin’) 

compared with other CSG water across Surat and Bowen Basins (Abousnina et al., 2015; 

Averina et al., 2008; Benson et al., 2005; Hamawand et al., 2013).  

 

Na+ and Cl- concentrations for the Bowen Basin water was the second highest after the 

Kogan CSG site in the Surat Basin. Sites such as Chinchilla and Fairview located at 

the northern part of the Surat Basin, presented larger values for HCO3
- than for Cl-, 

giving a chemical signature Na+-HCO3
--Cl-  different to the Bowen Basin research site. 

This site-to-site variation, requires a number of considerations in the design and 

operation of water treatment facilities for CSG co-produced water treatment. 

Adequate management of CSG water from Bowen Basin 

Adequate management of co-produced water from CSG extraction is necessary to 

reduce any environmental risks associated with this type of water. The chemical 

compositions of CSG water from the Bowen Basin research site may have 

environmental impacts on surface water, land and livestock watering due to the high 

salinity (TDS = 4092 mg/L and EC = 6.0 dS/cm), high sodium concentration (1156 
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mg/L), and high SAR (67). Additionally, trace elements were identified in this water 

body, such as Sr2+ and Ba2+, with concentrations over the limit for beneficial use of 

CSG water (Sr2+ =3.7 mg/L and Ba2+ =12.7 mg/L). 

 

In response to the CSG water characterisation the following recommendations can be 

made:  

1. Reduction of sodium ions and hence SAR is required. 

2. Sr2+ and Ba2+ are atypically high and require reduction. 

3. Overall salinity needs to be treated. 

Conclusions 

The research site CSG co-produced water has a unique signature and is atypical for the 

Bowen Basin. The ionic composition follows Na+-Cl--HCO3
- type, with high 

concentration of trace elements. Therefore, the project focussed on the removal of Na+, 

Sr2+ and Ba2+ using a series of natural and enhanced zeolite and scoria materials. Both 

materials have been characterised in terms of their capabilities for the removal of 

cations present in CSG water. A series of adsorption studies have been performed to 

determine the effectiveness of both materials on the adsorption of cations considering 

the capacity, rate of adsorption, cation selective behaviour, and reconditioning of 

adsorptive properties of the material for re-use.  

 





 

Chapter 4: Materials and methods 63 

Chapter 4:  Materials and methods 

Introduction 

This chapter details the materials and methods used throughout the thesis. Natural 

sorbent materials were firstly characterised to understand their physical and chemical 

nature. Fundamental chemical experiments provided insight into the performance of 

the materials for adsorption kinetics, equilibrium, ion exchange and then the ability of 

these materials to exchange synthetic and site sampled CSG co-produced water. 

Materials selection and preparation 

Natural sorbent materials; zeolite and scoria, were chosen for the treatment of CSG 

co-produced water, based on the recommendations of Kele (2005a, 2016-Unpublished 

Doctoral Dissertation). This media was selected as the best performers in regards to 

sodium exchange from the trial that examined 12 different zeolite and scoria media 

with CSG water from the research site (Kele, 2007, 2008). Zeolite (1 m3) and Scoria 

(1 m3) was sourced by Arris Pty Ltd from mines on the Australian Eastern Seaboard. 

The media used in this research project is the same as that used in the Arris Pilot Plant 

for continuity. The sorbent material samples were received in their natural form with 

no modification or treatment. Particle size of the supplied material was variable 

ranging from 0.075 mm to 5 mm. 

 

Both materials were size sorted, particles that were larger than 2 mm were ground with 

a stationary Jaw Crusher (Essa, JC3000) for 5 minutes to reduce the particle size. The 

sorbent materials were mechanically sieved (Essa, test sieves) into different fraction 

sizes using a sieve shaker for 10 min (Essa, 3D Digital Sieve Shaker). The particle size 

fractions were 1.8 - 0.6 mm (Fraction I), 0.6 – 0.35 mm (Fraction II) and < 0.355 mm 

(Fraction III).  

 

Each size fraction was washed thoroughly with ultrapure water (typical resistivity of 

18.2 MΩ·cm at 25 °C, Milli-Q Millipore) until debris and impurities were no longer 

visible in the wash (Gedik & Imamoglu, 2008). Materials were oven dried over 48 h 
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at 110 °C until weight remained constant (Kocaoba et al., 2007; Yazdani et al., 2012). 

The dried material was then stored in sealed containers before use or treatment for 

batch and column type experiments to eliminate the introduction of moisture or water 

sources. 

Material characterisation of natural adsorbents 

Scanning Electron Microscopy (SEM) 

The surface morphology of the natural materials was characterised using a scanning 

electron microscope (SEM), JOEL/EO JSM-6360, fitted with an energy dispersive x-

ray spectroscope (EDS). SEM produces high-energy electrons from a focused beam 

that generate a variety of signals at the surface of the sample. Signals originated from 

the electron-sample interface reveal texture, chemical composition, crystalline 

structure and orientation of the sample. 

 

Zeolite and scoria material in a dried natural form (0.6 – 0.35 mm) were gold coated 

in a vacuum gold sputter coating chamber in order to eliminate the charge effect due 

to low conductivity of the material that generates image distortion or drift (Agar 

Sputter Coater - Automatic). Once coated, the samples were mounted on aluminium 

stubs (JOEL Aluminium specimen mount) using double-sided conductive carbon tape 

(PELCO TabsTM) and placed into the microscope vacuum chamber where micrographs 

were captured. For EDS analysis, dried natural samples were loaded into the 

microscope chamber for quantitative chemical composition analysis. Typical 

instrument settings for the micrographs were: working distance (WD) of 5-10 mm, 

accelerating voltages between 5 – 15 kV, spot size ranges of 5 – 27, secondary electron 

image signal (SEI), and various magnifications (x230 – x8,000). 

X-ray fluorescence (XRF) 

X-ray fluorescence (XRF) spectrometer is an X-ray instrument used for non-

destructive chemical analyses of rocks, minerals and fluids for elemental composition. 

A Shimadzu EDX-Ray fluorescence unit was used to assess Fe, Si, Al, Ca, K, Mn, Na, 

Mg, P, S, Ti, Ba, Zn, Cu, Cr, and Ni content. 
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Zeolite and scoria materials were ground to a pressed pellet, and placed into a melting 

crucible. Heat was applied (XRF Scientific, muffle furnace at 1000˚C for 30 min) until 

sample melted and a glass bead formed. XRF analysis was conducted on the prepared 

samples and processed using PANalytical’s XRF software. 

X-ray diffraction (XRD) 

X-ray powder diffraction (XRD) was used for the identification of crystalline 

structures (phases) and atomic spacing in each of the sorbent materials.  

 

The assessment of the crystalline structure of the samples was achieved using an XRD 

generator, PANalytical X’Pert Pro PW3040 diffractometer at 40 kW and 40 mA. The 

scanning angular range was 5° to 80° with a step of 2θ angles, allowing the scanning 

to obtain all possible diffraction directions of the matrix due to the random orientation 

of the powdered sample. The radiation used in the analysis was CoKα at λ= 1.789 Å 

at angular speed of 0.04426° (2θ/second) and step size of 0.0167°. Transformation of 

detected diffracted peak rays identified the crystalline structure of each sample since 

each had a unique d-spacing. 

 

Sample preparation was carried out by powdering the sample using a tungsten carbide 

ring mill with ethanol as the grinding until a fraction size of around 20 microns was 

obtained. The powdered sample was then pressed into a back-packed sample holder 

and loaded for analysis. The qualitative mineral identification was undertaken using 

the X’Pert HighScore Plus software, which were matched to the mineralogy of the 

sample with the database (SIROQUANTTM V3). 

Surface Area Analysis 

The surface areas of the zeolite and scoria materials, were determined by the physical 

adsorption of nitrogen gas on the surface of each sample at liquid nitrogen 

temperatures, using Brunauer, Emmett and Teller (BET) analysis method. The amount 

of adsorbed gas is correlated to the total surface area of particles including pores on 

the surface in unit of area per mass of sample (m2/g). The volume of gas adsorbed to 

the surface of the particles was measured at the boiling point of nitrogen (-196 °C).  
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Multipoint and single BET analysis was undertaken using a Micromeritics Gemini VII 

2390. Each sample (1-2 g) was introduced in a sample tube and placed on the degasser 

where the sample was treated with a cold flow of nitrogen for 18 h. The samples were 

degassed before analysis testing where nitrogen continued to flow to reduce 

reabsorption of any gases. After a zero calibration of the equipment, the sample were 

removed from the degasser for analysis. 

Cation Exchange Capacity 

The cation exchange capacity (CEC) was characterised using a classification criteria 

given by Inglezakis (2005). With capacity divided into theoretical, real, maximum 

level. 

Theoretical exchange capacity 

The theoretical exchange capacity (TEC) was determined from the chemical 

composition using the XRF characterisation data for each of the materials. The 

equivalent concentration of all the exchangeable ions per 100 grams of material were 

added together, determining the TEC and expressing the TEC in units of meq/100 g. 

Real exchange capacity 

Following a method described by Holmes et al. (1987), dried samples for the following 

size ranges: coarse (0.6 – 0.35 mm) and fine (< 0.35 mm) were assessed. 

 

Real exchange capacity (REC) was determined using NH4
+, which displaces cations 

such as Na+, K+, Mg2+ and Ca2+. A sample of material (1.0 g) was mixed with 25 mL 

aliquots of 1.0 M ammonium acetate (Analytical reagent Chem-Supply) (NH4C2H3O2) 

at pH 7 in a centrifuge tube, placed on an orbital shaker (Bioline 8500) at 25 °C and 

300 rpm for 72 h. Samples were centrifuged and the supernatant analysed for alkaline 

and alkali earth elements by inductively coupled plasma optical emission spectrometry 

(Agilent 720 ICP-OES). The equivalent concentration of exchangeable ions in the 

supernatant were totalised and expressed in meq/100 g of material to obtain the REC. 

Maximum exchange level 

The maximum exchange level (MEL) was measured by equilibrating 30 g of zeolite 

or scoria material with 600 mL monoionic solutions containing Na+, Sr2+ and Ba2+ of 

varied concentrations at constant temperature for 72 h on an orbital shaker at 25 °C 
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and 300 rpm (Bioline 8500). The supernatant of the system in equilibrium was 

analysed by ICP-OES and the total equivalent concentration of exchangeable ions per 

unit of mass expressed in meq/100 g corresponded to the MEL. 

Solution preparation and analytical analysis 

Chemicals and reagents 

Sodium chloride, sodium bicarbonate, sodium fluoride, potassium chloride, 

magnesium chloride, strontium chloride, barium chloride were purchased from Chem-

Supply, Australia and were used without further modification. Solutions were made 

with ultrapure water typical resistivity of 18.2 MΩ·cm at 25 °C, Milli-Q Millipore. 

Synthetic solutions 

The water chemistry of a surrogate CSG co-produced water was based on the initial 

characterisation performed for the CSG water from Bowen Basin research site 

(Chapter 3). The synthetic CSG water was prepared using appropriate amounts of 

analytical grade inorganic chemicals dissolved in ultra-pure water. The concentration 

of major and trace elements found in the site sample water was used to inform the 

synthetic water sample composition. Sodium salt was used in three forms: chloride, 

bicarbonate and fluoride. Other components, such as potassium, calcium, magnesium, 

strontium and barium found in the CSG water were used in their chloride salt form. 

The concentration of inorganic salts used to create the synthetic CSG co-produced 

water from research site in the Bowen Basin are shown in Table 4.1.  

 

Synthetic single cation solutions were prepared using Chem-Supply analytical grade 

inorganic and acid chemicals. All the synthetic solutions made for adsorption studies 

were in chloride form containing Na+, Ca2+, K+ Ba2+ and Sr2+ ions at concentrations 

ranging from 2x10-5 M up to 0.1 M; except for Na+ in bicarbonate and fluoride forms 

which were made also at 0.1 M.  

Research site (Bowen Basin CSG co-produced water) 

To obtain information on the raw co-produced water from research site, a series of 

composite samples were collected from the receiving inlet tank at the pilot treatment 

water facility that is fed by 18 nearby active CSG production wells (Figure 3.1). 
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Samples were taken on a monthly basis for 14 months during 2013-2014 with the aim 

of identifying the major elements and compounds in CSG co-produced waters. 

Methods, procedures and materials for water quality sampling were specified by a 

NATA accredited laboratory and an example report shown in Appendix section. 

 

CSG water for adsorption studies was collected in pre-cleaned HDPE sample 

containers that were pre-washed with CSG water prior to filling. Field CSG water from 

research site in the Bowen Basin was transported in 25 L HDPE plastic containers, and 

were filtered using 0.45 µm membrane filters (Advantec®, mixed cellulose ester) and 

analysed by ICP-OES, prior experimentation. 

 

Table 4.1 Composition of synthetic CSG co-produced water used for batch and column studies. 

Cation 

Typical field CSG 

water concentration Compound 

Mass inorganic 

salt required 

Cation concentration 

surrogate CSG water 

mg/L meq/L g/L (mg/L) meq/L 

Na+ 1156.38 50.30 Na+- Cl- 2.346 1423.25 40.14 

   Na+- HCO3
- 0.847 615.74 10.09 

   Na+- F- 0.002 1.23 0.06 

K+ 67.45 1.73 K+- Cl- 0.128 61.16 1.72 

Mg2+ 5.61 0.12 Mg2+- Cl2
- - 6H2O 0.046 16.36 0.46 

Ca2+ 28.34 0.35 Ca2+- Cl2
- - 2H2O 0.103 50.15 1.41 

Sr2+ 3.78 0.02 Sr2+- Cl2
- - 6H2O 0.011 3.05 0.08 

Ba2+ 12.78 0.05 Ba2+- Cl2
- - 2H2O 0.021 6.61 0.18 

 

Analytical analysis of water samples 

Measurements of the basic water quality parameters such as electrical conductivity, 

pH, temperature, salinity and TDS were performed using a portable multi-parameter 

meter sympHony (VWR) (ThermoFisher). Calibration of each probe was performed 

in the laboratory daily using Chem-Supply pH (4.01, 7.00 and 12.45) and conductivity 

(100 µS/cm, 2764 µS/cm and 12.88 mS/cm) standard solutions. 

 

The analysis of all liquid samples was undertaken using an Agilent 720 ICP-OES using 

the US EPA Method 6010b for Inductively Coupled Plasma Atomic Emission 

Spectrometry. An ICP multi-element standard solution Merck was used for calibration 

purposes. 
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Each sample was filtered using a 0.45 µm membrane filter (Advantec®, mixed 

cellulose ester) and diluted with ultrapure water and 2% HNO3 reducing the pH to less 

than 2, due to a high concentration of dissolved metals. Prior to sample analysis, a 

calibration series was run in order to determine instrument detection limits (IDLs), 

method of detection limits (MDLs) and the linear dynamic range of the instrument. A 

calibration blank and calibration standard for a three-point calibration curve was 

performed. A calibration check, using standard solutions as well as calibration 

verification from stock solutions independent from calibration standard solution was 

performed. 

 

Samples were analysed in batches of 50. At the beginning and at the end of every run, 

initial calibration, blank solution and a verification solution was analysed after every 

10 samples in order to provide internal quality control of the results. If the 

measurements on the verification solutions was greater than 10% of the expected 

value, corrections on the calibration were made. During analysis, every element was 

analysed in triplicate for every sample and used by the instrument to estimate relative 

standard deviation (RSD) automatically. If the RDS result was above 5%, the analysis 

was stopped and corrected before continuing with a further run. 

Experimental procedure 

Batch adsorption studies 

Natural material batch treatment 

Treatment of scoria and zeolite sorbent materials in their natural state consisted of an 

elution stage with inorganic salts and acid solutions until a near homoionic state was 

reached. The single cation treatment solutions made were at 1.0 M using ultrapure 

water and analytical grade reagents (Chem-Supply): calcium chloride (CaCl2); 

potassium chloride (KCl); ammonium acetate (NH4C2H3O2); and hydrochloric acid 

(HCl).  

 

For batch studies the material treatment was performed in a batch mode using a ratio 

of 30 g of material (0.6 – 0.35 mm) in 1,000 mL of single cation solution, over a period 

of 24 h in an incubator orbital shaker (Bioline 8500) at constant temperature and speed 
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of 25 °C and 300 rpm. The material was then washed with ultrapure water, while 

monitoring the conductivity and presence of chloride ions (Cl-) using silver nitrate 

(AgNO3 Chem-Supply). Washing ceased when the washing solution stopped forming 

silver chloride precipitation with the addition of silver nitrate (Gedik & Imamoglu, 

2008). For a typical acid treatment, pH was monitored during the washing stage and 

ceased when neutral pH values were achieved. Finally, the treated materials were oven 

dried for 24 h at 110°C to remove excess water and stored in sealed containers for 

further use in batch and column experiments. 

Effect of particle size in adsorption and ion exchange processes 

In the study of adsorption rate, natural forms of zeolite and scoria in fraction sizes were 

used including 1.8 - 0.6 mm, 0.6 – 0.35 mm, and < 0.35 mm.  

 

 

Figure 4.1 Batch mode experiment figure used to study the effect of particle size on the adsorption 

capacity of the material. The control sample is the reference concentration; three different 

fraction sizes were contacted with solutions until equilibrium was achieved to determine the 

adsorption properties. 

 

The kinetic adsorption test was performed in a batch type experiment using a 1 L 

HDPE container with 30 g of material and 600 mL of a solution containing sodium 

chloride (NaCl) at 0.1 M on an orbital shaker at 300 rpm and 25 °C for fraction sizes 

1.8 - 0.6 mm, 0.6 – 0.35 mm, and < 0.35 mm (Figure 4.1). Aliquots of 1 mL were 

withdrawn from the container at several intervals, where the total volume withdrawn 

was less than 2% of the total volume used (Inglezakis et al., 2004). Samples were taken 

with high frequency during the first 720 min, then for the following 72 h samples were 
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taken in 12 h intervals. Aliquots were diluted with ultrapure water with 2% HNO3 for 

analysis using ICP-OES to determine total metal ion concentration. The experiments 

were carried out in duplicate in order to observe reproducibility of the results, and the 

mean value was reported. 

Adsorption kinetics studies 

To study the kinetic adsorption behaviour, the materials were placed in a solution of 

known concentrations of single or a mixture of cations in a batch experiment. The 

interaction between the solution and the adsorbent was continuously monitored taking 

1 mL aliquot at different times until the system reached equilibrium. A schematic of 

the adsorption experiment is shown in Figure 4.2. 

 

 

Figure 4.2 Experimental set-up for the adsorption kinetics of cations in solution using natural and 

treated scoria and zeolite, colours represent material in treated form. From each system, a 1 mL 

aliquot is withdrawn every at different times determining the adsorption kinetic uptake. 

 

Kinetic batch type experiments were conducted using 30 g of natural and treated 

material (0.6 – 0.35 mm) in contact with 600 mL of solution, performed in a 1 L HDPE 

container. Each container was placed on an orbital shaker at 300 rpm at a constant 

temperature of 25 °C for 720 min. The solutions used were: (i) sodium chloride (NaCl) 

at 0.1 M, (ii) strontium chloride (SrCl2) at 4.5x10-4 M, (iii) barium chloride (BaCl2) at 

4.5x10-4 M, (iv) synthetic CSG water, and (v) field-collected CSG water from research 

site. Sample aliquots of 1 mL were withdrawn from the container at intervals, where 

the total sample volume was less than 2% of the total volume of the solution. Samples 

were taken with high frequency during the first 720 min, then every 12 h samples were 
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taken up to 72 h. Samples were diluted with ultrapure water and 2% HNO3 for analysis 

by ICP-OES. Mean concentration values of the duplicates were used to determine 

adsorption.  

Behaviour of Na+ adsorption in presence of different anions 

In order to investigate the effect of sodium adsorption under the presence of different 

anions found in CSG water a kinetic trial experiment was developed. Zeolite and scoria 

material were in contact with sodium in Cl-, HCO3
-, and F- forms made up at 0.1 M, 

respectively. The methodology for determination of adsorption kinetics was followed. 

Treatment and regeneration of natural materials 

The treatment and regeneration of both materials was performed with 30 g of material 

(0.6 – 0.35 mm) in contact with 1 L solutions of calcium chloride (CaCl2), potassium 

chloride (KCl), ammonium acetate (NH4C2H3O2), hydrochloric acid (HCl), all made 

at 1.0 M (Figure 4.3). 

 

 

Figure 4.3 Method for the treatment, regeneration, and adsorption/desorption of zeolite and 

scoria material. 

 

The solution and adsorbent material were in contact with the retrospective solutions 

over a period of 24 h on an orbital shaker at constant 25 °C and 300 rpm. The adsorbent 
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materials were then, rinsed with ultra-pure water and dried at 105 °C for 24 h prior to 

adsorption kinetic tests with solutions containing cations of interest (Figure 4.3). 

 

Once the material had reached exhaustion, the material was rinsed with ultra-pure 

water to remove excess of the adsorption solution, and then the regeneration process 

was performed. The regeneration process followed the methodology for the treatment 

of scoria and zeolite previously discussed. 

 

After the regeneration stage, the material was separated from the solution using a 

membrane filter of 0.45 µm pore size (Advantec®, mixed cellulose ester). A 1 mL 

aliquot was taken from the supernatant and diluted with ultra-pure water with HNO3 

at 2% for ICP-OES analysis to determine the concentration of desorbed cations during 

the treatment or regeneration stages. The adsorption and regeneration cycles were 

repeated five times, where the reversibility of the adsorption process and potential 

reusability of both materials was determined. 

Equilibrium adsorption studies 

Batch equilibrium isotherm studies were carried out to determine the maximum 

adsorption of cations using natural and treated zeolite and scoria. In a batch mode, 2.5 

g of material (0.6 – 0.35 mm) was placed in a plastic (HDPE) container with 50 mL 

solutions at different initial concentrations composed of single cations. The material 

was introduced into the known concentration solution at a constant temperature of 25 

°C and placed on an orbital shaker at 300 rpm for 72 h, where the system reached 

equilibrium. The solutions that were used for equilibrium isotherms were sodium 

chloride (NaCl), strontium chloride (SrCl2) and barium chloride (BaCl2), at different 

concentrations ranging from 0.1 M to 2x10-5 M. The material was separated from the 

solution and the supernatant was used to determine the concentration of metals. The 

experiments were carried out in duplicate in order to observe the overall 

reproducibility of the results, where the mean value was reported. 

Selectivity isotherms for major metals  

A selectivity experiment was carried out with two cations in the solution at different 

ratios at a constant total ion concentration in contact with the zeolite and scoria 

materials (Townsend & Coker, 2001). The experiment used 30 g of natural material in 
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a 1 L HDPE container with 600 mL of a binary ion solution agitated on an orbital 

shaker at 300 rpm for 72 h and constant temperature of 25 °C. The binary solution had 

a constant ion concentration containing two major metals ions found in the CSG co-

produced water. The selectivity isotherms were developed for sodium interactions with 

calcium, potassium and strontium, which are cations that could compete with sodium 

for the adsorption or exchange sites on zeolite and scoria material. Mean concentration 

values of the duplicates were used to determine adsorption.  

 

One of the binary solutions trailed was sodium and calcium where the total 

concentration of the solution was made at 0.01 M, where sodium and calcium were 

present in different ratios. Single solutions at the same concentration were trailed in 

order to determine the boundary conditions of the selectivity isotherm using a solution 

made up of 100% sodium or 100% calcium. The mechanics of the selectivity 

experiment as well as a selectivity curve with the possible scenarios for the adsorption 

behaviour of cation present in a binary solution is shown in Figure 4.4. Equilibrium 

was achieved after 72 h where the supernatant was separated from the absorber. 

Samples were diluted with ultrapure water and 2% HNO3 for analysis using ICP-OES. 

 

 

Figure 4.4 Typical ion exchange isotherm curves determined experimentally using binary ion 

solutions. 
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Column adsorption studies 

Column design 

Column studies were performed to evaluate and compare the natural adsorbent 

materials in terms of their capacity, regeneration and treatment in a dynamic flow 

through mode experiment.  

 

 

Figure 4.5 Schematic diagram of the column set-up and experimental procedure for adsorption 

evaluation in flow through conditions. 

 

Adsorption studies were conducted in a fixed bed column arrangement packed with 

the zeolite and scoria materials (Figure 4.5). The column had to maintain geometrical 

equivalences for the fixed bed arrangement to avoid flow misdistribution and low 

liquid hold up usually found in adsorption configurations (Inglezakis, 2010b; 

Inglezakis et al., 2001a; Inglezakis et al., 2001b). The geometrical considerations for 

the column were: 

 

𝒁

𝑫
≥ 𝟓    ;    

𝑫

𝒅𝒑
≥ 𝟏𝟐   ;  

𝒁

𝒅𝒑
≥ 𝟓𝟎      Equation 4.1 

 

where 𝑍 is the bed height, 𝐷 is the bed diameter, 𝑑𝑝 is the particle size of the granular 

material. 
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The column used in the trials was made of Plexiglas with an internal diameter of 22 

mm and height of 400 mm. The column had a glass bead mesh at the bottom (inlet) 

and at the top a paper filter (Whatman, qualitative 3) with a rubber stopper placed in 

order to prevent any loss of material. The column bed was composed of zeolite/scoria 

material in a fraction size of 0.6 – 0.35 mm, the column was packed with a bed height 

of 380 mm, and the total volume of material used was 144.45 mL (144.45 mL = 1 BV). 

Column, bed and geometrical considerations are shown in Table 4.2. 

 

Table 4.2 Fixed bed column dimensions and geometrical considerations. 

Parameter Dimensions 

Z 380 mm 

dp 0.50 mm 

D 22 mm 

BV 144.45 mL 

Flow Up up/down 

Z/D 17.27 OK 

Z/dp 760 OK 

D/dp 44 OK 

 

Solutions were fed at flow rates into the column in an up flow mode using a peristaltic 

pump (LongerPump BT100-2J with YZ-1515X pump head). An up flow mode was 

preferred since this mechanism prevents channel or flow misdistribution during the 

column’s operation. The solution that exited the column from the top was collected in 

10 mL sample polypropylene vials at different intervals until the adsorption capacity 

of the material was exhausted. Samples were diluted with ultrapure water and 2% 

HNO3 for analysis by ICP-OES to determine the cations present following the column 

filtration experiment. 

Experimental validation of column up flow mode 

Validation of the column arrangement used in this study was performed primarily to 

evaluate possible hydraulic issues during the normal operation of the fixed bed and 

column under up flow mode (Appendix D). The packed columns were rinsed with 

ultrapure water for 5 BV (723 mL) until the water exiting the column had a constant 

pH and electrical conductivity similar to the feeding solution prior to the validation 

test. 
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The hydraulic behaviour of the packed column was investigated using a trace high 

salinity (EC = 10,000 mS/cm) solution. The solution was pumped in up flow mode at 

1, 5, 10 BV/h. The existing solution was continuously monitored for pH and electrical 

conductivity. Results obtained from the solution that passed through the column at 

different flow rates were used to create breakthrough curves (profile of the effluent 

solution) of the packed column in order to determine the hydraulic behaviour of the 

column, identifying possible flow misdistribution, low liquid hold up, fingering and 

other hydraulic related issues that could affect the column performance. 

