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Abstract 

Clinoptilolite is a common zeolite adsorbent for heavy metals removal. Its ores 

are widely available, it can be simply utilised in exchange columns, while it has 

good ability to treat liquid radioactive wastes (LRW) such as cesium and 

strontium. It is also radiation tolerant, as its structure does not degrade or alter 

due to cesium and strontium radiation. However, only high grade clinoptilolite can 

be used in the nuclear industry, which will place significant challenges for ongoing 

effluent treatment operations worldwide, due to future critical supply issues. 

Therefore, this thesis investigates a number of industrially relevant techniques to 

enhance the quality of relatively low-grade clinoptilolite for application in the 

nuclear industry for cesium and strontium removal. In particular, studies focused 

on chemical pre-activation and milling, flotation and process intensification, as 

outlined herein.  

Firstly, natural clinoptilolite, of relatively low-grade (as highlighted by impurities 

shown by electron microscopy) was investigated for its capability to remove 

cesium and strontium ions from fresh water and simulated seawater, by using a 

batch adsorption technique. Seawater is an important solvent to study, due to the 

reduction in metal adsorption performance from potassium interaction, and 

enhancements are critical for treating effluents from Fukushima, for example. To 

improve its capacity, the material was pre-activated with concentrated NaCl and 

HCl solutions. Additionally, it was milled to a number of < 300 μm size fractions, 

to expose exchange sites. The adsorption kinetics and equilibrium for natural and 

activated results were fitted with the theoretical models, where the adsorption 

capacity for both cesium and strontium were significantly improved by both pre-

activation and milling. In simulated seawater solutions, all materials gave 

considerably reduced performance due to K+ ion competition, with Sr2+ uptake 

decreased more extensively compared to Cs+.  

Secondly, flotation was investigated as a rapid separation technique to de-water 

fine, powdered clinoptilolite ion exchange resins by utilising cationic surfactant 

collectors, for the decontamination of radioactive cesium ions from nuclear waste 

effluent streams. Initial kinetics and equilibrium adsorption studies of cesium, 

suggested the large surface area to volume ratio of the fine clinoptilolite 

contributed to fast adsorption kinetics and high capacities. Measurements of 

particle sizes confirmed that adsorption of surfactant monolayers did not lead to 

significant aggregation of the clinoptilolite. Importantly for flotation, both the 

recovery efficiency and dewatering ratios were measured across various 
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surfactant concentrations. Optimum conditions were found with 0.5 mM of 

cetylpyridinium chloride (CPC) and addition of 30 µL of methyl isobutyl carbinol 

(MIBC) frother, giving a recovery of ~90% and a water reduction ratio > 4, 

highlighting the great viability of flotation. 

Lastly, static elution column studies were performed with the natural clinoptilolite, 

to compare performance to the described batch tests, where process 

intensification was also performed using a novel agitated tubular reactor (ATR). 

Here, kinetic breakthrough curves were fitted using two models; Thomas and 

Modified Dose Response (MDR) models. During static column ion exchange, the 

maximum adsorption capacity (qe) for ion concentrations of 200 ppm were ~171 

mg/g and 16 mg/g for cesium and strontium respectively (correlating to 50% 

breakthrough times of 700 and 70 bed volumes). Reducing the concentration of 

strontium down to 100 ppm could lead to higher both qe and bed volume, ~48 

mg/g and 400 bed volumes, respectively. In contrast, reducing the residence time 

from 30 minutes to 15 minutes of 100 ppm strontium could decrease 

the qe around 13-14 mg/g. By increasing the inner column diameter to 2 cm gave 

similar results to 1 cm column tests. Meanwhile, for process intensification of 

ATR, two-column lengths (25 and 34 cm) with 100 ppm strontium concentration 

and 15 minutes residence time were investigated. The 34 cm length significantly 

increased qe and breakthrough times around 30%, in comparison to static 

columns, while process flowrates were increased ~three times for the same 

performance. Such considerable performance increases highlight the suitability 

of the ATR to deliver intensified ion exchange for a range of systems.  

In conclusion, the enhancement of clinoptilolite using pre-activation and milling 

could considerably extend the range of natural clinoptilolite ores suitable for 

cesium and strontium treatment processing of relatively fresh water effluents, but 

improvements are required for treating cesium and strontium in saltwater in future 

work. Meanwhile, during flotation, it was observed that cesium contaminated 

clinoptilolite could be recovered up to ~90% with a water reduction ratio > 4. 

However, while highlighting its applicability, some aspects should be studied for 

future work, such as the optimum particle size of clinoptilolite, the solid/liquid ratio 

and influence of mixed metal ions (incorporating strontium). Also, the use of fine 

particles from pre-activated clinoptilolite could be investigated further during 
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flotation. In the static column and ATR studies, the ATR led to clear 

enhancements in the removal the strontium at a high rate. However, there are 

areas for improvement for future study, such as modifying the size of tubular 

reactor, its frequency or using pre-activated clinoptilolite.  
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Chapter 1 Introduction 

 

Chapter 1 gives a brief introduction to the use of clinoptilolite to remove 

radioactive cesium and strontium ions (the focus of this study) and the various 

techniques that have been used for their removal from liquid effluents. 

Subsequently, research novelty, research aims, and objectives are also 

highlighted in this chapter. Finally, an outline of the topics to be discussed in 

following sections of the thesis are also provided. 

 

1.1. Research background, novelty and opportunities 

Nuclear fission is the process of decomposing a heavy nucleus into fission 

products and several neutrons (1). In nuclear power plant generation, the heavy 

nucleus Uranium-235 (235U) are bombarded with slow neutrons in fission 

reactions, resulting in an energy of around ~200 MeV (1 eV = 1x10-19 J) and 

fission products with different half-lives (1, 2). Among these fission products, 

Cesium-137 and Strontium-90 are types of radioactive waste which belong to the 

highest yield fission products (6.337% and 4.505%, respectively) (1, 3, 4). Both 

radioisotopes are classified as the Intermediate Level Wastes (ILW) due to half-

lives (around 30 years) and their low heat generation (1, 3-8). Also, it is essential 

to treat these radioisotopes because of their high solubility in an aqueous 

environments, which can cause cancer or acute death to humans and aquatic life 

(8-14). Therefore, immobilisation is required to keep the public and environment 

safe from the hazard potential that may arise from this waste.  

There are several techniques to manage cesium and strontium release 

from nuclear effluents, such as: precipitation, flotation, vitrification, ion exchange 

column and many more (1, 5, 6, 15-17). To date, much of this research has 

focused on removal using ion exchange, especially using clinoptilolite as ion 

exchange and adsorbent material (15, 18-32). Clinoptilolite (or ‘clino’ as it is often 

called in short) has been relied on for radioactive waste disposal, because its 

ores can easily be found around the world, and high-grade material does not 

require a complicated treatment process in order to make it ready to use to treat 

liquid radioactive wastes (LRW). It also has good material resistance to high 

radioactive exposure (18, 23, 28).  
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However, there are a number of limitations to using clinoptilolite, including 

its poor efficiency in high salinity, such as seawater, which has been reported by 

Wajima (33). Additionally, within the nuclear industry, clinoptilolite is commonly 

used to remove radioactive cesium and strontium, because it has high cation-

exchange capacities and selectivity for both elements, especially for cesium. (18, 

20, 21, 24, 25, 27-31, 34-36). However, the only clinoptilolite that can be used in 

the nuclear industry, is the highest-grade material. For example, on nuclear sites 

such as Sellafield (the UK’s largest nuclear reprocessing site) their clinoptilolite 

is only obtained from a single deposit in California, which has good selectivity for 

both137Cs and 90Sr, and contains a low level of impurities (32, 37-39). Therefore, 

potential future supply issues are a critical concern to the industry. Indeed, even 

though deposits of clinoptilolite are numerous around the world, performance 

characteristics are very variable, and most material is not of a grade sufficient for 

nuclear use, due to contaminant impurities. Thus, it is important to study the 

possibility of using natural low-grade clinoptilolite, which is not commonly used in 

the nuclear industry, to determine its potential as an alternative in the case of 

work supply disruption.  

The challenge of using relatively low-grade clinoptilolite for cesium and 

strontium removal undertaken in this thesis, is to investigate how well different, 

relatively straight forward, methods work to increase its capability to a meet 

similar quality to the type currently uses at Sellafield. Initially, the use of chemical 

pre-activation and milling are investigated. As reported by Motsa et al, it has been 

found that adding acid and salts to clinoptilolite during pre-treatment can increase 

lead adsorption capacity (40). Therefore, similar pre-activation methods could be 

one of the new ways to increase cesium and strontium removal. Also, in fact, 

several studies have discussed using milled/crushed clinoptilolite on heavy metal 

ion removal (21, 29, 30), but these did not focus on different particle size effects 

in this regard. The study of different particle size effects is important, because it 

will not only show how the different sizes may affect cesium and strontium 

removal performance, but can also be used to determine the best ion exchange 

technique (either in continuous columns or batch contact tanks) for removing 

cesium and strontium. Moreover, the study of clinoptilolite in a saline 

environment, based on lessons from the Fukushima accident in 2011, also offers 

a great opportunity, as this remains a currently under-researched area (33, 41). 

This is because it became evident that the seawater used in the cooling water 

cycle at Fukashima prevented the use of clinoptilolite or any natural zeolites. 

Therefore, there is a great need to study  the effects of activation and milling on 
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increasing the adsorption in saline environments, and a comprehensive study on 

the specific effects of ions competition during adsorption (23, 33, 42). 

The second topic investigated in this thesis is flotation. Flotation may be 

an excellent candidate to dewater fine powdered clinoptilolite, allowing smaller 

particles to be used in a batch reactor system. As stated (with regards to milling) 

finer particles with higher surface area to volume ratio should improve flotation 

efficiency, allowing lower grade material to be used (43-45). Also, flotation is an 

option due to the high capability for solid ion exchange, high dewatering factor 

and smaller residence times compared to gravitational sedimentation (46, 47). 

Moreover, in the nuclear industry, the flotation technique is used increasingly for 

separating solids, which contain radioisotopes such as cobalt, as part of rapid 

nuclear dewatering processes (30, 48-56). Even though some evidence suggests 

that flotation can be used for nuclear effluent treatment, there remains a lack of 

knowledge regarding how clinoptilolite can been used in the nuclear industry, 

especially regarding the influence of adsorbed cesium or strontium. Many 

knowledge gaps can still be observed, such as the potential for surfactant 

collector adsorption to remobilise and remove contaminated radioisotopes; the 

effect of ion contamination which can reduce recovery during flotation removal; 

and the optimum parameters between the recovery and good dewatering ratio. 

Research on using clinoptilolite with the flotation technique is critical, because it 

can provide a potentially viable option for a rapid nuclear dewatering process. 

The last novelty in this study is the use of natural, relatively low-grade 

clinoptilolite for the cesium and strontium using ion exchange column and 

agitated tubular reactor (ATR). Column ion exchange has been commonly used 

for this remediation in the nuclear industry around the world, such as at Sellafield, 

UK (32, 57-60). Also, in ion exchange columns, no further treatment such as 

milling is required, because reducing the particle size can increase the pressure 

drop which can, in turn, reduce the adsorption of nuclear waste (32, 37). Dyer et 

al. (32) also reported that clinoptilolite has been found successfully to remediate 

nuclear liquid wastes, such as cesium and strontium (32). However, the 

clinoptilolite that has been used fulfilled the UK’s nuclear regulatory standard, 

with a very small amount of impurities. For that reason, the use of relatively low-

grade clinoptilolite for removing cesium and strontium by using ion exchange 

column technique is an important area to study.  

Another way to utilise lower grade clinoptilolite is to use an intensified ion 

exchange system. In particular, systems that generate higher mass transfer rates, 
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such as Rotating Bed Reactors, have proven to lead to enhanced ion exchange 

in removing contaminants from liquids, including dyes, fertilisers and heavy 

metals (61-65). However, RBRs have a limitation on performing in high 

percentage of removal species, as they are dependent on rotation speed and 

small residence time which resulting multiple passes in order to meet the high 

percentage (65). As an alternative, another way to enhance the percentage of 

removal species is by designing flow reactors that can generate shear 

independently (to improve mixing), which agitated tubular reactors (ATR) are the 

example. ATR are intensified reactor plug-flow reactor where high rate lateral 

shear is generated with inner agitator bar, decoupling mixing dynamics from the 

bulk flow (61, 66). The application of ATR remains limited and novel, as there has 

been no research related to nuclear liquid treatment. However, the enhanced 

lateral shear should provide better mixing, thereby allowing increased flow rates 

to be accessed, which possibly can be used for rapid ion exchange column 

process, which has been explained on simulation by He et al (67, 68). The gaps 

which can be studied include the design of continuous adsorption process and 

the calculation and analysis after the process. This study is vital due to the 

visibility of enhancing the nuclear effluent separation process by ion – exchange 

column technique. So later on, from this study, the ATR can be an alternative 

solution for rapid nuclear effluent separation process. 

 

1.2. Research aims and objectives 

Aim:  This study explores the capability of using natural, relatively low-grade 

clinoptilolite to remove cesium and strontium in nuclear applications.  Different 

ion exchange techniques will be investigated to produce an alternative, high 

efficiency solution in the case of a future supply shortage of high-grade material. 

The project’s aim will be achieved by addressing the following objectives. 

 

Objectives: 

(1) To study the adsorption of cesium and strontium on natural relatively low-

grade clinoptilolite in clean water and saline environments.  

(2) To optimise clinoptilolite performance using chemical activation and milling 

to improve the adsorption of cesium and strontium. 
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(3) To study the use of flotation for the rapid dewatering of contaminated 

powdered clinoptilolite.  

(4) To study continuous elution column and intensified agitation techniques in 

order to enhance cesium and strontium removal in an industrial relevant 

process. 

 

1.3. Thesis outline 

 

Figure 1.1: Flow diagram of thesis outline 

Based on Fig. 1.1, the main contributions of the thesis are highlighted. 

Chapter 1 will cover the research background, novelty, and opportunity; research 

aims and objectives; and thesis outline. The fundamental and science of the 

thesis experiments and analysis will be explained in Chapter 2. The effect of pre-

activation and milling were used to study the improvement in natural low-grade 

clinoptilolite during cesium and strontium adsorption, which will be explained in 

Chapter 3. The particle characterisation of natural low-grade clinoptilolite was 

studied in this chapter. In addition, acid and salt were used for pre-activation; 

meanwhile, the ball milled technique was used for particle size reduction. 

Enhancements were evaluated and compared to the natural low-grade 

clinoptilolite. This chapter also studied the effect of ion competition in cesium and 

strontium removal. The ions were among the highest concentrations in seawater, 



 

6 

 
 

which are potassium, sodium and calcium. Overall, this work highlights that the 

pre-activation and milling of clinoptilolite can be used significantly to enhance the 

grade of the ore for nuclear effluent treatment in low-salinity conditions.  

Meanwhile, in Chapter 4, the rapid dewatering of fine contaminated 

clinoptilolite powder with cesium is studied, using froth flotation. Cesium 

contamination was studied due to the fact that clinoptilolite offers the best way to 

remove cesium compared to strontium, according to Chapter 3. Two cationic 

surfactants with different concentrations were used in order to find the optimum 

condition for flotation recovery along with a good water reduction ratio. In this 

chapter, the surface tension method was also used to study the potential 

adsorption of surfactants onto contaminated powdered clinoptilolite.  

In Chapter 5, natural relatively low-grade clinoptilolite was used in static 

ion exchange columns and an agitated tubular reactor (ATR). The types of ion, 

effect of concentration, volume of adsorbent and residence time were studied in 

this chapter. Meanwhile, in the ATR, different volumes of adsorbent were studied 

and compared with the static columns to highlight efficiency gains in using an 

intensified process technology.  

The thesis’ conclusions and suggestions regarding future work are 

presented in Chapter 6. This chapter covers the aims and objectives of this 

research, which is to develop a better understanding of the effect of optimised 

clinoptilolite with regard to removing cesium and strontium using various 

techniques, especially the adsorption, flotation, column and continuous agitation 

techniques. This research shows that optimised clinoptilolite has the potential to 

lead to a positive improvement in cesium and strontium removal. The 

opportunities for future work in this area are also summarised in this chapter.  
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Chapter 2 Literature Review 

 

In this literature review is discussed five sections; including cesium-137 

and strontium-90 in the Section 2.1; clinoptilolite as an ion exchange material for 

heavy metal removal especially for cesium and strontium in the Section 2.2; 

adsorption process in the Section 2.3; flotation for rapid waste separation in the 

Section 2.4; and Measuring ion exchange performance in operational continual-

flow elution columns in the Section 2.5; and the summary of literature review in 

the Section 2.6. These sections are constructed into flow diagram in Figure 2.1. 

 

Figure 2.1: Flow diagram of literature review 

According to Figure 2.1, the Cesium-137 and strontium-90 section covers 

the background on radioactive cesium-137 and strontium-90 ions. Also, the 

subsection gives a brief description on how to remove these radioisotopes, with 

a focus on the adsorption technique. The Clinoptilolite section presents details on 

the use of clinoptilolite in treating heavy metals, and specifically for its use with 

cesium and strontium removal. The Adsorption section describes the general 

mechanism of the adsorption and ion exchange processes, adsorption kinetics 

and equilibrium and the effect of ion competition during the adsorption process. 

Meanwhile, the flotation section includes background details of the flotation 

process, including surfactants and the effect of surfactant particle interaction in 

the flotation process. Finally, Measuring ion exchange performance in operational 

continual-flow elution columns section discusses the general use of vertical 

elution ion exchange column processes for cesium and strontium removal and 
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the potential alterative using intensified methods, such as an agitated tubular 

reactor (ATR). 

 

2.1. Cesium-137 and strontium-90 

Any radioactive materials that are wastes from nuclear power plants (NPP) 

and other nuclear activities such as research or even medicine are called 

radioactive wastes. 

Radioactive wastes are extremely hazardous, with a wide variation to 

reduce their energy by half (half-life) from tens up to thousands of years. 

Therefore, regulations are required to protect humans from getting any radiation 

effects. The International Atomic Energy Agency (IAEA) has categorised 

radioactive wastes into different classes, depending on their activity, half-life and 

also the requirement of containment heat dissipation (3). However, this 

classification could be different, depending on the categorisation purpose. For 

example, in countries such as the United Kingdom (UK), wastes are generally 

classified into three categories (High Level Waste (HLW), Intermediate Level 

Waste (ILW) and Low Level Waste (LLW)), where the difference is only on the 

potential ability of heat generation on their radionuclides (2, 5, 69). The 

classification is regularly updated in order to create more safety management to 

the waste. The latest classifications from IAEA are mentioned at Figure 2.2. 