Adsorption column studies 

The column study assesses the zeolite and scoria in natural and treated form under 

flow through conditions in terms of their operational capacity to adsorb cations present 

in CSG water from research site in the Bowen Basin. Each of the column trials 

produced a breakthrough curve showing the adsorption performance of each material 

using a synthetic solution and field CSG water. 

 

In short, the column was packed with 145 mL of dried natural or treated material. The 

operation of the column during the adsorption process was in an up flow mode using 

solutions of sodium chloride (NaCl) at 0.1 M, synthetic CSG water and field CSG 

water from research site. The effect of flow rate on the adsorption process of sodium 

ions was studied using three volumetric flow rates, 1, 5 and 10 BV/h by controlling 

the speed on the peristaltic pump for a total of 20 BV. The exiting solution was sampled 

continuously and analysed by ICP-OES to generate a breakthrough curve profile for 

each flow rate, material state and also the solution used. 

 

Field CSG water from research site was used as the inflow solution for the fixed bed 

columns at 5 BV/h for a total of 20 BV in up-flow mode. The average equivalent 

composition of the CSG water consisted of 49 meq/L of Na+; 1 meq/L of Ca2+; 0.6 

meq/L of K+; 0.4 meq/L of Mg2+; 0.07 meq/L of Sr2+; and 0.02 meq/L of Ba2+.  

Material treatment, regeneration and desorption of cations in column mode 

Treatment, regeneration and following desorption processes were assessed using 

scoria and zeolite materials to determine behaviour and performance. The adsorption 

process exhausted the material reaching the practical adsorption capacity after a large 
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number of BV of operation. The regeneration cycle was then performed using 5 BV of 

ultrapure water pumped up-flow rinsing and removing the excess solution (mainly 

NaCl solutions) used for the adsorption process. Rinsing with 5 BV guarantees the 

removal of all the solution excess. 

 

Initial treatment of natural materials and regeneration of exhausted material were 

performed in an up-flow mode over a period of 24 h using 5 BV of potassium chloride 

(KCl) and ammonium acetate (NH4C2H3O2) solutions made at 1.0 M. The regeneration 

procedure was developed based on the batch regeneration tests and validated for 5 BV 

to assure that complete regeneration was achieved. Once the regeneration process was 

finished, excess of regenerate solution was rinsed using 5 BV of ultrapure water and 

checking the electrical conductivity of the rinsing solution, before the following 

adsorption trial was started.  

 

A maximum of 5 regeneration cycles was performed. A sample from the regeneration 

supernatant was collected for elemental composition determining the performance of 

the cation desorption in each regeneration cycle, and the potential reuse of zeolite and 

scoria material in fixed bed columns. 

Data analysis and modelling 

The experiments were carried out in duplicates in order to observe reproducibility of 

the results, and the mean value of the replicates, which did not vary by more than 5% 

were reported, or otherwise stated.  

 

The equilibrium and kinetic models implemented for the adsorption studies have two 

or more than two adjustable parameters that require to be fitted to the experimental 

data by a non-linear least square analysis (Millar et al., 2015b). The non-linear model 

equations were implemented in Matlab R2012b (MathWorks®) and fitted to the 

experimental using the sum of the squared error (SSE).  

 

𝑆𝑆𝐸 = ∑ (𝑞𝑒,𝑐𝑎𝑙𝑐 − 𝑞𝑒,𝑚𝑒𝑎𝑛𝑠)2
𝑖

𝑝
𝑖=1       Equation 4.2 

 

The diffusion and breakthrough empirical models were fitted to the experimental data, 

using the mathematical linear expression fitting the model parameters using SSE 
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implemented in Microsoft Excel and the Solver function (Chu, 2010; Millar et al., 

2015a; Motsi, 2010; Negrea et al., 2011; Nguyen et al., 2015). 

 

 





 

Chapter 5: Characterisation of natural ion exchangers 81 

Chapter 5:  Characterisation of natural ion exchangers 

Introduction 

The characterisation of the zeolite and scoria materials determines their physical, 

mineralogical and chemical nature. The material characterisation included surface 

morphology and composition by the use of SEM combined with EDS; the qualitative 

and quantitative composition determined by XRD and XRF elemental features; surface 

area of adsorbents by BET analysis; and finally the real cation exchange capacity. 

Scanning Electron Microscopy (SEM) and EDS 

Zeolite material 

The surface of the zeolite material in its natural state exhibited a drusy texture (Figure 

5.1) with a secondary porous characteristic. The secondary porous features are 

probably made of volcanic shards that have been pseudo morphed by the crystals of 

the zeolite material. Crystalline inorganic salts were observed on the surface formed 

through processes of evaporation during the oven drying stages. The secondary pore 

sizes ranged from 1 to 5 µm. The zeolite material is considered to be a microporous 

structure with pores to be in the range of 4 Å in diameter (Pabalan & Bertetti, 2001). 

 

 
Figure 5.1 SEM micrograph of natural zeolite at x5,000 magnification. Surface and morphological 

structures are detailed. 

Volcanic shards 
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The natural zeolite presented a high concentration of silicon and aluminium oxides, 

which are expected due to the aluminosilicate nature, accompanied by both alkali and 

alkaline metals often deemed exchangeable (Table 5.1). The natural zeolite contained 

a large amount of potassium (3.98±0.39 %w/w) and calcium (3.74±1.05 %w/w) and 

elevated amounts of iron (6.55±0.39 %w/w), almost 50% of the amount of calcium in 

the form of an oxide. Sodium and magnesium were also present but in lower 

concentrations. The natural zeolite may be characterised as a calcium/potassium rich 

material in its natural form (Shoumkova, 2011). 

 

Table 5.1 EDS oxide elemental composition (%w/w) of natural and treated zeolite material (n=3; 

Mean Value ± SD). 

Zeolite Na2O MgO Al2O3 SiO2 K2O CaO Fe2O3 N Total 

Natural 2.55±0.39 2.02±0.13 12.99±0.81 68.39±1.97 3.98±0.39 3.74±1.05 6.55±0.39 - 100.22 

Potassium 0.90±0.57 - 14.47±0.25 63.29±0.52 16.30±0.2 0.60±0.13 4.04±0.81 - 99.60 

Acid 2.59±0.39 3.74±0.78 14.40±2.3 70.65±1.07 1.55±0.21 4.41±0.32 3.06±0.64 - 100.40 

Ammonium 1.64±0.36 - 17.36±1.09 63.88±1.40 1.63±0.26 0.14±0.02 5.22±0.44 11.07±0.44 100.95 

 

Zeolite, when treated with K+, exhibited a similar morphology and topography as the 

one observed for the natural zeolite. The potassium has displaced exchangeable cations 

contained on the zeolite material modifying the elemental composition of the surface 

of the material and making potassium more available than other cations (16.30 ± 0.2 

%w/w), a four-fold the concentration increase for K+ when compared to the natural 

zeolite (Table 5.1). The concentration of alkali and alkaline ions such as sodium 

(0.90±0.57 %w/w) and calcium (0.60 ± 0.13 %w/w) were smaller following the K+ 

treatment. Magnesium has also been removed from the surface of the zeolite. The 

silicon oxide (63.29 ± 0.52 %w/w) was also lower in the concentration on the zeolite 

structure, and it is believed to correspond to impurities contained in the natural zeolite. 

 

Surface morphology of the zeolite treated with hydrochloric acid at 1.0 M was 

consistent with those surfaces observed for natural and inorganic salt treatments. The 

EDS results for acid treated zeolite showed that the aluminosilicate composition of the 

zeolite material was unchanged, despite the acid treatment, and probable loss of 

aluminium content. The aluminium (14.40 ± 2.3 %w/w) content exhibited on the 

surface of the zeolite is analogous to the natural zeolite form (Table 5.1). The cations 

of potassium (1.55 ± 0.21 %w/w) and iron (3.06 ± 0.64 %w/w) were reduced to half 
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their original concentrations after acid treatment when comparing to the natural state 

of the zeolite. Other cations present on the zeolite surface remained unchanged, 

indicating the reduced efficiency of the treatment to remove exchangeable cations. 

 

 
Figure 5.2 SEM micrograph of ammonium treated zeolite at x2,700. 

 

The zeolite material when treated with ammonium cations presented similar surface 

morphology to that observed in the natural material state, with inner shards formed by 

crystals with a druse morphology as depicted in Figure 5.2. The elemental composition 

of the ammonium treated zeolite (Table 5.1) exhibited the aluminosilicate with a 

reduction of silicon oxide (63.88 ± 1.4 %w/w) believed to be impurities, while 

additional aluminium (17.36 ± 1.09 %w/w) was detected on the surface when 

compared to the natural form. The concentration of metals was lower after treatment. 

Nitrogen (11.07 ± 0.44 %w/w) on the surface of the material showed that ammonium 

treatment was able to remove alkali and alkaline elements that were present on the 

natural zeolite, since large reduction of the exchangeable cations was observed. 

Scoria material 

The scoria material (Figure 5.3) exhibited a vesicular surface texture, which can be 

attributed to the product of trapped gas during the original formation of the material. 

Vesicles and voids on the surface of the material had on average a diameter of 70 µm 

and contained small crystal deposits (Figure 5.3).  
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Figure 5.3 SEM micrographs of natural scoria material at different magnifications x160 and 

x5,000. 

 

An elemental analysis of the surface of the natural scoria material showed that the 

material followed the geochemical characteristics often observed of a basalt type 

formation demonstrated by the abundant silicon oxide, aluminium and iron oxides 
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concentrations (Table 5.2). The total mean alkali composition (10.31 %w/w) was 

found to be greater than the total mean alkaline (7.52 %w/w), making this material an 

alkali basalt related to a feldspar formation (Benjamin et al., 2007). 

 

Table 5.2 EDS oxide elemental composition (%w/w) of natural and treated scoria material (n=3; 

Mean Value ± SD). 

Zeolite Na2O MgO Al2O3 SiO2 K2O CaO Fe2O3 N Total 

Natural 7.72±0.31 3.45±0.05 12.60±0.1 48.77±1.1 2.59±0.24 4.33±0.35 20.62±1.13  100.08 

Potassium 4.42±0.22 3.88±0.35 10.60±0.6 54.13±1.95 8.02±0.43 7.7±0.558 11.31±2.21  100.15 

Acid 9.53±0.22 4.85±0.26 11.55±0.05 57.73±0.36 2.41±0.66 6.71±0.46 7.36±0.81  100.14 

Ammonium 2.12±0.07 3.71±0.35 11.42±0.26 54.47±0.53 0.88±0.05 5.38±0.25 11.31±0.83 10.81±0.32 100.09 

 

When the scoria is treated with potassium chloride at 1.0 M, the surface texture is 

similar to its natural form showing vesicles ranging from 50 – 100 µm distributed 

across the surface. EDS elemental analysis (Table 5.2) showed that the major 

components of the basaltic structures were preserved following the K+ treatment. 

Treatment increased the concentration the potassium (8.02 ± 0.43 %w/w) on the 

surface by reducing sodium and iron oxide. 

 

 
Figure 5.4 SEM micrographs of acid treated scoria at different magnifications x100. 

 

The surface of acid treated scoria showed that a salt crystal layer had no formed and 

caused evident structural surface damage (Figure 5.4). As a result of the acid treatment, 

Structural 
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100 µm 



 

86 Chapter 5: Characterisation of natural ion exchangers 

the material became soluble, producing fissures across the scoria that may also 

compromise the stability and adsorption properties of the material. The elemental 

composition of the surface of this acid treated scoria material showed a significant 

reduction in the iron oxide composition when compared to its natural form of about 

65%. Alkali and alkaline cations were present at similar concentrations to that 

observed for the natural scoria form (Table 5.2).  

 

Following an ammonium treatment of the scoria surface (Table 5.2) the geochemical 

characteristics of the determined basalt type rock were maintained after treatment. 

Total mean alkali composition (3.0 %w/w) was decreased together with the iron oxide 

composition, while the total mean alkaline (9.09 %w/w) composition remained 

relatively constant when compared to natural scoria form. The nitrogen composition 

determined by EDS was approximately 10.81 %w/w, which indicates that ammonium 

cations were adsorbed onto the surface of the material. 

 

Material treatment with acid, ammonium and potassium solutions have resulted in 

surface modifications reflected on the cation content, which has been noticeable. A 

marked difference between natural and treated forms are considerable and statistically 

show how much the concentration of magnesium, calcium and sodium have been 

changed as a result of treatment.  

X-ray fluorescence (XRF) 

XRF analysis (Table 5.3) revealed silicon-aluminium levels, characteristic of 

aluminosilicate material structure. Calcium was the major balancing ion followed by 

sodium, iron, potassium and magnesium for the zeolite, while iron was the largest 

chemical signature for the scoria. XRF results agree corroborated using SEM-ED 

spectroscopy. Similarly, high aluminium and silicon compositions with alkaline and 

alkali cations in other zeolites using XRF analysis have also been observed (Baker et 

al., 2009; Castaldi et al., 2008; Du et al., 2005; Hlavay et al., 1982; Ho & Ho, 2012; 

Jha & Hayashi, 2009; Korkuna et al., 2006; Taulis & Milke, 2009; Wang et al., 2012). 

 

An important characteristic of zeolite materials is the silicon aluminium ratio (Si/Al), 

this ratio denotes the type of zeolite and the capacity of the said zeolite to exchange 
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ions. The amount of aluminium present within the framework can vary over a wide 

range. Nonetheless, most zeolites found in nature, have lower Si/Al ratios, with some 

of the Si4+ in the framework substituted by Al3+ giving the zeolite a net negative charge 

balanced with positive ions. The Si/Al ratio calculated for the zeolite material using 

XRF was found to be 5.50 (mol/mol). The ratio of Si/Al for a clinoptilolite and 

mordenite zeolite are reported to be between 2.92 to 5.04 and 4.19 to 5.79, respectively 

(Alberti et al., 1997; Colella, 1996; Du et al., 2005; Wang et al., 2012). 

 

Table 5.3 Chemical composition of zeolite and scoria in natural form performed by XRF. LOI = 

loss on ignition determined gravimetrically; Detection limit 0.01%. 

Chemical 

composition 

Natural zeolite used in 

this study 

 (% w/w) 

Escott Zeolite 

(Wang et al., 2012) 

Natural scoria used in 

this study 

 (% w/w) 

Scoria – Korea 

(Kwon et al., 2005) 

Fe2O3 1.34 1.37 11.62 12.24 

SiO2 72.84 68.26 46.23 48.02 

Al2O3 11.69 12.99 13.30 15.18 

CaO 2.85 2.09 8.74 8.66 

K2O 1.04 4.11 0.98 1.36 

MnO 0.02 0.06 0.18  

Na2O 1.83 0.64 2.13 2.67 

MgO 0.87 0.83 13.39 7.84 

P2O5 0.03 0.06 0.51  

SO3 <0.01 0.49 0.01  

TiO2 0.18 0.23 1.63 2.41 

BaO 0.13  0.04  

Cr2O3 <0.01  0.08  

NiO <0.01  0.05  

LOI 7.140 8.87 1.01 1.66 

Total 100.06  99.95  

 

The sum of Na+, K+, Ca2+ and Mg2+ cations represents the theoretical exchange 

capacity (TEC), 154 meq/100 g (Table 5.3). Typical theoretical cation exchange 

capacities for pure clinoptilolite and mordenite zeolites are 222 meq/100 g and 229 

meq/100 g, respectively (Colella, 1996; Pabalan & Bertetti, 2001). However, a 

significant part of the cations identified as ‘exchangeable’ within the zeolite 

framework may have limited possibilities to be exchanged because these cations may 

be located in inaccessible sites upon the structure and furthermore, some of these 

cations exist as impurities of the material that do not participate in the overall ion 

exchange process (Inglezakis et al., 2002). 
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Scoria contained a high concentrations of magnesium oxide, which is consistent with 

an olivine mineral structure often contained in a scoria material. Silicon and aluminium 

content observed in the scoria correspond to a feldspar and pyroxene type mineral. The 

major chemical composition agrees with other scoria materials described by Kwon et 

al. (2005) for silicon and aluminium content (Table 5.3). The substitution of silicon by 

aluminium that occurs in a plagioclase feldspar mineral structure generates an 

imbalance on the charge counteracted by exchangeable cations, giving the scoria 

material ion exchange properties (Kwon et al., 2010). The Si/Al ratio calculated form 

the XRF values in Table 5.3 was 3.07 (mol/mol), which is comparable to chabazite 

(1.43-4.18) or erinonite (3.05-3.99) zeolites (Colella, 1996). 

 

The determination of the theoretical exchange capacity (TEC) was calculated taking 

into account the mineralogical and elemental composition. The structure that was 

identified to have ion exchange properties was the plagioclase feldspar and typically 

calcium is only exchangeable. Thus the cation capacity of the material was estimated 

to be approximately 46 meq/100 g. This result was greater than other studies reported 

for scoria, where cation exchange capacity was seen to be 16.1 meq/100 g (Kwon et 

al., 2005) and 0.09 meq/100 g (Alemayehu & Lennartz, 2009) using XRF. 

X-ray diffraction (XRD) 

Natural zeolite material 

The zeolite sample presented major diffraction peaks at 11.5°, 25.5° and 31° which are 

indicative peaks for the type and quantity of a particular crystalline structure present 

in the sample (Figure 5.5). These peaks were then compared with the XRD 

SIROQUANT database using the Rietveld process, simulating the XRD patterns from 

known crystalline structures of the minerals with variation in parameters, such as, 

mineral abundance and crystal type until the pattern fits the measured XRD. The XRD 

method had an accuracy of around ± 3 %w/w with a 95% confidence accurately 

indicating the mineral composition of the natural zeolite sample. 

 



 

Chapter 5: Characterisation of natural ion exchangers 89 

 

Figure 5.5 X-ray diffractogram of the natural zeolite sample used in this study. The picks in the 

figure depicts minerals found in the sample, being the major Quartz (11.5˚), mordenite (25.5˚) 

and clinoptilolite (31˚). 

 

Table 5.4 Quantitative XRD results for zeolite material. 

Mineral Typical unit cell formula (%w/w) 

Quartz SiO2 30 

Mordenite (Ca, Na2, K2)Al2Si10O24·7H2O 29 

Clinoptilolite (Ca,Na)2-3Al3(Al,Si)2Si13O36·12H2O 41 

Total  100 

 

The major minerals present were clinoptilolite (41 %w/w), mordenite (29 %w/w) and 

quartz (30 %w/w) (Table 5.4). These data agree with other Australian zeolites as 

clinoptilolite (Ho & Ho, 2012; Wang & Nguyen, 2016). Quartz (SiO2) comprises a 

significant amount of the total zeolite sample and due to the known intrinsic low 

adsorption or ion exchange properties of this mineral, the material can be considered 

as an impurity within the zeolite composition. The other two minerals found in the 

zeolite sample correspond to known natural zeolite minerals and constitute the 

70 %w/w of the material used in this study. 

Zeolite mineralogical analysis 

Mordenite and clinoptilolite are zeolite type materials that occur in a variety of 

geological settings. These materials are the product of the alteration of sedimentary 

11.5˚ 25.5˚ 

31˚ 
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minerals, as temperature and pressure modify finely the crystalline rock composition 

(Inglezakis & Zorpas, 2012b). 

Although zeolites have similar chemical compositions to each other – from different 

regions, a common sub-unit crystal structure with a specific array of aluminosilicate 

(AlSi)O4 tetrahedral is always present. The natural spaces and channel interconnection 

in dehydrated zeolites determines the physicochemical features for the adsorption or 

the ion exchange processes (Alberti et al., 1997). The size of these channels is limited 

by the aperture between the tetrahedron bounded oxygen atoms. There are three crystal 

structure variations in zeolite materials, which are: (1) chains, (2) sheet and (3) 

framework. The chain structure forms an acicular needle shape like a prismatic crystal. 

The sheet structure occurs when crystals are flattened or tabular with good basal 

cleavage. The framework structure exhibits crystals that are equivalent in all directions 

and dimension (Alberti et al., 1997). 

 

 

Figure 5.6 Diagram to show the crystal structure and channel composition of mordenite. Water 

molecules are shown in blue, potassium, calcium and sodium ions are shown in purple, red and 

yellow respectively (Inglezakis & Zorpas, 2012b; Mineralogy, 2015). 

 

Mordenite’s morphology corresponds to an orthorhombic single crystal arrangement, 

like thin fibres, depicted by the features shown in Table 5.5. Mordenite pores consist 

of 12 and 8-12 ring channels system (Figure 5.6), which form tube-like structures 

interconnected with oxygen atoms. The channel structure and dimensions are shown 
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in Table 5.5 and Figure 5.6. Mordenite has a particular topology in its system of 

channels and cavities, which are denominated as intracrystalline, where channels are 

parallel and are not interconnected allowing migration of guest molecules to diffuse 

unidirectionally. 

 

Table 5.5 Zeolite crystal characteristics (Barthelmy, 2014; Shoumkova, 2011). 

Mineral 
Channels 

Dimension (Å) 
Crystal system 

Crystal cell 

dimensions (Å) 

Mordenite 

6.5 x 7.0 

2.6 x 5.7 

Orthorhombic 

pyramidal 

 

a = 18.11 

b = 20.51 

c = 7.52 

Clinoptilolite 

3.6 x 4.6 

3.1 x 7.5 

2.8 x 4.7 

Monoclinic 

prismatic 

 

a = 17.66 

b = 17.96 

c = 7.40 

 

 

 
Figure 5.7 Diagram to show crystal structure and channel composition of clinoptilolite. Water 

molecules are coloured blue, potassium, calcium, magnesium and sodium ions are shown in 

purple, orange, red and yellow respectively (Inglezakis & Zorpas, 2012b; Mineralogy, 2015).  

 

The crystal morphology of clinoptilolite is a monoclinic prismatic in nature (Table 

5.5). The clinoptilolite structure has an interconnected system of channels that permits 

a diffusion or migration of molecules in two dimensions, like a sheet structure. Every 

oxygen ion within the structure is connected to either silicon or aluminium ion. 

Clinoptilolite zeolite is composed of three-ring channel system that conforms to sheets, 
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alternating eight and ten sides as shown in Figure 5.7 with a range of pore sizes (Table 

5.5). These rings stacked together form channels through the crystal structure. 

Natural scoria material 

An XRD diffractogram of the natural scoria material (Figure 5.8) demonstrated major 

diffraction peaks at 42°, 32°, 34°, 37° and 61°. These peaks were then matched to the 

XRD SIROQUANT database, using known crystal structures and mineral abundance 

until a match was found within a 95% confidence for qualitative and quantitative 

mineral distribution.  

 

 

Figure 5.8 X-ray diffractogram of the natural scoria sample used in this study. The picks in the 

figure depicts minerals found in the sample, being the major Forsterite (32˚), anorthite (30˚) and 

diopside (34˚). 

 

Table 5.6 Quantitative XRD results for scoria material. 

Mineral Typical unit cell formula (%w/w) 

Quartz SiO2 1 

Forsterite Mg2SiO4 33 

Anorthite CaAl2Si2O8 30 

Ankerite Ca(Fe,Mg,Mn)(CO3)2 1 

Diopside Ca(Mg,Fe)(Si,Al)2O6 34 

Hematite Fe2O3 1 

Total  100 

 

61˚ 

32˚ 
34˚ 
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The diffraction analysis indicated that the major minerals were diopside (35 %w/w), 

forsterite (33 %w/w) and anorthite (29 %w/w) (Table 5.6). The remaining 3 %w/w 

(Quartz, Ankerite and Hematite) represent impurities during the formation of the 

material (Lima et al., 1999; Silva et al., 1993). This composition is consistent with that 

reported by Alemayehu and Lennartz (2009) and Kwon et al. (2005); Kwon et al. 

(2010), who also found that scoria was a mixture of olivine (forsterite), pyroxene 

(diopside) and hematite minerals.  

Scoria mineralogical analysis 

Diopside is a calcium and magnesium silicate, the typical chemical composition is 

given in Table 5.6. This mineral is a common silicate mineral in the pyroxene family 

that occurs in metamorphous siliceous limestone and dolomite (Barthelmy, 2014). 

Diopside may form chemical replacements with ferrous iron replacing the magnesium 

in the molecular structure. The crystal system of diopside is monoclinic prismatic with 

restricted channels that may interfere with the molecular sieving, adsorption or ion 

exchange properties (Table 5.7, Figure 5.9). 

 

Table 5.7 Crystal characteristics for major minerals found in natural scoria (Barthelmy, 2014). 

Mineral Crystal system 
Crystal cell 

dimensions (Å) 

Diopside 

Monoclinic 

prismatic 

 

a = 9.76 

b = 8.92 

c = 5.25 

Forsterite 

Orthorhombic 

di-pyramidal 

 

a = 4.75 

b = 10.19 

c = 5.98 

Anorthite 

Triclinic 

Pinacoidal 

 

a = 8.17 

b = 12.87 

c = 14.16 

 

Forsterite, the second most abundant mineral found in the scoria material is also known 

as olivine. Forsterite is often found in ultramafic igneous rocks or in dolomitic 

limestones and has a high melting point above 1,500 °C which is considered practically 

infusible (Mineralogy, 2015). Forsterite has an orthorhombic di-pyramidal crystal that 

contains SiO4
4- and Mg2+ molecular composition, single covalent bond with oxygen 
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atoms with a silicon atom in the centre. This arrangement makes the forsterite structure 

dense and hence may interfere with the adsorption or ion exchange processes. 

 

 

Figure 5.9 Diopside crystal structure (a,b phase). Calcium, magnesium, silica and oxygen ions are 

coloured in purple, green, brown and silver respectively (Barthelmy, 2014). 

 

 

Figure 5.10 Forsterite crystal structure (b,c phase). Magnesium, silica and oxygen ions are shown 

in green, brown and silver respectively (Barthelmy, 2014). 

 

Anorthite is the third most abundant mineral present in the characterised scoria 

material (Table 5.6) and is classified as a plagioclase feldspar tectosilicate containing 

45 – 50% of the Si4+ in the tetrahedral framework substituted by Al3+ (Hay, 1986). As 

observed for zeolites, the crystal structure framework presents a deficit balance with 
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cations that in the case of anorthite, is balanced mainly by calcium. It is also known 

that about 10% of the calcium in the crystal structure may be replaced by sodium in 

proportion of the total charge of the structure. Alberti et al. (1997) suggested that 

framework structures such as feldspar minerals have reduced channels that restrict 

adsorption or ion exchange interactions. The crystal system is triclinic pinacoidal with 

a dimension of the crystal cell (Table 5.7, Figure 5.11). 

 

 

Figure 5.11 Anorthite crystal structure (a,b phase). Calcium, silica, aluminium and oxygen ions 

are shown in purple, brown, magenta and silver, respectively (Barthelmy, 2014). 

Real exchange capacity (REC) 

The real exchange capacity (REC) measures the amount of ions that are exchangeable 

by equilibration using NH4
+ ions that displace the natural ions on the material 

(Chapman, 1965; Thomas, 1982). Two replicate dried samples were used to determine 

the REC for coarse (0.6 – 0.35 mm) and fine (< 0.35 mm) particle grades of each 

material. 

REC of natural zeolite 

The most abundant cations desorbed by the ammonium ion were calcium, sodium and 

magnesium, with small amounts of potassium and iron (Figure 5.12). The mean 

concentrations of desorbed cations in the coarse zeolite particle were approximately 

50% lower than the observed desorbed cations in the fine particle sizes. This reduction 

could be explained by the surface area of the particle and the availability of cations to 

reach exchange sites within a zeolite particle. On average coarse particles have a 
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surface area of 0.79 mm2 and volume of 0.065 mm3, while fine particles exhibit 0.41 

mm2 and 0.024 mm3, the surface area and volume ratio for the coarse is 12, while for 

fine particles is about 17. The fine material has a higher surface area to volume when 

compared to the coarse particles. This surface area to volume increase translates into 

additional exchange sites being available that in turn, increase the capacity and 

availability of the material to exchange cations. 

 

 

Figure 5.12 Exchangeable cations and real exchange capacity of natural zeolite material. 

 

The REC for the coarse and fine zeolite material was 75.14 meq/100 g and 142.28 

meq/100 g, respectively. The REC of the fine zeolite material was smaller than the 

theoretical exchange capacity of 154 meq/100 g. Therefore, not all the cations that 

were identified in the XRF can be considered as exchangeable because they could be 

impurities existing in the zeolite particle such as; quartz, and thus cannot take part in 

the ion exchange process. 

REC of natural scoria 

Similarly, scoria displayed calcium and sodium as major desorbed cations followed by 

lower concentrations of magnesium and potassium (Figure 5.13). The REC for the 

coarse material was calculated to be 28.41 meq/100 g, while the fine scoria material 

exhibited a capacity of 34.29 meq/100 g.  The calculated REC for the fine scoria 

particles is smaller than the TEC of 46 meq/100 g found by XRF analysis, hence 26% 

of the cations found on the material are not exchangeable. 
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Figure 5.13 Exchangeable cations and real exchange capacity of natural scoria material. 

 

The coarse and fine particle sizes exhibited similar amounts of desorbed cations, 

although the finer particles had a larger surface area to volume ratio than the coarse 

particles. Therefore, exchangeable cations were totally removed in both cases.  

Surface area and porosity analysis 

The BET method determined the total surface and mesoporous area which correspond 

to void spaces in the material between 2 – 50 nm. From those results micropore volume 

of each material under analysis was calculated (Table 5.8). 

 

Table 5.8 Surface and porosity of natural materials. 

Parameter Zeolite Scoria 

Surface area (m²/g) 9.8 4.5 

Pore volume (cm³/g) 0.0019 0.0009 

 

Surface area measurements for the zeolite material in its natural state used in this study 

(Table 5.8) were found to be in agreement with other studies that used Australian 

natural zeolite sourced from a different location by Wang et al. (2012). In the case of 

the scoria material, the surface area agrees with studies performed by Kwon et al. 

(2010) using natural scoria from Korea with a surface area of 4.77 m²/g, characterised 

using BET analysis. The value for pore volume in the scoria material reflected the lack 

of microporous structure which is characteristic of this type of material. 
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Other studies have shown higher surface area results for natural zeolites ranging from 

15-20 m²/g (Ates & Hardacre, 2012; Kowalczyk et al., 2006). Since the pore volume 

of the material was estimated from its surface area, the pore volume of the zeolite used 

in this study is a fraction of pore volume described by Kowalczyk et al. (2006) and 

Ates and Hardacre (2012) that ranged between 0.016 to 0.052 cm³/g. 

Conclusions 

EDS analysis showed that the surface of both materials can be modified by the 

treatment of inorganic salts and acid. The surface elemental composition indicates that 

naturally contained cations can be effectively removed by those cations introduced 

during a treatment. For instance, zeolite and scoria treated with K+ resulted in an 

increment on the K+ ions that fourfold the concentration from their natural state. SE-

microscopy examining the acid treated scoria, presented significant structural damage, 

which can be attributed to the solubilisation of iron from the framework confirmed 

with EDS analysis, this may compromise the adsorption or ion exchange capacity of 

the material. 

 

The zeolite material characterised in this study was a natural blend of two known 

minerals, clinoptilolite (41 %w/w) and mordenite (29 %w/w). The scoria exhibited a 

natural combination of diopside (35 %w/w), forsterite (33 %w/w) and anorthite (29 

%w/w). Both materials have an aluminosilicate framework where Si4+ is substituted 

by Al3+ in the tetrahedral crystal, creating a charge imbalance that is often neutralised 

with cations. 

 

The zeolite has demonstrated a larger CEC than scoria. The zeolite TEC calculated 

from XRF analysis was 154 meq/100 g, and REC of 75.1 meq/100 g (coarse fraction) 

and 142.2 meq/100 g (fine fraction). The TEC calculated for scoria was 46 meq/100 

g, considering the XRD and XRF results. The REC measured for fine and coarse 

material was 28.4 and 34.2 meq/100 g respectively. The REC of the scoria is only 38% 

of the REC exhibited by the zeolite for coarse particles. Additionally, a smaller fraction 

size provided a larger adsorption capacity for both materials, since larger amounts of 

exchangeable cations were desorbed for the fine particles. It is then suggested that 

reduced particle sizes will exhibit greater adsorption rates. 
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Chapter 6:  Equilibrium studies 

Equilibrium isotherms models 

The adsorptive behaviour of an ion exchange system can be described using isotherm 

curves. Isotherm curves are based on equilibrium concentration data for total initial 

concentration of the solution that is in contact with the exchanger material at a constant 

temperature. The adsorption amount (qe) and efficiency (E) for each total initial 

solution are typically calculated using Equation 6.1 and 6.2, where 𝐶0 and 𝐶𝑒 are initial 

and the equilibrium concentration, 𝑉 is the volume of aqueous solutions and 𝑚 is the 

mass of adsorbent. 

 

𝑞𝑒 = (𝐶0 − 𝐶𝑒)
𝑉

𝑚
       Equation 6.1 

 

𝐸 = (𝐶0 − 𝐶𝑒)
100

𝐶0
       Equation 6.2 

 

The relationship between the adsorbent and the surrounding aqueous solution at 

equilibrium can be described by numerous expressions that commonly use two or more 

unknown parameters. Notably, adsorption and ion exchange use common approach 

despite the inherent differences, thus, theoretical approach for equilibrium processes 

including empirical, mass-action or surface complexation models can be used. The 

latter approaches present a series of advantages and disadvantages, while empirical 

models are conductive to provide clear illustrations of the key aspects of the ion 

exchange interaction (Millar et al., 2015b). The isotherm models used in this study 

were: Langmuir, Freundlich, Sips and Toth (Table 6.1). 

 

The Langmuir adsorption model is frequently applied to isotherms that describe physi-

sorption of ions by the sorbent surface and assumes that adsorption takes place at 

specific homogeneous sites on the sorbent. 𝐾𝐿 (meq/100 g) and 𝑎𝐿 (L/meq) are 

parameters related to the adsorption capacity and energy of adsorption, respectively. 

𝑞𝑚 (meq/100 g) is given by 𝐾𝐿 𝑎𝐿⁄ , which is the theoretical maximum monolayer 

adsorption. In contrast to the Langmuir model, the Freundlich adsorption model 
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assumes a heterogeneous surface with non-uniform distribution of the adsorption. 𝐾𝑓 

(L/100 g) and 𝑛 (dimensionless) Freundlich parameters describe the adsorption 

capacity and measure the adsorption affinity, respectively.  

 
Table 6.1 Adsorption equilibrium models used in this study for the adsorption of cations. 

Model Non-linear equation Linear equation 
Model 

parameters 

Langmuir 𝑞𝑒 =
𝐾𝐿𝑎𝐿𝐶𝑒

1 + 𝑎𝐿𝐶𝑒
 

𝐶𝑒

𝑞𝑒
=

1

(𝑞𝑚𝐾𝐿)
+

𝐶𝑒

𝑞𝑚
 𝐾𝐿 , 𝑎𝐿 

Freundlich 𝑞𝑒 = 𝐾𝑓𝐶𝑒

1
𝑛⁄

 ln 𝑞𝑒 = ln 𝐾𝑓 +
1

𝑛𝑓
ln 𝐶𝑒 𝐾𝑓 , 𝑛 

Sips 𝑞𝑒 =
𝑞𝑚𝑎𝑠𝐶𝑒

1
𝑛⁄

1 + 𝑎𝑠𝐶𝑒

1
𝑛⁄

  𝑞𝑚 , 𝑎𝑠 , 𝑛 

Toth 𝑞𝑒 =
𝑞𝑚𝐶𝑒

(𝐾𝑇𝑜 + 𝐶𝑒
𝑛)

1
𝑛⁄

 ln (
𝑞𝑒

𝑞𝑚
) = ln 𝐶𝑒 − (

1

𝑛
) ln(𝐾𝑇𝑜 + 𝐶𝑒

𝑛) 𝑞𝑚 , 𝐾𝑇𝑜 , 𝑛 

That is qe, adsorption (meq/100 g); Ce, concentration at equilibrium (meq/L); KL, Langmuir capacity (meq/100 

g); aL, energy of adsorption (L/meq); Kf, Freundlich capacity (L/100 g); n, Freundlich constant; as, Sips 

monolayer capacity (L/meq); KTo, Toth constant. 
 
The Sips model combines Langmuir and Freundlich models together, and takes into 

account the energetic heterogeneity of sorbent surfaces. At low concentrations, the 

Sips model is approximated by the Freundlich model, whereas at high concentrations 

the Sips model predicts the monolayer adsorption capacity characteristics of the 

Langmuir model. 𝑞𝑚 (meq/100 g), 𝑎𝑠 (L/meq) and 𝑛 parameters are the monolayer 

adsorption capacity. Sips constants relate to the energy of adsorption and the 

heterogeneity parameter. The Toth model is based on Langmuir equilibrium model 

considering continuous distribution of site affinities. 

 

Equilibrium models presented in non-linear forms were used to describe the 

experimental data by implementing a non-linear least square fitting process in 

Matlab® R2012b (MathWorks®). The error function utilised was the sum of error 

squared (SSE).  

Selectivity coefficients 

The selectivity or unselectively property of the exchanger can be measured by the 

separation factor (𝛼), which, can be obtained from an isotherm curve for a given point 

of the curve under consideration and calculated using Eq. 6.3. If the separation factor 

is equal to one, the exchanger does not exhibit clear adsorption preference over a 
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particular ion. If 𝛼 is greater than one (>1), it means that the exchanger is selective 

towards that ion, but if it is lower than one (<1), selectivity is observed for the 

competing ion. Where EA(z) and EA(s) are the rational equivalent fractions on the 

exchanger and the solution, respectively (Harland, 1994).  

 

𝛼 =
𝐸𝐴(𝑧)(1−𝐸𝐴(𝑠))

𝐸𝐴(𝑠)(1−𝐸𝐴(𝑧))
        Equation 6.3 

 

The separation factor varies as a function of the composition of both the solid and 

liquid phases at equilibrium. The selectivity of the system can be described by the 

selectivity coefficient (𝐾), which is the mass actions relationship and defined in Eq. 

6.4. 

 

𝐾 =
𝐸𝐴(𝑧)

𝑧𝐴
+

(1−𝐸𝐴(𝑠))𝑧𝐵
+

𝐸𝐴(𝑠)
𝑧𝐴

+
(1−𝐸𝐴(𝑧))𝑧𝐵

+        Equation 6.4 

 

Where, ZA
+ and ZB

+ are the valency of the ions that compete for the sites of adsorption 

(Harland, 1994). For the exchange of ions with equal valency, the separation factor 

and selectivity coefficient becomes the same expression. However, for heterovalent 

ion exchange, the selectivity is determined with Eq. 6.4.  

 

The objective of this chapter was to investigate the adsorptive equilibrium properties 

of scoria and zeolite for the removal of cations present in CSG water using equilibrium 

models. Additionally, cation selectivity was studied to determine the materials 

adsorption preferences and behaviour for cations of interest. 

Results and Discussion  

In this chapter the adsorption equilibrium and the selectivity preferences of scoria and 

zeolite are shown. A series of equilibrium studies determined the maximum capacity 

of natural and treated materials for the adsorption of Na+, Sr2+ and Ba2+ using single 

cation solutions. Adsorption equilibrium models were fitted to the experimental 

equilibrium data in order to quantify the adsorption performance of the materials using 

a two parameter adsorption isotherm model, Langmuir and Freundlich, and three-

parameter isotherm models, Sips and Toth.  
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Selectivity and affinity were studied in batch type experiments with natural materials 

in order to identify and classify the adsorption affinity towards Na+ over other ions 

such as Ca2+, K+ and Sr2+ present in the CSG water from the Bowen Basin research 

site. Field CSG water is a mixture of cations, which may compete with each other for 

adsorption sites, reducing the adsorption of cations of interest. This study aimed to 

describe the competitive adsorption behaviour of cations for scoria and zeolite material 

through cation selectivity. 

Removal of Na+ ions using natural and treated natural exchangers 

The adsorption behaviour of natural and treated forms of scoria and zeolite for the 

removal of Na+ ions from aqueous solutions at different initial concentrations showed 

that as the initial concentration of Na+ was increased, the amount of cations adsorbed 

increased per unit of mass of the exchanger material (Figure 6.1 and 6.2). The 

adsorption of cations reached a maximum equilibrium or saturation point, where no 

further Na+ removal was observed. This is because the material reached the maximum 

practical adsorption capacity and the Na+ adsorption process is the product of the 

driving force of cations displacing exchangeable ions from the exchanger framework, 

incorporating the incoming Na+ cations that are higher in concentration in the solute, 

where the adsorption process is driven by the concentration gradient. 
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Figure 6.1 The adsorption equilibrium isotherms and removal performance for Na+ ion using 

natural and treated scoria. REC = 28.4 meq/100 g. Langmuir equilibrium isotherm curves fitted 

to the data (Left). Removal performance at different initial concentrations (Right). NH4
+ 

enhanced scoria showed larger Na+ adsorption and removal compared to other forms of the 

material. At high Na+ concentrations, it was removed by 10% of the initial concentration with a 

maximum adsorption of 17.4 meq/100 g. Each data point is a mean of two replicates, which did 

not vary by more than 5%.  
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Figure 6.2 The adsorption equilibrium isotherms and removal performance for Na+ ion using 

natural and treated zeolite. REC = 75.1 meq/100 g. Langmuir equilibrium isotherm curves fitted 

to the data (Left). Removal at different initial concentrations (Right). Zeolite enhanced with NH4
+ 

and K+ presented similar behaviour in adsorption of Na+, while natural form exhibited reduced 

adsorption. NH4
+ form achieved 45 meq/ 100 g with a 22% removal of the initial concentration. 

Each data point is a mean of two replicates, which did not vary by more than 5%. 

 

The materials in their natural form exhibited lower adsorption of Na+ ions for all the 

initial concentrations when compared with the same material treated with K+ or NH4
+ 

ions (Figures 6.1 and 6.2). The scoria material enriched with NH4
+ achieved an 

adsorption approximately 2.3 times greater than the natural material form, and 47% 

higher than the K+ enriched scoria. When the zeolite material was enriched with NH4
+ 

a three-fold adsorption for Na+ was observed, while zeolite treated with K+, exhibited 

a capacity that was twofold the capacity of zeolite in its natural form. The maximum 

Na+ adsorption observed for the scoria and zeolite materials in NH4
+ form were 17.38 

and 45.34 meq per 100 g, respectively. Both natural materials exhibited a reduced 

adsorption of Na+ at high initial concentrations, the NH4
+ treatment has significantly 

increased the Na+ adsorption and removal. The treated materials exhibited 

approximately 60% of the REC. 
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Table 6.2 Calculated equilibrium adsorption isotherm constants for the uptake of Na+ in solution 

by scoria and zeolite in natural and treated form. Model fit is characterised by the sum of squares 

error term (SSE). 

Model 

Scoria  Zeolite 

Natural K+ form NH4
+ form 

 
Natural K+ form 

NH4
+ 

form 

Langmuir        

𝐾𝐿 14.63 16.67 24.75  24.71 55.51 63.14 

𝑎𝐿 0.010 0.021 0.029  0.016 0.029 0.028 

𝑞𝑚 1434.80 786.41 849.48  1490.90 1862.03 2236.53 

SSE 1.095 2.431 1.513  0.662 7.241 3.520 

        

Freundlich        

𝐾𝑓 0.375 1.076 1.972  1.007 3.989 4.573 

𝑛 1.531 7.155 2.001  1.657 1.877 1.896 

1 𝑛⁄  0.653 0.139 0.499  0.603 0.532 0.527 

SSE 0.861 0.301 3.206  2.048 6.480 3.625 

        

Sips        

𝑞𝑚 52.79 89.77 24.12  22.50 54.44 255.39 

𝑎𝑠 0.0008 0.0003 0.0308  0.0201 0.0311 0.0001 

1 𝑛⁄  0.715 0.568 1.031  1.082 1.020 0.588 

SSE 0.873 1.170 1.5  0.593 3.514 3.752 

        

Toth        

𝑞𝑚 129.58 319.12 21.64  19.86 52.93 620.88 

𝐾𝑇𝑂 0.003 0.020 0.027  0.017 0.029 0.024 

𝑛 0.310 0.189 1.319  1.397 1.081 0.232 

SSE 0.917 1.374 1.435  0.523 3.507 4.054 

 

The adsorption equilibrium experimental data was fitted with the Langmuir, 

Freundlich, Sips and Toth adsorption isotherms. The calculated equilibrium adsorption 

parameters are shown in Table 6.2 and the calculated Langmuir adsorption isotherm 

curves were plotted (Figure 6.1 and 6.2). The two-parameter model, Langmuir and 

Freundlich, presented a higher sum of square error (SSE) than the three-parameter 

models, Sips and Toth. This fitting behaviour was expected, since a larger number of 

parameters for the model improves the fitting of the experimental data. Nonetheless, 

all of these models gave good fitting responses to the experimental results in terms of 

describing the equilibrium behaviour denoted by SSE (Table 6.2).  
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The Langmuir’s capacity constant (𝐾𝐿) reflects the effect that the treatment had over 

the uptake of Na+ ions. Materials treated with NH4
+ exhibited the largest capacity of 

63 and 24 meq/100 g for zeolite and scoria respectively, while natural and K+ forms 

reached a fraction of that adsorption capacity observed for materials enhanced with 

NH4
+ (Table 6.2). For instance, the scoria in a natural and K+ enriched state, exhibited 

59.8% and 67.3% of the adsorption capacity achieved by the material treated with 

NH4
+. Similarly, the zeolite reached 39.1% and 87.9% of the NH4

+ capacity for natural 

and K+ enriched forms for this material. 

 

The fraction of Na+ removed from varied starting concentrations in solutions was 

explored (Figures 6.1 and 6.2). The adsorption equilibrium curves show that the 

adsorption of Na+ increased when initial concentration of the solute increased. The 

performance of Na+ ions removed by the materials demonstrated that, at lower 

concentrations, both materials in their various treated forms, presented larger Na+ 

removal from the solution, than for the same exchangers at higher initial 

concentrations. These results indicate that cations introduced through the treatment, 

facilitate the adsorption of Na+. The Na+ removed by the scoria material in different 

forms at low concentrations (< 5 meq/L) reached up to 48% of the initial concentration. 

The removal rate rapidly drops as initial Na+ concentration is increased, (below 10% 

removed of the initial concentration) of 100 meq/L. Analogously, the zeolite material 

exhibited a large Na+ concentration removal at low concentrations (< 10 meq/L) using 

the NH4
+ (79%) and K+ (71%) treated material. This result was followed by a rapid 

decay on the removal of Na+ achieving approximately 20% of the initial concentration 

at high Na+ concentrations (100 meq/L).  

The Na+ adsorption behaviour indicates that higher removal rates occurred at low 

concentration only, while at high concentrations of Na+ (typical of CSG waters) the 

removal will achieve a maximum of 10% and 25% of the initial Na+ concentration 

using scoria and zeolite treated with NH4
+. The adsorption equilibrium and overall 

sodium removal performance was enhanced by the chemical treatment of the zeolite 

and scoria material when compared to their natural states.  

 

Previous studies (Alemayehu & Lennartz, 2009; Alemayehu et al., 2011; Kwon et al., 

2005; Kwon et al., 2010) that have used natural, untreated scoria for the adsorption of 

heavy metals in low concentrations, have shown similar equilibrium behaviour and 
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adsorption performance for the removal of Na+. The experimental data for this study 

corroborates the findings of these authors, highlighting the use of scoria to effectively 

remove sodium but furthermore, heavy metal ions. Other research used Langmuir and 

Freundlich models to describe ion uptake by a zeolite. Ganjegunte et al. (2011) and 

also Zhao et al. (2008) studied the equilibrium behaviour of a natural zeolite for the 

removal of Na+, and their experimental data was fitted with Freundlich and Langmuir 

models, respectively. Günay et al. (2007) used both Sips and Toth models to describe 

the adsorption equilibrium of clinoptilolite in natural and treated form for the removal 

of lead, and found that these models presented a lower SSE than Freundlich and 

Langmuir. The SSE from all the models obtained for Na+ adsorption using zeolite and 

scoria was lower than those reported by Günay et al. (2007), accurately representing 

the experimental data. 

 

Natural scoria and zeolite adsorbed Na+, but the maximum adsorption was only 25.7% 

and 19.7% of the measured REC. NH4
+ treated scoria and zeolite materials adsorbed 

Na+ up to 61.1% and 60.3% of the measured REC, respectively. The exchange 

interaction observed for the natural and treated materials could be related to the cation 

hydration size, initial composition of pre-existing ions, availability and also the 

accessibility of the exchange sites (Zhao et al., 2008). For instance, the hydration 

energy of K+ (-322 kJ/mol) and NH4
+ (-307 kJ/mol) ions is much lower than Ca2+ (-

1577 kJ/mol), which was the major ion, found within the framework of the natural 

states of the zeolite and scoria determined in the EDS and XRF analysis performed, 

vide supra, Chapter 5. Therefore, materials treated with K+ and NH4
+ ions have 

increased the exchange interaction with Na+ due to the lower energy of hydration 

(Oueslati et al., 2009). 

Removal of Sr2+ ions using natural and treated natural exchangers 

The adsorption equilibrium behaviour of Sr2+ for the scoria and zeolite was 

investigated due to high concentration found from the characterisation of CSG water 

for the Bowen Basin research site. Typical concentrations of Sr2+ range between 0.1 

and 5 meq/L. 

 

The Sr2+ concentration range employed (0.1 - 5 meq/L) was not sufficient to define a 

plateau for the adsorption isotherms (Figure 6.3 and 6.4). Alemayehu and Lennartz 
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(2009) and Günay et al. (2007) observed analogous behaviour when studying the 

adsorption of divalent ions in which the concentrations were not sufficient for the 

equilibrium isotherms curves to exhibit a maximum adsorption or saturation point. 

Nonetheless, experimental data was sufficient to determine the adsorption equilibrium 

parameters used in the modelling. The experimental adsorption equilibrium data was 

fitted with two and three parameter adsorption isotherm models. Freundlich isotherms 

were plotted in Figures 6.3 and 6.4, equilibrium parameters are shown in Table 6.3. 
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Figure 6.3 The adsorption equilibrium isotherms and removal performance for Sr2+ ion using 

natural and treated scoria. Freundlich equilibrium isotherm curves fitted to the data (Left). 

Removal of Sr2+ at different initial concentrations (Right). The material was able to remove Sr2+ 

at high concentrations up to 30% of its initial. At low concentrations treated scoria exhibited an 

additional 25% removal. Each data point is a mean of two replicates, which did not vary by more 

than 5%. 

 

The scoria treated with NH4
+ exhibited the largest adsorption of Sr2+, slightly higher 

than K+ and also the natural state. These materials reached an adsorption of 4.5, 4.3 

and 3.4 meq/100 g respectively, after equilibrium with an initial Sr2+ concentration of 

5 meq/L (Figure 6.3). The removal of Sr2+ exhibited by the scoria when treated with 

NH4
+ and K+ for an initial 5 meq/L concentration was 44.2% and 42.8% (Figure 6.3). 

Although NH4
+ showed a higher adsorption capacity towards Sr2+, scoria in the natural 

form achieved 3.4 meq/100 g, which was a 24% lower than the adsorption values Sr2+. 

The effective removal calculated for scoria in natural form was 32.9%, which is only 

11.3% lower than the maximum attained by the material in NH4
+ form. For initial 

concentrations less than 2 meq/L, the material effectively removed > 85% and > 60% 

of the Sr2+ available in solution for the treated and natural forms, respectively. 
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Table 6.3 Calculated equilibrium adsorption isotherm constants for the uptake of Sr2+ in solution 

by scoria and zeolite in natural and treated form. 

Model 
Scoria  Zeolite 

Natural K+ form NH4
+ form  Natural K+ form NH4

+ form 

Langmuir        

𝐾𝐿 3.911 4.154 4.174  8.377 8.325 9.848 

𝑎𝐿 1.91 15.11 15.84  24.276 33.336 4.345 

𝑞𝑚 2.044 0.274 0.263  0.345 0.249 2.266 

SSE 0.433 1.005 1.294  0.956 0.897 0.442 

        

Freundlich        

𝐾𝑓 2.095 3.345 3.451  8.260 2.938 7.843 

𝑛 2.48 3.34 3.45  2.644 0.074 1.916 

1 𝑛⁄  0.401 0.258 0.270  0.378 0.353 0.521 

SSE 0.170 0.471 0.437  1.218 3.414 0.521 

        

Sips        

𝑞𝑚 9.376 6.233 11.497  8.379 8.234 12.241 

𝑎𝑠 0.099 2.115 2.871  24.22 38.27 2.15 

1 𝑛⁄  0.511 0.447 0.348  0.998 0.94 0.807 

SSE 0.130 0.242 0.400  0.956 0.889 0.386 

        

Toth        

𝑞𝑚 34.632 9.687 34.402  8.188 8.093 18.156 

𝐾𝑇𝑂 14.124 727.408 24243.64  22.689 26.983 4.246 

𝑛 0.017 0.216 0.117  1.206 0.879 0.485 

SSE 0.147 0.211 0.381  0.954 0.879 0.395 

 

The Freundlich model gave the best description for the behaviour of the scoria material 

for the adsorption of Sr2+ in terms of a low SSE (Table 6.3). Nonetheless, Sips and 

Toth models provided similar fitting for the experimental data. The Langmuir model 

showed that the parameter related with the energy of adsorption (aL) for treated forms 

was 7 times larger than the material in natural scoria. This behaviour is consistent with 

the adsorption behaviour of the material towards Na+ for the treated forms. 

 

In contrast to the behaviour of the scoria, the adsorption equilibrium behaviour of 

zeolite exhibited that in all cases, similar adsorption was achieved (Figure 6.4). Natural 

and K+ enriched zeolites were able to reduce the concentration of Sr2+ in solution after 

equilibrium to below 0.1 meq/L, 99 - 97% of the initial solute content was removed 
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(Figure 6.4). However, at initial concentration of the Sr2+ higher than 2 meq/L, the 

zeolite material in K+ form showed less adsorption for Sr2+ than the natural form, 

behaving similar to the NH4
+ zeolite enriched material. 
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Figure 6.4 The adsorption equilibrium isotherms and removal performance for Sr2+ ion using 

natural and treated zeolite. Freundlich equilibrium isotherm curves fitted to the data (Left). 

Removal of Sr2+ at different initial concentrations (Right). The Sr2+ adsorption behaviour was 

similar for the zeolite in natural and enriched forms, reducing approximately 80% of the initial 

concentration. Each data point is a mean of two replicates, which did not vary by more than 5%. 