 

Figure 2.2: Conceptual illustration of the waste classification scheme (3) 
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Generally, radioactive cesium-137 and strontium-90 bearing wastes are 

classified as intermediate level wastes (ILW) (3, 70) which is shown in Figure 2.2. 

Radioactive cesium and strontium salts are very soluble in water phase and thus 

potentially are released into the soils, rivers and oceans (1). Therefore, 

treatments are required to remove them from effluent streams, resulting in solid 

wastes which is usually stored at near-surface sites or deep geological 

repositories, with a varying depth between tens to hundreds of meters (3, 5, 71). 

The disposal routes should be designed for minimal intrusion of human activities 

to prevent ongoing exposure (3, 5, 71). 

Cesium-137 (137Cs) is a beta-emitting radioisotope form of cesium, which 

is obtained from fission products from the fission reaction of uranium-235 and 

other fissionable isotopes in nuclear activities. It is one of the highest yield ratio 

of medium-lived fission products product in nuclear reactors (around 6.337 %) 

with an activity of 3.215 TBq/gr and half-life around 30.17 years . When it decays, 

it has two daughters as illustrated in Figure 2.3.a. In addition, strontium-90 (90Sr) 

is beta emitter with variance half-life of from 28 years up to 29.1 years (1). 

Similarly to cesium-137, strontium-90 mainly forms from the fission of uranium-

235 and other fissionable isotopes. It also belongs to one of the most yield ratio 

of medium-lived fission product, with around 4.505 %, while the activity is 5.21 

TBq/gr (1).  

  

Figure 2.3: Decay scheme and energy emitted of: a.) 137Cs and b.) 90Sr (1) 

Figure 2.3.a. explains how cesium-137 (137Cs) decays into several 

radioisotope elements and emits energy. It shows that almost 95% of it decays 

to form barium-137m (137mBa) and the rest is formed as barium-137 (137Ba) which 

is more stable as a radioisotope. Barium-137 has a half-life of 154 seconds and 

is used for gamma emitter, because it emits gamma spectra with energy 0.6617 

MeV. (1, 3, 10). Meanwhile, strontium-90 decays to 90Y then 90Zr with following 

decay scheme in Figure 2.3.b. 

b) 
a) 
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Radioactive cesium and strontium are considered as one of the most 

problematic of short and medium lived fission products, due to their highly mobile 

nature within the environment, connected to their high solubility in water (1). The 

high solubility of cesium in water, is due to the production of cesium hydroxide as 

the primary corrosion product, which is a highly water-soluble compound. In 

addition, strontium-90 is high water soluble and also easily transported with rain 

and groundwater into soils. Once these have been uptaken by plants or 

consumed by humans, between 30% and 40% is absorbed into blood and 

deposited in bone or in soft tissue, wherein even small amounts can cause cancer 

and in large amounts can cause severe acute sickness or even death (1, 5, 30). 

Even though radioactive cesium and strontium are considered to be hgihly 

dangerous and hazardous, at right dosage, both radioactive isotopes can be used 

in some applications, such as  moisture-density gauges in the construction 

industry, levelling gauges in piping and tanks industry, thickness gauges and well-

logging in the drilling industry. These radioactive can also be used in medicine 

for treating cancer during radiotherapy treatment (1).  

Because of these characteristics, there is a significant academic and 

industrial driver to undertake research in managing and removing these two 

radioisotopes from industrial wastes and environmental flows.  

2.1.1. Cesium-137 and strontium-90 removal from effluent streams 

The idea of radioactive waste management, is to control radioactive waste 

production and release for the purpose of protecting human life and the 

environment from radioactive effects now and into the far future (1, 3, 10). In order 

to maintain human and environment health, the generation of radioactive waste 

should be controlled, in general, as following Figure 2.4 (1). 

 

Figure 2.4: Control of radioactive waste generation (1) 
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Based on Figure 2.4, the main idea is to concentrate and manage 

radioactive waste rather than release it into the environment. This control should 

include pre-treatment, treatment, conditioning, storage and disposal. Every step 

should be followed with appropriate safety requirements and adequate regulation 

by country and federation. Time management should be taken into account in 

practice, to prevent human exposure (1). 

There are some aspects that need to be considered during radioactive 

waste treatment, such as physical, chemical and radiological properties (1). Due 

to their high radiological hazard and water solubility, cesium-137 and strontium-

90 are considered to be the primary mobile radioisotopes that are removed from 

any liquid effluents which come into contact with radioactive fuels (e.g. cooling 

circuit waters, pond waters and effluents from fuel reprocessing).  

There are many techniques that can be used for removing these 

radioisotopes from the effluent depending on raw materials availability, 

simplification method, cost and removal efficiency (1, 2, 10, 72, 73). For many 

studies, research is conducted on stable chemical isotopes rather than 

radioisotopes, because of the small differences in chemical properties to the 

radioisotopes, saving the cost by removing strict regulation (15, 21, 49, 74). 

However, to get a better understanding about radiation behaviour, sometimes 

radiotracers are also used (21, 74, 75). Some techniques that can be used for 

removing radioactive cesium and strontium from waste effluent are presented in 

Table 2.1, and will be discussed throughout this literature review. 

In brief, the techniques for removing cesium and strontium from waste 

effluents may be generally differentiated into batch adsorption, ion exchange 

column, precipitation and evaporation. Each technique described in Table 2.1. 

has a specific purpose and use. For example, for fast and simple operation, batch 

adsorption is the best choice (15). However, this technique cannot be operated 

in a continuous system; therefore, the ion exchange elution columns are more 

often used in many industrial systems (1, 76). For highly saline conditions, or for 

when multiple heavy metals are needed to be removed, precipitation reactions 

offer an alternative (1, 43, 54, 76-80). Lastly, evaporation is a simple operation 

that results in very high decontamination factors, however, it can generate 

corrosion issues reducing reactor lifetimes, and is very energy intensive (1, 76). 

Evaporation will not be considered in any detail within this thesis.
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Table 2.1: Some techniques are available for radioactive cesium and 
strontium removal 

 Batch adsorption Ion exchange 

column 

Precipitation Evaporation 

Introduction The liquid 
radioactive 
incorporates with 
the adsorbent in 
the mixing reactor. 
The adsorbent can 
be from inorganic 
materials such as 
zeolite, kaolinite 
and clinoptilolite 
(18, 23, 29, 81-83); 
can be from 
conjugate material 
(84, 85) and from 
membrane (86, 
87). 

The radioactive 
effluent are injected 
continuously 
through ion 
exchange column to 
contact the 
adsorbent depth in 
the bottom side of 
the column (32, 57-
59). The adsorbent 
usually from 
inorganic material 
such as zeolite and 
clinoptilolite (32, 
59). 

The radioactive 
effluent is 
precipitated 
using insoluble 
compounds 
such as 
hydroxides, 
carbonate, 
phosphates and 
ferrocyanides. 
Normally 
followed with 
gravitational 
separation or 
filtration 
dewatering, but 
often now 
studies remove 
via flotation (43, 
54, 77-80). 

The radioactive 
effluent is 
removed in the 
vapour phase (1, 
76, 88, 89) 

Advantages Fast, efficient 
reaction and 
simple operation 
(15) 

Continuous process 
and simple 
operation (1, 76) 

Appropriate for 
saline 
conditions (1, 
43, 54, 76-80) 

Simple operation 
(1, 76, 88, 89) 

Disadvantages One process only 
where the 
adsorbent requires 
further treatment to 
be stored (1, 15). 

The process usually 
takes slow and 
adsorbent size is 
crucial where small 
size could affect 
higher gravitational 
force while reducing 
the removal quality 
(21, 32, 76).  

Gravitational 
sedimentation 
of flocculated 
precipitates is 
relatively slow 
where large 
vessels are 
required (54, 
79) 

The process 
takes long time 
and could raise 
potential 
problems such as 
corrosion and 
foaming (1, 76). 
Also, very energy 
intensive.  
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2.2. Clinoptilolite as an ion exchange material for heavy metal 

removal 

As mentioned in Table 2.1, clinoptilolite is one of the most common 

adsorbents for cesium and strontium removal. Natural clinoptilolite can be found 

in many ore deposits, such as rocks and within sediments such in soil, lava, or 

even in shallow lakes (90-94). In essence, clinoptilolite is a common form of 

heulandite (HEU) type zeolite, with a distinctive framework and topology and Si/Al 

ratio >4.0. The complex chemical formula is different depending on the origin of 

clinoptilolite. However, its formula commonly should generally contain the 

constituent ratios, as described in the below formula (95). 

(𝐾2, 𝑁𝑎2, 𝐶𝑎)3[(𝐴𝑙6𝑆𝑖30)𝑂72]. 24𝐻2𝑂 

This is arranged in a framework consisting of ten- and eight-tetrahedral 

rings that form pores within channels in the centres of the rings capable of ion 

exchange, which generally have a diameter within the interval 3 - 8 Angstroms 

(96, 97). Cations such as K+, Na+ and Ca2+ are located in in the interstices within 

the crystal structure, and are present to balance the charge, due to aluminium 

induced charge imbalance (97). The ratio of these cations also determines the 

type of clinoptilolite (e.g., K-clinoptilolite; Na-clinoptilolite and Ca-clinoptilolite 

types). During the sorption process, cations from the environment such as cesium 

and strontium will induce the interstices or replace the existing cations in the 

interstices. The cesium and strontium adsorption generally occurs at the surface, 

rather than internal channels (98). This process will take place until there is no 

place of interstices can be placed or replaced by the cations from environments 

(99). The schematic process of sorption process on clinoptilolite is described in 

Figure 2.5. 

 

Figure 2.5: The schematic process of cesium sorption on clinoptilolite (99) 
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 Meanwhile, to study the characteristic of natural clinoptilolite, scanning 

electron microscopy (SEM), X-ray powder diffraction (XRD), surface charge and 

particle size distribution analyses are commonly used (30, 31, 97, 100). From 

SEM imaging, the characteristics of natural mined clinoptilolite powders consist 

of irregular shaped particles, as shown in Figure 2.6 (30, 31, 97, 100). Meanwhile, 

from XRD result, which is showed in Figure 2.7., shows that the pattern of the 

natural clinoptilolite sample has an obvious crystalline structure and the pattern 

is identified similar to peaks for heulandite (HEU) pattern at 9.86° , 11.17° and 

22.34°(30, 97). In addition, clinoptilolite used as an ion exchange resin normally 

has a particle size distribution within 100 – 300 µm and zeta potential within -30 

down to -40 MeV (20, 25, 27, 30). 

 

Figure 2.6: SEM of raw samples of natural clinoptilolite (97) 

 

Figure 2.7: XRD pattern of raw (natural) clinoptilolite (97) 

The use of clinoptilolite as an ion exchange resin, is not only common 

within nuclear industry, but it is also applied in a range of non-nuclear 

applications. For example, natural clinoptilolite can be found in ammonia removal 

from the water, where has widely been used as an additive to animal feed for 

removing ammonia in animal manure (99). Also, it can be found in heavy metal 

waste treatment industries, for removing many species, such as arsenic, 
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cadmium, copper, iron, lead and zinc removal from waste water (40, 101-107). 

The reason for the wide use of clinoptilolite in non-nuclear applications, is 

because it has a negatively charged lattice which can balanced by cations from 

heavy metals in solution (101, 103, 106). It is abundantly available in many 

deposits around the world, while it can attain high adsorption capacity, and is a 

simple treatment and low cost treatment (40, 99, 101, 104, 106). However, while 

specific clinoptilolite deposits may have high adsorption capacity, there is large 

natural variation, and thus researchers in many areas are focused on 

understanding methods to improve its capacity, such as improving particle 

surface area properties, use of chemical pre-treatments or production of synthetic 

variants (40, 101, 103, 107-110).  

For example, one promising improvement technique is to pre-exchange 

with chemicals such as salts (MnO2, NaCl) or acids (20, 21, 23, 40, 107). This 

pre-treatment usually called ‘activation’ (as it leads to activation of a higher 

percentage of ion exchange sites by exchanging with contaminants). The effect 

of activation to the metal ions, as described by Motsa et al., is highlighted in 

Figure 2.8 for the removal of lead ions using clinoptilolite (40). 

 
Figure 2.8: Pb uptake by various activated clinoptilolite in adsorption 

technique (40) 

Based on Figure 2.8, the activated clinoptilolite shows better performance 

compared to natural clinoptilolite. The reason is because salt ions such as Na+ 

are monovalent (and so easily exchanged) but also belong to the most weakly 

bound ions in clinoptilolite compared to other alkali and alkaline earth metal ions. 

Thus, exchange with other heavy metals is enhanced (111). Meanwhile, with an 

acid treatment, acid could increase both specific surface area and microporosity, 

also improving the amount adsorbed of metal ions (112). Both salt and acid can 

remove the impurities that block pores, by replacing the impurity ions (22, 113, 
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114). Therefore, the effective surface area is increased which enhances the 

adsorption capacity. 

2.1.1 Clinoptilolite as an ion exchange material for cesium and 

strontium removal 

In the nuclear industry, clinoptilolite can be found as a current ion 

exchange resin of choice in a number of waste processing facilties worldwide, 

such as for radioactive cesium and strontium removal from fuel storage pond 

waters at Sellafield, UK (Europes largest nuclear waste treatment facility) where 

around 4000 m3 water/day are treated in the Site Ion Exchange Plant (SIXEP) (2, 

37, 115). It has also been reported in the National Reactor Station, Idaho, USA 

where around 4 x 5.3 ft3 columns 12000 gal water/ft3 were treated using 

clinoptilolite (1, 5, 115). Moreover, spent clinoptilolite is incorporated easily into a 

cement matrix which can reduce the volume and immobilize the effluent from 

leakage and spillage (1). This has been reported by the Moscow Scientific-

Industrial Association RADON, Moscow, Rusia where clinoptilolite contains LRW 

up to 10-3 Ci/L was incorporated with cement mortar up to 1 m3/h (116).  

There has been a large number of studies into the use of clinoptilolite for 

removing cesium-137 (Cs-137) and strontium-90 (Sr-90) from liquid nuclear 

effluents, with a few key papers summarised in Table 2.2. 

Table 2.2: The use of clinoptilolite in removing Cs+ and Sr2+ 

No. 
Initial concentration 

(ppm) 

Adsorption 

Capacity (mg/g) 
Refs. 

1. 
Cs+: 5-1000 

Sr2+: 5-1000 

49.02 

9.8 
(18) 

2. Cs+: 7.9-3946.5 170.35 (29) 

3. Cs+: 0.132-13290.5 3 (15, 21) 

4. 
Cs+: 50-3500 

Sr2+: 50-3500 

185.18 

70.42 

(31) 

 

5. Sr2+: 50-400 20.58 (100) 

6. Sr2+: 10-2500 65.63 (117) 

 

Adsorption capacity is the maximum capacity of the adsorbent to host ions 

from effluent during the exchange process, where its calculation is explained in 

more detail within the adsorption equilibrium discussion (Section 2.3) (15, 20, 21, 

118, 119). The adsorption capacity of clinoptilolite for cesium and strontium is 
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quite variable, as highlighted in Table 2.2. This variation could be due to many 

aspects which can’t be identified individually; such as the selection of an 

appropriate solid/liquid ratio, where lower solid/liquid ratio may increase the 

adsorption capacity (15, 18, 21, 29, 117). It also found that pre-activation by 

adding chemical to the natural clinoptilolite could also affect the adsorption 

capacity (31, 100, 120). In addition, reducing the particle size of clinoptilolite used 

in exchange could also induce a high adsorption capacity through the greater 

surface area to volume ratio (31, 117), while natural variation in clinoptilolite 

properties is also a factor (as discussed).  

Also from Table 2.2, it is noted that the concentration range of ions 

previously studied is varied, and depends on the actual waste concentrations 

encountered in the nuclear industry (1, 32, 37, 121). In general, the actual 

radioactive waste concentration of cesium and strontium is considered to be very 

low, and often less than 5-10 ppm (1, 32, 37, 121). Meanwhile, investigating high 

concentrations of ions is often used only during experiments in order to determine 

the maximum adsorption capacity of the adsorbent.  

It is also critically noted from Table 2.2 that cesium has a significantly 

higher adsorption capacity than strontium, which is caused by its strong relative 

affinity to zeolite ion exchange sites and the valency effect. The hydrated ionic 

radii and ion concentration play a significant role in this affinity (18, 20). Smaller 

radii will move more freely into and out of the clinoptilolite channels (18, 25), while 

in general. the adsorption of monovalent ions such as cesium (Cs+) is much more 

energetically favourable than divalent ions including strontium (Sr2+) (20, 23).  

One significant of clinoptilolite for nuclear applications is that solution pH 

does not strongly affect the Cs+ adsorption capacity, where it has been found that 

at pH 2 – 12, adsorption remained almost constant (18, 20). Similar to Cs+, Sr2+ 

is also quite stable between pH 2 – 10, in terms of its adsorption capacity. 

However, it has been found that Sr2+ increased significantly after pH 10 which 

might be caused by the adsorption of Sr2+ and Sr(OH)+ on OH- surface groups 

and also by less competition from H+ ions for adsorption sites (18). 

The ability of adsorbent to adsorb adsorbates also depends on the 

intermolecular forces of the adsorbate itself, especially in large sludge production, 

where many monovalent cations are obtained. Particularly, ions that are found to 

be hard to be adsorbed have a larger ionic radii, and are less competitive 

compared heavy metal monovalent cations (which conversely have smaller 

hydrated ionic radii, see Table 2.3). For example, strontium is less competitive 

compared to potassium (K+), sodium (Na2+) and calcium (Ca2+) ions during 
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strontium adsorption, which leads to a rapid reduction in high saline waters such 

as sea water, as shown in Figure 2.9 (38). This is because K+, Na+ and Ca2+ ions 

will block the strontium adsorption. As explained by Woods and Gunter (25, 122), 

the affinity of adsorbent toward ions depended on their hydrated ionic radii (Table 

2.3). Smaller hydrated ionic radii could move more freely in or and out of the 

adsorbent channels during adsorption process (18, 25, 123).  

 

Figure 2.9: The influence of seawater concentrations on sorption of 
strontium on clinoptilolite (38) 

Table 2.3: The hydrated radii in difference ions for selected ions (122) 

 Ion Hydrated 

Radii (Å) 

Na+ 3.58 

K+ 3.31 

Cs+ 3.29 

Ca2+ 4.12 

Sr2+ 4.12 

 

2.3. Modelling adsorption kinetics and equilibrium uptake 

As discussed, ion exchange along with other methods of adsorption are 

common techniques being used for the treatment of radioactive wastes. To 

determine the reaction process, thermodynamics is usually used, balancing 

Gibbs free energy (ΔG), enthalpy (ΔH) and entropy (ΔS). Inglezakis and Zorpas 
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(124) classified the reaction process into three types which are physisorption, ion 

exchange and chemisorption. The classification is classified based on the 

activation energy in Table 2.4 (124). 