 

Although the NH4
+ enriched zeolite exhibited a slightly reduced adsorption value of 

Sr2+, when compared with natural zeolite, the difference was found to be 5% lower. 

The NH4
+ form achieved a removal performance in the range of 98 – 94% of the initial 

Sr2+ concentration for concentrations below 2 meq/L. At the initial concentration of 5 

meq/L, the Sr2+ adsorption achieved for the zeolite in all the cases of 8.0 meq/100 g, 

with an effective removal rate of 80% of the initial Sr2+ concentration (Figure 6.4).  

 

The model that best described the adsorption of Sr2+ using zeolite was the three-

parameter model of Sips, demonstrating the lowest SSE (Figure 6.4). The maximum 

adsorption described by the model was 12.2 meq of Sr2+ per 100 g for zeolite enriched 

with NH4
+. 

 

Alemayehu and Lennartz (2009) and Kwon et al. (2005), who studied the adsorption 

performance of scoria towards divalent ions, found that the material showed a positive 

adsorption towards Cd2+ and Zn2+. These findings agree with the results found for the 

scoria material, in which Sr2+ was removed more effectively by the material than Na+ 



 

110 Chapter 6: Equilibrium studies 

ions that presented a lower adsorption performance. Similar work on zeolites 

performed by Bektaş and Kara (2004) and El-Kamash (2008) for the adsorption of 

Pb2+, Cs+ and Sr2+, determined that zeolites were able to remove up to 47 meq/100 g 

exhibiting larger capacities towards divalent cations. The results presented agree with 

the reported literature, since Sr2+ was adsorbed in larger rates than Na+ for the zeolite 

material. 

 

In summary, the zeolite material demonstrated higher adsorption performance for Sr2+ 

when compared to the adsorption for the cations using the scoria material. Treated 

material presented relatively small effects on the overall adsorption performance for 

the Sr2+ concentrations ranges analysed. 

Removal of Ba2+ ions using natural and treated natural exchangers 

Similar for the investigation of Sr2+, Ba2+ was also used as a target investigatory metal 

ion found to be in excess in the CSG water from Bowen Basin site. The aim of this 

study was to comprehensively investigate the ability of the materials to remove the 

presented ions found at the site. The scoria and zeolite materials were subjected to Ba2+ 

ions at different concentrations (0.1 and 5 meq/L) to determine the optimum adsorption 

equilibrium capacity and removal performance for each (Figures 6.5 and 6.6). 
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Figure 6.5 The adsorption equilibrium isotherms and removal performance for Ba2+ ion using 

natural and treated scoria. Freundlich equilibrium isotherm curves fitted to the data (Left). 

Removal of Ba2+ at different initial concentrations (Right). Ba2+ at low initial concentrations (less 

than 2 meq/L) removed by the scoria by about 80% and in all cases NH4
+ enhanced scoria 

presented the largest removal. Each data point is a mean of two replicates, which did not vary by 

more than 5%. 
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The maximum Ba2+ adsorption was achieved by the scoria and zeolite in their NH4
+ 

enriched forms. Enrichment increased the adsorption observed for the natural material 

by 20% (scoria) and 5% (zeolite). The NH4
+ zeolite reached a Ba2+ adsorption capacity 

of 10.61 meq/100 g (Figure 6.6), while the scoria in the same form exhibited 5.8 

meq/100 g (Figure 6.5). Although, NH4
+ treated materials exhibit larger adsorption for 

Ba2+ ions than K+ enriched and natural forms, the scoria and zeolite in their natural 

form exhibited a Ba2+ adsorption value of 4.7 and 10.13 meq/100 g (Figure 6.5 and 

6.6), respectively. 

 

The Ba2+removal behaviour showed that scoria in all forms was able to reduce the Ba2+ 

concentration by 90% of the initial concentration for an original concentration less 

than 0.2 meq/L (Figure 6.5). Nonetheless, the scoria removal at the high range of Ba2+ 

(5 meq/L) exhibited a removal greater than 40% of the initial concentration in all cases. 

The zeolite material treated with either NH4
+ or K+ achieved a removal of Ba2+ ions 

greater than 98% for all the range (0.1 and 5 meq/L) of concentrations (Figure 6.6). 

The natural form was able to reduce Ba2+ by 98% for concentrations less than 0.3 

meq/L, while the removal for the upper ranges of concentrations showed greater 

removal, 94% (Figure 6.6).  
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Figure 6.6 The adsorption equilibrium isotherms and removal performance for Ba2+ ion using 

natural and treated zeolite. Freundlich equilibrium isotherm curves fitted to the data (Left). 

Removal of Ba2+ at different initial concentrations (Right). Zeolite in all the cases presented high 

adsorption for Ba2+, saturation of the material was not evident. Removal of Ba2+ reached 92% 

efficiency using zeolite. Each data point is a mean of two replicates, which did not vary by more 

than 5%. 
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Table 6.4 Calculated equilibrium adsorption isotherm constants for the uptake of Ba2+ in solution 

by scoria and zeolite in natural and treated form. 

Model 
Scoria  Zeolite 

Natural K+ form NH4
+ form  Natural K+ form NH4

+ form 

Langmuir        

𝐾𝐿 6.941 6.186 7.109  44.74 71.34 26.51 

𝑎𝐿 0.715 1.592 1.798  0.951 1.470 11.653 

𝑞𝑚 9.704 3.883 3.953  47.041 48.530 2.275 

SSE 0.461 1.062 1.481  0.557 0.278 0.757 

        

Freundlich        

𝐾𝑓 2.527 3.292 4.094  28.11 76.83 94.34 

𝑛 1.728 2.420 2.785  1.152 1.076 1.307 

1 𝑛⁄  0.578 0.413 0.359  0.867 0.928 0.764 

SSE 0.156 0.574 0.842  0.459 0.265 0.531 

        

Sips        

𝑞𝑚  49.544 63.041  123.861 58.698  

𝑎𝑠  0.002 0.0001  0.224 1.891  

1 𝑛⁄   0.436 0.373  0.907 1.013  

SSE  0.599 0.969  0.49 0.28  

        

Toth        

𝑞𝑚  183.208 155.185  107.11 14.93 63.17 

𝐾𝑇𝑂  55.48 762.79  0.425 6.833 5.972 

𝑛  0.120 0.109  0.682 3.074 0.592 

SSE  0.691 0.999  0.543 0.277 0.713 

 

Adsorption isotherm models were fitted to the experimental data, model parameters 

are presented in Table 6.4, and the Freundlich isotherm curves shown in Figures 6.5 

and 6.6. The experimental data showed that for the range of Ba2+ concentrations 

employed for the equilibrium experiment, the concentration was not sufficient to 

define a saturation point and plateau of the adsorption curve. Indeed, the isotherm 

equilibrium curve presented a linear behaviour that affected the convergence of the 

three-parameter models, Sips and Toth. This is due to the large number of independent 

parameters of the model over-parameterised the fitting, causing the non-convergence. 

This behaviour occurred during the fitting process, as one or more parameter values 

were similar to each other thus producing infinite solutions. Langmuir and Freundlich 

models with two-parameter allowed convergence during the fitting process. 
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The Langmuir model showed that for the natural scoria and zeolite materials both 

achieved 40% and 9% of the energy of adsorption that was determined for the same 

material enriched with NH4
+ (Table 6.4). This result indicates that the treated material 

has increased the Ba2+ adsorption interactions. Freundlich constants showed that 

materials enriched with NH4
+ had a positive adsorption for Ba2+ ions and a much larger 

adsorption capacity. In fact, treated scoria and zeolite material have both exhibited a 

modelled capacity of 4.09 and 94.3 meq/100 g, respectively. This indicates, that the 

zeolite material has shown a larger affinity for Ba2+ ions than scoria, which may be 

related to the higher real exchange capacity value of the zeolite than the scoria 

materials. 

 

In summary, both materials, scoria and zeolite, were able to effectively reduce the 

concentration of Ba2+ from solution, 40% (scoria) and 94% (zeolite) of the initial Ba2+ 

concentrations. Treated zeolite exhibited a high adsorption for Ba2+ ions that may lead 

towards the REC. The scoria material in all states has exhibited high affinity for Ba2+ 

and an acceptable removal from solution; the lower REC of this material limited the 

removal of this cation at high concentrations. 

Selectivity isotherms for the removal of Na+ ions and the competing 

K+, Ca2+ and Sr2+ ions 

CSG water has a mixture of cations that may compete with each other for the 

adsorption sites available on the scoria or zeolite materials. In this study, the selectivity 

behaviour was studied using Na+/K+, Na+/Ca2+ and Na+/Sr2+ mixtures of solutions in a 

chloride background at a total concentration of 0.01 M for natural scoria and zeolite 

(Figures 6.13 and 6.14). The isotherm graphs illustrate the selectivity of the exchanger 

material towards a cation relative to another cation in equivalent fractions of the 

solution phase (E(s)) against the same cation in the solid phase (E(z)) (Caputo & Pepe, 

2007). There are four possible cation preference profiles that can be observed in this 

type of plot: the equal preference (45 ˚ straight line); the selective preference (concave 

down curve); the unselective (exponential curve); and the sigmoid that crosses 

preferences at one point (Colella, 1996). 

 

The scoria material has shown a preference for Sr2+ ions, followed by Ca2+ and K+ ions 

over Na+ (Figure 6.7). The material showed a low and unselective behaviour for Na+ 
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ions when competing ions such as Sr2+ and Ca2+ were in solution, limiting the 

adsorption capacity of the material for the monovalent ion that is sodium. Nonetheless, 

this behaviour was less significant when Na+ was competing with K+. 
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Figure 6.7 Isotherm data for natural scoria at 25 ̊ C using Na+/K+, Na+/Ca2+ and Na+/Sr2+ solutions 

at 0.01 M and Cl- anion. Each data point is a mean of two replicates, which did not vary by more 

than 5%. Selectivity curves showed that Sr2+ was the ion preferred the most when competing with 

Na+. The K+ and Na+ selectivity curves showed that K+ was preferred but its preference was the 

closest to the line of equal selectivity. 

 

Selectivity curves for Na+/Sr2+ and Na+/Ca2+ did not proceed to completion. This is 

because the Na+ ion in each phase did not reach unity (E(z)=1; E(s)=1). This can be 

attributed to the fact that only a fraction of the REC of the material demonstrated 

incomplete adsorption of the cation (Caputo & Pepe, 2007). The selectivity 

coefficients (Table 6.5) for the scoria material has shown the selectivity series to be 

Sr2+ > Ca2+ > K+ > Na+. 
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Table 6.5 Values of selectivity coefficients at 25 ˚C for ion exchange equilibrium for natural scoria 

and zeolite. 

Cation interaction 
Selectivity coefficient (𝐾) 

Scoria  Zeolite 

K+/Na+ 1.34  8.34 

Ca2+/Na+ 1.99  0.65 

Sr2+/Na+ 4.88  1.26 
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Figure 6.8 Isotherm data for natural zeolite at 25 ˚C using Na+/K+, Na+/Ca2+ and Na+/Sr2 solutions 

at 0.01 M and Cl- anion. Each data point is a mean of two replicates, which did not vary by more 

than 5%. Scoria selectivity behaviour showed that K+ was preferred when competing with Na+, 

with Na+ the least preferred by the zeolite material of the cation trialled. Na+ was preferred over 

Ca2+ when the ratio of Na+ was larger than the Ca2+, and less preferred when Na+ was in a larger 

ratio. 

 

The zeolite material has shown a greater selectivity for K+ and Sr2+ over Na+, since the 

isotherm selectivity curves were above the equal preference line (Figure 6.8). Ca2+/Na+ 

and Na+/Ca2+ isotherm curves show a sigmoidal profile with preference for Ca2+ and 

Na+ when E(s)< 0.6 and E(s)<0.3. After the inflection point on the selectivity curve, both 

ions, Ca2+ and Na+, were unselective or less preferential by the zeolite. The adsorption 
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of Ca2+ was reduced when the competing Na+ ion was in abundance, with the 

exchanger preference driven by the competing cation. Additionally, Ca2+ was not able 

to reach unity (E(z)=1; E(s)=1), which may be explained by only a fraction of the REC 

was reached for this exchange system (REC: 75 meq/100 g). The selectivity 

coefficients calculated for the zeolite interaction with the competing cations showed 

that K+ and Ca2+ were the most and the least preferred cations for the zeolite material. 

The following selectivity series has been obtained K+ > Sr2+ > Ca2+ > Na+ (Table 6.5). 

Sposito et al. (1983) studied cation selectivity using Na+/Ca2+ for bentonite and found 

that the system presented no reference for Na+, which agrees with the preference for 

Ca2+ at low ratios and low selectivity for high ratios. Pabalan and Bertetti (2001) 

reviewed a number of isotherm curves for clinoptilolite material that describe the 

K+/Na+, Ca2+/Na+, Sr2+/Na+ competing ion interaction and showed the preference for 

K+ and Sr2+, and sigmoid profile exhibited by the Ca2+/Na+ system. 

 

Based on the selectivity isotherms and related coefficients, the selectivity series 

observed for scoria in this study was Sr2+ >> Ca2+ > K+ > Na+, while for zeolite was 

K+ > Sr2+ >> Ca2+ > Na+. Scoria had a higher affinity for divalent cations over 

monovalent cations. A higher charge density of divalent cations explains the 

plausibility of this result, and the low charge density of monovalent ions (Langella et 

al., 2000). The higher affinity in the selective series for Sr2+ can be explained by the 

lower hydrated ionic radius (4.1 Å) and hydration energy (-1480 kJ/mol) than the 

divalent Ca2+ ion (4.2 Å; -1577 kJ/mol) (Railsback, 2006). A similar pattern was 

observed for monovalent ions in scoria, where K+ (3.1 Å; -307 kJ/mol) was preferred 

over Na+ (3.58 Å; -406 kJ/mol) due to the lower hydrated radius and hydration energy 

(Kapanji, 2009). 

 

The selectivity series for the zeolite can be explained through the Eisenman-Sherry 

theorem that relates the affinity of competing ions and the exchanger to characteristics 

such as ion size, charge density, and the framework charge density of the zeolite 

material (Caputo & Pepe, 2007). When monovalent ions compete against each other 

for exchange sites, K+/Na+, the selectivity towards the ion with low charge density is 

expected, in this case K+, with ionic radius of 1.3 Å, while Na+ has a smaller radius of 

0.95 Å and also a higher charge density. This selectivity pattern is often observed for 

zeolites with relatively low field strength (Caputo & Pepe, 2007; Colella, 1996). For 
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Sr2+/Na+ and Ca2+/Na+, the zeolite was more selective for divalent cations, and the 

preference was related to the energy of hydration, where the cation with the lower 

hydration energy was preferred.  

Conclusions 

Scoria and zeolite were demonstrated to adsorb sodium, strontium and barium ions. 

The equilibrium studies showed that materials treated with NH4
+ exhibited a greater 

adsorption capacity for each of the said cations. When using scoria and zeolite for Na+ 

adsorption, the system reached a maximum capacity that was lower than the REC 

measured for each material, consistent with a low preference for Na+ ions. 

Nonetheless, both materials will significantly reduce the high concentration of cations 

often present in the CSG water such as strontium and barium. 

 

In addition, equilibrium studies, selectivity isotherms and coefficients showed that the 

scoria material was more selective for higher charged cations with low hydration 

energy, and showed to have less affinity for monovalent cations with a larger energy 

of hydration and hydrated radius. The results for the scoria material has produced the 

following selectivity series: Ba2+ >Sr2+ >> Ca2+ > K+ > Na+. While, the zeolite material 

exhibited a higher selectivity towards cations with low charge density, small hydrated 

radius and low hydration energy. The selectivity series obtained for the zeolite was: 

K+ >Ba2+> Sr2+ >> Ca2+ > Na+. Results showed that cationic properties, such as 

ionic/hydrated radii and hydration energy, have a fundamental role in the adsorption 

process and interaction between cations when using natural exchangers. 

 

In the adsorption of cations present in the site CSG water, the scoria and zeolite will 

follow the selectivity series found for each material, removing cations such as Ba2+ 

and Sr2+ effectively, and achieving lower adsorption and rapid equilibrium for Na+ 

ions. Thus, the overall treatment can be limited by the efficiency on the removal of 

Na+ rather than the removal of other cations present in the solution.  
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Kinetic adsorption models 

Kinetic behaviour is typically described in terms of the time that the reaction takes to 

reach equilibrium and the rate of the reaction. The progress of the adsorption kinetic 

process can be characterised by four process steps: (i) transport of the adsorbate from 

the bulk liquid phase to the hydrodynamic boundary layer around the adsorbent 

particle; (ii) transport through the boundary layer to the external surface of the 

adsorbent named film diffusion or external diffusion; (iii) transport into the interior of 

the adsorbent particle or intra-particle diffusion by diffusion in the pore liquid and; 

(iv) energetic interaction between the adsorbate molecules and the final adsorption 

sites. 

 

A kinetic curve of an adsorbent is typically determined in a batch mode with a solution 

of known initial concentration (𝐶0) and volume (𝑉) in contact with the adsorbent of 

known mass (𝑚), which result in a change in the concentration in solution measured 

in time. During the adsorption process, the concentration decreases from the initial 

value (C0) to equilibrium (Ct) and the adsorption measured at a given time interval can 

be determined with the following equations: 

 

𝒒𝒕 = (𝑪𝟎 − 𝑪𝒕) ∗
𝑽

𝒎
       Equation 7.1 

 

𝑬 =
𝑪𝟎−𝑪𝒕

𝑪𝟎
∗ 𝟏𝟎𝟎       Equation 7.2 

 

The concentration of positive ions transferred to the solid phase of the material is 𝑞 

expressed in meq/100 g. Where, 𝐶0 and 𝐶𝑡 are the initial and balance concentration of 

ions in the solution at a given time 𝑡 expressed in equivalent form (meq/L). 𝑉 is the 

solution volume in L and 𝑚 is the weight of adsorbent in grams (Argun, 2008; Kocaoba 

et al., 2007; Kumar & Jain, 2013). The ion adsorption efficiency is measured as a 

percentage of ions adsorbed from the initial concentration in solution at different 

intervals and calculated using Equation 7.2.  

 

A curve fitting procedure is used with experimentally determined data to produce a 

kinetic model, where the respective mass transfer coefficients are the fitting 
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parameters. The kinetic models that were used consisted of pseudo-first order, pseudo-

second order and Elovich’s model (Table 7.1). These models are widely used for the 

examination of the adsorption kinetics of adsorbent materials (Malamis & Katsou, 

2013).  

 

Table 7.1 Reaction kinetic models. 

Model Non-linear equation Linear equation 
Model 

Parameters 

Pseudo-first order 𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡) log(𝑞𝑒 − 𝑞𝑡) = log (𝑞𝑒) − 𝑘1𝑡 𝑞𝑒 , 𝑘1 

Pseudo-second order 𝑞𝑡 =
𝑞𝑒

2𝑘2𝑡

(1 + 𝑞𝑒𝑘2𝑡)
 

𝑡

𝑞𝑡

=
1

𝑘2𝑞𝑒
2

+ (
1

𝑞𝑒

) 𝑡 𝑞𝑒 , 𝑘2 

Elovich 𝑞𝑡 = (
1

𝑏
) ln (𝑎𝑏𝑡 + 1) 𝑞𝑡 =

ln (𝑎𝑏)

𝑏
+

ln (𝑡)

𝑏
 𝑎, 𝑏 

That is 𝑞𝑡 (meq/100 g) is the adsorption at time 𝑡 (min); 𝑞𝑒(meq/100 g) is equilibrium solid phase concentration; 

𝑘1 is first order rate constant for adsorption (min-1); 𝑘2 is second order rate constant for adsorption (min-1); 𝑎 

is the initial adsorption rate (meq/100 g*min); 𝑏 is the Elovich constant (meq/100 g). 

 

The pseudo-first order reaction kinetic model assumes a reversible reaction with an 

equilibrium state being reached on both liquid and solid phases (Argun, 2008; Babak 

et al., 2013). The pseudo-second order kinetic and Elovich equation are widely used 

in adsorption kinetic studies to describe the chemical adsorption of cations (Bektaş & 

Kara, 2004; Cincotti et al., 2001; Du et al., 2005; Kumar & Jain, 2013). All of these 

models are based on a number of assumptions including: constant temperature during 

the adsorption process, complete mixing of the solution, mass transfer into and within 

the adsorbent particle as a diffusion process and a regular shape of the adsorbent 

particles. These adsorption kinetic models were used in their non-linear form and fitted 

with non-linear least square analysis (SSE). 

Diffusion modelling 

Diffusion processes occur through the bulk liquid and the liquid film layer surrounding 

the adsorbent particle (a process termed external diffusion or film diffusion), and also 

within the particle (termed intra-particle or pore diffusion) (Babak et al., 2013; 

Karthikeyan et al., 2010). Kinetic reaction models describe the adsorption equilibrium, 

however, they cannot identify the diffusion mechanism of the adsorption processes 

that have taken place. To develop an understanding of these processes, kinetic results 
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can be used to develop models, which separate the contribution of intra-particle or pore 

diffusion.  

 

Table 7.2 Diffusion models. 

Model Non-linear equation Model Parameters 

Intra-particle diffusion 𝑞𝑡 = 𝑘𝑖𝑡
1

2⁄ + 𝐶 𝑘𝑖,𝐶 

Film diffusion 𝐷𝑓 = 0.23
𝑟0𝛿𝑞𝑒

𝑡1/2

 𝐷𝑓  

Pore diffusion 𝐷𝑝 = 0.03
𝑟0

2

𝑡1/2

 𝐷𝑝 

That is where 𝑘𝑖 the intra-particle diffusion rate constant (meq/100 g*min), 𝐶 is the constant related to the 

boundary layer (Karthikeyan et al., 2010), 𝐷𝑓 is the film diffusion coefficient (cm2/s), 𝑟0 is the radius of the 

particle (cm), 𝛿 is the film thickness (cm), 𝑡1/2 is the half time for the ion exchange process (min) and 𝐷𝑝 is the 

pore diffusion coefficient (cm2/s) (Argun, 2008; Karthikeyan et al., 2010). 

 

The rate of adsorption is often limited by the diffusion process on the external surface 

of the adsorbent particle (film diffusion) and within the porous sites available in the 

adsorbent (pore diffusion) (Argun, 2008). The examination kinetics revealed the 

adsorption mechanism underlining the sorption processes, which can be the product of 

film diffusion, pore diffusion or both. Equations in Table 7.2 were used for 

determination of the intra-particle, film and pore diffusion coefficients of the system.  

 

Results and Discussion  

The adsorption of cations (Na+, Sr2+ and Ba2+) from aqueous solutions onto the natural 

and treated form of zeolite and scoria materials was considered as a function of time. 

Adsorption kinetic and diffusion models were used to identify the adsorption rate, 

capacity and diffusion of Na+ ions for both, natural and enhanced materials. 

 

The effects of material fraction size, competing cations and anions on the Na+ 

adsorption kinetics and capacity were also investigated. Regeneration studies were 

conducted revealing the adsorption/desorption capacity of both materials for a number 

of cycles. 
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Effect of particle size on the adsorption process of Na+ ions using 

materials in natural form 

The capacity of an adsorbent material to adsorb ions almost remains constant at 

different fraction sizes, since adsorption sites are intrinsic to the material and 

adsorption sites are unchanged by size of the adsorbent. However, accessibility of ions 

to interact with those available adsorption sites is facilitated when adsorbent particles 

are smaller because the paths for diffusion processes are shorter (Baker et al., 2009; 

Huang et al., 2010; Inglezakis et al., 2007).Surface area of an adsorbent is related to 

the particle size, pore size and surface roughness of the material. Particles with smaller 

average diameter possess a larger specific surface area per volume, which enhances 

the adsorption process and decreases the time required to reach equilibrium (Malamis 

& Katsou, 2013). 

 

Zeolite and scoria of three size fractions were used (1.8 - 0.6, 0.6 - 0.35 and < 0.355 

mm) with an initial sodium chloride concentration of 0.1 M. The assessment of Na+ 

adsorbed by the material over time, and the percentage of concentration of sodium 

removed from the initial concentration was measured. The pseudo-second kinetic 

order was used to describe the Na+ adsorption kinetics of both materials at different 

fraction sizes. (Figures 7.1 – 7.4). 

 

The Na+ adsorption rate and total adsorptive capacity increased with the reduction of 

the particle size of zeolite material (Figure 7.1). The fraction size of 1.8 - 0.6 mm 

showed the slowest kinetics and lowest adsorption of Na+ ions, while the smallest 

fraction size < 0.355 mm had an improvement in the total capacity and adsorption rate 

according with the results obtained from the modelling (Table 7.3). The largest fraction 

size reached a Na+ adsorption of 15.6 meq/100 g, while the smallest particle size 

achieved 27.5 meq/100 g. After 4320 min, the concentration of Na+ ions in solutions 

was decreased by 8 and 14% of the initial concentration Na+ when using the largest 

and the smallest particle sizes, respectively. Na+ adsorption was increased by 74% 

using the small fraction compared to the larger particle size (Figure 7.1). 
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Figure 7.1 Adsorption kinetics and Na+ removal from solution using three fraction sizes of natural 

zeolite. Initial Na+ concentration 0.1 M, shaking speed of 300 rpm, 25 °C and solid-liquid ratio 50 

mg/L Pseudo-second kinetic order curves describing the Na+ adsorption (Left). Removal of Na+ 

for different size fractions (Right). The smaller particle (<0.355 mm) size of zeolite showed faster 

adsorption and higher capacity after 4300 min. Each data point is a mean of two replicates, which 

did not vary by more than 5%. 

 

Table 7.3 Comparison adsorption kinetic constants for different fraction size of zeolite 

Zeolite 

particle 

size 

(mm) 

Exp.  Pseudo-first order  Pseudo-second order  Elovich Equation 

𝑞𝑒 
(meq/100g) 

 
𝑞𝑒 

(meq/100g) 
𝑘1 

(min-1) 
SSE  

𝑞𝑒 
(meq/100g) 

𝑘2 
(meq/100g*min) 

SSE  
𝑎 

(meq/100g*min) 
𝑏 

(meq/100g) 
SSE 

1.8 – 0.6 15.56  15.63 0.0008 3.04  14.98 0.0001 2.70  0.79 1.77 0.64 

0.6 – 0.3 19.89  17.65 0.0062 4.99  19.24 0.0004 3.51  0.66 0.33 5.09 

< 0.355 27.47  21.36 0.0366 9.89  22.63 0.0022 7.20  10.66 0.37 5.72 

 

The intermediate size exhibited a Na+ adsorption capacity by the end of the trial of 

19.8 meq/100 g, with a Na+ removal of 11% of the initial concentration. The adsorption 

rate exhibited by the intermediate size was similar to the behaviour observed for the 

smallest fraction size during the first 300 min. The adsorption rate of zeolite using the 

smallest particle size was improved almost 5 times (Table 7.3). After 300 min the 

intermediate size particles had achieved a Na+ adsorption of 15 meq/100 g, increasing 

the adsorption rate by 4 times that of the largest fraction size. 

 

The Na+ adsorption results for the different particle sizes were expected for two 

reasons – (i) with reduction on the diameter of a zeolite particle, the surface area for 

the same mass of the material is increased. For instance, a spherical particle with a 
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diameter of 1.2 mm has a surface area of 4.5 mm2, while particles of the same mass 

but diameter 0.35 mm have a surface area of 15 mm2. Thus, the increase on the surface 

area leads to make available adsorption sites that are not accessible for larger particles. 