Table 2.4: Process classification (124) 

Type Activation energy range (kJ/mol) 

Physisorption <40 

Ion exchange 24-40 

Chemisorption >40 

Ion exchange in zeolites 0.2-80 

First is where interaction between ions, atoms or molecules adsorbed 

(called the adsorbate) with the substance (adsorbent) is purely physical, where 

the interaction is a result of van der Waals forces or electrostatic interactions 

which this process is called physisorption (5). Second is chemical adsorption, 

where the adsorbate is chemically bonded to the surface of adsorbent (5, 20, 

125). The last is ion exchange, where an adsorbate ion is exchanged with an 

adsorbent ion (124), and normally has activation energies closer to physisorption, 

however, strong ion exchange interaction may lead to energies closer to 

chemisorption.  

Thermodynamic reactions for cesium and strontium removal by clinoptilolite 

type species in different systems have been found to be endothermic in nature 

(24, 29, 31, 100, 126), where the adsorption capacity is increased by increasing 

the temperature, as well as  exothermic in other systems (21, 27, 127), where the 

adsorption capacity is decreased by increasing the temperature. Examples of 

endothermic and exothermic reactions for cesium and strontium removal are 

presented in Figure 2.10 (21, 31). 

 

a) 
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Figure 2.10: The example of: a) endothermic reaction of cesium and 
strontium by potassium nickel hexacyanoferrate (KNiFC) – clinoptilolite 

activation (31) and b) exothermic reaction of cesium removal from natural 
clinoptilolite (21) 

Thermodynamic adsorption energies can be calculated by plotting the 

distribution coefficient (Kd or Rd) versus reciprocal temperature (1/T) from Eq. 

(2.1) (31). 

𝐥𝐧 𝑲𝒅 = −(∆𝑯/𝑹𝑻) + (∆𝑺/𝑹)  (2.1) 

where R is gas constant (8.315 J/mol.K) and T is temperature (K). The enthalpy 

and entropy values can be obtained from the slope and intercept of the linear plot, 

respectively such as in Figure 2.11 (31). 

 

Figure 2.11: The linear plot of ln Kd vs (1/T) for cesium and strontium 
removal by potassium nickel hexacyanoferrate (KNiFC) – clinoptilolite 

activation (31) 

Then the Gibbs free energy of adsorption can be obtained from Eq. (2.2) (5). 

b) 



 

21 

 
 

𝚫𝐆 = 𝚫𝐇 − 𝐓𝚫𝐒  (2.2) 

From Fig. 2.11, it shows that the enthalpy (H) is in positive, which means the 

process was endothermic; otherwise, the negative values refer to exothermic 

reaction (31). Meanwhile, the positive or negative values of entropy (S) relate to 

the kinetic reaction of the randomness at solid-liquid interface increased during 

adsorption, where positive values could increase the rate, while negative value 

will decrease the kinetic rate of randomness reaction (31, 128-130). Amanipour 

and Faghihian (31) showed that cesium had higher entropy values than strontium, 

which correlated to the higher adsorption of cesium than strontium. The value of 

Gibbs free energy (G) determines whether the reaction is spontaneous or not. 

A negative Gibbs free energy indicates that the adsorption process is 

spontaneous, otherwise the reaction is nonspontaneous (31, 128-130). Based on 

Fig. 2.11, the Gibbs free energy decreases along with increasing temperature. It 

infers that the spontaneous adsorption process directly proportional to the 

increment of temperature (31). However, it shows that the increasing temperature 

does not affect so much to the adsorption capacity; therefore, clinoptilolite is used 

due to its thermal stability. 

If the thermodynamics of adsorption is considered in reaction terms, the 

kinetics of adsorption is required for a full understanding of the adsorption 

process, when dealing with changes in chemical properties in terms of time and 

rates of changes (27, 30, 114). It is interesting, because studies into the 

understanding of adsorption kinetics leads to knowledge on a range of practical 

problems such as catalysis, corrosion and removal of ions from effluents (100, 

131, 132). In addition, general kinetics of adsorption are also highly variable, 

where some kinetics studies of cesium and strontium by clinoptilolite have been 

found for times ranging from 8 minutes up to 1 day (18, 28, 30, 100) to reach 

equilibrium, as shown in Figure 2.12. According to Fig. 2.12, the equilibrium is 

achieved when the amount of adsorbed solute (qe or Qe) reaches a plateau with 

time. The amount of adsorbed solute can be determined from Eq. (2.3). 

𝒒𝒆 =
(𝑪𝟎−𝑪𝒆)

𝒎
𝑽  (2.3) 

where qe is the amount of adsorbed solute (mg/g), C0 is the initial concentration 

of solute (mg/L), Ce is the equilibrium concentration of solute, m is the adsorbent 

mass and V is the volume of solute. 

Various equilibrium times, ranging up to 24 hours have also been found 

with other ions using clinoptilolite (101, 103, 105-107, 133-137).  
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Figure 2.12: The adsorption kinetics of cesium and strontium removal by 
clinoptilolite from literatures For black rectangular De Haro-Del Rio et al 

(30); empty fill for cesium and strontium is from Smičiklas et al (18); 
Meanwhile for strontium, empty fill with cross-line is from Rajec and 

Domianová (28); and empty fill with diagonal line is from Huang et al (100). 

Fig. 2.12 shows that the cesium adsorption reaches equilibrium in various 

times from 8 minutes up to 6 hours (18, 28, 30), where Rajec and Domianová 

(28) reported that the cesium could reach equilibrium within 8 minutes. 

Meanwhile,  the strontium adsorption has been reported to reach equilibrium in 

between 6 hours up to a day, where Huang et al (100) reported that equilibrium 

was reached after a day. Various adsorption kinetics of cesium and strontium 

have also been found with other adsorbents apart from clinoptilolite (20, 23, 38, 

59, 82-85, 123, 127, 138-143). In addition, El-Kamash reported that the 

concentration of ion was not varied enough to see the effects of equilibrium time, 

which is shown Figure 2.13 (59). According to Fig. 2.13, the concentration only 

affects the adsorption capacity, however, one would expect concentration to 

affect uptake kinetics when varied by a greater degree. 
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Figure 2.13: The different concentration of cesium and strontium in 
adsorption kinetics (59) 

To understand the kinetics of adsorption process, various kinetic models 

have been applied. However, there are two models that are most commonly used 

for studying the mechanisms of practical adsorption processes. The first is 

Pseudo First Order (PFO) which was introduced by Lagregen (144). PFO is one 

of the most widely used for the adsorption of solutes from a liquid solution. PFO 

can be determined as Eq. (2.4) below (131, 144, 145) : 

𝐝𝐪

𝐝𝐭
= 𝐤𝟏(𝐪𝐞 − 𝐪)  (2.4) 

where q and qe are the grams of solute sorbed per gram of sorbent at any time 

and at equilibrium, k1 is the observed rate constant of the Pseudo-First order 

model and t is time. By integrating Eq. (2.4) for the boundary conditions t = 0 to t 

= t and q = 0 to q = q gives Eq. (2.5) below: 

𝐥𝐧
(𝐪𝐞−𝐪)

𝐪𝐞
=  −𝐤𝟏𝐭  (2.5) 

The second major model considered is the Pseudo Second Order (PSO) 

rate model. The PSO model can be expressed in Eq. (2.6) (131, 146, 147): 

𝐝𝐪

𝐝𝐭
= 𝐤𝟐(𝐪𝐞 − 𝐪)𝟐  (2.6) 

By integrating Eq. (2.6) for the boundary conditions t = 0 to t = t and q = 0 

to q = q gives Eq. (2.7): 

𝟏

(𝐪𝐞−𝐪)
=  

𝟏

𝐪𝐞
+ 𝐤𝟐𝐭  (2.7) 

By rearrange the order of Eq. (2.7) to obtain linear form, Eq. (2.6) can be 

derived in Eq. (2.8): 
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𝐭

𝐪
=  

𝟏

𝐤𝟐𝐪𝐞
𝟐

+
𝟏

𝐪𝐞
𝐭  (2.8) 

where k2 is additionally the observed rate constant of the Pseudo-Second order 

model. Note, normally the initial adsorption rate is also used for comparison, h 

(mg/g.min), where h could be determined in Eq. (2.9). 

𝒉 = 𝐤𝟐𝐪𝐞
𝟐  (2.9) 

To understand which model is fitted with the kinetics of adsorption process, 

the linearized fit from Pseudo-First order and Pseudo-Second order is plotted 

which the example is shown in Figure 2.14 (100). From Fig.2.14a, the rate 

constant of PFO is obtained from slope of fit. Meanwhile, From Fig. 2.14b, the 

amount of adsorbed solute at equilibrium (qe) is obtained by reciprocal of slope 

of fit. Then, the PSO constant rate is determined from reciprocal of intercept 

multiply by the square of qe. In addition, the initial rate (h) is determined from 

reciprocal of intercept. The R2 from both models will be compared which the 

closest R2 will describe the phenomenon during sorption process.  

  

Figure 2.14: The linearized fit of: a) Pseudo-First order and b) Pseudo-
Second order during strontium removal using clinoptilolite composite 

(100) 

The PSO is considered as the initial adsorbate concentration is lower than 

the surface coverage and capacity of adsorbent, while the PFO is considered as 

the initial adsorbate concentration is higher than the surface coverage and 

capacity of adsorbent (131, 148). While, most of cesium and strontium removal 

studies have shown that Pseudo-Second order (PSO) has better fit with higher 

R2 than Pseudo-First order (PSO) (24, 27, 29-31, 34, 100, 117, 126) .  

Another critical aspect of adsorption to quantify is the isotherm equilibrium. 

It gives the relation between the amount of adsorbed ions by a unit mass of 

adsorbate and the amount of remaining ion in solution under equilibrium 
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conditions. The equilibrium isotherm gradient is described in Figure 2.15 (18). 

The amount of adsorbed solute (qe) increases gradually with increasing of 

equilibrium concentration of solute (Ce). The equilibrium isotherm is achieved 

when the adsorption capacity is invariant with the equilibrium concentration 

(reaching an adsorption plateau) qe is considered to be the maximum adsorption 

capacity (18, 20, 118). 

 

Figure 2.15: The adsorption equilibrium of cesium, strontium and cobalt 
by clinoptilolite (18) 

During the adsorption process, not all adsorbate ions are adsorbed by 

adsorbent. To understand this behaviour, the distribution coefficient (Kd) can be 

applied for justification. The distribution coefficient is the amount of solute 

adsorbed in reference to the initial solution concentration, which corresponds to 

the mobility of ion solute to adsorbent. Kd (mL/g) and can be determined in Eq. 

(2.10) 

𝑲𝒅 =
(𝑪𝟎−𝑪𝒆)

𝑪𝒆

𝑽

𝒎
  (2.10)   

In general, the distribution coefficient will decrease as the equilibrium 

concentration of solute increases, as illustrated in Figure 2.16 (149). 
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Figure 2.16: The distribution coefficient (Kd) of cesium from different 
waste simulants using ion exchange resin (149) 

From Fig. 2.16, the decrease of Kd results in slower mobility of solute to the 

adsorbent. It could be due to some aspects such as: the adsorbent capacity 

reaches a maximum where the ion solute has already occupied all the sites; and 

the solute concentration is higher than the adsorbent surface coverage, where 

the ion solute then has to occupy less favourable sites (149, 150). 

 A number of models have been developed to represent the various type 

of adsorption processes, where Langmuir and Freundlich models are the most 

frequent utilised for ion adsorption (15, 20, 21, 118, 119). The Langmuir model 

assumes the solid surfaces have uniform sites, and no interaction between 

sorbed ions takes place, thus all adsorbed species can interact only with 

adsorption sites (40, 118). This model is developed for the systems in which 

sorption leads to deposition of a single layer of solute ions on the sorbent surface 

and it assumes that the energy of sorption for each molecule is the same and 

independent of surface coverage. Also, the overall sorption kinetics are negligible 

when compared with the initial rate of sorption (18, 118). The isotherm can be 

expressed in the linear form, as follows in Eq. 2.11: 

 
𝐂𝐞

𝐪𝐞
=

𝟏

𝐐𝐜𝐛
+

𝟏

𝐐𝐜
. 𝐂𝐞  (2.11) 

where qe (mg/g) and Ce (mg/L) denote the equilibrium concentration of sorbate in 

the solid and the liquid phase, Qc (mg/g) is the maximum adsorption capacity, 

and b (L/g) is the Langmuir constant related to the energy of adsorption (18). A 

straight line can be obtained by plotting 
𝐶𝑒

𝑄𝑒
 against Ce. 
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Meanwhile, Freundlich model assumes an energetically heterogeneous 

set of sorption sites with the sorption energy varying exponentially (118). It is the 

most widely used non-linear model to describe the dependence of sorption 

adsorbate concentration. The general expression of this isotherm model is given 

by: 

𝐪𝐞 = 𝐊𝐟𝐂𝐞

𝟏

𝐧  (2.12) 

The linear form from Eq. (2.12) can be expressed as follows: 

𝐥𝐨𝐠 𝐪𝐞 =  𝐥𝐨𝐠 𝐊𝐟 +
𝟏

𝐧
𝐥𝐨𝐠 𝐂𝐞  (2.13) 

where qe (mg/g) and Ce (mg/L) denote the equilibrium concentration of sorbate in 

the solid and the liquid phase, Kf and n are constants for a given adsorbate (mg/g) 

and adsorbent. 

To understand which model is normally best fitted to the adsorption 

equilibrium, examples of linearised fits from Langmuir and Freundlich models are 

plotted in Figure 2.17 (100). From Fig. 2.17a, the maximum adsorption capacity 

(Qc) could be obtained from the slope of the fits and the Langmuir constant (b) is 

determined from the reciprocal of multiplication from intercept with the maximum 

adsorption capacity. Meanwhile, from Fig. 2.17b, the adsorption affinity (Kf) 

adsorbate is obtained from the intercept and the Freundlich constant for 

adsorbent (n) is reciprocal of slope. The determined R2 values between these 

models are usually be used to explain which model best fits the data, where in 

the case example below indicates the Langmuir model best fits to strontium 

removal using clinoptilolite composite (100). 

 
 

Figure 2.17: The linearized fit of: a) Langmuir and b) Freundlich models 
during strontium removal using clinoptilolite composite (100) 

a) b) 
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To date, there has been no comprehensive study to quantitatively link 

clinoptilolite contamination to cesium and strontium exchange reduction, which 

may aid in understanding mechanisms for pre-activation and particle size 

reduction to enhance both the kinetics and equilibrium up-take of these two key 

radio ions in low-grade ores. Also, adsorption reduction in simulated seawater 

solutions is important, as clinoptilolite and similar zeolites are known to be 

significantly affected by high saline effluents (23, 33, 38, 41), which has been a 

critical issue in the processing of emergency cooling waters at Fukushima, for 

example (151-153). 

 

2.4. Flotation for rapid waste separation 

In general, resin systems are operated in simple vertical elution ion 

exchange columns. However, ion exchange columns use large particles that are 

materially inefficient (due to the surface area to volume ratio). If smaller, higher 

surface area particles are used, and there are increased pressure loss issues 

with a related reduction in the available flowrates (21, 32).  

Nevertheless, finely milled particles can enhance the uptake of cesium and 

strontium, in line with increases in the specific surface area of the adsorbent (31, 

117), so investigating alternative processes whereby fine particles can be used 

is highly industrially beneficial. For example, fine particles can be used in batch 

adsorption tank mixers to enhance the removal of cesium and strontium from 

nuclear waste effluent but, while efficient from a material perspective, the 

secondary separation of the fine particles is a critical concern. Usually, 

gravitational clarifiers and separators are used for such purposes, but these are 

slow processes that possess a relatively poor dewatering ability, leading to 

voluminous sludge. Therefore, to overcome these issues, flotation is suggested 

in this study as an alternative process for separating the fine and highly efficient 

powdered ion exchanger, with significantly greater dewatering factors and shorter 

residence times than is possible when using gravitational sedimentation(46, 47). 

Flotation technique is basically used to remove heavy metal ions or separate the 

minerals from waste effluent, which could beneficially increase the wanted or 

unwanted minerals. Depending on the objective of the flotation itself, this could 

also lead to the volume of the waste effluent being reduced significantly (77, 154-

156).  

There are a lot of fields that use the flotation technique as an engineering 

solution, such as mineral processing (lead-zinc, copper and nickel ore and also 
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precious metals, such as silver and gold, which are associated in small amounts 

with other minerals) (157, 158), waste water treatment (such as lead, copper, 

cadmium, zinc) (157, 159, 160), paper recycling (154, 157) and events in nuclear 

treatment (30, 48-54). In terms of its application in nuclear-related fields, ion 

flotation and combined co-precipitation methods have been used to remove 

radioisotopes of cesium, strontium and cobalt, while fine particle flotation has 

been used for the separation of soils and as part of nuclear wastewater treatment 

processes (30, 48-54). It has also been demonstrated recently to be a viable 

technique for the separation of cesium-contaminated colloidal clay (55, 56). 

From a rapid dewatering perspective, the flotation process is based on 

generating hydrophobic metal ion contaminated particles in effluent, by using 

surface active agents (surfactants) as collectors and then floating them by 

incorporating air bubbles (48, 77, 155, 156, 161-165). In order to achieve a 

successful flotation process, the selection of a surfactant is required in order to 

maximize the hydrophobicity of the waste particles that carry metal ions and so 

enable it to be floated (56, 163, 165-167). The surfactant itself usually consists of 

two parts with opposite polarity. Its head of surfactant is polar and the tail is non 

polar. The tail itself is chain of hydrocarbon (154, 156, 163, 165). As the head of 

surfactant is polar, the head will interact with the ion of particle and force the tail 

to be hydrophobic into the effluent (48, 77, 154-156, 161-165). Therefore, 

surfactants also called as collectors in this area, due to the ability to collect 

particles from the effluent (56, 154, 163).  