(ii) a smaller particle diameter results in larger film diffusion and shorter intra-particle 

diffusion path, which increases the adsorption rates. The rapid adsorption rate may be 

related to the film diffusion and the increment in the surface area (Huang et al., 2010). 

 

Experimental data for all particle sizes was better fit (minimum SSE) using the pseudo-

second order than Elovich or pseudo-first order kinetic models (Figure 7.1 and Table 

7.3). The pseudo-second order model estimates a lower capacity than that found 

experimentally for all the particle sizes with large differences for the smallest fraction 

size. As expected, the adsorption rates (k2) were highest for the smallest particles and 

lower for larger fraction sizes, where large and intermediate particle sizes exhibited 

5% and 19% of the adsorption rate calculated for small fraction size. These results 

agree with the findings reported by Wen et al. (2006), who used zeolite of varied sizes 

for the removal of NH4
+ ions, finding that smaller particle size exhibited higher 

adsorption capacities increasing from 68 to 72 meq/100 g, when the diameter was 

reduced by a fifth of the largest fraction size (from 11 to 2 mm), and the adsorption 

rate was improved by about 4 times (0.0028 to 0.0105 meq/100 g*min). Microporous 

materials, such as zeolites, exhibit a larger internal surface area due to the intrinsic 

crystal framework, making the inner surface as relevant as the external surface area of 

the material which is more accessible for smaller particles (Bektaş & Kara, 2004; 

Huang et al., 2010; Inglezakis et al., 1999; Malliou et al., 1994). 

 

Na+ adsorption rates by scoria increased with the reduction of particle size (Figure 

7.2). After 720 min of contact time, the smallest fraction size (< 0.355 mm) attained 

equilibrium at 12 meq/100 g. The intermediate fraction size reached adsorption 

equilibrium after 2160 min at 10 meq/100 g, while the largest fraction size (1.8 – 0.6 

mm) exhibited an adsorption capacity of 10.5 meq/100 g after 4320 min but no clear 

equilibrium was observed (Figure 7.2). After 4320 min, the smallest size particle 

achieved 6.6% Na+ removal of initial concentration, while 5.3% was achieved for the 

intermediate and larger fractions, respectively (Figure 7.2). 
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Figure 7.2 Adsorption kinetics and Na+ removal from solution using three fraction sizes of natural 

scoria. Initial Na+ concentration 0.1 M, shaking speed of 300 rpm, 25 °C and solid-liquid ratio 50 

mg/L Pseudo-second kinetic order curves describing the Na+ adsorption (Left). Removal of Na+ 

for different fractions sizes (Right). Large and intermediate particle sizes exhibited similar 

adsorption rates and capacities, while smallest particle slightly improved the Na+ adsorption. 

Each data point is a mean of two replicates, which did not vary by more than 5%. 

 

The calculated kinetic parameters using three different models are shown in Table 7.4 

and kinetic curves modelled with pseudo-second order model are shown in Figure 7.2. 

The models reflect the effect of particle size on surface area and parameters such as, 

adsorption capacities at equilibrium and the rates of adsorption. The pseudo-first order 

model gave an estimate of the adsorption capacity at equilibrium (qe) of the largest and 

intermediate fraction sizes as 9 meq/100 g, while that for the smallest particle size was 

10.5 meq/100 g. The adsorption rate (k2) calculated for the pseudo-second kinetic order 

model indicated a higher adsorption rate for the intermediate than the fine or large 

particles. This result is attributed to rapid adsorption within the first minutes, and the 

rapid equilibrium in the adsorption capacity as predicted by the model (Table 7.4). The 

smallest fraction size of scoria exhibited an adsorption rate some 50% smaller than the 

intermediate size (0.6 – 0.35 mm), while the calculated rate for the largest size was 

1.4% of the intermediate size.  
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Table 7.4 Comparison adsorption kinetic constants for different fraction size of scoria. 

Scoria 

particle 

size 

(mm) 

Exp.  Pseudo-first order  Pseudo-second order  Elovich Equation 

𝑞𝑒 
(meq/100g) 

 
𝑞𝑒 

(meq/100g) 
𝑘1 

(min-1) 
SSE  

𝑞𝑒 
(meq/100g) 

𝑘2 
(meq/100g*min) 

SSE  
𝑎 

(meq/100g*min) 
𝑏 

(meq/100g) 
SSE 

1.8 – 0.6 10.43  9.07 0.0016 3.22  10.62 0.0001 2.48  0.12 0.66 3.36 

0.6 – 0.3 10.00  8.69 0.0092 3.99  9.11 0.0073 7.86  0.49 0.70 1.42 

< 0.355 12.60  10.57 0.0366 6.21  11.21 0.0047 4.26  7.22 0.78 2.05 

 

The effect of particle size on the Na+ adsorption capacity was less marked for scoria 

than zeolite, since the smallest fraction size increased the adsorption capacity by only 

20% with a surface area four times higher than the largest particle. Therefore, a 

reduced number of adsorption sites were exposed with small fraction sizes. Alemayehu 

and Lennartz (2009) and Alemayehu et al. (2011) studied the effect of scoria particle 

size on the adsorption on Cd2+ and Cr6+ and determined that reduced effect on 

adsorption of small size particles on the adsorption of contaminants was product of the 

scoria dead end pores and that the adsorption of ions occurred into the macropore 

structure of the material. The pseudo-second model for the adsorption of Cd2+, showed 

that capacity (qe) was improved 15% when fine material was used, while the adsorption 

of Cr6+ increased 5% in silt compared to fine sizes. These studies also demonstrated 

that the adsorption rates (k2) for smaller particles were larger than for large particles 

by five times for Cd2+, and 30 times for Cr6+. These results are consistent with this 

study.  

 

The adsorption rates and capacities of both scoria and zeolite were similar for 

intermediate and small particle sizes. The use of fine particles in full scale adsorption 

systems (packed fixed bed) may present operational issues due to the resistance to 

flow, requiring a high pressure system and the possible loss of material. Therefore, the 

particle size of 0.6-0.35 mm was used for column trials. 

Adsorption kinetics of Na+, Sr2+ and Ba2+ ions using materials in 

natural form 

The adsorption kinetic and removal efficiency behaviour of major (Na+) and trace 

elements (Sr2+ and Ba2+) from CSG water were studied for natural forms of zeolite and 

scoria (Figure 7.3 – 7.4). 
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The natural materials exhibited low Na+ adsorption capacity and rate when compared 

with the adsorption of the same material over Sr2+ and Ba2+ (Figures 7.3 and 7.4). 

Zeolite showed a reduction of Na+ of 7.66% of the initial concentration after 720 min 

that allowed the removal of 16.1 meq/100 g, while the adsorption of Sr2+ and Ba2+ 

removed 28.4 and 29.7 meq/100 g that correspond to a 99% removal of the initial 

concentration for both cations. The Sr2+ and Ba2+ adsorption achieved large removal 

rates within the first 30 min achieving a rapid adsorption rate while Na+ adsorption 

was progressive until equilibrium was attained. The adsorption of Sr2+ and Ba2+ 

exhibited 40% of the REC, nonetheless initial concentrations were not sufficient to 

exhibit values close to the real capacity (75.1 meq/100 g). The adsorption of Na+ 

achieved 22% of the REC for zeolite. 
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Figure 7.3 Adsorption kinetics (left) and removal from solution (right) of Na+, Sr2+ and Ba2+ using 

natural zeolite. Initial concentration (Co) Na+= 0.1 M, Sr2+= 7.5 mM and Ba2+= 7.5 mM, speed of 

300 rpm and 25 °C. Larger rates and capacities were observed for Sr2+ and Ba2+, when compared 

with Na+. Each data point is a mean of two replicates, which did not vary by more than 5%. 
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Figure 7.4 Adsorption kinetics (left) and removal from solution (right) of Na+, Sr2+ and Ba2+ using 

natural scoria. Initial concentration (Co) Na+= 0.1 M, Sr2+= 7.5 mM and Ba2+= 7.5 mM, speed of 

300 rpm and 25 °C. Larger rates and capacities observed for Ba2+ followed by Sr2+ and Na+. Each 

datum is an average of two replicates, which did not vary by more than 5%. 

 

The adsorption behaviour of Na+, Sr2+ and Ba2+ can be explained by the cation 

selective behaviour of the material (Chapter 6), with higher affinity of the material for 

Sr2+ and Ba2+. The low adsorption capacity of Na+ exhibited by the zeolite has also 

been described by Mumpton (1999), who used a zeolite in natural form with a 

theoretical exchange capacity of 142 meq/100 g but in practice Na+ ions were adsorbed 

to only 11% of that capacity after 720 min. Comparable results were obtained by Zhao 

et al. (2008); Zhao et al. (2009) and Huang and Natrajan (2006) who used natural 

zeolite for the reduction of Na+ present in CSG water from Wyoming and New Mexico 

in USA, achieving low adsorption of this cations due to the low selectivity. 

 

Similarly, Na+ adsorption for the scoria material showed low capacity when compared 

with adsorption capacity for cations such as Sr2+ and Ba2+ (Figures 7.4). The Ba2+ 

adsorption reached a capacity of 29 meq/100 g that corresponds to a total removal of 

97.7% of the initial concentration of this ion. The removal of Sr2+ reached an effective 

removal of 93.6% from the initial concentration with an adsorption capacity of 27.1 

meq/100 g. The Na+ adsorption capacity of the scoria material observed after 720 min 

was 7.4 meq/100 g, which corresponds to a removal of 4% of the initial concentration 

of Na+ ions. The adsorption capacities exhibited for the scoria material for Sr2+ and 

Ba2+ cations reached 80% and 85% of the REC for the material estimated as 34.2 
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meq/100 g. On the other hand, the adsorption of the Na+ was only a fraction (21.8%) 

of the estimated REC, indicating low selectivity towards Na+ ions. 

 

Natural untreated scoria material demonstrated an effective adsorption and removal 

preference for Sr2+ and Ba2+ at typical concentrations in CSG water (Sr2+ = 0.02 meq/L; 

Ba2+ = 0.05 meq/L), while it showed a reduced adsorption selectivity and removal 

towards Na+ ions. Different studies have explored the adsorption properties of scoria 

material for the removal of heavy metals with different valencies and found that the 

adsorption kinetics among the studied cations was driven by a combination of effects 

of valence, electrostatic attraction and hydrated radii of the cations in solution 

(Alemayehu & Lennartz, 2009; Alemayehu et al., 2011; Kwon et al., 2005; Kwon et 

al., 2010). This is equivalent to the results presented for scoria, where Sr2+ and Ba2+ 

with higher valence and electrostatic attraction were preferred. 

Effect of treated material on the adsorption kinetics of Na+  

Typically, natural exchangers, especially zeolites, are chemically conditioned to 

improve their ion exchange performance when compared with their natural form 

(Gedik & Imamoglu, 2008; Inglezakis et al., 2001a; Inglezakis et al., 2001c; Semmens 

& Martin, 1988). The chemical conditioning removes certain ions from the exchanger 

framework that hinder ion exchange while introducing ions that enhance 

exchangeability for incoming ions. In this study, natural zeolite and scoria were 

chemically treated with single solutions of calcium chloride, hydrochloric acid, 

potassium chloride and ammonium acetate to investigate the performance of both 

materials for the removal of Na+ ions present in CSG water and kinetic adsorption 

behaviour (Figure 7.5 and 7.7).  

 

The treated zeolite material presented different adsorption rates and capacities. Ca2+ 

and NH4
+ treated zeolite displayed the least and the greatest Na+ adsorption capacity, 

respectively. The adsorption equilibrium was attained within the first 500 min. Natural 

zeolite showed to be the second least performing adsorbent when in contact with Na+ 

solution, while the other three treated zeolite materials showed favourable adsorption 

for Na+ ions. Natural zeolite form removed 7.7% (16 meq/100 g) of the initial solution, 

while the zeolite enriched with NH4
+ removed 21.1% (36 meq/100 g) of the initial Na+. 
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The treatment of zeolite material with NH4
+ solution incremented the capacity by 18.5 

meq/100 g when compared with the natural form (Table 7.5). 
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Figure 7.5 Adsorption kinetic of Na+ and pseudo-second kinetic order for enhanced and natural 

zeolite material. Initial Na+ concentration 0.1 M, shaking speed of 300 rpm, 25 °C and solid-liquid 

ratio 50 mg/L. Larger Na+ adsorption was achieved for zeolite enhanced with NH4
+ and K+, while 

Ca2+ and natural material presented similar behaviour. Each data point is an average of two 

replicates, which did not vary by more than 5%. 

 

Table 7.5 Comparison adsorption kinetic constants for different zeolite forms. 

Zeolite 

Form 

Exp.  Pseudo-first order  Pseudo-second order  Elovich Equation 

𝑞𝑒 
(meq/100g) 

 
𝑞𝑒 

(meq/100g) 
𝑘1 

(min-1) 
SSE  

𝑞𝑒 
(meq/100g) 

𝑘2 
(meq/100g*min) 

SSE  𝑎 (meq/100g*min) 
𝑏 

(meq/100g) 
SSE 

Natural 16.16  14.34 0.031 4.08  15.67 0.0020 2.27  2.54 0.39 1.83 

Ca2+ 15.52  12.71 0.026 6.13  13.63 0.0030 4.91  2.87 0.48 3.41 

H+ 20.40  17.90 0.030 10.29  19.20 0.0020 7.72  27.43 0.20 7.43 

K+ 34.68  31.29 0.033 12.70  34.14 0.0010 8.76  26.03 0.18 7.10 

NH4
+ 36.67  35.92 0.063 9.21  38.28 0.0020 4.91  27.43 0.20 7.73 

 

The pseudo-second kinetic order exhibited the best fitting in terms of SSE and the 

adsorption kinetic curves are shown in Figure 7.5 (Table 7.5). Adsorption capacity (qe) 

calculated with pseudo-second order model resembles experimental adsorption, and 

adsorption rate (k2) for all zeolite forms exhibited similar values in the range of 0.001 
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– 0.003 meq/100 g. This indicates that an improvement on the adsorption capacity by 

using treated zeolite is not proportional to adsorption rate of the material, instead the 

adsorption rate of Na+ ions was constant for zeolite in different forms. 
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Figure 7.6 Intra-particle diffusion model for the adsorption of Na+ ions using natural and treated 

zeolite. 

 

Table 7.6 Intra-particle diffusion model, film and pore diffusion values for the adsorption of Na+ 

using natural and treated zeolite material. 

Zeolite 

Form 

 Intra-particle diffusion  Film diffusion  Pore diffusion 

 
𝑘𝑖 

meq/100g*min1/2 

𝐶 

meq/100g 
𝑅2  𝐷𝑓 (cm2/s)  𝐷𝑝 (cm2/s) 

Natural  1.26 1.40 0.99  2.96 x 10−5  5.70 x 10−5 

Ca2+  0.43 4.23 0.82  2.66 x 10−5  5.70 x 10−5 

H+  0.75 6.14 0.98  3.73 x 10−5  5.70 x 10−5 

K+  1.79 7.69 0.93  4.23 x 10−5  3.80 x 10−5 

NH4
+  2.37 10.71 0.94  2.01 x 10−4  1.71 x 10−4 

 

Diffusion mechanisms were determined for the natural and enhanced zeolite forms for 

the adsorption of Na+ using the intra-particle model. Film and pore diffusion equations 

were applied to the experimental data (Figure 7.6 and Table 7.6). In adsorption 

processes film diffusion occurs quickly where ions migrate from the bulk solution to 

the surface of the zeolite particle creating a liquid film and attaining equilibrium with 
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the available sites on the surface. Film diffusion is followed by the pore diffusion, 

which is a slower adsorption process. Intra-particle diffusion was explored in order to 

determine the intra-particle diffusion rate and the effect of the thickness of the 

boundary layer on the adsorption of Na+ ions for zeolite materials Experimental kinetic 

data were plotted with the square root of time against the Na+ adsorption exhibited by 

each material. If the adsorption process is controlled by intra-particle diffusion a single 

straight line should be observed. However, the experimental data exhibited two line 

segments, indicating that more than one diffusion mechanisms were involved during 

adsorption (Figure 7.6). The first segment for each zeolite form corresponds to the 

surface diffusion, which occurred on the macropores and mesopores. The second 

segment represents the intra-particle diffusion that took place within the micropore 

structure of the material. 

 

The first segment for each zeolite form is ascribed to surface diffusion, which occurred 

on the macropores and mesopores. The second segment is ascribed to intra-particle 

diffusion that took place within the micropore structure of the material. Thus in the 

early stages of Na+ adsorption, diffusion was highly influenced by film diffusion and 

most of the adsorption occurred on the material outer structure. Pore diffusion was 

slower, controlled by the diffusion of Na+ into the inner framework. NH4
+ and K+ 

treated zeolite showed that most of the Na+ adsorption took place on the surface of the 

material, while natural and Ca2+ treated zeolite forms exhibited larger adsorption that 

took place within the material. Nguyen et al. (2015) used Australian iron coated zeolite 

for adsorption of cadmium, chromium, copper, zinc and lead; they found that the intra-

particle diffusion plot exhibited two linear segments. A first adsorption, attributed to 

the external diffusion was followed by a second adsorption attributed to the intra-

particle diffusion, which agrees with the results obtained for the adsorption of Na+ 

using zeolite in different forms. 

 

Film and pore diffusion coefficients for particles of natural zeolite under experimental 

conditions were calculated as 2.96x10-5 𝑐𝑚2/𝑠 and 5.70x10-5 𝑐𝑚2/𝑠, respectively. 

Often, when film diffusion has a larger value and internal diffusion has a lower value, 

the adsorption process is believed to be governed by particle diffusion. If pore 

diffusion coefficient results to be greater than film diffusion, the process is governed 

by film diffusion (Karthikeyan et al., 2010). Diffusion coefficients calculated for the 
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natural zeolite suggested that the diffusion process was to some extent rate-limited by 

the film diffusion indicating the influence of the film diffusion process (Table 7.6). 

Additionally, when zeolite is treated with Ca2+ and H+, the material exhibited similar 

values as the natural form, indicating that film diffusion has influenced the adsorption 

of Na+. Film and pore diffusion coefficients calculated for treated zeolite with K+ and 

NH4
+ indicate that film diffusion was not the rate-limiting factor (Table 7.6). Film 

diffusion coefficients for K+ and NH4
+ treated zeolite were smaller than those 

coefficients found for pore diffusion, which reinforced the validity of the intra-particle 

diffusion model.  

 

The zeolite material exhibited particular Na+ adsorption capacities when it was treated 

with cations such as NH4
+ or Ca2+. The adsorption interaction was greater for zeolite 

enhanced with NH4
+ or K+, while the Na+ adsorption was reduced for the same material 

treated with Ca2+, thus the adsorption capacity can be related to the characteristics of 

the cations used for the material treatment. Na+ adsorption was favourable for zeolite 

treated with cations with low ionic field strength, small hydrated radii, and reduced 

energy of hydration, such as NH4
+ or K+ (Table 7.7).  

 

Table 7.7 Properties of ions used in trials and adsorption process (Kapanji, 2009; Railsback, 

2006). 

Ion 
Ionic radius 

(Å) 

Hydrated radius 

(Å) 

Hydration energy 

(kJ/mol) 

Ca2+ 1.0 4.2 -1577 

Sr2+ 1.12 4.1 -1480 

Ba2+ 1.34 4.05 -1360 

H+ <0.5 - -1130 

Na+ 0.95 3.58 -406 

K+ 1.3 3.1 -322 

NH4
+ 1.5 3.3 -307 

 

In general terms, small cations have a high charge density increasing its radius when 

dissolved in water, since it is able to attract a large number of water molecules, such 

as Ca2+, Sr2+, Ba2+ (Table 7.7). It is also known that the affinity and selectivity of 

cations in zeolites are strongly related with the hydration radius of the cations, since 

some large hydrated cations may be rejected during the diffusion process due to the 
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large size in comparison with the small pore size on the zeolite framework (Inglezakis 

et al., 2001c; Kapanji, 2009). Hydration energy also explains the selectivity behaviour 

for cation exchangers, where high selectivity is observed for ions with smaller 

hydration energy and a lower selectivity is observed for those ions with high hydration 

energy such as Ca2+, Sr2+, Na+, which require more energy (Inglezakis et al., 2004). 

 

The Na+ adsorption performance of natural and treated zeolite may be explained by 

the same factors that influence the affinity and selectivity of cations. The natural and 

Ca2+ treated zeolites had similar effect on the Na+ adsorption capacity, which can be 

attributed to three reasons: (i) The natural zeolite presented large Ca2+ composition 

when determined by XRF and EDS, therefore the Ca2+ treated zeolite behaves 

similarly. (ii) Ca2+ on the zeolite presented a high energy of hydration, which in theory 

requires high energy to be in a dissolved state. For instance, Ca2+ ions required five 

times the energy to dissolve than NH4
+ ions. (iii) the hydrated size of Ca2+ ions may 

limit the intra-particle diffusion and exchange of ions because the zeolite channels are 

narrow and large cations can inhibit the two-way process such as Ca2+. The adsorption 

of Na+ and zeolite treated with NH4
+ form presented the opposite scenario, since NH4

+ 

ions required much less energy for hydration, increasing the interactions between 

cations that resulted in higher Na+ adsorption. Furthermore, cations such as NH4
+ and 

K+ have a low hydrated radius, allowing the two-way process within the narrow zeolite 

channels. 

 

Na+ adsorption for scoria (natural and treated form) was investigated over 720 min 

(Figure 7.7). Similar to zeolite, scoria in NH4
+ and K+ forms exhibited larger 

adsorption of Na+ ions, reaching 17.2 and 12.3 meq/100 g, while natural form and acid 

form presented an adsorption of 7.4 and 6.4 meq/100 g respectively (Table 7.8). The 

initial concentration of Na+ was decreased by 3.9% after 720 min for natural scoria, 

while the same material in NH4
+ form exhibited a removal of 8.6% of Na+ initially in 

solution. The low adsorption capacity exhibited for the scoria treated with acid is 

ascribed to an effect of the acid treatment that partially dissolved and disintegrated the 

scoria framework, removing cations that are contained in the material, corroborated 

with the SEM and EDs results. Significant changes on the morphology of the surface 

after treatment caused structural changes that affected the adsorptive properties of the 

scoria. 
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Figure 7.7 Adsorption kinetic of Na+ and pseudo-second kinetic order for natural and enhanced 

scoria. Initial Na+ concentration 0.1 M, shaking speed of 300 rpm, 25 °C and solid-liquid ratio 50 

mg/L. Larger Na+ adsorption was achieved for material enhanced with NH4
+, while H+ showed 

lower adsorption than natural scoria. Each data point is a mean of two replicates, which did not 

vary by more than 5%. 

 
Table 7.8 Comparison adsorption kinetic constants for different scoria forms. 

Scoria 

Form 
Exp.  Pseudo-first order  Pseudo-second order  Elovich Equation 

 
𝑞𝑒 

(meq/100g) 
 

𝑞𝑒 
(meq/100g) 

𝑘1 
(min-1) 

SSE  
𝑞𝑒 

(meq/100g) 
𝑘2 

(meq/100g*min) 
SSE  

𝑎  
(meq/100g*min) 

𝑏 
(meq/100g) 

SSE 

Natural 7.47  8.69 0.009 3.99  6.11 0.0073 7.86  0.49 0.70 1.42 

Ca2+ 9.39  7.87 0.059 2.56  8.56 0.0093 1.65  3.78 0.81 1.45 

H+ 6.46  5.60 0.025 1.83  6.35 0.0045 1.56  0.41 0.81 1.60 

K+ 12.38  10.54 0.029 4.77  11.78 0.0031 3.55  1.15 0.47 2.87 

NH4
+ 17.25  16.03 0.018 6.76  17.50 0.0015 5.15  1.91 0.35 3.57 

 

The adsorption kinetic model parameters for natural and treated forms of scoria are 

shown in Table 7.8 and calculated pseudo-second order kinetic curves that fit the data 

in terms of the SSE are shown in Figure 7.7. The kinetic rates (k2) found with the 

pseudo-second order model showed that Na+ was adsorbed at a higher rate for Ca2+ 

and natural scoria forms, while K+ and NH4
+ exhibited the lowest adsorption rates. 

Similar results for scoria were reported by Kwon et al. (2010), who studied the 

adsorption kinetics of divalent cation (Pb2+) and trivalent cation (As3+) using natural 
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scoria. After applying the pseudo-second order model, the authors found that the 

adsorption rate for the trivalent cation was three-fold the adsorption observed for 

divalent cation. Kwon et al. (2005) finding come to an agreement with the results 

obtained for the adsorption rates of Na+, since enhanced material with divalent ions 

exhibited higher rates than scoria treated with monovalent cations. Nonetheless, the 

pseudo-second order model estimated a higher adsorption capacity for scoria treated 

with monovalent cations (K+) than material treated with divalent cations (Ca2+) for the 

removal of Na+. 

 

The experimental data allowed to determine that more than one mechanism influenced 

the adsorption process, where the first line segment of the uptake time course for each 

material can be associated with the surface diffusion that occurred on the macropores 

during the first minutes of adsorption (Figure 7.8). The second segment represented 

the intra-particle diffusion that took place within the mesopores on structure of the 

material. The bulk adsorption occurred as results of the surface diffusion and 

adsorption sites located on the macropore structure of the material. 
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Figure 7.8 Intra-particle diffusion model for the adsorption of Na+ ions using natural and treated 

scoria. 
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Table 7.9 Intra-particle diffusion model, film and pore diffusion values for the adsorption of Na+ 

using natural and treated scoria material. 

Scoria 

Form 

 Intra-particle diffusion  Film diffusion  Pore diffusion 

 
𝑘𝑖 

meq/100g*min1/2 

𝐶 

meq/100g 
𝑅2  𝐷𝑓 (cm2/s)  𝐷𝑝 (cm2/s) 

Natural  0.455 0.40 0.98  2.28 x 10−6  9.50 x 10−6 

Ca2+  0.868 1.12 0.92  2.87 x 10−6  9.50 x 10−6 

H+  0.789 1.36 0.94  1.97 x 10−6  9.50 x 10−6 

K+  0.721 1.58 0.64  3.78 x 10−6  9.50 x 10−6 

NH4
+  0.795 3.21 0.97  3.16 x 10−6  5.70 x 10−6 

 

Values for film diffusion were found to be in the range of 1.97 - 3.78x10-6 𝑐𝑚2/𝑠, 

while the values calculated for pore diffusion coefficient were in the range of 5.7 - 

9.50x10-6 𝑐𝑚2/𝑠. These results indicated the diffusion process for all the types of 

scoria was governed by the film diffusion supporting the results obtained from the 

intra-particle diffusion model. Diffusion coefficients calculated for natural scoria 

suggested that diffusion process was rate-limited by the film diffusion indicating the 

influence of this type of diffusion on the adsorption of Na+.  

  

The Na+ removal and adsorption performance of natural and treated scoria can be 

explained through the selectivity of ions and their features (Table 7.7). Scoria treated 

with NH4
+ and K+ had a significant improvement on the Na+ adsorption capacity 

because the cations on the scoria had smaller hydrated radii and reduced hydration 

energy, while scoria treated with a large cation and high energy of hydration, such as 

Ca2+, presented a lower adsorption capacity to transfer cations from the solid phase to 

the aqueous solution. 

Effect of co-ion on the adsorption process for the removal of Na+ ions  

CSG water from the Bowen Basin research site showed a geochemical signature of 

Na+-Cl--HCO3
- but often CSG waters contain different anions at varied concentrations 

that may be different from the CSG water characterised in this study. Some of the 

typical anions in CSG waters are Cl-, HCO3
- and F- but often Cl- and HCO3

- are found 

in higher concentrations than F- (Taulis & Milke, 2007; Van Voast, 2003). 

Additionally, it has been reported that the adsorption of cations may be affected by the 

presence of certain anions and studies keep focused on the adsorption behaviour of 
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heavy metals with different anions (Darton et al., 2004; Doula & Ioannou, 2003; 

Fernandez et al., 1994; Inglezakis et al., 2003; Inglezakis et al., 2005; Rendueles et 

al., 1997). The adsorption kinetics of Na+ for zeolite and scoria material in a natural 

form were studied using single solutions containing Cl-, HCO3
- and F- ions all made at 

0.1 M. 

 

The zeolite Na+ adsorption curve (Figure 7.9) demonstrated that higher adsorption was 

achieved for solutions made with HCO3
- and F-, while adsorption of Na+ was lower 

when the anion Cl- was present. The capacity to remove Na+ ions when Cl- was present 

after 4320 min was 19.9 meq/100 g, while the capacity exhibited for the same cation 

with HCO3
- as anion was 27.4 meq/100 g that represents a 30% increment from the 

solution containing Cl-. The adsorption capacity of Na+ in presence of co-ions followed 

the order HCO3
- > F- > Cl- (Figure 7.9). 
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Figure 7.9 The adsorption kinetic behaviour of Na+ in presence of different anions using natural 

zeolite and scoria. Initial solution concentration 0.1 M, shaking speed of 300 rpm, 25 °C and solid-

liquid ratio 50 mg/L. Zeolite exhibited preference for Na+ in presence of HCO3
-, while scoria 

presented higher Na+ adsorption when F- was in the solution. Each data point is a mean of two 

replicates, which did not vary by more than 5%. 

 

The Na+ ion solutions had the same initial concentration of 100 meq/L, similar ionic 

strength ranging from 0.094 to 0.097 but varied in pH. The pH for the solution made 

with NaCl was neutral with values about 7.0, while solutions made with NaHCO3 and 
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NaF presented an alkaline pH above 8.0. The solution pH is expected to effect on the 

adsorption behaviour of metals onto zeolite materials (Ates & Hardacre, 2012; 

Babcock & Schulz, 1963; Inglezakis et al., 2001c; Kithome et al., 1999). These studies 

have shown that adsorption of metals decreased for low pH solutions because H+ ions 

compete with the metals that also adsorbed. Additionally, electrostatic repulsion 

happens when the surface of the material is protonated, decreasing selectivity towards 

metal cations. Therefore, the results obtained for the Na+ adsorption capacity can be 

explained through the difference in the pH variability of the solution, where the Na+-

Cl- solutions had a lower pH and presented lower selectivity than the other solutions 

investigated.  

 

The adsorption rates for Na+ using the natural scoria material were lowest when Cl- 

ions were present (with removal of 10 meq/100 g), while higher adsorption rates were 

observed for the solution containing F- ions (removal of 16.5 meq/100 g after 4320 

min) (Figure 7.9). The presence of a different anion increased the removal of Na+ ions 

by 60% over that observed with the anion Cl-. The greater adsorption of Na+ ions in 

the presence of F- and HCO3
- can be attributed to the alkaline composition of the 

solution, limiting the associated competing ion process of adsorption of H+ ions over 

Na+. Comparable behaviour was observed by Alemayehu and Lennartz (2009); Kwon 

et al. (2005); Kwon et al. (2010) when scoria material in its natural form was used to 

remove heavy metals and higher pH solutions presented higher adsorption and removal 

rates than those solution with lower pH. The optimal performance for the adsorption 

of heavy metals occurred when pH solutions were greater than 8.0, which is in 

agreement with the results presented for scoria in natural form (Figure 7.9). 

Adsorption kinetics of Na+ ions from synthetic and field CSG water 

using natural and treated materials 

The treatments K+ and NH4
+ were selected due to their high performance observed on 

removal of Na+ using single ion solutions. The average concentration of Na+ measured 

for the synthetic CSG was about 50 meq/L, while the average concentration of Na+ in 

the field CSG water was 130 meq/L, which is 2.6 times higher than the average of the 

same CSG field. 
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The Na+ adsorption behaviour and performance of zeolite and scoria, both natural and 

treated modes, using synthetic CSG water exhibited analogous trend as single Na+ 

solutions, where materials treated with NH4
+ exhibited the largest Na+ capacities, while 

natural forms achieved the lowest capacities (Figure 7.10). The maximum capacity 

achieved for zeolite and scoria enhanced with NH4
+ was 38.5 and 11.8 meq/100 g, 

respectively (Table 7.10). The Na+ adsorption capacities found for both materials in 

all forms using synthetic CSG water were significant lower to those found for single 

Na+ solutions. For instance, natural forms of zeolite and scoria achieved a maximum 

Na+ adsorption of about 16.1 and 7.4 meq/100 g for single Na+ cation solution, while 

the same materials using synthetic CSG adsorbed 5.8 and 3.9 meq/100 g of Na+, 

correspondingly (Table 7.10). A 50% reduction in the Na+ adsorption from synthetic 

CSG water was noted, caused by the competing effect of other cations present in 

solution that occupied the adsorption sites on the material reducing the Na+ adsorption 

efficiency. 
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Figure 7.10 The Na+ adsorption kinetics and pseudo-second kinetic order curves for natural and 

enhanced zeolite and scoria using synthetic CSG water. Batch mode agitated at 300 rpm, 25 °C 

and a solid-liquid ratio 50 mg/L. Each data point is a mean of two replicates, which did not vary 

by more than 5%. 

 

The reduction of Na+ from synthetic CSG water using different forms of zeolite and 

scoria were favourable when the adsorption is compared to the natural forms. The Na+ 
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reduction reached 36.4% and 11.9% of the initial Na+ concentration for NH4
+ enhanced 

zeolite and scoria, while natural zeolite and scoria removed 5.9% and 4.1% of the 

initial concentration, respectively. The model that best fits the experimental data was 

the pseudo-second order (calculated kinetic curves in Figure 7.10). Na+ adsorption 

rates from synthetic CSG using treated forms of material were larger than adsorption 

rates exhibited for natural scoria and zeolite (Table 7.10). The adsorption capacity 

calculated using the pseudo-second order model showed an improvement in on Na+ 

adsorption when treated materials were used. 

 

Table 7.10 Comparison adsorption kinetic constants for zeolite and scoria materials using 

synthetic CSG water. 

Material 

Exp.  Pseudo-first order  Pseudo-second order  Elovich Equation 

𝑞𝑒 
(meq/100g) 

 
𝑞𝑒 

(meq/100g) 
𝑘1 

(min-1) 
SSE  

𝑞𝑒 
(meq/100g) 

𝑘2 
(meq/100g*min) 

SSE  
𝑎  

(meq/100g*min) 
𝑏 

(meq/100g) 
SSE 

Zeolite 

Natural 
5.84  5.87 0.005 0.88  7.49 0.0006 0.80  0.81 0.14 1.43 

Zeolite 

K+ 
27.30  25.66 0.049 5.71  27.60 0.0025 2.19  9.08 0.24 4.44 

Zeolite 

NH4
+ 

38.59  36.06 0.068 9.43  30.17 0.0080 7.79  33.15 0.20 5.80 

Scoria 

Natural 
3.90  3.95 0.006 0.62  5.09 0.0010 0.76  1.14 0.09 1.34 

Scoria 

K+ 
9.03  8.45 0.332 1.47  8.70 0.0838 0.84  - - - 

Scoria 

NH4
+ 

11.89  10.23 0.237 2.54  10.62 0.0417 1.81  - - - 

 

Similarly, scoria and zeolite, in natural and treated forms, were used for the adsorption 

of Na+ from field CSG water (Figure 7.11). The average concentration of Na+ in the 

field CSG water was larger than the synthetic CSG water, which may lead towards an 

apparent higher adsorption capacity of the material at equilibrium. This effect can be 

related to the equilibrium behaviour of both materials in which a larger concentration 

led to higher adsorption of cations. 

 

Treated NH4
+ scoria and zeolite exhibited a larger Na+ adsorption than materials in 

natural form for field CSG water. The adsorption achieved for NH4
+ treated materials 

was 71.5 and 16.4 meq/100 g for zeolite and scoria, while the same materials in natural 

form reached a maximum Na+ adsorption of 17.5 and 13.6 meq/100 g, respectively 

(Figure 7.11). The adsorption of Na+ from field CSG water using zeolite and scoria in 

NH4
+ achieved an increment of 54 meq/100 g (four times higher than natural zeolite 

material) and 2.8 meq/100 g (20% increase of the adsorption for natural scoria), 
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respectively. The Na+ adsorption capacities when using CSG water were consistently 

higher than those observed for synthetic CSG water. 
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Figure 7.11 The Na+ adsorption kinetics and pseudo-second kinetic order curves for natural and 

enhanced zeolite and scoria using field CSG water. Batch mode agitated at 300 rpm, 25 °C and a 

solid-liquid ratio 50 mg/L. Each data point is a mean of two replicates, which did not vary by 

more than 5%. 

 

Table 7.11 Comparison adsorption kinetic constants for zeolite and scoria materials using field 

CSG water. 

Material 

Exp.  Pseudo-first order  Pseudo-second order  Elovich Equation 

𝑞𝑒 

(meq/100g) 
 

𝑞𝑒 

(meq/100g) 

𝑘1 

(min-1) 
SSE  

𝑞𝑒 

(meq/100g) 

𝑘2 

(meq/100g*min) 
SSE  

𝑎 

(meq/100g*min) 

𝑏 

(meq/100g) 
SSE 

Zeolite 

Natural 
17.57  15.43 0.0118 4.46  18.69 0.0007 3.27  0.60 0.28 2.22 

Zeolite 

K+ 
68.23  60.99 0.0306 16.37  67.27 0.0005 8.42  8.052 0.08 8.37 

Zeolite 

NH4
+ 

71.53  65.83 0.0030 19.37  51.80 0.0030 5.91  14.70 0.08 27.11 

Scoria 

Natural 
13.66  12.66 0.0387 3.45  13.87 0.0036 2.99  2.07 0.42 4.27 

Scoria 

K+ 
16.20  13.98 0.3045 4.54  14.62 0.0344 3.39  42.18 0.42 4.27 

Scoria 

NH4
+ 

16.44  14.77 0.2750 3.79  15.38 0.0324 2.50  - - - 

 

The adsorption kinetic model that better described the Na+ adsorption using field CSG 

in terms of the SSE was the pseudo-second order kinetic (Table 7.11, Figure 7.11). 

The adsorption rate (k2) for treated materials was improved when compared with 

adsorption rates for natural forms. Furthermore, it was noticed that Na+ adsorption 
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capacity using scoria and zeolite and field CSG water were consistently higher than 

those observed for synthetic CSG water due to the large Na+ ions in solution.  

Adsorption of Na+ ions from single solution and desorption of ions by 

regeneration using chemical treatments 

Once equilibrium is reached after the adsorption process, the regeneration of the 

material is necessary to enable the recovery of the initial sorbent properties of the 

material for further use. The regeneration process of natural materials is a key step in 

order to make the ion exchange an economical process. Regeneration employs the 

adsorption and desorption mechanisms by often using a single solution that displaces 

the ion loaded onto the material. The performance of the regeneration is determined 

by the cyclical ability of desorption and adsorption of ions, which indicate the 

reversibility of the adsorption process and reusability of the material. 

 

The adsorption process consisted of the Na+ uptake by treated zeolite and scoria until 

equilibrium is reached, approximately after 720 min. The adsorption of Na+ ions was 

conducted over five regeneration cycles (Figure 7.12). The adsorption column labelled 

as “Cycle 0” corresponds to the adsorption achieved by the material in pre-treated 

form, and the subsequent adsorption columns correspond to the Na+ removed after a 

regeneration cycle of the material.  

 

The regeneration process consisted in placing the exhausted material with the 

regenerate solution for 24 h, allowing the desorption of Na+ ions and adsorption of 

cations introduced by the regenerate solution. The treatment and regenerate solutions 

were made at 1.0 M containing CaCl2, KCl and NH4C2H3O2. The desorbed cations 

obtained after 24 h of regeneration were totalised and values are shown in the desorbed 

column, next to the Na+ adsorption column. The performance of the regeneration 

process was measured by the ability to remove adsorbed cations and the ability to 

uptake Na+ for subsequent loading cycles. 
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Figure 7.12 Adsorption and desorption capacity of Na+ for successive regeneration cycles for 

zeolite and scoria using NH4
+ regenerate. Each data point is a mean of two replicates, which did 

not vary by more than 5%. 

 

The regenerate solution with the highest adsorption and desorption capacity of Na+ 

ions for both, zeolite and scoria material, was NH4
+ followed by the K+ as shown in 

Figures 7.12 – 7.13. The Na+ adsorption capacity achieved for zeolite after each 

regeneration cycle increased form 36.6 meq/100 g for the Cycle 0, up to 90.3 meq/100 

g on the 3rd cycle (Figure 7.12). However, the capacity of the zeolite started to decrease 

after the peak on the Na+ adsorption capacity. The increment on the adsorption 

capacity after the regeneration Cycle 2 can be explained by the ability of the regenerate 

solution to further displace exchangeable cations from the material, while the reduction 

on the Na+ adsorption for cycles 4 and 5 can be attributed to pore clogging that leads 

to an irreversible desorption of cations. With the continued and steady reduction of the 

adsorption and desorption capacity of the material, the lifespan of the material could 

be calculated. The decline in the Na+ adsorption will deplete the adsorption capacity 

of the material within the first 25 regeneration cycles, which is a longer lifespan than 

estimated by Katsou et al. (2011), who determined that clinoptilolite had an acceptable 

adsorption efficiency for Pb2+ and Zn2+ until the 12th regeneration cycle when 

regenerated with KCl. 
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Similar behaviour was observed for the desorbed cations from the zeolite regenerated 

with NH4
+, where similar amounts of Na+ were desorbed as well as significant amounts 

of Ca2+ and Mg2+ for the Cycle 0 and 1. The large amount of the desorbed cations, in 

Cycle 0, for zeolite and scoria (Figure 7.12) was not expected, since all materials were 

treated until near homoionic form was achieved. However, conversion process into 

homoionic form with NH4
+ did not remove all the exchangeable cations during pre-

treatment, with cations removed in subsequent regeneration cycles allowing the 

materials to increase the Na+ adsorption in Cycle 1 (Figure 7.12). 

 

The adsorption and desorption of Na+ ions observed for scoria regenerated with NH4
+ 

solutions decreased consistently as the number of cycles incremented (Figure 7.12). 

The maximum adsorption occurred after the first regeneration reaching 17.9 meq/100 

g and slowly decreased to 13.1 meq/100 g in the fifth cycle, which corresponds to a 

25% reduction in the adsorption capacity. The reduction on the Na+ adsorption after 

each regeneration cycle can be associated to an irreversible exchange process, where 

cations from the regenerate solution cannot access the adsorption sites of the scoria, 

so reducing the effectiveness of the desorption process. Considering the decline on 

Na+ adsorption of 25% every five regeneration cycles, it will take 20 cycles to deplete 

the adsorption capacity of the scoria material when using NH4
+ as regenerate solution. 
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Figure 7.13 Adsorption and desorption capacity of Na+ for successive regeneration cycles for 

zeolite and scoria using Ca2+ regenerate. Each data point is a mean of two replicates, which did 

not vary by more than 5%. 

 

The Ca2+ treated/regenerated zeolite and scoria showed the lowest 

adsorption/desorption capacity for Na+ ions (Figure 7.13). Despite the low adsorption 

ability for Na+, regeneration with Ca2+ was able to partially recover the adsorption 

capacity. Nonetheless, the adsorption capacity declined after each cycle by 24% and 

22% after the fifth cycle regeneration for zeolite and scoria respectively. Thus the 

lifespan of both materials was 20 regeneration cycles when using Ca2+ as a regenerate 

solution. 
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Figure 7.14 Adsorption and desorption capacity of Na+ for successive regeneration cycles for 

zeolite and scoria using K+ regenerate. Each data point is a mean of two replicates, which did not 

vary by more than 5%. 

 

Materials regenerated with K+ exhibited an initial improvement on the Na+ adsorption 

for Cycle 1, which is then followed by rapid decline on the adsorption capacity (Figure 

7.14). After the fifth regeneration cycle the zeolite and scoria diminished the Na+ 

adsorption properties by 35% and 57%. The consistent declining trend on the Na+ 

adsorption indicates that the K+ regenerate solution was not able to remove cations, 

making the adsorption process to some extent irreversible. The K+ regeneration 
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behaviour was expected to perform similar to the NH4
+ regeneration, since both cations 

have similar hydrate radii and energy of hydration. Nonetheless, K+ energy of 

hydration of K+ is slightly larger than NH4
+. The Na+ adsorption capacity for scoria 

regenerated with K+ will be depleted within the first 10 regeneration cycles, while the 

adsorption in zeolite will last for about 15 regeneration cycles. The K+ regeneration 

increases the adsorption in early cycles comparable to NH4
+ regeneration but depletion 

of the adsorptive properties of both materials will be reached faster than Ca2+ 

regeneration. 

 

The initial increment of the capacity, regeneration efficiency and adsorption capacity 

reduced with increased number of regeneration cycles agree with the results obtained 

by Argun (2008) and Katsou et al. (2011), where adsorption and desorption 

performance decreased considerably after each regeneration cycle. These authors also 

found that sorption properties decreased 50% from the initial regeneration after the 

third cycle for Ni2+-Na+ sorption, ninth cycle for Pb2+-K+ system, and fifth cycle of 

Zn2+-K+ sorption process. 

 

Adsorption of Na+ ions from synthetic and field CSG water, and 

desorption of ions by regeneration using NH4
+ solution 

Na+ adsorption and desorption using synthetic CSG water were studied using NH4
+ 

regenerate solution to recover adsorptive properties of zeolite and scoria (Figure 7.15). 

The synthetic CSG water contained a mixture of ions that could diminish the total Na+ 

adsorbed. Cations present in CSG water are in low concentrations but they are more 

selective than Na+ ions.  

 

The zeolite material regenerated with NH4
+ presented a consistent adsorption capacity 

to Na+ ions after each regeneration cycle with an average of 38 meq/100 g (Figure 

7.15). The adsorption capacity towards Na+ was constant even after a 5th regeneration. 

Desorption of Na+ ions after regeneration with NH4+ solutions happened to be larger 

than the measured adsorption of Na+ ions, demonstrating the additional desorption of 

exchangeable Na+ ions present in the zeolite framework removed after several 

regeneration cycles. Desorption of Ca2+, K+, Sr2+ and Ba2+ was found to be relatively 
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equal after each regeneration cycle, providing evidence that these cations were 

effectively desorbed after regeneration (Figure 7.15). 
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Figure 7.15 Adsorption and desorption capacity of Na+ for successive regeneration cycles for 

zeolite and scoria using synthetic CSG water and NH4
+ regenerate solution. Each data point is a 

mean of two replicates, which did not vary by more than 5%. 

 

The Na+ adsorption by scoria material using NH4
+ regenerate solution resulted in a 

consistent adsorption pattern achieving on average 10 meq/100 g when synthetic CSG 

water was used (Figure 7.15). The mixture of cations in the synthetic solution, limited 

the Na+ adsorption since cations in solution are more selective, diminishing ability of 

this material to adsorb Na+ ions. Moreover, it was noticeable that the ability to adsorb 

Na+ ions decreased with the number of regeneration cycles, reducing the capacity by 

14% at the end of the fifth cycle. 

 

Field CSG water was used to determine Na+ adsorption, and desorption using NH4
+ 

regenerate solution on zeolite and scoria materials (Figure 7.16). After each NH4
+ 

regeneration cycle both materials showed consistent desorption and adsorption of Na+. 

 

The adsorption of Na+ ions by zeolite regenerated with NH4
+ presented consistent 

values above 40 meq/100 g for all regeneration cycles. The competing effect of cations 
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present in the field CSG water could limit the Na+ adsorption. The adsorption of Ca2+, 

K+, Sr2+ and Ba2+ cations was evident since these cations were consistently desorbed 

through regeneration process. The recovery of the adsorption properties after 5 

regeneration cycles was product of the effective desorption of Na+ ions by NH4
+ 

regenerate solution that allow the recovery of the material adsorptive properties. The 

adsorption decreases about 10% after each regeneration cycle, therefore the zeolite 

material will remove Na+ from field CSG water for 30 regeneration cycles. 
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Figure 7.16 Adsorption and desorption capacity of Na+ for successive regeneration cycles for 

zeolite and scoria using field CSG water and NH4
+ regenerate solution. Each data point is a mean 

of two replicates, which did not vary by more than 5%. 

 

The scoria material achieved an average Na+ adsorption of 21 meq/100 g, with all the 

adsorption cycles above 15 meq/100 g (Figure 7.16). The results obtained for the Na+ 

adsorption using field CSG water were higher than those adsorption values observed 

for synthetic solution. The larger Na+ adsorption when using field CSG water was the 

product of a larger initial concentration of Na+ ions that increased the concentration 

driving force of the system and augmented the adsorption capacity of the material. The 

Na+ desorption capacity of scoria regenerated with NH4
+ was comparable to the 

adsorption of Na+, with a slight reduction after each regeneration cycle. It is then 
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expected that the adsorptive properties of the material would last for 20 regeneration 

cycles. 

Conclusions 

Ion uptake rate and extent was influenced by particle size, initial ion concentration, 

solution pH, and presence of competing ions. Treatment and regeneration solutions 

were able to increase the adsorption behaviour of zeolite and scoria materials by 

replacement of cation on the CEC of the material with ions more exchangeable than 

those ions present in the material natural state. Adsorption of Na+ ions was favoured 

by the use of small fraction sizes of zeolite and scoria particles, due to a larger surface 

area per volume of material that increased the accessibility of cation to those available 

exchange sites. 

 

Scoria and zeolite were more selective for Sr2+ and Ba2+ than Na+, which were removed 

> 90%. The ion selectivity can be explained by the properties of the cations in terms 

of their valence, electrostatic attraction, ion size, hydration energy and hydrated radii, 

which make Sr2+ and Ba2+ more selective than Na+. Anions in solution also had a 

significant effect on the adsorption of Na+ on the zeolite and scoria materials, 

associated with effect on solution pH. Solutions with pH greater than 8 presented 

higher adsorption of Na+. 

 

Treatment of zeolite and scoria with NH4
+ gave the greatest increase in Na+ adsorption, 

followed by treatment with K+. These treatments increased the adsorption rates and 

total adsorption capacity. The adsorption process in zeolite was limited by pore 

diffusion, while scoria exhibited a film diffusion process, a description in agreement 

with the porous structure of both materials. These chemical treatments enhanced the 

adsorption because introduced cations have smaller hydrated radii and lower hydration 

energies that enabled higher cation interaction increasing the Na+ capacity. Both 

natural exchangers behave similarly when removing Na+ from synthetic Na+ and field 

CSG water solutions. Moreover, treated natural exchangers showed significant 

improvement on the adsorption of Na+ for CSG water solutions.  
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The adsorption and desorption of Na+ ions were studied for five regeneration cycles. 

Both materials decreased their adsorptive properties as the number of regeneration 

cycles increased. Regeneration studies using field CSG water and NH4
+ regenerate 

solution determined that zeolite and scoria will deplete their adsorptive with no 

reversible desorption properties after the 30 and 20 regeneration cycles respectively. 

It was also observed the Sr2+, Ca2+, K+ and Ba2+ present in field CSG water compete 

with Na+ for adsorption sites, reducing Na+ removal of the zeolite and scoria. 
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Chapter 8:  Column studies 

Breakthrough curves and the modelling of fixed bed columns 

When the concentration of the contaminant in the solution exiting a flow through 

column exchanger rises to a maximum concentration tolerated in the effluent stream, 

the is said to be at breakpoint (Inglezakis & Zorpas, 2012a; Millar et al., 2015a). When 

breakpoint is reached, regeneration process of the adsorbent bed is necessary. A 

‘breakthrough curve’ (plot of effluent concentration over bed volumes of solution 

passed through the material) allows determination of the service time or effective bed 

volume (BV) of a column. Effective BV describes the maximum adsorption capacity 

exhibited of the system (Motsi, 2010). 

 

When the influent and effluent concentrations in the column are equal, the adsorbent 

is at complete exhaustion. Adsorption capacity can be calculated with Eq. 8.1, where 

𝑚 is the mass of adsorbent in grams; 𝐶0 and 𝐶 are the influent and effluent 

concentrations expressed in meq/L at any given volume, 𝑉 (Millar et al., 2015a).  

 

𝐵𝑒𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =
1

𝑚
∫ (𝐶0 − 𝐶)

𝑉0

0
 𝑑𝑉      Equation 8.1 

 

Experimentally determined breakthrough curves can be described by mathematical 

empirical models that describe the dynamic behaviour of the fixed bed columns 

(Medvidović et al., 2006). In this study, the empirical models (Table 8.1) developed 

by Thomas, Bohart-Adams and Yoon-Nelson were used to describe the Na+ removal 

from aqueous solutions on a fixed bed of scoria and zeolite. Where 𝐶0 is the initial 

solute concentration (meq/L), 𝐶 is the concentration of solute from the effluent, 𝑘𝑇ℎ is 

the Thomas rate constant (L/meq h), 𝑄 is the flow rate (L/h), 𝑚 is the mass of adsorbent 

in the bed (g), 𝑉 is the volume of effluent (L), 𝑘𝐵𝐴 is the Bohart-Adams rate constant 

(L/meq h), 𝑞𝐵𝐴 is the removal capacity (meq/g), 𝐻 is the bed height (m), 𝑣 is the linear 

flow velocity (m/h), 𝑡 is the bed service time (h), 𝑘𝑌𝑁 is the Yoon-Nelson constant (h-

1) and 𝜏 is the time when 𝐶 𝐶0⁄ ≈ 0.5 (h).  
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Table 8.1 Mathematical relations of empirical models for determination of breakthrough curves. 