At the same time, the interaction of surfactants and particles may change 

the surface tension, and increase the agglomeration and attachment at the 

interface (165, 168). The surface tension itself is essential to study in flotation 

systems, because it can indicate if particles becomes hydrophobic due to the 

interaction between surfactant, as the surfactant is then depleted from solution 

(165). The hydrophobic tails of free surfactants, will interact with the air bubbles 

when the air is being injected into the system (56). The interaction of hydrocarbon 

chains with the air bubbles resulting foams (56). Foam is a dispersion of gas 

bubbles in a smaller volume of liquid stabilised by surfactants, and is typically 

composed of polyhedral gas bubbles with liquid films residing between the 

bubbles (169). By adding the gas (air) injection through the solution, it will 

increase the interfacial area of the air-water, in which case the particles can be 

concentrated with the collector as a froth phase (53, 170).  
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Foams should be controlled by setting the collector concentration below 

the critical micelle concentration (CMC). CMC is basically defined as the specific 

concentration of surfactant where it starts to stop the adsorption in the air-water 

interface by showing the decreasing surface tension and then starting to form a 

plateau whenever the surfactant concentration increases (171). When the 

concentration of the collector is higher or equal to the CMC, bulk precipitates that 

are non-surface active are formed and reduce the efficiency of the flotation 

process (53). In this case, the bilayer of surfactant was fully formed and saturated 

as foam forms without any interaction with the ions solute (156). It is noted that 

increasing the surfactant concentration could increase the foam volume, although 

it will reduce the liquid fraction in the liquid phase. To obtain rapid flotation, the 

air bubble numbers should be increased by reducing the air/water interfacial 

tension (156, 163). The reagent that is usually used for this scenario is called the 

frother. The most common frother is MIBC (methyl isobutyl carbinol) (56, 154, 

163). 

2.4.1. Surfactant adsorption and mechanism for the flotation process 

Surface active reagents (surfactants) are long-chain molecules that 

contain both hydrophilic (interacts with the water phase) and hydrophobic (repels 

against the water phase) moieties, which normally consist of a polar head group 

and non-polar tail (154, 163, 171). When surfactants interact with non-surface 

active ions of interest (in this case cesium and strontium), these ions will be co-

adsorbed with the surfactant either electrically or chemically (170). These 

interactions will change the hydrophobicity of the surfactant with the ions in the 

air-water interface (48, 77, 154, 155, 163, 170, 172).  

 In general, cationic surfactants have been reported to be the best collector 

types, due to the negative charge of most minerals, including zeolites (30, 56, 

114, 173, 174). This type of surfactant can be adsorbed by particle surfaces’ 

electrostatically better than other types of surfactants (156), leading to an 

increase in particle hydrophobicity at optimal concentrations, thereby enhancing 

floatability. The general mechanism is described in Figure 2.18. (156). 
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Figure 2.18: Mechanism of cationic surfactant adsorption (156) 

In Figure 2.18, the mechanism of cationic surfactant adsorption consists 

of four steps; the electrostatic concentration span, the electrostatic and 

hydrophobic concentration span, and the hydrophobic concentration span (below 

and above the CMC). The different regions on the log surface excess and log 

concentration are similar to the adsorption isotherm model, which starts from 

region I to region IV.  

In region I, where the surfactant concentration is usually very low, the first 

span surfactant molecules are electrostatically adsorbed on the particle surface 

sites. Often, the head of a cationic surfactant, which contains positive charge 

groups, will interact with the surface site of the particle that contains a negative 
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charge. In this region, the surfactant is usually fully adsorbed by the particle. In 

region II, where both electrostatic and hydrophobic concentration effects occur, 

increasing the concentration of cationic surfactants will contribute larger numbers 

of surfactant molecules to the system which will increase the hydrophobicity of 

the adsorbate. The tail of the surfactant, which is hydrophobic, will act as a new 

nucleation point for further adsorption by hydrophobic interaction; however, in this 

span, electrostatic interaction also occurs. This region represents the maximum 

adsorption, where the overall surface charge is neutralised (156). Once the 

surfactants are adsorbed on all available sites of the particle with the head facing 

towards the surface (while the tail protrudes into the solution), this condition is 

called a “hemimicelle” or “admicelle” (175). In region III, there is no electrostatic 

interaction that occurs due to the minimisation of the charge sizes from the 

surfactant adsorption. Also, once an admicellar configuration is formed, 

hydrophobic patches are formed on the surface (156). Once the admicellar is fully 

formed, there will be no more adsorption and create bilayer of the admicellar, 

which occurs in region IV after the CMC. In this region, the increasing 

concentration may increase the number of bilayers formed by the admicellar 

(156).  

There are a number of examples of cationic surfactants on the market, 

such as etyltrimethylammonium bromide (CTAB or HTAB), 

etyltrimethylammonium chloride (CTAC), ethylhexadecyldimethylammonium 

bromide (EDAB or EHDA-Br) and cetylpyridinium chloride (CPC) (156, 167, 172, 

176-178). In this discussion, EHDA-Br and CPC are highlighted in the following 

paragraphs, due to their proven ability to collect heavy metal contaminated clay 

and zeolite particles (56, 174). Ethylhexadecyldimethylammonium bromide 

(EDAB or EHDA-Br) and cetylpyridinium chloride (CPC) are cationic surfactants 

with the molecular formula C20H44BrN and C21H38ClN, respectively. The chemical 

structures from both surfactants are described in Figure 2.19 (179). 
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Figure 2.19: Chemical structure depiction from: a) EHDA-Br and b) CPC 

(179) 

EHDA-Br is a quaternary ammonium salt, where the ammonium salt has 

four alkyl groups, usually contains 12-18 carbon atom chains, and has the N+ ion 

as positive charge after being mixed into water solution (176, 180, 181). This 

surfactant’s performance is usually fairly independent of solution pH. EHDA-Br is 

reported to have beneficial effects for heavy metal removal such as cadmium, 

nickel and zinc from acid solution (176, 177, 180-182). In nuclear applications, it 

has also been used for cesium contaminated soil recovery (56). Meanwhile, CPC 

also belongs to a quaternary ammonium cation, where the nitrogen ion has four 

alkyl groups and the N+ ion as positive charge. Similar to EHDA-Br, CPC’s activity 

is also independent of pH (183), while CPC has a reported ability to collect metal 

ion contaminated zeolite particles (174, 183). It has also been used for the 

flotation of cesium contaminated clays (78). 

2.4.2. Surfactant and particle interactions in flotation 

Froth is a three-phase structure comprising air bubbles, solids and water 

(169). In nuclear waste treatment, froth flotation may be an important advanced 

treatment for collecting solid waste for rapid dewatering purposes. Theoretically, 

the bubble–particle mechanism occurs in a three-phase contact (TPC) formation, 

comprising the liquid/gas and liquid/solid interfaces (184-189). Nguyen et al (184, 

190) separated the steps of the bubble-particle interaction attachment 

mechanism into three parts, as shown in Figure 2.20. 
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Figure 2.20: A schematic of the three steps of bubble–particle interaction 
(184, 186, 190) 

In Fig. 2.20, the three steps of attachment are illustrated by the number in 

parentheses. The first step is to drain the wetting film to a critical thickness. In 

this step, the particles will be forced by the surface forces to align with the bubble 

in a radial direction in order to make the bubble-particle attachment possible. The 

surface force includes van der Waals, electrostatic double layer (EDL) and 

hydrophobic forces (191). In this case, the surfactants could lead the particle to 

become increasingly hydrophobic, leading to more complete adhesion to the 

bubble (183, 191). The induction time, which is the time of drainage wetting film 

to some critical thickness, was introduced by Sven-Nilsson (185, 189, 190) to 

quantify the interaction in a tangential direction, perpendicular to the bubble-

particle line. The second step is the film rupture and the formation of a contact 

line. When the particle is touching the pulp of the bubble, the liquid film is formed, 

and due to the induction time, this film will thin and rupture after reaching a critical 

thickness. Once this occurs, a contact line is formed in the form of a three-phase 

contact (TPC). Then the contact line will expand, which is the last step until the 

stable wetting perimeter occurs (184-186). Albijanic et al (191) explained that 

increasing the concentration of the surfactant may increase the number of 

successful bubble-particle attachments and decrease the attachment time, but 

when the surfactant reaches the CMC, the number and time of the bubble-particle 

attachment is reversed (owing to the formation of a double surfactant layer, 

rendering the particle hydrophilic.  
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In flotation, the froth stability depends on the chemical structure of an 

additional species - the frother. The frother is usually based on a non-polar water 

repellent group, where methyl isobutyl carbinol (MIBC) is probably the most 

common frother used in the mineral processing industry (169). In general, the 

maximum particle size of recoverable minerals decreases with the increasing 

branching of the hydrocarbon backbone of alcohol frothers (192, 193), while the 

particle selectivity and bubble growth in the froth phase are all influenced by both 

the frother type and concentration, as well as the particle type (169).  

Altering the gas flow could also accelerate the foam production. At a very 

low gas flow rate, a uniform sized bubble is produced, which is driven by 

buoyancy and rises through the system (194). However, while the bubble sizes 

are uniform, the production rates are low. Once the gas flow increases, the 

bubbles become less uniform due to bubble coalescence and breakage. 

However, this change, from a low to a high gas flow rate, could also increase the 

interfacial area and turbulence at the interface which leads to more effective 

particle contact in the froth phase. At the same time, it can reduce the foam 

stability (195).  

According to Walcarius et al (183), the mechanism of surfactant adsorption 

onto heavy metal ion-contaminated zeolite particles is driven by electrostatic 

interactions exclusively to the external surfaces of the particles. However, 

increasing the concentration of the surfactant may lead to hydrophobicity-driven 

secondary adsorption. Additionally, increasing the surfactant concentration 

further could lead to the over adsorption of the surfactant onto the particles and 

replacement of the contaminated metal ions, which are already adsorbed on the 

zeolite particles. Once the condition is above the CMC, the bilayer of the 

surfactant reduces the adsorption of heavy metal onto the active site. The overall 

combination of surfactants, heavy metal ions and contaminants on the zeolite 

surface is shown schematically in Figure 2.21. 
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Figure 2.21: Co-precipitation mechanism on CPC-OHZ surface (174) 

For the context of flotation for waste dewatering purposes (as opposed to 

mineral selectivity), both the percentage of the waste in the froth as well as the 

water reduction ratio can be measured, as shown in Figure 2.22 (196). The water 

reduction ratio or volume reduction (196) is the ratio between the initial volume of 

the suspension and final volume remaining after the flotation process. By using 

Eq. (2.14), the water reduction ratio can be obtained. 

𝒘𝒂𝒕𝒆𝒓 𝒓𝒆𝒅𝒖𝒄𝒕𝒊𝒐𝒏 𝒓𝒂𝒕𝒊𝒐 =
𝑽𝟎

𝑽𝟎−𝑽𝒆
  (2.14) 

where V0 (mL) is the initial volume of the suspension and Ve (mL) is the volume 

of liquid remaining in the flotation cell after completion. Meanwhile, the flotation 

recovery is calculated by using Eq. (2.15), where, mo is initial mass of 

contaminated particle (g) and me is the mass of recovered contaminated particle 

(g). 

% =
(𝒎𝟎−𝒎𝒆)

𝒎𝟎
× 𝟏𝟎𝟎% (2.15) 

From Fig. 2.22, the addition of sodium lauryl sulphate (SLS) surfactant 

collector increased the recovery of contaminated cobalt complexes (CoEDTA2-) 

onto MgAl-Layered double hydroxides (LDHs) anionic clays. However, in general, 

the water reduction decreases as the flotation percentage increases with collector 

concentration. At low concentrations of collector, the recovery is low, because of 

insufficient adsorption onto the contaminated clay to enhance the particle contact 

angles to promote a high degree of recovery. As collector concentration increases 
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to around monolayer coverage, the recovery significantly increases. However, 

increasing the surfactant concentration from low to the CMC may also create an 

overly wet froth phase, which can entrain both the solid and liquid rather than 

separate them (197-199) (thus water reduction ratio decreases). The decrease 

of recovery at very high concentrations of collector is because of the bilayer 

formation, which causes a reduction in the particle contact angle, as mentioned 

previously. It shows also that the presence of simple ethanol alcohol as a frother 

(in place of branched MIBC) leads to both lower recovery and a sharper reduction 

in the water reduction ratio (164, 191, 196). This is because of solid-liquid 

entrainment from the synergetic interaction of the surfactant and frother at the air-

water interface (164, 197, 198, 200-202). However, the addition of branched 

frothers also has a limitation, since adding excessive amounts of frother to the 

air-liquid interface could reduce the amount of adsorption between the surfactant 

and the contaminated particles, resulting in reduced recovery. The authors in Fig. 

2.22 conclude that an optimum concentration between surfactant concentration 

and MIBC is required in order to obtain the higher recovery of contaminated 

particles, while the water reduction ratio does not fall too much. 

 
Figure 2.22: The flotation of contaminated CoEDTA2- complexes 

onto MgAl-Layered double hydroxides (LDHs) anionic clay by using SLS 
as the collector (a: one time addition; and b: two times addition) and 

ethanol as the frother (c) (196) 

Moreover, the role of particles in stabilising the froth has been reviewed by 

Hunter et al (165). It has been mentioned that particle size, the residence time of 

the particles, the composition of the particles and the ability to rupture or stabilise 

liquid films could affect the froth stability (188, 203, 204). Bigger particle sizes 

could lead to detachment due to gravitational bubble-particle interactions, 
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meaning that often there is a maximum floatable particle size (188, 204). For most 

nuclear applications, however, it is anticipated that most sludges and ion 

exchange resins to be floated would be fine particles (to enhance their surface 

area to volume ratio, as discussed) and thus the rupture of bubbles by large 

particles is not deemed significant. Additionally, in nuclear dewatering systems, 

ruptured foam post-separation is not an issue, as the collected foam will be driven 

directly to another medium for forward treatment (such as solidification and 

encapsulation).  

Lastly, it is important to emphasise that, in general, given the evidence that 

flotation can be used as a successful technique for nuclear effluent treatment 

from previous research (30, 48-56), it is perhaps surprising there has been no 

previous specific studies on its use to separate radioisotope contaminated 

clinoptilolite or other zeolites. It is noted that previous work by Walcarius et al. 

(183) on the flotation of lead-adsorbed faujasite zeolite highlights its potential in 

similar systems, and a critical focus of this thesis is to understand how flotation 

could be used to separate cesium adsorbed clinoptilolite for nuclear dewatering 

applications.  

 

2.5. Measuring ion exchange performance in operational 

continual-flow elution columns 

One of the most common types of adsorption operations that provides a 

reliable and cost-effective method for radioactive effluent treatment is continual 

flow column ion exchange. In a UK nuclear context, for example in 1984, a 

column process was used by British Nuclear Fuel Limited (BNFL) for alkaline 

remediation from nuclear fuel storage pond waters by using clinoptilolite as 

adsorbent. This column ion exchange was established in the site ion exchange 

effluent plant (SIXEP) in the Sellafield site, UK (32) which still operates to this 

day. Here, large granular adsorbent is placed inside vertical reactor tanks. Then, 

the solute that will be remediated, is filled continuously eluted through the 

columns with a certain flow rate to generate a required column residence time 

(29). In the nuclear and heavy metals remediation industries, column ion 

exchange has been used for recovering various ions such as cesium, strontium, 

lead and uranium (32, 57, 59, 205, 206). In addition, column ion exchange has 

been also widely used in various non-nuclear applications, such as removing 

copper, cadmium and methylene blue (60, 207-213). Critically, unlike the 

potential to use flotation separation, vertical columns operate with large granular 
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particles (>250 µm) and thus, while cost-effective, are inefficient from a material 

perspective. Another critical goal of the thesis work is to understand whether the 

principles of process intensification can be used to optimise column ion 

exchange, using an intensified reactor.  

2.5.1. The column ion exchange process 

A general column process involves the ion exchange resin becoming 

progressively exhausted with exchanged ions over time in an adsorption band. 

As this process belongs to a continuous system, this adsorption band is called 

the transfer zone (MTZ) or primary sorption zone (PSZ) with a fixed total bed 

adsorption (60). This mechanism is illustrated in Figure 2.23. 

 

Figure 2.23: The mechanism of breakthrough in elution columns by 
movement of the mass transfer zone (60) 

In Fig. 2.23., C0 and C represent the concentration of remediated or 

treated ions at the inlet and outlet, respectively. When the feed effluent contacts 

with adsorbent, the C/C0 is equal to 0. In this condition, MTZ is not moving and 

initial sorption takes place. The zero value refers to the maximum sorption that 

occurs in the particular system. Then, by the time C/C0 increases up to the value 

of 1, where the column becomes fully saturated, the MTZ is wholly gone. The 

ideal breakthrough and exhaust points are shown in Figure 2.24. 
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Figure 2.24: Ideal breakthrough/exhaustion curve for column ion 
exchange(60) 

The sorption band starts from the top surface of the adsorbent with the 

effluent. By increasing the volume of the feed into the column, the sorption band 

continually moves down to the bottom of the adsorbent as it becomes exhausted 

with ions exchanged. Once exchanged ions from effluent occupy most adsorption 

sites the adsorbent, the C/C0 start increasing slightly in slope, which is described 

as the breakthrough point. Once ions from the effluent fully occupy the adsorbent 

sites, the C/C0 will increase drastically up towards the feed concentration. When 

the outlet concentration is the same as the feed concentration, it is at the 

exhaustion point.   

There are a lot of factors that affect the breakthrough performance of ion 

exchange resins; such as the flowrate, the inlet concentration and types of ion of 

effluent (32, 57, 59, 60, 206, 214). It is found generally, for example, that 

increasing the flowrate will shift the breakthrough curve to the left (i.e. the resin 

becomes less efficient). This shift, where the breakthrough becomes faster, is 

due to the decreasing of the contact time between the effluent ions and the 

adsorbent. In this case, increasing the effluent flowrate will reduce the adsorption 

process (32, 59, 60, 206). However, as reported by McCabe et al (215), modifying 

the flowrate but maintaining a similar residence time (i.e. by increasing column 

height) will not alter the breakthrough point significantly. Therefore, in most 

systems, there is a balance between the operational sizes of columns and their 

flowrate requirements.  
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Meanwhile, increasing the concentration of contaminant ions in the 

effluent will also decrease the breakthrough point, for a given flowrate. As 

expected, a larger number of ions per volume of effluent will lead to a higher 

driving force for adsorption, and the ion exchange adsorption sites becoming fully 

occupied at lower total process volumes (57, 59, 60, 214). It has also found that 

the types of ion effluent could affect the breakthrough, as shown with cesium and 

strontium adsorption on brick kiln waste in Figure 2.25 (205). This figure shows 

that cesium has better breakthrough compared to the strontium, which is 

consistent with their batch adsorption behaviour discussed in Section 2.3, due to 

differences in their valency and hydrated ionic radii (20, 57, 59, 173, 214, 216), 

where smaller hydrated ionic radii will occupy more sites in adsorbent channels 

(18, 25, 123). As also mentioned earlier, the figure also shows the flowrate affects 

the breakthrough, where a smaller flowrate makes the breakthrough longer. 

 
Figure 2.25: The breakthrough of 100 ppm concentration of: a) strontium 
and b) cesium at different flowrates , 4 cm bed depth and using brick kiln 

waste as adsorbent (205) 

To study the adsorption kinetics from column processes, there are various 

models that can be used as fitting, such as: Thomas model (TM), Bed depth 

service time model (BDST), Adam and Bohart model (ABM), Model dose 

response (MDR) and many more (29, 32, 58-60, 209, 211, 217). Each model has 

different assumptions in order to fit to the breakthrough curve. The Thomas model 

(TM) is the probably most general and widely used for column studies (60, 208, 

213, 217, 218). In addition, Ararem et al (57, 214) used this model for fitting the 

adsorption of cesium and strontium removal in their column study and was 

deemed relevant for the effluent studies presented in this thesis. The Thomas 

model is based on an assumption that the adsorbate is adsorbed onto the surface 
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of adsorbent directly (219). The column adsorption is expressed as Eq. (2.16) 

below: 

𝐂𝐞

𝐂𝟎
=

𝟏

𝟏+𝐞𝐱𝐩[
𝐊𝐓𝐇

𝐐
(𝐪𝐞𝐦−𝐂𝟎𝐕𝐞𝐟𝐟)]

  (2.16) 

where Ce is the outlet concentration at time t (mg/L), C0 is the feed concentration 

(mg/L), KTH is the Thomas model constant (mL/mg.min), qe is the equilibrium 

capacity of adsorption (mg/g), m is the mass of adsorbent (g), Q is the effluent 

flow rate (mL/min), and Veff is the effluent volume at time t (L). In order to 

determine KTH and qe, the model can linearised as follows in Equation 2.17, where 

plotting ln(C0/Ce – 1) versus Veff, gives a gradient of (
𝑘𝑇𝐻

𝑄
𝐶0) and intercept of 

𝑘𝑇𝐻

𝑄
(𝑞𝑒𝑚). 

𝐥𝐧 (
𝑪𝟎

𝑪𝒆
− 𝟏) =

𝑲𝑻𝑯

𝑸
(𝒒𝒆𝒎) − (

𝒌𝑻𝑯

𝑸
𝑪𝟎) 𝑽𝒆𝒇𝒇 (2.17) 

Yan et al (220), looked at a modification of the Thomas model to minimized 

some of the associated error due to experimental uncertainties. This new model 

derived from Yan et al is now generally described as the modified dose response 

(MDR) model. The MDR model can be expressed as Eq. (2.18) below: 

𝐂𝐞

𝐂𝟎
= 𝟏 −

𝟏

𝟏+(
𝐕𝐞𝐟𝐟

𝐛
)

𝐚 (2.18) 

Here, a and b are fitting parameters in the non-linear regression model, where b 

has the unit of L. Here, a, the power law exponent and b (L) are constant values. 

The linearised model is shown in Equation 2.19, where plotting ln(C0/Ce – 1) 

versus ln(Veff) gives a gradient of a, while b can be determined from the intercept.  

𝐥𝐧 (
𝑪𝟎

𝑪𝒆
− 𝟏) = 𝒂 𝐥𝐧(𝒃) − 𝒂 𝐥𝐧(𝑽𝒆𝒇𝒇) (2.19) 

The MDR model has been found to be more accurate in fitting breakthrough 

curves than the Thomas model (206, 220-222), where a fitting example is shown 

in Figure 2.26 where immobilized biomass was used as adsorbent to remove 

Nickel (220). It is shown from Fig. 2.26 that the MDR model has a better fit 

compared to the Thomas model, due to additional degrees of freedom, as it is 

based on a lower number of physical parameters. However, importantly, both 

models allow estimation of the equilibrium adsorption capacity (qe), where, for the 

MDR model, qe can be calculated from Equation (2.20) (220). Therefore, column 

breakthrough performance can be directly related to batch adsorption 

performance (as given in Section 2.3). 
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𝒒𝒆 =
𝒃𝑪𝟎

𝒎
  (2.20) 

To date, despite the wide use of clinoptilolite, there has been no 

comprehensive study comparing column operation to batch adsorption, in order 

to fully understand the influence of contaminants on performance in nuclear 

applications. Also, investigations into the use of relatively low-grade clinoptilolite 

for cesium and strontium adsorption is critical, as there are current supply 

shortages of high-grade zeolite for nuclear applications. Understanding methods 

to improve the efficiency of low-grade ores will significantly reduce the potential 

for future supply issues. It is this that is a focus point of this thesis research. In 

particular also, as examined in the proceeding section, the use of an intensified 

reactor design will be utilised to help increase the efficiency of ion exchange 

columns, overcoming both operational issues with elution columns and poor 

material properties of low-grade ores.  

 

 

Figure 2.26: The re-fitting curve of Thomas and MDR (New model) models 
onto Nickel breakthrough using immobilized biomass as an adsorbent 

(220) 

2.5.2. Intensifying ion exchange column operation using an Agitated 

tubular reactor (ATR)  

Process intensification (PI) is defined as a process which can provide a 

sustained, safer and significant improvement in chemical manufacturing and 

processing, while decreasing the volume of equipment, energy consumption, 

waste formation, production cost (223). A number of different technologies can 
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be used as part of PI of effluent treatment. The most common current technology 

for intensifying ion exchange column processes are rotating bed reactors (RBR), 

which can be used for removing contaminants from liquids, including dyes, 

fertilisers and heavy metals (61-65). However, RBR still have significant 

limitations, especially when it is used for high percentage removal species, 

because of the dependency on rotation speed and small residence time (65). 

Thus, as an alternative, this thesis investigates a similar intensifies reactor called 

the agitated tubular reactor (ATR) as an alternative solution to the RBR issue for 

ion exchange. ATR are an intensified reactor plug-flow reactor where 

independently high rate lateral shear is generated with inner agitator bar, 

decoupling mixing dynamics from the bulk flow (61, 66). ATR can be used in 

many applications such as precipitation, separation, particle coating, milling, etc 

(224). However, because the technology is still new, the research using this 

technology are few (66, 68, 224, 225). In addition, there is still no intensive study 

using ATR for nuclear liquid treatment. 

A potential method of using an agitated tubular reactor (ATR) in effluent 

separation processes is basically similar to batch adsorption operation. Here, 

solid particles as adsorbents will contact liquid effluent. However, the difference 

is the effluent can be used in a continuous system, where their suspension is 

generated from the lateral shear. Even though the principle is quite similar to the 

batch adsorption process, it likely closer to column process than batch adsorption 

process due to the continuity. A scheme of this process is shown in Figure 2.27.  

In Fig. 2.27.a, an ATR schematic is shown, highlighting its movement 

based on free agitation from internal agitator where solid particles are placed (Fig. 

2.27b) from the shaken reactor body. Then, the fluid is fed into the inside of an 

external tube (Fig. 2.27c) and interacted with the solid particle while the external 

tube is being shaken. The agitation will help the product (effluent) flows to the 

outlet and the particle inside of internal agitator contact with the effluent freely 

and completely. In addition, this mixing could be effective in order to keep the 

mixtures suspended and well dispersed through the continuous flow of the 

product (224). 
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Figure 2.27: The schematic of ATR process. a) the tubular reactor of ATR 
(66); b) the internal mixing element and where the solid particle is placed 

(225); c) the simulated process in ATR system (68) 

Previous numerical simulations have been undertaken to describe the fluid 

dynamics of the ATR process (68, 225). In this simulation, the fluid velocity 

magnitude in different phases along with the agitator motion and the position of 

agitator are illustrated in Figure 2.28. 

 

Figure 2.28: The velocity profile in a half-filled ATR system at different 
phases, in which phase A = 0.581π, B = 0.906π, C = 1.150π, D = 1.393π 

and E = 1.637π. Fluid particles are coloured by velocity magnitude in the 
reference frame of the tube (68). 

a) 

b) 

c) 
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From Fig. 2.28, it shows that the local variations from different phases still 

occur due to the existence of the internal agitator. In Phase A, it shows that the 

local maximum of the fluid particles is found to be focused in the area between 

the internal agitator tube and the reactor, which is similar to phase E (68). 

However, it will be changed when the internal agitator’s motion and position are 

also changed. This phenomenon mainly due to the small velocity between the 

internal agitator and the external reactor tube at the contact region, at the same 

time, the particle is being squeezed and compressed by the agitator tube (68, 

225). The local maximum of the fluid particles position can be represented as the 

maximum phases of ion exchange occurs, where the particles are fully contacted 

with the product. The local maximum of the fluid particles velocity can be found 

also in the near to surface holes of internal agitator tube. The surface holes also 

help the product well mixed with the particles, so the adsorption process could be 

more effective. In adsorption processes, the particle size of the adsorbent is 

selected to be higher than the surface hole in order to prevent adsorbent removal 

through the outlet, and to keep the effluent flowing through inside of the internal 

agitator tube.  

Based on above principle, it is hypothesised that process intensification 

(PI) of effluent treatment is possible using an agitated tubular reactor (ATR), 

where an opportunity exists to investigate the rapid ion removal, comparing to 

column ion exchange. Currently, to date, no studies into the use of the ATR for 

intensified effluent treatment have being conducted. Increasing the rate of column 

ion exchange is essential, because it can cut production cost and process time, 

and overcome some of the innate inefficiencies of elution columns. 

 

2.6. Summary 

Natural clinoptilolite is a heulandite type zeolite, and contains a negative 

surface charge that is commonly used for removing heavy metal ions (such as 

cesium and strontium) from effluent, using ion exchange. However, there still a 

strong industrial need to improve the adsorption performance of its natural ore, 

for example by pre-activating with acid and salts or by milling, to allow lower grade 

material to be used for industrial applications. It is also important to study the 

effect of ion competition during batch adsorption process. This competition, such 

as with seawater ions, may critically reduce performance. It is of particular interest 

to see how both pre-activation and milling may affect clinoptilolite performance 
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for cesium and strontium removal in nuclear effluent treatment, and how ion 

competition in saline conditions affects it.  

However, batch adsorption processes raise another problem, the post-

treatment removal of clinoptilolite that has been contaminated with cesium and 

strontium ions, as a solid waste. In order to tackle this issue, a flotation method 

could be a viable solution for rapid dewatering and waste separation. Flotation 

could help to transfer the used clinoptilolite into a waste repository to be safely 

stored and the batch reactor could be used again. The flotation study proposed 

in this thesis will cover the selection of surfactants and then investigate the 

optimisation of these surfactants for efficient flotation efficiency and high 

dewatering ratios. Additionally, the optimisation of collectors, such as MIBC, is 

also importance for study, to understand its influence on the percent of 

clinoptilolite recovery and dewatering ratio.  

As batch adsorption is non continuous, column ion exchange is a 

commonly used alternative solution for continuous processing. It is then also 

important to study the performance natural low-grade clinoptilolite, which would 

not qualify for the nuclear industry, in continuous column processes, where a 

direct comparison to batch adsorption can be achieved using kinetic models. 

However, there significant disadvantages of using continuous elution column ion 

exchange, as it is a slow flow rate process (due to pressure drop issues) and 

efficiency is adsorbent particle size dependent. Therefore, a process 

intensification (PI) methodology is suggested here, in order to increase the 

process speed and adsorption quality. In particular, an Agitated Tubular Reactor 

(ATR) will be studied as an alternative to continuous column operations, where 

there has been no previous reported study in the use of this technique for ion 

exchange, especially for cesium and strontium removal, despite its advantages 

in other chemical processes.  
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Chapter 3 The effect of pre-activation and milling on improving 

natural clinoptilolite for ion exchange of cesium and strontium 

 

3.1 Synopsis 

The contents of this chapter may contain repetition from either Chapter 1 

and 2 in order to strengthen the messages from this chapter. 

Natural clinoptilolite, of relatively low-grade, was investigated for its 

capability to remove cesium and strontium ions from water and simulated 

seawater. To improve its capacity, the material was pre-activated with 

concentrated NaCl and HCl solutions. Additionally, it was milled to a number of < 

300 μm size fractions, to expose exchange sites. Electron microscopy was used 

to characterise the naturally occurring impurities, where regions of high iron and 

potassium content was shown to correlate to lower levels of cesium adsorption. 

Adsorption kinetics for natural and activated resins with 5, 300 and 1500 ppm salt 

solutions were fitted with the Pseudo-Second Order (PSO) rate model. Activation 

led to clear increases in initial adsorption rate for both Cs+ and Sr2+, but only 

enhanced the overall rate constant for Cs+, due to the weaker interaction of the 

Sr2+. Equilibrium isotherms were compared with Langmuir and Freundlich 

monolayer models, where the adsorption capacity (Qc) for Cs+ was 67 mg/g which 

increased by over 100% with NaCl activation to 140 mg/g. Values for Sr2+ were 

significantly lower at 35 mg/g, with a considerably smaller enhancement with 

activation to 52 mg/g. Milling of the natural clinoptilolite was found to increase Cs+ 

uptake to similar levels as activation, in a linear correlation with specific surface 

area; although, improvements for Sr2+ were again lower, due to its weaker 

interaction with surface sites. In simulated seawater solutions, all materials gave 

considerably reduced performance due to K+ ion competition, with Sr2+ uptake 

decreased more extensively compared to Cs+. Overall, this work highlights that 

pre-activation and milling of clinoptilolite can be used to significantly enhance the 

grade of the ore for nuclear effluent treatment in low-salinity conditions. 

 

3.2 Introduction 

Natural clinoptilolite, which is considered as non nuclear-grade and has 

impurities, is used as an alternative solution when supply issues of nuclear-grade 
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ores exist. In the United Kingdom (UK), clinoptilolite is used as an ion exchange 

resin for 137Cs and 90Sr removal from nuclear fuel cooling ponds, such as at the 

Sellafield site in Cumbria (32, 37-39, 226) and contains a low level of impurities 

(32, 37-39).  

Activation and milling have been used to enhance the ion uptake 

performance (20, 21, 23, 40, 107, 108). Of particular importance for nuclear 

effluent treatment, which has not been previously studied in detail, is the effect of 

pre-activation on increasing the uptake of strontium in clinoptilolite, as generally, 

strontium adsorption capacities are much lower than for cesium (18). Additionally, 

it is important to consider the role of pre-activation on adsorption kinetics, as well 

as equilibrium behaviour. Another technique that may potentially be used to 

increase natural ion capacity, is to expose additional exchange sites through 

increasing the surface area to volume ratio by milling (227, 228).  

To further understand the extent to which pre-activation and milling can 

optimise ion exchange materials, this thesis details investigations using relatively 

low-grade natural clinoptilolite ore, pre-activated with concentrated sodium salt 

and acid solutions. While clinoptilolite is a well-researched ion exchange material 

for a variety of heavy metals, as highlighted, it is vital for applications in nuclear 

effluent treatment and other related industries, to study the use of natural ores 

with relatively high levels of impurities, in order to assess the potential for future 

supply issues. In particular, the use of cheap ion pre-treatments combined with 

the use of finer milled fractions may provide important engineering solutions to 

critically expand usable sources for effluent treatments.  

To date, there has been no comprehensive study to quantitatively link 

clinoptilolite contamination to cesium and strontium exchange reduction, which 

may aid in understanding mechanisms for pre-activation to enhance both the 

kinetics and equilibrium up-take of these two key radio ions in low-grade ores. 

Therefore, for this study, characterisation of the zeolite using elemental mapping 

from scanning transmission electron microscopy is firstly completed, to indicate 

naturally occurring contaminants, and their potential impact on adsorption. The 

influence of activation on both the removal of cesium and strontium are 

measured, where rate kinetics and equilibrium adsorption behaviour are 

quantified for various systems. In addition, the performance of various milled 

sieve fractions is also compared against the un-milled ore. Adsorption reduction 

in simulated seawater solutions is lastly examined, as clinoptilolite and similar 

zeolites are known to be significantly affected by high saline effluents (23, 33, 38, 
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41), which has been a critical issue in the processing of emergency cooling 

waters at Fukushima, for example (151-153). Previous studies have highlighted 

that a number of ions may reduce the exchange process between media and 

radioactive waste, especially larger monovalent ions such as potassium (K+) (23, 

33, 42), and it is of interest to examine whether activation mitigates or extenuates 

these effects. 

 

3.3 Experimental 

3.3.1 Materials 

The natural clinoptilolite used was supplied from Holistic Valley as a ~300 

µm powder. Cesium chloride (CsCl) and strontium chloride (SrCl2) were 

Analytical Grade with purity ≥ 99.0% and supplied by Sigma-Aldrich and Fisher 

Scientific, respectively. Meanwhile for the pre-activation, sodium chloride (NaCl) 

Analytical Grade with purity ≥ 99.0% from Fisher Scientific and Hydrochloride 

Acid (HCl) ACS reagent 37% from Fluka were used. For ion competition, 

potassium chloride (KCl), sodium chloride (NaCl) and calcium chloride (CaCl2) 

analytical grade with purity ≥ 99.0% were supplied by Fisher Scientific. 

It is noted that the sourced clinoptilolite is a relatively low-grade product 

used as a health supplement. While the grade was not pre-tested specifically, it 

assumed it was not of a sufficient grade to be used currently for specific nuclear 

effluent treatment. However, it is representative of readily available natural ore. 

Prior to the experiments, the clinoptilolite was rinsed several times with distilled 

water at neutral pH, with the supernatant being removed in order to get a 

homogeneous particle size with reduced fines, and to remove any naturally 

present ions. After every rinse, the supernatant was measured using a 

conductivity meter until an equilibrium value was reached. The rinsed clinoptilolite 

was then dried at 100 ºC for 24 hours in a laboratory oven (18).  

3.3.2 Particle characterisation 

The crystal structure of the clinoptilolite was characterised using X-ray 

diffraction (XRD) with a Bruker D8. Results were analysed using X’Pert 

HighScore to identify the elemental structure. The zeta potential of clinoptilolite 

was measured using a Colloidal Dynamics Zeta Probe, in order to determine the 

change in surface charge between natural and pre-activated clinoptilolite, and 

through adsorption of different concentrations of cesium and strontium salts.  
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A Hitachi TM3030 Bench Top scanning electron microscope (SEM) was 

used to image and analyse the clinoptilolite at low magnification. Further, High 

Angle Annular Dark Field (HAADF) Scanning Transmission Electron Microscopy 

(STEM) and Energy Dispersive X-ray (EDX) spectroscopy was used to analyse 

elements present in the natural clinoptilolite.  HAADF-STEM was conducted on 

an FEI Titan3 Themis G2 operating at 300 kV fitted with 4 EDX silicon drift 

detectors, and a Gatan One-View CCD. EDX spectroscopy and mapping was 

undertaken using the Bruker Esprit v1.9 software. STEM samples were prepared 

by dispersing the powder in methanol, with a drop placed on a holey carbon 

coated copper grid. STEM-EDX additionally characterised the location of 

adsorbed cesium, through measurement of samples mixed with 5000 ppm of 

cesium chloride for 24 h (using an identical procedure to that outlined in the 

proceeding section). At least five areas from one cesium adsorbed natural 

clinoptilolite sample were analysed using STEM-EDX. Samples were then rinsed 

a number of times to remove excess salt and dried before measurement. 