Model Non-linear equation Linear equation 
Model 

parameters 

Thomas 

𝐶

𝐶0
=

1

1 + 𝑒𝑥𝑝 [
𝑘𝑇ℎ

𝑄
(𝑞 ∙ 𝑚 − 𝐶0 ∙ 𝑉)]

 
ln (

𝐶0

𝐶
− 1) =

𝑘𝑇ℎ ∙ 𝑞 ∙ 𝑚

𝑄
−

𝑘𝑇ℎ ∙ 𝐶0 ∙ 𝑉

𝑄
 𝑘𝑇ℎ , 𝑞 

Bohart-

Adams 

𝐶

𝐶0
= 𝑒𝑥𝑝 [(𝑘𝐵𝐴 ∙ 𝐶0 ∙ 𝑡) − (𝑘𝐵𝐴 ∙ 𝑞𝐵𝐴 ∙

𝐻

𝑣
)] ln (

𝐶

𝐶0
) = 𝑘𝐵𝐴 ∙ 𝐶0 ∙ 𝑡 − 𝑘𝐵𝐴 ∙ 𝑞𝐵𝐴 ∙

𝐻

𝑣
 𝑘𝐵𝐴 , 𝑞𝐵𝐴  

Yoon-

Nelson 

𝐶

𝐶0
=

exp(𝑘𝑌𝑁 ∙ 𝑡 − 𝑘𝑌𝑁 ∙ 𝜏)

1 + exp (𝑘𝑌𝑁 ∙ 𝑡 − 𝑘𝑌𝑁 ∙ 𝜏)
 ln (

𝐶

𝐶0 − 𝐶
) = 𝑘𝑌𝑁 ∙ (𝑡 − 𝜏) 𝑘𝑌𝑁 , 𝜏  

 

The Thomas model has been the preferred model for the determination of breakthrough 

curves from column studies using adsorbents (Millar et al., 2015a). This model 

assumes that there is a negligible axial and radial dispersion in the column; adsorption 

is described by a pseudo-second reaction rate and Langmuir isotherm at equilibrium; 

constant properties of solid and solutions; isothermal and isobaric process; and 

diffusion resistance is negligible.  

 

The Bohart-Adams model assumes that equilibrium is not constant, therefore the 

adsorption rate is proportional to the remaining adsorption capacity of the adsorbent. 

This model is mathematically equivalent to the Thomas model but they differ in the 

assumption of the isotherm type being rectangular for Bohart-Adams. Chu (2010) 

determined that Bohart-Adams model is a limiting form of the Thomas model, 

therefore they are not independent.  

 

The Yoon-Nelson model assumes that the decrease in the probability of adsorbate to 

be adsorbed is proportional to the ability of its adsorption and breakthrough on the 

adsorbent (Xu et al., 2013). This model is often used for single solute present in the 

influent solution (Millar et al., 2015a).  

 

The breakthrough experimental data was fitted with the models of Table 8.1 using a 

non-linear error function implemented in Microsoft Excel and using the Solver 

function. 
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Results and Discussion  

Effect of flow rate in the removal of Na+ from single ion solution using 

natural scoria and zeolite 

The adsorption behaviour of Na+ was studied for three volumetric flow rates (1, 5 and 

10 BV/h) with an influent solution containing 100 meq/L of Na+ in an up-flow mode 

that passed through fixed bed columns packed with natural forms of scoria and zeolite 

materials (Figure 8.1). 
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Figure 8.1 Breakthrough curves for the effect of the flow rate (1, 5 and 10 BV/h) on the adsorption 

of Na+ by natural scoria and zeolite. Scoria presented an initial rapid adsorption for all the flow 

rates. Each datum represents the average of two replicate measurements, which did vary by less 

than 5%. 

 

Na+ removal (C/C0) for natural scoria was greater than the removal achieved for zeolite 

material for the corresponding flow rate. The scoria material demonstrated steeper 

breakthrough curves than those observed for the zeolite, which indicates that a faster 

adsorption and equilibrium occurred along the column (Figure 8.1).  

 

Increase in the volumetric flow rate caused a small reduction in the ability of the 

material to adsorb Na+, directly affecting the total number of BVs achieved before 

complete exhaustion (Figure 8.1). Small flow rates (1 BV/h) achieved a larger number 

of BVs before exhaustion, while high flow rates (10 BV/h) exhibited a reduced BVs 

before reaching exhaustion, with this effect less marked for scoria, compared to 
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zeolite. A flow rate of 10 BV/h reduced by 4% and 6% the adsorption capacity 

exhibited at 1 BV/h when using scoria and zeolite, respectively. Although the 

adsorption of Na+ was favoured when low flow rates were used, it was also determined 

that with an increment of the volumetric flow rate by 10x or 5x times, the Na+ 

adsorption capacity was affected by a reduced fraction of the low flow rate. A flow 

rate of 5 BV/h reduced the adsorption of Na+ by 2% and 4.5% of the adsorption 

observed at 1 BV/h when scoria and zeolite were used. 

 

A low volumetric flow rate of 1 BV/h (Figure 8.1), results in higher contact time and 

increased capacity given the slow kinetics of the used sorbents (Stylianou et al., 2007). 

Usually, increased contact time between the adsorbent and the solute is associated with 

higher adsorption of the solute, but often high flow rate increases the maximum 

adsorption capacity of the adsorbent, since there is a larger availability of solute along 

the packed bed to be adsorbed or exchanged (Can, 2004). In practice, the contact time 

between the adsorbent and solute is short, limiting the time for complete equilibrium 

which lowers the maximum adsorption capacity of the material when fixed bed 

columns are used (Helfferich, 1962).  

 

The flow rate of 1 BV/h resulted in a beneficial adsorption capacity with an impractical 

retention time. The breakthrough curve for 10 BV/h showed a rapid exhaustion and 

with lower adsorption, when compared with the 1 BV/h curve. In contrast, the flow 

rate of 5 BV/h had a favourable adsorption capacity and a practical contact time for 

the removal of Na+ ions for both of the materials. Inglezakis and Grigoropoulou (2004) 

used zeolite for the adsorption of Cu2+, Cr3+ and Fe3+ and the practical and favourable 

flow rate was 5 BV/h. Therefore, a practical flow rate for the adsorption of Na+ using 

scoria and zeolite in fixed bed columns is 5 BV/h. 

 

Scoria and zeolite both reached complete exhaustion before 20 BVs for the range of 

flow rates tested. Similar studies were carried out by Inglezakis et al. (2001a) and 

Stylianou et al. (2007) who used columns packed with clinoptilolite for a range of flow 

rates from 1 to 45 BV/h, and determined that zeolite showed favourable adsorption for 

heavy metals at low flow rates (5 – 10 BV/h) due to slow adsorption rate of the 

material.  
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For natural scoria the maximum reduction after the first bed volume was 

approximately 30% of the initial influent concentration. The removal efficiency 

rapidly decreased with the number of bed volumes. For zeolite, the concentration of 

the inflow solution was lowered by 12% after the first bed volume, followed by a 

steady adsorption until exhaustion was reached after 20 BVs.  

 

In other studies, Pb2+, Zn2+ and Cu2+ solutions were passed through a clinoptilolite 

packed bed and breakpoint (C/C0) of 0.1 (10% of the influent concentration) 

determined. Effective bed capacity for adsorption of Pb2+ was achieved after 14 BV, 

while Zn2+ and Cu2+ adsorption achieved a breakpoint at less than 3 BV (Inglezakis et 

al., 2001a; Stylianou et al., 2007).  

 

For this study, breakpoint for Na+ in effluent of the scoria and zeolite packed beds was 

defined in terms of reduction of the sodicity (SAR < 12). This goal requires on average 

a reduction of 70% of the initial Na+ concentration. Thus breakpoint was defined as a 

Na+ C/C0 = 0.3, with Ca2+ and Mg2+ adjustment. If Ca2+ and Mg2+ concentrations are 

not adjusted, the influent concentration of Na+ needs to be reduced by 90% (Breakpoint 

C/C0 = 0.1). The breakthrough curves of Na+ removal for scoria and zeolite (Figure 

8.1) exhibited a maximum removal after the first BV of 43% and 13% of the influent 

concentration respectively, which were lower than the removal required for the 

reduction of the sodicity. 

Removal of Na+ from single ion solutions using scoria and zeolite in 

natural and treated form 

Adsorbents or ion exchangers can be treated to increase the effective exchange 

capacity of the material (Chelishchev et al., 1973). In practice, the treatment increases 

the presence of an introduced ion that is easily removed by the ion of interest 

(Semmens et al., 1981; Semmens & Martin, 1988). The most common treatment for 

fixed bed columns is the washing of the packed bed with single ion solutions under 

specific operation conditions (Inglezakis et al., 2001a). In this study, treatment of 

packed material in the column was performed with 4 BV (570 mL) of NH4CH3CO2 or 

KCl solutions made at 1.0 M at constant 25 ˚C over 24 h in up-flow mode. The 

experimental breakthrough curves were determined using NaCl solutions at 0.1 M at 

a volumetric flow rate of 5 BV/h. 
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The treatment increased the number of BVs before the scoria material reached 

exhaustion and markedly improved the adsorption of Na+ within the first 6 BV in 

comparison with material in the natural form (Figure 8.2). Scoria in K+ and NH4
+ forms 

reduced concentration observed for the same material in natural form by an additional 

30% and 56% after the first BV. After 6 BV, the scoria breakthrough curve was similar 

for natural, K+ and NH4
+ treatments.  
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Figure 8.2 Experimental and modelled breakthrough curves for the adsorption of Na+ using scoria 

and zeolite in natural and enhanced forms. The continuous line is modelled behaviour. The results 

of the model with lowest SSE are displayed. Improved performance for NH4
+ treated material 

relative to K+ was also seen in the batch kinetic studies. 

 
Table 8.2 Model parameters for the adsorption of Na+ on scoria and zeolite for treated and 

enhanced materials 

Model 
Scoria  Zeolite 

Natural K+ NH4
+  Natural K+ NH4

+ 

qc(exp) 

(meq/100g) 
10 12 23  12 25 47 

Thomas        

kTh (L/meq·h) 0.052 0.014 0.016  0.038 0.006 0.009 

qc (meq/100g) 8 10 21  10 19 40 

SSE 0.07 0.08 0.13  0.05 0.1 0.24 

Bohart-

Adams 
       

kAB (L/meq·h) 6.35x10-4 9.17x10-4 3.68x10-4  0.002 9.8x10-4 7.8x10-4 

qAB (meq/L) 1547.8 1548.4 1900.4  1853.1 1902.2 2479.2 

SSE 0.06 0.94 1.77  0.08 0.4 0.71 

Yoon-Nelson        

kYN (1/h) 1.06 2.17 1.14  5.49 0.69 0.52 

τ (h) 1.17 9.8x10-5 3.48x10-3  7.7x10-4 0.83 0.96 

SSE 0.03 0.47 0.62  0.3 0.33 0.6 



 

Chapter 8: Column studies 159 

Equilibrium and kinetic batch type experiments were in agreement with the dynamic 

adsorption in columns in terms of higher Na+ adsorption was observed for treated 

materials, where treatment of scoria with single ion solutions effectively replaced 

naturally contained ions for those that were easily exchanged K+ and NH4
+ increasing 

the effective exchange capacity. With the Thomas model, the total adsorption observed 

for scoria was 8, 10, and 21 meq of Na+/100 g in the natural, K+ and NH4
+ forms, 

respectively. The model that best fit the Na+ breakthrough curve for the natural scoria 

was the Yoon-Nelson, while the treated material was better represented by the Thomas 

model (Table 8.2, Figure 8.2). 

 

For zeolite, the breakthrough curves exhibited features analogous to those observed 

for the scoria material (Figure 8.2). Zeolite treated with NH4
+ and K+ demonstrated a 

larger reduction of the solute than the natural zeolite for the first 5 BVs. This was in 

agreement with the results obtained from batch type experiments where NH4
+ enriched 

zeolite exhibited larger equilibrium and kinetic adsorption capacity for Na+ than 

natural form of the same material from single ion or synthetic solutions. The model 

that better described the breakthrough curve for the natural zeolite was the Bohart-

Adams model, which estimates an adsorption of 10 meq Na+/100 g. For the treated 

zeolite, the Thomas model showed good fit, estimating a capacity of 40 and 19 meq 

Na+/100 g for NH4
+ and K+ forms. However, treated material could exhibit greater 

capacity since exhaustion was not reached after 20 BV. The modelled breakthrough 

curves showed an early exhaustion across all the models used for both materials, scoria 

and zeolite, which may be related with the slow kinetics and the extended time that is 

required for the material to reached equilibrium. Similar observations were found by 

Han et al. (2009) who used treated zeolite for the adsorption of Cu2+, and applied 

Thomas/Bohart-Adams models finding that calculated breakthrough curves presented 

early exhaustion. 

 

Taulis and Milke (2009) tested the performance of natural and modified zeolite 

sourced from New Zealand for the adsorption of Na+ from CSG water. Treated zeolite 

with K+ exhibited a higher capacity (40.9 meq/100 g), while natural and Ca2+ treated 

zeolite presented Na+ adsorption capacities in the range of 11 – 20 meq/100 g. The 

treatment methodology described by Taulis and Milke (2009) differed from the used 

in this study, since the treatment with KCl was performed with a large volume and the 



 

160 Chapter 8: Column studies 

influent solution was stopped once the material reached exhaustion, increasing the 

adsorption capacity of the material. 

 

The total Na+ adsorption estimate obtained from experimental and modelled 

breakthrough curves confirmed that treatment of scoria and zeolite increased the 

removal of Na+, when compared with natural forms.  

 

Increasing the concentration of the regenerate solution or extending the contact time 

could improve material conditioning prior to adsorption. However, the capacities 

achieved for NH4
+ treated forms of scoria and zeolite correspond to a 62% and 30% of 

the measured REC. Thus improved material conditioning will not dramatically 

improve the column performance.  

The effect of co-existing ions in the removal of Na+ from synthetic 

CSG solution using scoria and zeolite 

A surrogate synthetic CSG water was created using a mixture of major and trace 

cations found in Bowen Basin site CSG water, containing Na+, K+, Ca2+ Mg2+, Sr2+ 

and Ba2+ (Table 4.1). Synthetic CSG solution was pumped through columns of natural 

and treated material at a flow rate of 5 BV/h for a total of 20 BV (Figure 8.3). 
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Figure 8.3 Experimental and modelled breakthrough curves for the adsorption of Na+ from 

synthetic CSG water using scoria and zeolite in natural and enhanced forms. Improved 

performance for NH4
+ treated material. 
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Zeolite in NH4
+ form showed to have favourable adsorption towards Na+, when 

competing cations were solution. Nonetheless, zeolite Na+ adsorption capacity was 

reduced by the presence of other cations through competition for available exchange 

sites on the zeolite framework (Figure 8.3). The Na+ adsorption capacity for natural 

material was reduced by 82% (1.8 meq/100 g) of the capacity observed when single 

Na+ ion solutions were placed in contact with the same material. NH4
+ and K+ zeolite 

exhibited a Na+ adsorption capacity of 47 and 28 meq/100 g, which were equivalent 

to the capacity observed when the material was placed in single Na+ solutions. The 

capacity was calculated based on the adsorption occurred until 20 BV, but the treated 

materials did not reach complete exhaustion at that point, indicating that the total Na+ 

adsorption may reach higher values (Figure 8.3).  

 

The scoria breakthrough curves using synthetic CSG water (Figure 8.3) resembled the 

behaviour of the material when single Na+ solutions were used, and material enhanced 

with NH4
+ achieved a larger adsorption than material in natural state. Scoria enhanced 

with K+ and NH4
+ exhibited 9.8 and 13.3 meq/100 g, while natural material achieved 

2.3 meq/100 g, reducing the Na+ adsorption about 48%, when synthetic CSG water 

was used.  
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Figure 8.4 Breakthrough curves of cations present in synthetic CSG water using zeolite and scoria 

enhanced with NH4
+. Zeolite exhibited larger Na+ adsorption than scoria but scoria reduced Sr2+ 

and Ba2+ concentrations more effectively than zeolite.  
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The NH4
+ zeolite exhibited preferences for the adsorption of some cations over other 

cations (Figure 8.4). Ba2+, Sr2+ and K+ concentrations in the exit stream were reduced 

by more than 80% of the inlet concentration even after 20 BV, while Na+ was reduced 

by only 23%. Treated zeolite showed a lower selectivity towards Mg2+ and Ca2+, with 

Ca2+ the only cation that reached same concentration of the influent solution. This 

result is consistent with the batch type studies of Chapter 6, with higher selectivity of 

zeolite towards cations with low charge density, small hydrated radius, and low 

hydration energy, following the series K+
 >Ba2+> Sr2+

 >> Ca2+
 > Na+. Additionally, 

from batch type experiments it was determined that adsorption of Ca2+ onto zeolite has 

a reversal behaviour, indicating that under certain conditions the cation could have no 

affinity and turn unselective as shown by releasing Ca2+ after 17 BV (Figure 8.4). The 

findings from batch equilibrium experiments are in agreement with the selectivity and 

preference of cations observed for the packed zeolite column. 

 

Scoria enhanced with NH4
+ consistently removed all the Ba2+ and Sr2+ from the 

solution (Figure 8.4), and reduced Ca2+ and Mg2+ by 10% of influent concentration 

after 20 BV, and K+ levels in the effluent increased only after 15 BV. The scoria 

showed a higher affinity for low density charge ions (divalent cations) over 

monovalent cations. The selectivity series determined for the scoria in batch type 

experiments follows Ba2+
 >Sr2+

 >> Ca2+
 > K+

 > Na+, which is in agreement with the 

adsorption behaviour described by the breakthrough curves in Figure 8.4. 

Adsorption and desorption (regeneration) cycles for treated scoria 

and zeolite using single cation and synthetic CSG solutions 

With repeated use and regeneration of scoria and in NH4
+ form, adsorption curves for 

Na+ in single solutions, and subsequent breakthrough curves for regenerated material 

started to shift towards the left of the Cycle 0 curve (pre-treated material) (Figure 8.5). 

This trend was not as pronounced for breakthrough curves for the adsorption of Na+ 

from synthetic solutions (Figure 8.6). This indicates that there was a reduction of the 

effective adsorption of Na+ as the number of regenerations increased while using single 

Na+ solutions, causing the material to exhibit a reduced adsorption capacity after each 

regeneration cycle. The scoria in NH4
+ form in contact with synthetic solutions showed 

constant Na+ adsorption through the fourth cycles (Figure 8.6). 
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Figure 8.5 Breakthrough curves for the adsorption of Na+ from single cation solution by scoria. 

Total adsorption and desorption of Na+ for multiple regeneration cycles with NH4
+ solutions. 
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Figure 8.6 Breakthrough curves for the adsorption of Na+ from synthetic CSG water by scoria. 

Total adsorption and desorption of Na+ for multiple regeneration cycles with NH4
+ solutions. 

 

The initial Na+ adsorption capacity (Cycle 0) for the scoria was 20 and 13.5 meq/100 

g using single and synthetic solutions (Figures 8.5 and 8.6). Na+ adsorption gradually 
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decreased after each regeneration cycle, achieving an adsorption of 11 meq/100 g after 

the fourth cycle, corresponding to a reduction of about 50% of the initial capacity 

(Figure 8.5). The amounts of Na+ desorbed after each regeneration cycle was 

equivalent to the values achieved for the adsorption cycle. Adsorption and desorption 

decreased with the number of cycles. 

 

The adsorption of Na+ from the synthetic solution for scoria was consistent across 

regeneration cycles, with a reduction of 1.5 meq/100 g after the fourth cycle, which 

corresponds to a 11% decline of the initial capacity (Figure 8.6). When synthetic CSG 

solution was put through the scoria packed column, Na+ adsorption was diminished by 

the presence of other cations that competed for the available adsorption sites. Scoria 

material showed a particular affinity towards divalent ions such as Sr2+, Ca2+ or Mg2+ 

at the expense of adsorption of Na+. Competing cations were adsorbed and 

consequently desorbed by regeneration (Figure 8.6). The desorption of competing ions 

was observed after each regeneration, except for Cycle 0 where small amounts were 

desorbed. These breakthrough curves and adsorption results are in agreement with the 

regeneration cycles performed in batch type using scoria and Na+ solutions presented 

in Chapter 7, where adsorption decreased with the number of regeneration cycles. 

 

Zeolite material treated with NH4
+ (Cycle 0) exhibited a Na+ adsorption reduction in 

the inflow concentration of 10% and 13% for single ion and synthetic solutions after 

20 BV (Figures 8.7 and 8.8); which indicates that the zeolite material was not fully 

exhausted after 20 BVs. 

 

Once zeolite was regenerated for the first time (Figures 8.7 and 8.8), the material 

exhibited a larger Na+ adsorption than that observed in first instance for Cycle 0. For 

four regeneration cycles, the zeolite material recovered adsorptive capacity, and the 

additional adsorption can be observed on the shifting of the breakthrough curves 

towards the right of the previous curve. On the fourth cycle, the system started to 

exhibit equal adsorption as the curve determined immediately before (Cycle 3). In the 

fourth cycle, after 20 BV, the initial inflow concentration was reduced by 20 and 32% 

of the initial Na+ inflow concentration from single cation and synthetic CSG solution.  



 

Chapter 8: Column studies 165 

BV

0 2 4 6 8 10 12 14 16 18 20

Z
e
o
lit

e
 N

a
+

 b
re

a
kt

h
ro

u
g
h
 (

C
/C

0
)

0.0

0.2

0.4

0.6

0.8

1.0

Cycle 0

Cycle 1

Cycle 2

Cycle 3

Cycle 4

Regeneration cycle

0 1 2 3 4

q
e
 [
N

a
+
 m

e
q

/1
0

0
g

 o
f 
ze

o
lit

e
]

0

5

35

40

45

50

55

Na+ adsorbed Na+ desorbed

 

Figure 8.7 Breakthrough curves for the adsorption of Na+ from single cation solution by zeolite. 

Total adsorption and desorption of Na+ for multiple regeneration cycles with NH4
+ solutions. 
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Figure 8.8 Breakthrough curves for the adsorption of Na+ from synthetic CSG water by zeolite. 

Total adsorption and desorption of Na+ for multiple regeneration cycles with NH4
+ solutions. 

 

The Na+ adsorption for single cations solution increased after the first regeneration 

cycle by 9 meq/100 g (18% increment) (Figure 8.7). However, with further 

regeneration cycles, the adsorption on Cycle 4 reached 54.6 meq/100 g, which 
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corresponds to a 20% increment of the adsorption obtained in Cycle 0 for zeolite in 

contact with single Na+ solutions. For zeolite in contact with synthetic CSG (Figure 

8.8), it was observed that Cycle 0 showed an adsorption of 47.6 Na+ meq/100 g, while 

subsequent cycles exhibited a larger adsorption, on average 10% higher than Cycle 0, 

reaching 52 Na+ meq/100 g. The desorption values of Na+ after regeneration (Figures 

8.7 and 8.8), were in agreement with those values obtained for adsorption, so the 

regenerate solution effectively removes adsorbed ions and allowed successive 

adsorption cycles of Na+ and co-existing cations contained in synthetic CSG water. 

 

Regeneration cycles involved desorption of Na+, Ca2+, Mg2+, K+, Ba2+, Sr2+ (in order 

of quantity), decreasing as the number of regeneration cycles increased (Figure 8.8). 

The additional desorption of Ca2+ and Mg2+ could be owing to incomplete 

transformation of the zeolite into a homoionic form during treatment, previous to the 

adsorption process in Cycle 0. Since, the complete homoionic form was not reached 

during treatment, Ca2+ and Mg2+ on the framework were removed after consecutive 

regenerations cycles by the introduced cation in the regenerate solution. The 

desorption of Ca2+ and Mg2+ from the zeolite allowed further adsorption of Na+ or 

cations present in the synthetic solution for subsequent adsorption cycles as seen in 

Cycle 2 and 3, where 4 to 5 meq/100 g of Na+ were additionally adsorbed (Figure 8.8). 

Scoria and zeolite packed fixed bed columns for the treatment of CSG 

from Bowen Basin site 

The column studies undertaken with synthetic CSG water were repeated with field 

CSG water. The treated scoria exhibited a greater adsorption capacity towards Na+ 

than the natural scoria form (Figure 8.9), with a larger number of BVs achieved for the 

same removal rate. Na+ exhaustion was reached after the passage of 15 BV. The NH4
+ 

treated scoria achieved the highest Na+ adsorption with a capacity of 10.2 meq/100 g, 

while K+ and natural form reached 96% and 39% of the adsorption exhibited by the 

scoria in NH4
+ form. This indicates that interaction between incoming and outgoing 

cations during adsorption or ion exchange process was improved by the replacement 

of naturally contained ions for NH4
+ cations by treatment on the scoria framework. 

Breakthrough curves determined for single Na+ and synthetic CSG solutions using 

scoria material were found to be in agreement with the results obtained for actual CSG 

water. 
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Figure 8.9 Breakthrough curves for the adsorption of Na+ from field CSG water using scoria and 

zeolite in natural and treated states. 

 

The zeolite material exhibited a larger adsorption of Na+ from CSG water (Figure 8.9) 

when enhanced with NH4
+, reducing the influent concentration after 20 BVs by 30% 

of the influent Na+ concentration. NH4
+ enriched zeolite achieved a Na+ adsorption 

capacity of about 29.3 meq/100 g. After an equal number of BV, zeolite in natural and 

K+ form effectively reduced Na+ by 5% and 17% of the initial influent concentration, 

reaching a capacity of 10.1 and 19.7 Na+ meq/100 g. However, in all cases more than 

20 BVs were required to reach the exhaustion. 
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Figure 8.10 Breakthrough curves of cations present in field CSG water using zeolite and scoria 

enhanced with NH4
+. 
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Scoria treated with NH4
+ for the removal of Na+ reached its maximum after the 15th 

BV (Figure 8.10). Competing ions such as Ca2+ and K+ reached an effective removal 

rate after 20 BV of about 60%, while cations such as Ba2+ and Sr2+ were removed by 

80% of their initial influent concentration. This may be explained by the selectivity of 

the material towards divalent ions with lower energy of hydration, and the low initial 

concentration of those cations compared with other cations present in the solution such 

as Ca2+ or Na+. 

 

Treatment of zeolite with NH4
+ solutions enhanced the adsorption of Na+ from CSG 

water by the replacement of naturally occurring ions for NH4
+ that are more 

exchangeable due to the low hydration energy and hydrated radius. The breakthrough 

curves of co-existing ions in CSG water using zeolite material in NH4
+ form, exhibited 

a particular behaviour during the adsorption cycle (Figure 8.10). The behaviour in 

reduction of the concentration for each cation in solution may be explained by the 

affinity and selectivity that the zeolite material exhibited over specific cations that 

exists in the CSG. The material exhibited high affinity for Ba2+, Sr2+ and K+, reducing 

the initial concentration of these ions by more than 50% after 20 BV. Initial 

concentrations of Ca2+ and Mg2+ were reduced by 24%, which was comparable with 

the reduction observed for Na+ after the 20th BV. The selectivity observed (Figure 

8.10) was in accordance with affinity of the zeolite material towards those ions with 

low charge density, small hydrated radius and low energy of hydration, such as K+ or 

Ba2+. 