Additionally, in order to study the cationic exchange capacity in different pH 

conditions, 20 g/L dispersions of clinoptilolite were stirred at 300 rpm for 3 hours. 

The pH changes were measured using a pH meter. 0.1 M of HNO3 and KOH were 

used to adjust the pH. 

3.3.3 Salt and acid pre-activation 

Clinoptilolite was pre-activated using concentrated sodium chloride salt 

(denoted ‘NaCl-clinopilolite’) and hydrochloric acid (denoted ‘HCl-clinopilolite’). 

For NaCl-clinopilolite, 100 g/L solid – liquid ratio of rinsed clinoptilolite was mixed 

with 1 M NaCl solution at room temperature for 24 h in a rotary carousel. The 

mixture was then centrifuged, filtered and the suspension rinsed with 300 mL of 

Milli-Q water, with the washing process repeated several times until conductivity 

reached an equilibrium value. Figure A1 in the Appendix A presents the 

conductivity of acid and salt activated samples after a number of washes. The 

conductivity is observed to reach a baseline, correlating to the natural material, 

after four washes, which was taken as a minimum for all activation tests. The final 

suspension was then mixed with 25 mL of methanol for 1 h, before being filtered 

and dried at 50 ºC for 3 h (20). The same overall process was repeated for acid 

activation, with the use of 1 M HCl in place of the sodium salt (40, 108, 229). By 

replacing the impurities that block the pores channel with either salt or acid ions, 

activation can enhance the adsorption capacity and increase the effective surface 

area (22, 113, 114).  



 

52 

 
 

3.3.4 Batch adsorption experiments 

All the batch adsorption experiments were conducted in polypropylene 

conical centrifuge tubes in order to prevent Si contamination from glassware and 

also potential Cs+ adsorption onto glassware, as evidenced in an earlier study by 

Chorover et al (82). Cesium (Cs+) and strontium (Sr2+) ion solutions were 

measured separately to analyse each individually during adsorption experiments. 

To measure adsorption kinetics, cesium chloride (CsCl) and strontium 

chloride (SrCl2) stock solutions (1 M) were diluted with Milli-Q water at neutral pH 

(which tends to ~6.5, and close to buffered pH values encountered in industry 

(32)) to a nominal initial concentration of 5 ppm, which is similar to the 

concentration range used in previous research (18, 20), and of relevance for 

nuclear effluent treatment (20, 23). Then, 0.4 g of clinoptilolite was dispersed in 

20 mL samples of the CsCl/SrCl2 solutions, giving a solid/liquid ratio fixed at 20 

g/L for different shaking times (21). Suspensions were placed on an orbital shaker 

at 150 rpm (at room temperature) for 30 min, 1 h, 2 h, 4 h, 6 h, 12 h, 24 h and 48 

h respectively (18). The dispersions were then centrifuged using a Megafuge 16R 

for 10 min at 7000 rpm, and the separated supernatants were decanted using a 

20 mL syringe with 0.3 µm filter. Natural clinoptilolite dispersions containing 

higher initial salt levels of 300 ppm and 1500 ppm were also prepared and kinetic 

concentration differences measured, to understand the effect of initial ion level 

on dynamic adsorption. 

The amount of Cs+ and Sr2+ adsorbed by both natural and activated 

clinoptilolites at each specific time was determined as qt (mg/g) and removal 

percent, using the methodologies described in the Eqs. (3.1) and (3.2).   

Here, Co (ppm) is the initial concentration of salt ion, Ce (ppm) is final 

equilibrium concentration, m (g) is the mass of adsorbent and V (L) is the volume 

of the suspension. 

𝒒𝒕 =
(𝑪𝟎−𝑪𝒆)

𝒎
𝑽 (3.1) 

The percent adsorption of Cs+ and Sr2+ was determined using Equation 

3.2, where, Co (ppm) and Ce (ppm) are as defined above. 

% =
(𝑪𝟎−𝑪𝒆)

𝑪𝟎
× 𝟏𝟎𝟎% (3.2) 

Adsorption kinetic fits were determined using Pseudo-First Order (PFO) 

and Pseudo-Second Order (PSO) rate models to derive the adsorption rate 
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constant (k1 and k2) and initial rate of adsorption (h) (see Eqs. 2.4 - 2.9 in Section 

2.3) (18, 30, 131, 146, 148, 230-232). 

To determine the equilibrium adsorption behaviour, both Cs+ and Sr2+ from 

1 M stock solutions were diluted with Milli-Q water at neutral pH in order to get 

various initial concentrations from 5 ppm up to 4000 ppm, and again mixed with 

natural and activated clinoptilolite with a solid/liquid ratio fixed at 20 g/L. All 

suspensions were then placed on an orbital shaker for 48 h, and supernatants 

separated as described above. Equilibrium data was fitted with both Langmuir 

and Freundlich isotherm monolayer adsorption models (see Eqs. 2.11 and 2.12 

in Section 2.3). 

All supernatants were measured and analysed using an Atomic Absorption 

Spectrophotometer (AAS) Varian 240fs machine, in which the cesium data were 

collected using a cesium lamp with wavelength and optimum working range of 

459. 3 nm and 5 - 4000 ppm respectively. For strontium, dilutions were required 

for every Sr2+ solution in which the initial concentration was higher than 10 ppm, 

in order to ensure levels were within the concentration threshold of the AAS. A 

strontium lamp was used with wavelength and optimum working range set at 

460.7 nm and 0.02 - 10 ppm respectively. 

3.3.5 Effect of ion competition on adsorption 

To consider the potential impact on cesium and strontium removal in saline 

conditions, ion competition between K+, Na+ and Ca2+ ions (as mixed chloride 

solutions) was analysed, to represent the most significant portion of seawater 

ions (233). Cs+ and Sr2+ were firstly fixed at 5 ppm while K+, Na+ and Ca2+ were 

fixed at 380 ppm, 10556 ppm and 400 ppm, respectively (as a seawater 

simulant). Additionally, tests were undertaken with Cs+ and Sr2+ fixed at 5 ppm, 

while K+, Na+ and Ca2+ were varied from 5 ppm up to 4000 ppm (with a ratio of 

1:1:1) in order to study Cs+ and Sr2+ adsorption in different saline conditions. 

Sample preparation and analysis with AAS were completed as described above. 

3.3.6 Particle milling and surface area analysis 

The effect of particle milling was investigated to study the influence of 

surface area on the adsorption of cesium and strontium. Clinoptilolite was milled 

using a Planetary ball milled (PM) 100 ball mill. 3 cm inner diameter and ~750 g 

of stainless steel planetary balls with 10:1 of weight ratio between balls and 

powder were placed into mill with the natural clinoptilolite (109, 234). The 

machine was then set at 550 rpm for 20 mins. These were determined as the 
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optimum parameters, from initial development tests at various rpm and milling 

times. The initial development tests can be seen in Figure 3.1. The milled 

particles were then sieved in different fraction sizes from 103 µm down to less 

than 53 µm, using a Sieve Shaker AS 200 Control (Retsch GmbH) for 10 min. 

Once the process was completed, the clinoptilolite was separated using a course 

brush in order to observe its uniformity. These processes were repeated three 

times to ensure a low level of fines. 

 

Figure 3.1: The mass percent of each distribution size after milling in 
different parameter setups. 

To prove the dispersion homogeneity, all samples were analysed using a 

Malvern Mastersizer 2000E laser diffractometer, and the particle size 

distributions of different sieve fractions is shown Figure 3.2. In addition, XRD 

results have been shown in Appendix Figure A2, which display the post-milled 

XRD analysis, confirming that all fractions still match with the natural clinoptilolite. 
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Figure 3.2: Particle size distributions of natural clinoptilolite for different 
sieve fractions comminuted using a ball mill. 

This figure indicates that the particle size distribution of natural clinoptilolite 

is within 180 - 300 μm size range. Additionally, the median d50 size of natural 

clinoptilolite, sieve >103 µm, sieve 53 – 103 µm and sieve <53 µm are 246.04 

µm, 120.56 µm, 55.65 µm and 23.15 µm, respectively, with relatively good 

separation between the fractions. Some fine particle were found in >103 µm sieve 

fractions, likely because of particle entrapment effects. Even though the sieve 

was brushed three times, some fine particle potentially could still have been 

trapped in between large particles. Decreasing the d50 from milling should 

increase the adsorption of ions, because of the greater surface area to volume 

ratio of each fraction (109, 235, 236).  

Each of the sieved particle fractions were measured using the 

Micromeritics Tristar 3000 to determine the Brunauer–Emmett–Teller (BET) 

surface area. Before active measurements, each sample was degassed using a 

Micromeritics FlowPrep 060 gradually under N2 at variable temperatures. The 

temperature was set at 80°C for 30 min, then increased to 120°C for another 30 

min, before finally being degassed at 300°C for 5 h. For the active measurements, 

the dead volume was initially measured with the He gas as before being removed 

under vacuum. N2 gas was then injected and adsorption isotherms recorded, 

where the amount of adsorbed gas per mass of particle sample is correlated to 

the total surface area and mean pore diameter of the particles, assuming 

monolayer coverage. The adsorption/desorption isotherm of all fractions of 

clinoptilolite are shown in Appendix A, Figure A3. 
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The measured surface area and mean pore diameter of the natural 

clinoptilolite was 10.812 m2/g and 2.02 nm, while the sieve fractions gave 30.949 

m2/g and 2.33 nm (sieve >103 µm), 42.719 m2/g and 2.67 nm (sieve 53 – 103 

µm) and 43.606 m2/g and 2.71 nm (sieve <53 µm). The surface areas of the acid 

and salt activated materials were similarly measured, giving 46.521 m2/g and 2.89 

nm; and 47.111 m2/g and 2.91 nm for the HCl and NaCl activated respectively. It 

is noted that an equivalent spherical area for a non-porous particle of 250 μm 

would be only ~0.01 m2/g. The surface area and mean pore diameter during this 

experiment also follow other clinoptilolite surface area works that were around 

10–150 m2/g, where the mean pore diameter have been generally found to to be 

around 2–5 nm (21, 110, 237-240). Hence, the actual specific surface area values 

(being almost 3 orders of magnitude greater) highlight the influence of the 

interstitial exchange sites on significantly increasing the material ionic porosity, a 

critical feature in the ion exchange performance of zeolites. The increase in BET 

surface area on activation, also indicates the role of initial charge loading on 

accessing these porous sites and gives initial confidence in the success of the 

activation processes. Measured surface areas are also broadly consistent with 

previous work on activated zeolites (110). The activation could remove the 

impurities that block the channels, therefore the effective surface area is 

increased (22, 113, 114). 

 

3.4 Result and discussion 

3.4.1 Characterisation of clinoptilolite  

Images from the high angle annular dark field (HAADF) scanning 

transmission electron microscopy (STEM) used to analyse the natural 

clinoptilolite with adsorbed cesium are shown in Figure 3.3, with associated 

elemental mapping. Appendix A, Figure A4 displays representative images from 

SEM analysis at 100x and 1000x magnification, for the natural and activated 

clinoptilolites. The morphology of the samples are irregular crystals, consistent 

with crushed natural minerals. There were no changes evident from the pre-

activation routine (see Fig. A4, Appendix A). 
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Figure 3.3: Electron microscopy analysis of natural clinoptilolite after 
equilibrium adsorption of 5000 ppm cesium chloride. (a) HAADF STEM 

image of part of the sample, with areas indicated for further analysis. EDX 
spectra from these two regions are shown in (b) and (c), with the spatial 

distribution of elements shown for Area 1 in (d) Al, (e) Si, (f) Cs and (g) Fe, 
and for Area 2 in (h) Al, (i) Si, (j) Cs and (k) K. The author would like to 
acknowledge Dr. Nicole Hondow and team for conducting the sample 

analysis using High Angle Annular Dark Field (HAADF) Scanning 
Transmission Electron Microscopy (STEM) and Energy Dispersive X-ray 

(EDX) spectroscopy 

The energy dispersive X-ray (EDX) spectroscopy analysis shown in Fig. 

3.3, was used to understand both the extent of naturally present surface 

contamination and its influence on cesium adsorption. In addition to the expected 

aluminium and silicon peaks (as clinoptilolite is an aluminosilicate zeolite) cesium 
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from adsorption was also detected, as well as several other elements (Fig. 3.3b-

c). EDX spectra from different areas suggested relatively high concentrations of 

elements such as iron and potassium. Area 1 (Fig. 3.3d-g) highlighted the 

presence of iron based contaminants, which also appeared to reduce cesium 

adsorption, from the low density cesium element map of this area (Fig. 3.3f). Area 

2 suggested additionally, large regions of potassium ions are also present in the 

natural mineral. This area also had high levels of cesium adsorption, but notably 

less so in the region of high potassium density. Given that potassium is a strongly 

competing ion, this is perhaps not surprising, and such adsorbed ionic impurities 

could considerably contribute to low adsorption uptake of cesium and strontium 

(31). Additionally, mineral impurities (such as those potentially leading to the 

presence of the iron) may also affect the clinoptilolite performance (18, 23). The 

presence of iron in clinoptilolite is similar to other work using natural clinoptilolite 

(241). The presence of potassium and iron as contaminants is also shown in 

Figure 3.4 (from another sample area). In this figure, sodium and calcium, which 

are parts of chemical structure of natural clinoptilolite (according to Sub Chapter 

2.2 in Chapter 2) are also shown more clearly. Similar to the Al and Si, they 

display relatively homogenous levels across the sample, highlighting they are 

part of the zeolite matrix. The potassium and iron, on the other hand show areas 

of high and low levels, inferring heterogeneous contaminations.  
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Figure 3.4: Electron microscopy analysis of natural clinoptilolite after 
equilibrium adsorption of 5000 ppm cesium chloride from another 
investigated area. The author would like to acknowledge Dr. Nicole 

Hondow and team for conducting the sample analysis using High Angle 
Annular Dark Field (HAADF) Scanning Transmission Electron Microscopy 

(STEM) and Energy Dispersive X-ray (EDX) spectroscopy. 

In order to study the importance of the observed impurities, and also the 

influence of the sodium and acid activation, XRD patterns of the powder samples 

were measured and compared to the X’Pert HighScore database, as shown in 

Appendix A, Figure A5. The natural clinoptilolite, as well as both the sodium and 

acid activated materials, were all matched to calcium type clinoptilolite, with no 

evidence for a significant presence of other minerals. Such a result would infer 

that the elemental impurities evident in the STEM-EDX (Fig. 3.2) are largely from 

adsorbed surface ionic contaminants, rather than bulk mineral differences. The 

pre-activation currently does not change the structure of clinoptilolite significantly, 

but only affects the concentration of exchangeable ions which can increase the 

surface reactivity (40, 238).  

The influence of pre-activation on the zeta potential of clinoptilolite is 

presented in Figure 3.5, where the potential of the natural clinoptilolite is 

compared to NaCl-Clinoptilolite, HCl-Clinoptilolite and milling samples. The 

clinoptilolite is naturally highly negatively charged, which reduces with the 

activation treatments. These changes indicate that activation not only results in 

ion exchange with existing charge groups, but adsorption of sodium and 
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hydrogen ions into interstitial or surface sites with no ions naturally present (thus 

reducing the net surface negative charge). Such changes are also consistent with 

the increase in measured specific surface areas on activation. Additionally, the 

sodium and hydrogen ions will be electrostatically attracted to the negatively 

charge surface of the clinoptilolite, leading to further adsorption. Meanwhile, the 

zeta potential of milling is found to be relatively similar to natural clinoptilolite.  For 

highly expandable clays, electrostatic surface interactions can lead to a distinct 

two layer adsorption model, where firstly, inter-layer ion exchange sites control 

interaction, before secondly, surface interactions dominate (55). While 

clinoptilolite and zeolites more generally, do not normally exhibit explicit two site 

adsorption behaviour, previous studies using other ions, such as lead, have found 

both monolayer adsorption and heterogeneous surface conditions exist (103). 

 

Figure 3.5: Zeta potential of natural and pre-activated clinoptilolite (HCl-
Clinoptilolite and NaCl-Clinoptilolite) and milling at neutral pH 

The influence of electrostatic attraction is also evident from the changes 

to natural clinoptilolite zeta potential in solutions of increasing cesium and 

strontium, as shown in Figure 3.6. Both cesium and strontium adsorption leads 

to a monotonic decrease in the magnitude of the measured zeta potentials (less 

negative values) and approach steady-state values, which likely corresponds to 

the ion adsorption capacity. Again, such changes to zeta potential values indicate 

that not only ion exchange, but electrostatic surface adsorption of ions occur. 

Whether such multiple adsorption site interactions occur through largely 

homogeneous or heterogeneous exchanges during surface adsorption can be 
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determined from Langmuir and Freundlich fittings (see Sub Section 3.4.3). 

However, the monotonic change in zeta potential would also infer there is no 

direct evidence for a separated dual-site adsorption mechanism, but rather 

potentially ion exchange and electrostatic surface adsorption occurs collectively. 

Additionally, the similar magnitudes for the potential changes for both strontium 

and cesium adsorption would indicate much lower number density of strontium 

(as it is divalent). To confirm this, a charge balance was also completed by 

calculating the equivalent of both ions per litre of solution, in order to understand 

how the electrostatics vary between cesium and strontium for equivalent charges. 

To determine the equivalent, Equation 3.3 has been used, where valence is the 

valency of the ion and Ar is the atomic weight of the ion.  

𝒎𝑬𝒒/𝑳 =  
𝑪𝟎 ×𝒗𝒂𝒍𝒆𝒏𝒄𝒆

𝑨𝒓
 (3.3) 

The result of equivalent for both ions is shown in Figure 3.7. This figure shows 

that the strontium equivalent charge per litre is higher than cesium, because of 

higher valency of strontium than cesium. Critically though, when comparing to 

zeta potentials, it highlights that on an equivalent charge basis, the zeta potential 

changes much more slowly with strontium adsorption, in comparison to cesium. 

This result infers that lower relative levels of strontium ions are absorbing onto 

the clinoptilolite than cesium for the same equivalent charge. 

 

Figure 3.6: Zeta potential of natural clinoptilolite at neutral pH with 
different concentrations of Cs+ and Sr2+ ions 
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Figure 3.7: The equivalent/litre at neutral pH with different equilibrium 
concentrations and b) zeta potential vs the equivalent/litre of Cs+ and Sr2+ 

ions. 

3.4.2 Adsorption kinetics modelling  

The adsorption kinetics of Cs+ and Sr2+ on natural and pre-activated 

clinoptilolite (NaCl-Clinoptilolite and HCl-Clinoptilolite) are compared for 5 ppm 

salt solutions in Figure 3.8 a) and b), where adsorption is shown in terms of qt 

(the adsorption ratio, in mg/g) and the percentage removal of the initial 5 ppm ion 

dose. Additionally, the Cs+ and Sr2+ adsorption kinetics for the natural clinoptilolite 

at two further initial ion concentrations of 300 ppm and 1500 ppm are shown in 

Figure 3.9. For all cases at 5 ppm presented in Fig. 3.8, cesium and strontium 

ions are observed to reach equilibrium within around 360 min (6 h), which is 

consistent with previous studies on similar systems (18, 20, 30, 136, 145, 242, 

243). For the natural clinoptilolite at higher salt levels, equilibrium adsorption 

occurs at a slightly greater time of 500 min (or ~8 h).  
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Figure 3.8: Uptake of 5 ppm cesium and strontium chloride solutions after 
different adsorption times, from 15 min to 48 h, onto natural and pre-

activated clinoptilolite (HCl-Clinoptilolite and NaCl-Clinoptilolite); a) Cs+ 
and b) Sr2+. Left vertical axes represent adsorption per mass of ion 
exchange, while right vertical represent total removal percentages. 

 

 

 

Figure 3.9: a) Natural clinoptilolite uptake of 300 and 1500 ppm Cs+ for 
different adsorption times from 15 minutes to 48 hours; b) + adsorbed 
percent of 300 and 1500 ppm Cs+ for the same times. c) Clinoptilolite 

uptake of 300 and 1500 ppm Sr2+ for different adsorption times from 15 
minutes to 48 hours; d) adsorbed percent of 300 and 1500 ppm Sr2+ for the 

same times. 
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It is noted that in the case of cesium at 5 ppm, the influence of pre-

activations does not appear to be significant, in terms of improving adsorption 

amount (see Fig. 3.8a). However, this result is likely from the relatively low 

concentration of cesium used and high removal percentages in all cases, even 

for the natural non-activated material. It would be expected that for higher cesium 

dosages, enhancement from activation would become more evident (as 

discussed in reference to Figure 3.10a following). Nevertheless, pre-activation 

does appear to considerably improve adsorbed amounts of strontium (Fig. 3.8b) 

with both NaCl and HCl activation similarly enhancing removal from ~60% to 

almost 100% in the 5 ppm dose (139).   

Pseudo-First Order (PFO) and Pseudo-Second Order (PSO) rate analysis 

(as described within the Chapter 2 Section 2.3, Eqs. 2.4-2.9) were used to 

generate equilibrium rate constants and initial adsorption rate values from natural 

clinoptilolite kinetic adsorption data at 5, 300 and 1500 ppm, as well as the 

activated clinoptilolites at 5 ppm. The equilibrium rate constant (k2, g/mg.min) and 

the initial adsorption rate (h, mg/g.min) derived from the PSO model for all 

systems are shown in Table 3.1. The PFO and PSO plots used to fit model values 

are shown in the Appendix A (Figure A6 and A7) where the R2 values from PSO 

values from all experiment were close to 1 and significantly higher than R2 values 

from the PFO model. The preference for PSO rate modelling, indicates that the 

rate-limiting step is the surface chemisorption (PSO), where the removal from a 

solution is due to physicochemical interactions between the two phases (solid 

and liquid) (27, 30, 34, 131). 

Based on results shown in Table 3.1 for 5 ppm salt concentrations, the 

pseudo-second order constants (k2) for Cs+ are slightly larger through activation 

with sodium or acid (indicative of the enhanced kinetic interactions) although Sr2+ 

rate constants are not significantly altered (perhaps as ion-surface interaction is 

weaker in all cases). However, the initial adsorption rate (h) is enhanced 

considerably for both Cs+ and Sr2+ with clinoptilolite activation. Additionally 

overall, initial adsorption rate values (mg/g.min) are about twice as large for Cs+ 

than with Sr2+, in all cases. The change in k2 with concentration is also consistent 

in comparison to other research work, where the pseudo-second order constant 

(k2) tends to be lower when the concentration is increased (18, 29, 30, 59). 

Therefore, the 1500 ppm concentration has a lower k2 value than 300 ppm and 5 

ppm ion concentrations for both ions. 
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For natural clinoptilolite at the higher initial ion concentrations of 300 and 

1500 ppm, there is a distinct drop in the PSO rate constants for both cesium and 

strontium ions, owing to the increased influence of ion competition on the 

interaction with adsorption sites, which correlates to the longer times required to 

reach equilibrium adsorption (see Fig. 3.9). This behaviour means that adsorption 

kinetics are more optimal for low initial concentrations of ions, which is consistent 

with previous work (18, 30). Conversely, the initial adsorption rates (h) increase 

in a close to linear trend with concentration, owing to the higher initial number 

density of ions, again in agreement with previous research (18, 31, 126, 230).  

Table 3.1: Pseudo-second order rate constants (k2), initial adsorption 
rates (h) and adsorbed solute amounts at equilibrium (qe) from dynamic 

uptake tests of Cs+ and Sr2+ solutions.Data shown for natural clinoptiloilite 
at 5 ppm, 300 ppm and 1500 ppm, as well as sodium and acid activated 

clinoptilolite at 5 ppm.

Cs+ 

Material 
k2 h qe,cal qe,exp 

(g/mg.min) (mg/g.min) (mg/g) (mg/g) 

Natural clinoptilolite (5 ppm) 0.163 0.009 0.241 0.238 

Natural clinoptilolite (300 

ppm) 
0.003 0.353 11.532 11.185 

Natural clinoptilolite (1500 

ppm) 
0.001 1.980 61.377 59.365 

NaCl activated clinoptilolite 

(5 ppm) 
0.383 0.024 0.250 0.248 

HCl activated clinoptilolite 

(5 ppm) 
0.472 0.029 0.250 0.249 

300 ppm (18) 0.57 1.177 45.53 45.12 

23.7 ppm (29) 0.1432  1.86  

400 ppm (30) 0.0015  54.05 51.23 

100 ppm (59) 0.0015 8.88 76.69 69.00 

Sr2+ 

Material k2 h qe,cal qe,exp 
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(g/mg.min) (mg/g.min) (mg/g) (mg/g) 

Natural clinoptilolite (5 ppm) 0.183 0.005 0.161 0.158 

Natural clinoptilolite (300 

ppm) 
0.003 0.142 7.143 6.843 

Natural clinoptilolite (1500 

ppm) 
0.001 0.796 30.615 29.348 

NaCl activated clinoptilolite 

(5 ppm) 
0.186 0.011 0.248 0.245 

HCl activated clinoptilolite 

(5 ppm) 
0.127 0.007 0.240 0.236 

300 ppm (18) 1.47 1.177 45.53 45.12 

100 ppm (59) 0.002 18.3 94.97 90.7 

3.4.3 Equilibrium adsorption profiles  

The relationship between the equilibrium concentration (Ce) versus final 

adsorbed amounts of Cs+ and Sr2+ (mg/g clino and adsorbed percentage) are 

shown in Figure 3.10 a) and b), respectively. The uptake (qe) of both ions is 

increased along with the final concentration (Ce) monotonically as expected for a 

monolayer coverage (18, 20, 30, 31, 59, 244). The percentage of initial ions 

removed as the equilibrium concentration is increased actually decreases quite 

considerably with Ce, as all available ion exchange sites become occupied at 

relatively low concentrations for both cesium and strontium ion solutions. 

 It is evident from Fig. 3.10 that Cs+ displays much stronger adsorption 

behaviour compared to Sr2+, with a factor of 2 to 3 in relative adsorbed amount 

for a given concentration. Such differences compare well to previous literature on 

cesium and strontium uptake in clinoptilolites and other zeolites (15, 18, 25, 30, 

119, 126). The reason for the enhanced affinity of the cesium, is the general low 

energy state of adsorption for large monovalent ions in zeolite ion exchange sites. 

The effect of ion valency is significant, where the divalent strontium will be at a 

higher free energy state than the monovalent cesium (20, 173, 216). Additionally, 

on a mass basis (as given) divalent ions have to exchange with two monovalent 

ions for electron neutrality, and thus total loadings will be lower.  

It is also evident that activated clinoptilolite gives pointedly better 

performance compared to the natural material for both cesium and strontium 
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systems. While differences were not as evident for the 5 ppm kinetic trials (shown 

in Fig. 3.8), as the removal percentage was higher in all cases, enhancements in 

ion exchange capacity are increased with Ce. By initial activation with small 

monovalent salts such sodium (or acid groups), which are weakly bound 

compared to other alkali and earth metals, exchange with larger ions including 

both cesium and strontium are highly energetically favourable (40, 111, 112). 

There is a relatively small difference between salt and acid activated systems, 

although sodium activation performed best for both cesium and strontium 

removal overall.  

  

  

Figure 3.10: Equilibrium uptake per mass of ion exchange resin (mg/g) 
(left, closed symbols) and adsorption percent (right, open symbols) 

versus cesium and strontium salt concentration onto natural and pre-
activated clinoptilolite; a) Cs+ and b) Sr2+. Connecting dashed lines are to 

guide the eye. 

While all reported adsorption tests were completed at neutral pH 

(correlating with pH values encountered during radionuclide removal in industry 

(32)), the influence of pH on the cation exchange capacity was correlated by 

observing changes in pH from H+ uptake for dispersions at different initial pHs. 

Given in the Figure 3.11 shows the percentage removal of H+ for systems at initial 

pHs from 3 – 9. All systems, apart from pH 9 resulted in removal percentages > 
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99%, highlighting similar strong cation exchange behaviour over a broad pH 

range, whereas removal was reduced to < 80% for the pH 9 system, and was 

negligible for higher pH systems. Overall performance is consistent with 

expectations of a significant reduction in performance for high pH conditions, due 

to partial degradation of the clinoptilolite (32). 

 

Figure 3.11: The percentage removal of H+ calculated from the increase in pH, 
for systems at different initial pH after 3 hours 
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Figure 3.12: Langmuir isotherms of equilibrium salt adsorption for a) Cs+ 
and b) Sr2+ onto natural and pre-activated clinoptilolite. Dashed lines 

represent linear fits. 
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Figure 3.13: Freundlich isotherms of equilibrium salt adsorption for a) Cs+ 
and b) Sr2+ onto natural and pre-activated clinoptilolite. Dashed lines 

represent linear fits. 

Langmuir and Freundlich theoretical models were applied to the 

equilibrium adsorption data for both the natural and activated clinoptilolite. The 

Langmuir model is based on the assumption that each active site of the 

homogenous surface is occupied by only one molecule, where the energy of 

adsorption is constant and independent of surface coverage (15, 18, 21, 31, 105, 

132). Meanwhile, the Freundlich model considers that adsorption takes place on 

a heterogeneous surface with non-uniform distribution of adsorption energy, 

which decreases logarithmically with increasing coverage (15, 21, 59, 103, 107, 

127, 245). The results of the Langmuir model fits are presented in Figure 3.12, in 

the linear form (where Ce/qe is plotted against Ce) for a) cesium and b) strontium 

adsorption. Similarly, the Freundlich fits are presented in Figure 3.13 (logqe 

versus logCe). Additionally, resulting adsorption coefficients from Cs+ and Sr2+ 

data are given in Tables 3.2 and 3.3, for Langmuir and Freundlich models 

respectively. 
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Table 3.2: Langmuir isotherm fit parameters for equilibrium Cs+ and Sr2+ 
adsorption on natural clinoptilolite , as well as salt and acid activated 
clinoptilolite. 

Cs+ 

Material 
Qc 

(mg/g) 
b (dm3/g) R2 

Natural clinoptilolite 67.046 0.007 0.990 

NaCl activated clinoptilolite 140.533 0.030 0.999 

HCl activated clinoptilolite 128.167 0.025 0.999 

Sr2+ 

Material 
Qc 

(mg/g) 
b (dm3/g) R2 

Natural clinoptilolite 35.557 0.002 0.987 

NaCl activated clinoptilolite 51.975 0.021 0.997 

HCl activated clinoptilolite 47.489 0.008 0.987 

Table 3.3: Freundlich isotherm fit parameters for equilibrium Cs+ and Sr2+ 
adsorption on natural clinoptilolite, as well as salt and acid activated 
clinoptilolite 

Cs+ 

Material Kf (mg/g) n R2 

Natural clinoptilolite 0.143 1.585 0.978 

NaCl activated clinoptilolite 0.615 1.863 0.845 

HCl activated clinoptilolite 0.730 2.125 0.924 

Sr2+ 

Material Kf (mg/g) n R2 

Natural clinoptilolite 0.075 1.342 0.969 

NaCl activated clinoptilolite 0.354 2.222 0.932 

HCl activated clinoptilolite 0.451 2.218 0.966 

From Table 3.3, the adsorption capacity (Qc) is more than double for 

cesium adsorption between natural clinoptilolite and NaCl-Clinoptilolite (from ~67 

to 140 mg/g). Values for strontium are considerably smaller and show a reduced 
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enhancement with activation (from ~35 to ~52 mg/g). Additionally, activation 

energies were calculated for cesium and strontium adsorption on the natural and 

pre-activated materials using the derived Langmuir constants for the affinity of 

adsorption (as detailed in the Appendix A, Table A1 and Eq. A1) where energies 

were higher for Sr2+ adsorption, as expected, with significant reductions to both 

Cs+ and Sr2+ values upon activation. Generally, these results are well within 

performance requirements for ongoing nuclear effluent treatment, and suggest 

simple sodium salt pre-activation will enable many lower grade natural 

clinoptilolite ores to be used in nuclear process plants, greatly expanding the 

potential supply sites for future procurement.  

The Freundlich adsorption affinity constants (Kf, from Table 3.3) are 

relatively low in all systems, although again consistent with previous research on 

cesium removal from clinoptilolite (27). Proportionally though, activation leads to 

an even larger increase in performance than for the adsorption capacity 

(increasing Kf by almost a factor of five in all cases). The low concentration 

performance assessment from Freundlich fits must be made with some caution 

however, as R2 values are lower than for the Langmuir model (although still > 0.9 

in most cases). Such differences are similar to trends previously observed, and 

indicates monolayer coverage of the adsorbent occurs with similar chemical 

interaction forces across the ion concentration range (18, 183, 246). 

The effect of particle milling on the performance of clinoptilolite was 

observed by measuring the percentage removal of cesium and strontium salt 

solutions at initial concentrations of 300 and 1500 ppm. The results are presented 

in Figure 3.14, for the natural un-milled material, as well as the salt and acid 

activated material (also un-milled) in comparison to natural milled particles at 

three sieve fractions i) < 53 μm, ii) 53-103 μm and iii) > 103 μm mesh.   

It is clear that milling strongly enhances the uptake of cesium, with 

percentage removal increasing for both initial salt concentrations to around the 

capacity of the activated materials. Uptake also follows the change in size, with 

higher removal for smaller sieve fractions, and is in agreement with the 

understanding that increasing the specific surface area leads to a corresponding 

increase in adsorption sites, promoting enhanced ion exchange with the cations 

(109, 235, 236). To quantify the effect of surface area to a greater degree, the 

adsorption data for the milled fractions was reanalysed, giving the adsorbed 

percentage for the same initial salt concentrations of 300 and 1500 ppm, in terms 

of the calculated specific surface areas, for each fraction, as given in Figure 3.15. 
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Data for the salt activated clinoptilolite is also presented in terms of its associated 

specific surface area. 

It is evident from Figure 3.15a that, as expected, there is a similar linear 

increase in adsorbed amount of cesium with the surface area of the clinoptilolite, 

at both concentrations. Interestingly also, this relationship appears to hold for the 

activated clinoptilolite, which has a slightly larger surface area than the smallest 

milled fraction with corresponding increase in adsorption for the 1500 ppm 

solution (for the 300 ppm solution, both the smallest sieve fraction and activated 

sample achieve 100% removal). This trend highlights that for cesium, both milling 

and pre-activation may lead to significant increases in adsorption sites with 

similar enhancements to material performance.  
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Figure 3.14:Total adsorption percent for different clinoptilolite treatments 
(acid and salt activation, as well as three milled fractions) at two different 

initial salt concentrations, in comparison to the natural mineral; a) Cs+ and 
b) Sr2+. 
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Figure 3.15: Adsorption percent versus specific surface area for the 
different mill fractions, as well as salt activated clinoptilolite at two 
different initial salt concentrations; a) Cs+ and b) Sr2+. Dashed lines 

represent linear fits to the milled fractions 

For strontium adsorption (Figure 3.15b), the increase in adsorption with 

surface area of the milled fractions is much less pronounced. Indeed, for the 1500 

ppm concentration (which is well beyond concentrations relating to the maximum 

equilibrium adsorption) almost no increase in capacity is observed until the very 

highest milled surface area. It is clear also that the effect of pre-activation on 

adsorption is greater than milling, for equivalent specific surface areas. As 

clinoptilolite has interstitial ion exchange sites, making it ionically porous to some 

degree, decreasing particle size through milling will lead to an increase in the 

number of these exposed interstitial sites, as well as the external surface area 

(19). However, for strontium, the influence of contamination present in the non-

activated samples dominates interaction behaviour, and it is clear that milling the 

material, while increasing the active surface area, does not remove the influence 

of these contaminants. For example, it appears that the potassium and iron 

minerals observed with EDX (Figs. 3.3 and 3.4) may be prevalent throughout the 

clinoptilolite, and while they will not influence the adsorption of cesium to a high 

degree (as cesium has higher relative affinity) they appear to continue to disrupt 

the adsorption of strontium. Thus, the number of available adsorption sites 

remains low (19, 247) and the effect of pre-activation is much more pronounced 

(as it will lead to the removal of the ionic contaminants, such as the potassium). 