 

The adsorption breakthrough curves and capacity of the scoria treated with NH4
+ form 

showed a favourable adsorption and desorption of cations for several cycles (Figure 

8.11). The breakthrough curves indicate that treatment and regeneration process 

removed adsorbed ions allowing the material to restore the adsorption properties for 

following adsorption cycles. On average, the Na+ adsorption capacity of the scoria in 

NH4
+ was about 10 meq/100 g. The regeneration process allowed the desorption of 

Na+ which was about the same amount of Na+ adsorbed per mass of material (Figure 

8.11). Additionally, the regeneration process also desorbed cations that were removed 

during the adsorption cycle with CSG waters by a total of 3 meq/100 g. The desorption 

of cations from the scoria material by regeneration provided the favourable adsorption 

effect for consecutive adsorption for cations (Figure 8.11). Although scoria treated 
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with NH4
+ increased the Na+ adsorption capacity, the material exhibited only 53% of 

its REC, calculated in Chapter 5 for scoria as 28.4 meq/100 g. The reduced capacity 

can be related with the low selectivity of this material towards Na+ ions.  
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Figure 8.11 Breakthrough curves for the adsorption of Na+ from field CSG water by scoria. Total 

adsorption and desorption of Na+ for multiple regeneration cycles with NH4
+ solutions. 
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Figure 8.12 Breakthrough curves for the adsorption of Na+ from field CSG water by zeolite. Total 

adsorption and desorption of Na+ for multiple regeneration cycles with NH4
+ solutions. 
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The repetitive adsorption of cations from CSG water, and regeneration using NH4
+ 

solutions showed to have a favourable effect in overall performance of the material, 

since Na+ was able to be adsorbed by the zeolite for several cycles (Figure 8.12). In 

fact, it was noticed that after the regeneration performed in Cycle 0, breakthrough 

curves slightly shifted to the right side of the Cycle 0 curve. This indicated that further 

reduction of the Na+ concentration was achieved by the regenerated material achieving 

an additional 10% of the reduction observed for Cycle 0 after 20 BV. Since 

breakthrough curves showed additional reduction of Na+, the adsorption of this ion 

also increased from 30 meq/100 g for Cycle 0 to an average of 40 meq/100 g for 

following cycles (Figure 8.12). The desorption values for Na+ were equivalent to the 

adsorption values, removal of co-existing ions after regeneration was also achieved. 

From Cycle 0, it was evident that desorbed Ca2+ and Mg2+ correspond to cations that 

were not removed initially by the treatment and were desorbed by subsequent 

regeneration, providing additional adsorption of Na+ in following cycles. The Na+ 

adsorption capacity exhibited by NH4
+ zeolite corresponds to 53% of the real exchange 

capacity. This may be explained by low selectivity for Na+. 

 

The recovery of the adsorption properties for both materials, scoria and zeolite, after 

several regenerations indicates the suitability of this material for the reduction of 

cations contained in CSG water, where cations such as Ba2+ and Sr2+ were removed 

effectively, while Na+ ions were removed for few bed volumes only. The desorption 

of cations from scoria and zeolite material using NH4
+ solutions was effective, 

allowing the removal of adsorbed cations and re-establishing the adsorption sites for 

subsequent cation removal from CSG water. 

Conclusions 

The effect of flow rate on the removal of Na+ by scoria and zeolite material was 

relatively small with the flow rates used in this study. The adsorption capacity of both 

materials at a flow rate of 5 BV/h was reduced by 3% of the adsorption obtained for 1 

BV/h. This result showed that the adsorption of Na+ was not directly affected by the 

increment of the flow rate, and was related to the slow adsorption kinetics. Other 

studies have recommended that flow rates for adsorption of metals using natural 

adsorbents are between 5 to 15 BV/h (Inglezakis et al., 2001a). 
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Regeneration of scoria and zeolite columns with solutions containing NH4
+ ions 

improved performance in terms of removal of Na+ from CSG water. The adsorption of 

cations in CSG water exhibited a particular pattern that was related to selectivity and 

affinity that both materials, scoria and zeolite, have towards particular cations. 

Desorption of cations and multiple regeneration cycles proved that adsorption 

properties of both materials were recovered allowing multiple adsorption cycles for 

the removal of cations in CSG water.  

 

The scoria and zeolite materials showed a high affinity towards Sr2+ and Ba2+, which 

were effectively removed from the solution for at least 20 BV. Other cations that 

presented moderate removal were K+ and Mg2+. Nonetheless, the adsorption capacity 

of both materials for the removal of Na+ was limited due to the low selectivity of this 

cation, and on average Na+ adsorbed was only 50% of the REC of the material. 
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Chapter 9:  Conclusions and Recommendations 

In this thesis, a novel approach using natural ion exchange materials for the treatment 

of Coal Seam Gas (CSG) co-produced water has been studied. The CSG industry in 

the Australian context and the co-produced water main features were described in 

Chapter 2. The chemical characterisation of the CSG water from the research site 

(Bowen Basin) and the possible environmental impacts arising from disposal of the 

CSG water were described (Chapter 3). The use of zeolite and scoria materials for the 

removal of major and trace cations present in this described site CSG water; adsorption 

equilibrium and kinetic reactions were all assessed (Chapters 6 and 7). Finally, 

laboratory scales fixed bed columns were used to establish the dynamic adsorption of 

cations evaluating the practicality of both materials for the treatment of CSG co-

produced water (Chapter 8). 

 

This work is of high relevance to Australia and especially to the Central Queensland 

region, where currently three liquefied natural gas plants (LNG) at Curtis Island are 

operating, producing and exporting LNG sourced from the coal seam of the Surat and 

Bowen Basins. As a result of CSG extraction, a valuable by-product is produced as co-

produced water that in an unprocessed state cannot be effectively re-used. This co-

produced water is of particular importance to the Central Queensland region where 

farming and agricultural land management could be impacted by the quality and 

quantity of the extracted water when released to the surface. This project therefore has 

significant value to a number of stakeholders in Australia, demonstrating that this 

knowledge is unique, timely, novel and contributes to providing the stepping stones to 

a cheaper, cost effective strategy in managing CSG co-produced water for beneficial 

re-use. This research constitutes the foundations for the implementation of an on-site 

treatment methodology for CSG co-produced water, allowing the industry to engage 

in new treatment methods to their current water management strategies. 

 

A number of experiments and analysis were conducted to study the CSG water 

composition, characterisation of the materials used, the adsorption capacity kinetics 
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and the dynamic adsorption of scoria and zeolite. The following conclusions and 

recommendations can be drawn from this research work: 

CSG co-produced water Bowen Basin site 

This research examined the geochemical composition and variation of main ionic 

components of the CSG co-produced water from the research site located in the Bowen 

Basin. The CSG water can be described in ionic terms as a Na+-Cl--HCO3
- type. 

Additionally, the co-produced water presented a high alkalinity with a pH averaging 

8.3 and electrical conductivity of 6.0 dS/m with total dissolved solids (TDS) averaging 

4,092 mg/L. The cationic composition of the CSG water exhibited an excess of Na+ 

ions with an average concentration of 1,156 mg/L, and low average concentrations of 

Ca2+ (28.3 mg/L), Mg2+ (5.6 mg/L), and K+ (67.46 mg/L). The calculated Sodium 

Adsorption Ratio (SAR) averaged 67. The main anions present were Cl- and HCO3
- 

with 1,993 mg/l and 618 mg/L respectively. Also, trace elements such as Sr2+ and Ba2+, 

were found to be in relatively high concentrations (Sr2+ =3.7 mg/L and Ba2+ =12.7 

mg/L).  

 

From this analysis of the CSG co-produced water from Bowen Basin it is 

recommended that the sodium ions; and hence the SAR; Sr2+ and Ba2+ ions (typically 

in high concentrations) require reduction. Furthermore, the overall reduction in salinity 

is required for the water to be re-used without impacting the environmental; soils, 

crops, and animal stocks. Adsorption studies were used to determine the effectiveness 

of the materials for the cations of interest considering the capacity, the rate of 

adsorption, the cation selective behaviour, and the reconditioning of adsorptive 

properties of both materials for cations of concern. 

Future work 

The data presented corresponds to the CSG water samples taken from a balance tank 

that gathered water from the different CSG wells in the nearby area of the water 

treatment facility. Therefore, the variability on the concentration of major and trace 

elements could not be attributed to a particular well, natural variability of the 

underground water or even well operation procedures. Further research could be 

carried out to determine the singularity of the ionic characteristics of several wells 

across the CSG field in order to point out the causes of the variation and relate those 
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changes to the well operation/maintenance or natural underground water variability. 

Additionally, CSG water quantity and quality could be correlated to the gas production 

in order to predict the variability of the major and trace components present in co-

produced water for the lifespan of the CSG well in the Bowen Basin. This will support 

the co-produced water management alternatives for future CSG projects in the region. 

Material characteristics and influence on the removal of cations 

The comprehensive characterisation of the materials carried out, provided the range of 

unique minerals that are contained in each material zeolite and scoria. The study set 

out to characterise the natural occurring materials. The study of the materials aimed at 

gaining fundamental material properties to understand the material interaction with 

cations using the relevant equilibrium, kinetic and adsorption studies in batch and 

dynamic conditions. 

 

The zeolite mineral composition contained clinoptilolite (41 wt%) and mordenite (29 

wt%). The TEC calculated from XRF analysis was 154 meq/100 g, while REC was 

75.1 and 142.2 meq/100 g on coarse and fine fraction sizes of the material. Meanwhile, 

the scoria material has a mineral composition of diopside (35 wt%), forsterite (33 wt%) 

and anorthite (29 wt%). The TEC of scoria was 46 meq/100 g, while REC measured 

for fine and coarse material was 28.4 and 34.2 meq/100 g respectively. 

 

Equilibrium studies have shown that the scoria and zeolite treated with NH4
+ exhibits 

greater adsorption capacities for Na+, Sr2+ and Ba2+ than their natural, untreated forms. 

The maximum Na+ adsorption observed for the scoria and zeolite materials enriched 

with NH4
+ was 17.38 and 45.34 meq/100 g, which corresponds to 61.1% and 60.3% 

of the measured REC, respectively. The scoria and zeolite materials in their NH4
+ form 

achieved an Sr2+ adsorption of 4.5 and 8 meq/100 g that corresponds to a removal value 

of 44 and 80% of the initial Sr2+ concentration. The maximum Ba2+ adsorption 

achieved by the scoria and zeolite in their NH4
+ form was 5.8 and 10.6 meq/100 g, 

which is a removal of 40 and 94% of the initial Ba2+ concentration. Both materials 

have shown different removal behaviours, where Sr2+ and Ba2+ ions were removed 

more effectively than Na+ ions. This adsorption behaviour is associated with the 

selective behaviour of the zeolite and scoria materials for cations. 
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The CSG water contained a mixture of cations that compete for adsorption sites and 

both materials have shown adsorption preference and different removal rates for 

certain cations, which led towards the study of the adsorption selectivity of cations of 

interest. Selectivity isotherms and coefficients showed that the scoria material was 

more selective towards high charged cations with low hydration energy, and also 

showed to have less affinity for monovalent cations with larger energy of hydration 

and hydrated radius, following the selective series Ba2+ >Sr2+ >> Ca2+ > K+ > Na+. The 

zeolite material exhibited higher selectivity towards cations with low charge density, 

small hydrated radius and low hydration energy, and exhibited the selectivity series K+ 

>Ba2+> Sr2+ >> Ca2+ > Na+. Thus, the adsorption process can be limited by the 

efficiency of both materials on the removal of Na+ ions, since it was shown that other 

cations present in solution are more selective.  

 

The adsorption capacity and kinetic rates for Na+ ions were favoured by smaller 

fractions of natural forms of zeolite and scoria and achieved 27.5 and 12 meq/100 g, 

increasing the accessibility to the available adsorption sites on the material. NH4
+ and 

K+ treated zeolite and scoria were best performing for Na+ adsorption. Chemical 

treatment enhanced the adsorption because the introduced cations and the treatment 

solution had smaller hydrated ionic radii and lower hydration energies. CSG water 

typically had a mixture of anions that had a significant effect on the adsorption of Na+ 

on the zeolite and scoria material, where HCO3
- and F- anions provided additional 

adsorption of Na+ ions (30% increment) when compared with Cl- solution. This 

behaviour can be explained through the effect of pH on the adsorption of Na+ ions, 

since alkaline solutions presented a higher adsorption of Na+ ions.  

 

The adsorption and desorption of Na+ ions studied in batch type for five regeneration 

cycles showed that the ability of scoria and zeolite to adsorb cations decreased with 

the number of regeneration cycles. It was determined that materials regenerated with 

NH4
+ will deplete their adsorptive properties after the 30th and 20th regeneration cycle 

for the zeolite and scoria. Additionally, it was observed that cations present in CSG 

water such as Sr2+, Ca2+, K+ and Ba2+, compete with Na+ for adsorption sites reducing 

the capacity of the zeolite and scoria for Na+, which corroborates the adsorption 

selective behaviour of these materials for cations of concern. 
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Future work 

Equilibrium studies focused on the typical concentrations for Na+, Sr2+ and Ba2+ in the 

CSG water from Bowen Basin and it was shown that initial concentration of cations 

had a large influence on the adsorptive capacity of both materials. For future studies a 

wider range of concentrations, especially for Sr2+ and Ba2+ ions, would be of interest 

for CSG water and industrial wastewater applications, since the modelled adsorption 

capacity predicted a significant removal of these cations. This future study will allow 

the determination of actual maximum adsorption capacities and removal of Sr2+ and 

Ba2+ cations using zeolite and scoria materials.  

 

The selectivity studies showed that both materials have particular adsorptive behaviour 

for major and trace cations present in high concentrations in the CSG from Bowen 

Basin site. This work did not include other trace cations that are present in low 

concentrations but also are of concern such as Fe2+, Al3+, and Br+. The adsorptive 

preference of these cations could be deducted from the theory and findings of this 

thesis, in order to describe the adsorption preferences of these cations using both 

materials. Nonetheless, further experimentation would be needed to determine the 

actual selective behaviour of Fe2+, Al3+ and Br+ cations as well as their removal 

efficiency when using scoria and zeolite for CSG water that may contain a large 

concentration of these cations. Future studies may focus on the development of natural 

materials with enhanced selectivity towards certain cations, improving the overall 

capacity and selectivity by modifying surface or structure of the natural exchangers.  

 

This research used chemical treatment for enhancement of the adsorption capacity 

exhibiting great results when compared with the natural materials. Additional work 

could be undertaken optimisation of the regeneration process for the recovery of the 

adsorptive properties of both materials, and the desorption of Na+ in terms of 

concentration, reaction time, temperature, minimisation of regenerate solution, and 

possibly the combination of regenerate solutions to achieve higher 

desorption/adsorption rates, which in practice allow a greater utilisation of the 

materials. Other modifications worth exploring that could also provide additional 

adsorptive capacity but at the same time to some extent impractical for the removal of 
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ions in CSG water are heating the feed solution, chemical activation of the materials, 

and the use of cationic surfactants. 

Fixed bed columns for the treatment of CSG water 

This study has shown the effect of the flow rate on the removal of Na+ by scoria and 

zeolite material in fixed bed column was relatively small over the flow rates used. The 

adsorption capacity at a flow rate of 5 BV/h was reduced by 3% of the adsorption 

obtained for a flow rate of 1 BV/h, indicating that the adsorption of Na+ was not 

directly affected by the increment of the flow rate. Columns packed with scoria and 

zeolite exhibited a larger Na+ adsorption capacities when treated with NH4
+ as well as 

larger desorption capacities than the same materials in natural and K+ form. 

Nonetheless, the adsorption capacity exhibited for both materials was about 50% of 

the REC.  

 

To meet regulatory requirement for re-use of CSG water, the removal of Na+, Sr2+ and 

Ba2+ cations is required. In order to reduce sodium and the SAR below 12 (regulatory 

limit for irrigation with CSG water), it is required to remove Na+ by 90% of the initial 

concentration, while maintaining the concentration of Ca2+ and Mg2+. However, 

decreasing the initial concentration of Na+ by 70% (approximately 70 meq/L) while 

adding in the post-treatment Ca2+ and Mg2+ reduces the SAR to 12 also. Therefore, a 

suggested breakpoint for the treatment of CSG water for the optimal removal of Na+ 

should be set at 0.3 (C/C0) with the respective effluent adjustment of Ca2+ and Mg2+ to 

meet the regulatory requirement of SAR. The selected breakpoint (C/C0 = 0.3) also 

guarantees that both materials remove up to 80% of the initial concentration of Sr2+ 

and Ba2+ ions in CSG water, adding consistency to the treated solution. 

 

This research showed that the maximum bed volume obtained for experimental 

columns before the breakpoint (C/C0 = 0.3) at a flow rate of 5 BV/h for scoria enriched 

with NH4
+ was 1.5 BV, while zeolite enriched with NH4

+ exhibited 4.5 BV when using 

field CSG water. For a column in real scale that contains 3,000 L (1 BV) of packed 

material operated at a flow rate of 15,000 L/h (5 BV/h), breakpoint (C/C0 = 0.3) is 

reached after treating 4,500 L (1.5 BV) for scoria and 13,500 L (4.5 BV) for zeolite. 

At a lower flow rate of 3,000 L/h (1 BV/h), the breakpoint may occur at 1.6 and 4.7 
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BV that corresponds to a 3% increment of using a lower flow rate. The regeneration 

process to meet the regulatory limit is required after 20 min and 54 min when a flow 

rate of 5 BV/h is used for scoria and zeolite respectively. Therefore, it is recommended 

to use an arrangement with several columns of the same material in order to allow 

continuous treatment, since the regeneration process will be required often. It is also 

important to further investigate the regeneration process, including optimisation of the 

process and reduction of the use of chemical reagents in columns.  

 

In summary, this research project has characterised CSG water for the southern Bowen 

Basin and the potential to transform the CSG co-produced water into a valuable 

resource for agricultural activities in the region.  The zeolite and scoria materials are 

readily available in Australia and the cost of treating CSG water per cubic meter is in 

the range of AUD $ 1 - 1.7, which is a competitive price to the current alternatives. 

Nonetheless, additional elements need to be considered for the final costs associated 

with the treatment of CSG water, and further financial analysis is required. The scoria 

and zeolite can be regenerated and re-used for the removal of cations from CSG water, 

allowing their use in water treatment application. The main advantage of using these 

materials is the reduction of sodium, SAR, and trace elements to levels that make the 

water suitable for farming and irrigation; even if the treated CSG water is not used 

directly for those purposes, risks associated with disposal are reduced. The use of 

scoria and zeolite removes cations of concerns only; in order to reduce the salinity of 

the treated water; it is necessary to blend water with low TDS to meet the regulatory 

requirements. This thesis has dealt with co-produced CSG water exclusively, but it is 

possible to apply the same methodology to other industrial wastewaters such as mine-

affected water from coal, uranium and iron mining activities. 
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Appendix A. Composition of CSG water from Bowen Basin research site 

laboratory results 
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Appendix B. SEM-EDS characterisation of zeolite and scoria material 

Natural zeolite 

 

 

 

Scanned areas for EDS elemental composition on natural zeolite. 

 

 

EDS elemental composition (wt%) of natural zeolite for three locations. 

Location Na2O MgO Al2O3 SiO2 K2O CaO FeO Total 

1 2.27 2.03 13.48 68.59 3.58 4.81 6.22 100.98 

2 2.99 1.89 13.43 66.33 4.36 2.71 6.98 98.69 

3 2.39 2.14 12.06 70.26 3.99 3.71 6.44 100.99 

Mean 2.55 2.02 12.99 68.39 3.98 3.74 6.55 100.22 

Std. Dev. 0.39 0.13 0.81 1.97 0.39 1.05 0.39  
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Potassium treated zeolite 

 

 

 

Scanned areas for EDS elemental composition on potassium treated zeolite. 

 

 

EDS elemental composition (wt%) of potassium treated zeolite for three locations. 

Location Na2O Al2O3 SiO2 K2O CaO FeO Total 

1 1.55 14.30 63.81 16.15 0.63 3.19 99.63 

2 0.68 14.35 62.77 16.53 0.71 4.12 99.16 

3 0.47 14.75 63.30 16.23 0.45 4.81 100.01 

Mean 0.90 14.47 63.29 16.30 0.60 4.04 99.60 

Std. Dev. 0.57 0.25 0.52 0.20 0.13 0.81  
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Acid treated zeolite 

 

 

 
Scanned areas for EDS elemental composition on potassium treated zeolite. 

 

 

EDS elemental composition (wt%) of acid treated zeolite for three locations. 

Location Na2O MgO Al2O3 SiO2 K2O CaO FeO Total 

1 2.66 3.38 13.12 70.93 1.75 4.78 3.78 100.40 

2 2.94 3.21 17.06 69.47 1.34 4.19 2.56 100.77 

3 2.17 4.63 13.02 71.55 1.56 4.27 2.83 100.03 

Mean 2.59 3.74 14.40 70.65 1.55 4.41 3.06 100.40 

Std. Dev. 0.39 0.78 2.30 1.07 0.21 0.32 0.64  

 

 

 

 

 

 

 

1 

0.5 mm 

2 

3 



 

204 Appendices 

Ammonium treated zeolite 

 

 

 
Scanned areas for EDS elemental composition on ammonium treated zeolite. 

 

 

EDS elemental composition (wt%) of ammonium treated zeolite for three locations. 

Location N Na2O Al2O3 SiO2 K2O CaO FeO Total 

1 11.36 1.99 17.26 62.95 1.67 0.13 5.58 100.94 

2 10.56 1.27 18.50 63.21 1.86 0.16 5.36 100.92 

3 11.29 1.66 16.32 65.49 1.35 0.15 4.73 100.99 

Mean 11.07 1.64 17.36 63.88 1.63 0.14 5.22 100.95 

Std. Dev. 0.44 0.36 1.09 1.40 0.26 0.02 0.44  
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Scoria natural form 

 

 

 

Scanned areas for EDS elemental composition on natural scoria. 

 

 

EDS elemental composition (wt%) of natural scoria material for three locations. 

Location Na2O MgO Al2O3 SiO2 K2O CaO FeO Total 

1 7.77 3.51 12.72 47.67 2.57 4.01 21.92 100.16 

2 7.38 3.44 12.56 48.78 2.37 4.71 19.91 99.15 

3 8.00 3.41 12.52 49.87 2.84 4.28 20.02 100.94 

Mean 7.72 3.45 12.60 48.77 2.59 4.33 20.62 100.08 

Std. Dev. 0.31 0.05 0.10 1.10 0.24 0.35 1.13  
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Potassium treated scoria 

 

 

 

Scanned areas for EDS elemental composition on potassium treated zeolite. 

 

 

EDS elemental composition (wt%) of potassium treated scoria for three locations. 

Location Na2O MgO Al2O3 SiO2 K2O CaO FeO Total 

1 4.65 4.24 11.30 54.13 8.27 8.39 9.74 100.72 

2 4.39 3.53 10.27 52.19 8.27 7.63 13.83 100.11 

3 4.21 3.88 10.24 56.08 7.52 7.32 10.35 99.62 

Mean 4.42 3.88 10.60 54.13 8.02 7.78 11.31 100.15 

Std. Dev. 0.22 0.35 0.60 1.95 0.43 0.55 2.21  
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Acid treated scoria 

 

 

 
Scanned areas for EDS elemental composition on acid treated zeolite. 

 

 

EDS elemental composition (wt%) of acid treated scoria for three locations. 

Location Na2O MgO Al2O3 SiO2 K2O CaO FeO Total 

1 9.59 5.10 11.49 57.32 1.67 7.24 8.11 100.52 

2 9.28 4.85 11.56 57.97 2.66 6.44 7.47 100.23 

3 9.72 4.59 11.59 57.90 2.91 6.44 6.51 99.66 

Mean 9.53 4.85 11.55 57.73 2.41 6.71 7.36 100.14 

Std. Dev. 0.22 0.26 0.05 0.36 0.66 0.46 0.81  
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Ammonium treated scoria 

 

 

 

Scanned areas for EDS elemental composition on ammonium treated zeolite. 

 

 

EDS elemental composition (wt%) of ammonium treated scoria for three locations. 

Location N Na2O MgO Al2O3 SiO2 K2O CaO FeO Total 

1 10.60 2.10 3.83 11.14 54.13 0.90 5.66 11.74 100.10 

2 11.18 2.06 3.31 11.47 54.19 0.83 5.18 11.83 100.04 

3 10.65 2.20 3.98 11.65 55.08 0.92 5.29 10.35 100.12 

Mean 10.81 2.12 3.71 11.42 54.47 0.88 5.38 11.31 100.09 

Std. Dev. 0.32 0.07 0.35 0.26 0.53 0.05 0.25 0.83  
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Appendix C. Na+ adsorption and desorption of natural material with K+ for batch 

experiments. 

Regeneration cycle
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Adsorption and desorption capacity of Na+ onto zeolite with successive K+ regeneration solutions 

using synthetic CSG water. 
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using synthetic CSG water. 
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Adsorption and desorption capacity of Na+ onto zeolite with successive K+ regeneration solutions 

using field CSG water. 
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using field CSG water. 
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Appendix D. Na+ breakthrough curves and adsorption/desorption of cations 

using fixed bed columns packed with scoria and zeolite materials. 

Breakthrough curves of scoria and zeolite that demonstrate that flow misdistribution 

did not occur for three different volumetric flow rates, showing plug flow for all cases. 
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Hydraulic performance for scoria at different flow rates showing and plug flow. 
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Hydraulic performance for zeolite at different flow rates showing and plug flow. 
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Breakthrough curves for the adsorption of Na+ from single cation solution by scoria treated and 

regenerated with K+ solutions for four cycles. 
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Column adsorption and desorption of Na+ from single ion solution by scoria at multiple 

regeneration cycles with K+ solutions. 
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Breakthrough curves for the adsorption of Na+ from synthetic CSG solution by scoria treated and 

regenerated with K+ solutions for four cycles. 
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Column adsorption and desorption of Na+ from synthetic CSG solution by scoria at multiple 

regeneration cycles with K+ solutions. 
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Breakthrough curves for the adsorption of Na+ from single Na+ solution by zeolite treated and 

regenerated with K+ solutions for four cycles. 
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Column adsorption and desorption of Na+ from single ion solution by zeolite at multiple 

regeneration cycles with K+ solutions. 
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Breakthrough curves for the adsorption of Na+ from synthetic CSG solution by zeolite treated 

and regenerated with K+ solutions for four cycles. 
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Column adsorption and desorption of Na+ from synthetic CSG solution by zeolite at multiple 

regeneration cycles with K+ solutions. 
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Column adsorption and desorption of Na+ from field CSG water by scoria at multiple 

regeneration cycles with K+ solutions. 
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Column adsorption and desorption of Na+ from field CSG water by scoria at multiple 

regeneration cycles with K+ solutions. 
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Column adsorption and desorption of Na+ from field CSG water by zeolite at multiple 

regeneration cycles with K+ solutions. 
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Column adsorption and desorption of Na+ from field CSG water by scoria at multiple 

regeneration cycles with K+ solutions. 
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Appendix E. Cost associated with the treatment of CSG water using natural 

materials 

 

The calculation of the costs of using natural materials for the treatment of co-produced 

coal seam gas water considers the capital costs of the material. Associated costs such 

as transportation, pre-treatment, regenerations and capital costs may increase the final 

costs. 

 

Scoria  

Item Value Unit 

Breakthrough point C/C0 (0.3)               1.50  BV 

Total media volume       1,000.00  L 

Treated water volume       1,500.00  L 

Media cost per L               0.05  $/L 

Cost total media             50.00  $ 

Treatment cost per L               0.03  $/L 

Treatment cost per ML             33.33  $/m3 

Regeneration cycles             20.00  - 

Material cost over lifespan               1.67  $/m3 

 

Zeolite 

Item Value Unit 

Breakthrough Point C/C0 (0.3)               4.50  BV 

Total media volume       1,000.00  L 

Treated water volume       4,500.00  L 

Media Cost per L               0.15  $/L 

Cost total media          150.00  $ 

Treatment cost per L               0.03  $/L 

Treatment cost per ML             33.33  $/m3 

Regeneration cycles             30.00  - 

Material cost over lifespan               1.11  $/m3 

 