Therefore, in order to increase the Sr2+ adsorption performance, it would be 
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suggested to couple particle milling with salt or acid activation. It is further noted, 

that the milled clinoptilolite would be too small for a vertical column ion exchange, 

as decreasing the particle size will lead to high pressure loss and reduce column 

performance (59, 248, 249). Nevertheless, it would be extremely useful for batch 

adsorption in a rapid contact mixing tank, where the waste could then be easily 

dewatered using flotation, for example (49, 55, 56, 163, 166, 183, 250). 

3.4.4 Effect of ion competition on adsorption  

The effect of simulated seawater (containing K+ at 380 ppm, Na+ at 10556 

ppm and Ca2+ at 400 ppm) on the adsorption of Cs+ and Sr2+ with natural and 

pre-activated clinoptilolite is presented in Figure 3.16. Here, ion removal 

performance is shown in terms of the distribution coefficient (Kd) as defined in Eq. 

2.10.  

 

Figure 3.16: The distribution coefficent (Kd) for 5 ppm Cs+ and Sr2+ 
solutions in deionised water and in a simulated seawater, with 

represenative concentrations of K+ (380 ppm), Na+ (10556 ppm) and Ca2+ 
(400 ppm). Data shown for natural and pre-activated clinoptilolite. 
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as occurring currently at Fukushima. It is evident from Fig. 3.16 that the Kd of 

cesium and strontium from all systems reduces significantly in seawater 

conditions. Given the relatively low affinity of Na+ and Ca2+ to clinoptilolite (37), it 
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strontium (37), its influence on strontium adsorption in seawater is comparatively 

greater (with Sr2+ distribution coefficients for activated clinoptilolite reducing by 

two orders of magnitude, in comparison to one order for Cs+).  

To further investigate the reduction of Cs+ and Sr2+ adsorption due to ion 

competition, distribution coefficients were measured for natural and activated 

clinoptilolite materials, in solutions of increasing competing ion concentration 

from 5 up to 4000 ppm (using mixtures of K+, Na+ and Ca2+ ions in a 1:1:1 ratio) 

with Cs+ and Sr2+ held at 5 ppm. Results, given in terms of the concentration of 

competing ions, are shown in Figure 3.17. Similar to Fig. 3.16, clear reductions 

to the distribution coefficient Kd are observed for both cesium and strontium 

systems, in a power law relationship with competing ion concentration. Indeed, 

direct measurement of K+, Na+ and Ca2+ uptake from the saline solution could 

also be measured simultaneously with the AAS technique, and are reported in 

the Figure 18. It is observed that ionic affinity follows the expected trend at all 

solution concentrations of Cs+ > K+ >Sr2+ > Na+ > Ca2+, and while the general 

affinity for cesium to clinoptilolite is still above that of potassium (37), the much 

larger concentration of the latter will dominate surface interactions as the saline 

solution concentration increases. Interestingly, the exponent gradients for all 

activated clinoptilolite with cesium and strontium are similar, as interactions are 

dominated by the competing potassium ions, due to the low 5 ppm level of Cs+ 

and Sr2+. Exponents are also higher for the activated clinoptilolite than the natural 

material, as activation with either sodium or acid will similarly enhance adsorption 

of potassium, due to its high affinity, and therefore it is apparent that activation 

by itself cannot reduce salinity effects in clinoptilolite. Evidence of K+ dominancy 

in comparison to Na+ and Ca2+ have also been found in previous research studies 

(33, 38, 251, 252).  
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Figure 3.17: The distribution coefficent (Kd) for 5 ppm of Cs+ and Sr2+ 
solutions in different concentrations of K+, Na+, Ca2+ (1:1:1 ratio of each) 

from 5 to 4000 ppm. Data shown for natural and pre-activated 
clinoptilolite. Dashed lines represent log-log fits. 

 

 

Figure 3.18: The distribution coefficient (Kd) for 5 ppm of Cs+ and Sr2+ as well as 
variable concentrations of K+, Na+, Ca2+ (1:1:1 ratio of each) from 5 to 4000 ppm 

with natural clinoptilolite. Dashed lines represent log-log fits 
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3.5 Summary 

This study investigated the use of acid and sodium chloride activation, as 

well as particle milling, to increase the performance of relatively low-grade 

clinoptilolite for removing cesium and strontium ions from nuclear effluents. The 

natural ore was characterised using STEM-EDX and XRD, where regions of high 

potassium ion contamination and iron based impurities were evident that 

correlated to areas of lower cesium and strontium uptake. Changes to 

clinoptilolite zeta potentials with cesium and strontium adsorption indicated 

heterogeneous surface interactions occurring, driven both by ion exchange from 

interstitial sites and electrostatic surface attraction, although there was no 

evidence of separate two-site adsorption mechanisms.  

Adsorption kinetics of natural and pre-activated materials in 5 ppm Cs+ 

and Sr2+ salts were fitted using a Pseudo-Second Order model with the average 

linear regression (R2) ~ 0.99 in all cases. While activation increased the initial 

adsorption rate of both cesium and strontium, the overall rate constant (k2) was 

only enhanced in cesium systems, due to the general low affinity of the strontium. 

Equilibrium isotherms were compared with Langmuir and Freundlich monolayer 

models, with the former providing closer fits. The Langmuir adsorption capacity 

(Qc) for cesium was increased by over 100% in sodium activated clinoptilolite 

(from ~67 to 140 mg/g), while values for strontium were considerably smaller with 

a lower enhancement with activation of ~50% (from ~35 to ~52 mg/g).  

Additionally, the effect of milling was observed to give a similar increase in 

performance to activation for cesium removal, with a strong linear dependency 

between adsorbed amount and overall specific surface area, where a 

combination of these two techniques will likely to lead to a much greater ion 

exchange capacity. The influence of contaminants on strontium removal in milled 

fractions was notably more significant, which reduced relative adsorption in 

comparison to associated surface area increases on un-activated samples. The 

influence of ion competition on adsorption was also investigated, using solution 

mixtures of Na+, Ca2+ and K+, to represent seawater type solutions. The 

distribution coefficients (kd) of both cesium and strontium were significantly 

reduced, with the magnitude of reduction directly proportional to the 

concentration of competing ions (from power-law fits) while pre-activation actually 

led to a more critical drop-off in uptake. Collectively, these results highlight that 

pre-activation and milling could be used to considerably extend the range of 

natural clinoptilolite ores suitable for nuclear treatment processing of relatively 
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fresh water effluents, but for high saline waters, modern synthetic products will 

still be required.
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Chapter 4 The effect of cationic surfactants on improving 

natural clinoptilolite for the flotation of cesium 

 

4.1 Synopsis 

It is noted that some of contents may similar to previous chapters to help 

understanding the chapter study. 

Flotation using cationic surfactants has been investigated as a rapid 

separation technique to dewater clinoptilolite ion exchange resins, for the 

decontamination of radioactive cesium ions (Cs+) from nuclear waste effluent. 

Initial kinetic and equilibrium adsorption studies of cesium, suggested the large 

surface area to volume ratio of the fine zeolite contributed to fast adsorption 

kinetics and high capacities (qc = 158.3 mg/g). Adsorption of 

ethylhexadecyldimethylammonium bromide (EHDa-Br) and cetylpyridinium 

chloride (CPC) surfactant collectors onto both clean and 5 ppm Cs+ contaminated 

clinoptilolite was then measured, where distribution coefficients (Kd) as high as 

10,000 mL/g were evident with moderate concentrations CPC. Measurements of 

particle sizes confirmed that adsorption of surfactant monolayers did not lead to 

significant aggregation of the clinoptilolite, while < 8% of the 5 ppm contaminated 

cesium was remobilised. Importantly for flotation, both the recovery efficiency and 

dewatering ratios were measured across various surfactant concentrations. 

Optimum conditions were found with 0.5 mM of CPC and addition of 30 µL of 

MIBC frother, giving a recovery of ~90% and a water reduction ratio > 4, 

highlighting the great viability of flotation to separate and concentrate the 

contaminated powder in the froth phase.  

 

4.2 Introduction 

This chapter investigates how fine, powdered ion exchange resins may be 

used in large batch processes as adsorbents, and recovered using froth flotation, 

as an alternative to their use in ion exchange columns.  

It is noted that powdered mineral adsorbers can be recovered using 

gravitational sedimentation, when combined with co-precipitation methods to aid 

separation rates (43-45) such as in cesium removal (54, 253). Unfortunately, 
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solid-liquid dewatering rates of these types of sludges is slow, resulting in 

voluminous secondary wastes that are difficult to treat themselves. Therefore, to 

overcome these issues, flotation is investigated in this chapter as an alternative 

process to separate fine and highly efficient powdered ion exchange material, 

with greater dewatering factors and considerably smaller residence times than is 

possible from gravitational sedimentation (46, 47, 253). 

Flotation is commonly used in a number of applications, either for removing 

heavy metal ions, to separate minerals from gangue material or simply as a rapid 

technique to dewater suspensions, where the concentrated sludge fraction is 

removed along with the froth (77, 154-156, 162). Particle or aggregate flotation is 

based on the removal of solids through adsorption onto foam interfaces, by using 

surface active agents (surfactants) as collectors to modify particle contact angles 

(48, 77, 155, 156, 161-165). In order to achieve a successful flotation process, 

the selection of a suitable collector is required in order to maximize the 

hydrophobicity of the particles to ensure strong adsorption to bubble interfaces 

(56, 163, 165-167). Often, a separate frother additive is also used, such as methyl 

isobutyl carbinol (MIBC), to obtain rapid flotation with fine bubbles (56, 154, 163). 

There are many industrial sectors that use flotation as an engineering 

solution, such as minerals processing, wastewater treatment and paper recycling, 

while it is a technique of increasing interest for nuclear effluent treatment (30, 46, 

77, 154-156, 160, 162, 163, 166, 167, 254-257). In terms of its application in 

nuclear related fields, ion flotation and combined co-precipitation methods have 

been used to remove radioisotopes of cesium, strontium and cobalt, while fine 

particle flotation has been used for the separation of soils and as part of nuclear 

wastewater treatment processes (30, 48-54). It has also been demonstrated 

recently as a viable technique for the separation of cesium contaminated colloidal 

clays (55, 56).  

Given the evidence that flotation can be used as a successful technique 

for nuclear effluent treatment from previous research, it is perhaps surprising 

there has been no previous specific studies into its use to separate contaminated 

clinoptilolite, although previous work by Walcarius et al. (183) into the flotation of 

lead-adsorbed faujasite highlights its potential in similar systems. However, there 

are some significant questions that remain into the potential viability of this 

process. Perhaps most importantly, is the potential for adsorption of surfactant 

collectors to remobilise and remove contaminated radioisotopes that have been 

adsorbed, and additionally, whether the effect of ion contamination reduces the 
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interaction of the collectors and thus flotation removal. Also, for flotation to be 

considered for rapid dewatering, the process needs to be optimised to not only 

maximise recovery, but also reduce water carry-over in the froth phase, to ensure 

good dewatering ratios.  

Therefore, in this study, the flotation performance of cesium contaminated, 

fine clinoptilolite is investigated. The type of material processed, is based upon 

post-adsorption ion exchange powder, utilised for the removal of radioisotopes 

from nuclear effluents in batch contact tanks. Two cationic surfactants 

(Ethylhexadecyldimethylammonium bromide and Cetylpyridinium chloride) are 

used as collectors, where their adsorption density and structure is measured on 

both clean and contaminated material. The flotation recovery of the contaminated 

clinoptilolite is optimised by varying both collector concentration and through the 

addition of MIBC frother, where importantly, both flotation removal and 

dewatering ratio are measured. 

 

4.3 Experimental 

4.3.1 Materials 

Natural clinoptilolite was supplied from Fluorochem as a nominal ~ 7 µm 

powder (product code S25114). The natural clinoptilolite used in this chapter was 

different to that used in Chapter 3. Because of the limitation of research time, fine 

pre-milled clinoptilolite was used, which was assumed to have a high specific 

surface area. Cesium chloride (CsCl) Analytical Grade with purity ≥ 99.0% was 

purchased from Sigma-Aldrich. For surfactant adsorption and flotation studies, 

two cationic surfactants were selected; Ethylhexadecyldimethylammonium 

bromide (EHDA-Br) and Cetylpyridinium chloride (CPC) supplied by Merck 

Millipore and Sigma-Aldrich, respectively. EHDA-Br has previously been used for 

the flotation of cesium contaminated clays (56), while CPC is an ammonium 

based cationic surfactant of the same chain length with a pyridine head group, 

and has been used previously to float metal ions (49, 78, 183). Methyl isobutyl 

carbinol (MIBC) with purity ≥ 99.0% (Sigma-Aldrich) was used as a frother, as 

common in flotation studies (56, 154, 163).   

4.3.2 Particle characterisation 

The zeta potential of 1 wt% of clinoptilolite was measured using a Zeta 

Probe (Colloidal Dynamics) in order to determine the change in surface charge 
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of natural clinoptilolite through adsorption of different concentrations of cesium 

salt. The zeta potential of natural clinoptilolite was found to be -13.575 mV ± 0.881 

mV.Fig. B1 within the Appendix B shows the zeolite particle zeta potential versus 

initial concentration of cesium ions, where it is evident that although the potential 

becomes lower in magnitude with Cs+ adsorption, it remains negative under all 

concentrations. This result infers cationic surfactants will interact strongly with the 

surface across a wide range of cesium contaminations.  

To analyse the powder structure, a TM3030 (Hitachi Ltd.) bench top 

scanning electron microscope (SEM) was used to image the clinoptilolite powder, 

as shown in the Appendix B (Fig. B2) at two scales. The powder presents itself 

as irregular shaped crystals, consistent with crushed zeolite minerals from other 

studies (18, 20, 21, 24, 28, 31, 34, 36, 106, 246). Sizing from SEMs suggested 

all particles were < 30 µm, in agreement with supplier specifications. The 

Brunauer–Emmett–Teller (BET) particle surface area was determined with a 

Tristar 3000 (Micrometrics) using the same procedure as outlined in previous 

research. The resultant surface area was measured as 44.7 m2/g, which is 

consistent to that of < 53 μm milled clinoptilolite particles previously characterised 

in Chapter 3. Unlike in Chapter 3, the EDX analysis was not conducted because 

the cesium deposition in the  clinoptilolite was assumed to be similar to the 

previous chapter. 

4.3.3 Cesium adsorption on clinoptilolite 

To measure adsorption kinetics, cesium chloride (CsCl) stock solution (1 

M) was diluted with Milli-Q water at neutral pH (which tends to a pH of ~6.5) to a 

nominal initial concentration of 5 ppm, in line with previous studies on cesium 

adsorption (55, 242). The 5 ppm solution was then filled into a polypropylene 

conical centrifuge tube. Polypropylene tubes were used in order to prevent Si 

contamination from glassware and also potential of Cs+ adsorption onto the 

tubes, as evidenced in an earlier study (82). Then, natural clinoptilolite was 

dispersed into the solution at a fixed 20 g/L solid/liquid ratio. All suspensions were 

then placed on an orbital shaker at 150 rpm (at room temperature) for different 

times from 30 min until 48 hours. The suspensions were then centrifuged using 

a Heraeus Megafuge 16R (Thermo-Scientific) for 10 min at 7000 rpm, and the 

separated supernatants were decanted using a 20 mL syringe with 0.3 µm filter. 

Cesium concentrations from extracted supernatants were measured using a 

240FS Atomic Absorption Spectrophotometer (AAS) (Varian-Agilent) utilising a 
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cesium lamp set with a wavelength of 459.3 nm (suitable for concentrations from 

5 – 4000 ppm). 

The amount of Cs+ adsorbed by clinoptilolite at different specific times was 

determined from AAS measurements in terms of the relative kinetic adsorption 

amount, qt (mg/g) and removal percent, using the methodologies described within 

the Chapter 3, Sub Section 3.3.4 (Eqs. 3.1-3.2). Adsorption kinetic fits were 

determined using the Pseudo Second Order (PSO) rate model to derive the 

adsorption rate constant (k2) and the initial rate of adsorption (h) (see Chapter 2, 

Section 2.3, Eq. 2.9). 

For the equilibrium adsorption study, 1 M CsCl stock solution was diluted 

with Milli-Q water at neutral pH in order to get various initial concentrations from 

5 ppm up to 4000 ppm with a solid/liquid ratio fixed at 20 g/L. All suspensions 

were then placed on an orbital shaker for 48 hours, with supernatants being 

extracted and analysed by AAS as described above. Equilibrium data was fitted 

with both Langmuir and Freundlich isotherm monolayer adsorption models (see 

Chapter 2, Section 2.3, Eqs. 2.11-2.12). 

4.3.4 Surfactant adsorption at the air-liquid and solid-liquid surface 

The two cationic surfactants were prepared in different concentrations from 

0.01 mM to 20 mM. To obtain desired concentrations, 1 M of EHDA-Br and CPC 

solutions were diluted with Milli-Q water at neutral pH. The solutions were then 

analysed using a Theta Optical Tensiometer (Biolin Scientific) in order to measure 

the air-water surface tension via droplet profiling. The instrument was housed in 

a temperature-controlled chamber (20 °C +/- 0.5 °C) and a constant droplet size 

(~10 µL) was used for all experiments. Surface tension versus surfactant 

concentration data were also fitted to the Langmuir monolayer model, for 

concentrations below the critical micelle concentration, given in Eq. 4.1. 

𝜸 = 𝜸𝟎 + 𝑹𝑻𝜞𝒎𝒂𝒙𝐥𝐧 (
𝟏

𝟏+𝑲𝑪
) (4.1) 

Here, γ (N/m) is the fitted surface tension for a specific surfactant initial 

concentration, C (M), γ0 is the surface tension of the pure solvent, R is the 

universal gas constant (8.315 J/mol.K), T is system temperature (293.15 K), while 

Γmax is the maximum surface coverage of surfactant (mol/m2) and K is the 

equilibrium constant (M-1) (258, 259). Model fits were obtained numerically by 

minimising the error between theoretical calculated values of surface tension and 

measured readings using MS Excel SolverTM, with Γmax and K the independent 
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variable parameters. The goodness of fit was determined using the R2 (‘RSQ’) 

function. 

Surface tension tests were also used to measure the amount of cationic 

surfactant adsorbed onto both natural and pre-contaminated clinoptilolite (which 

had been initially mixed with 5 ppm of Cs+ for 24 hours before separation, 

washing and drying by using Eqs. 2.10 and B1). After mixing different 

concentrations of both surfactants with 20 g/L clinoptilolite suspensions for 24 

hours, the clear supernatants were extracted and filtered to remove any particles, 

as described above in Sub Section 4.3.3. The surface tension of these 

supernatant solutions was then measured and compared to the Langmuir fits of 

the pure surfactants to determine the concentrations after adsorption (via back-

calculation), and thus importantly, the amounts adsorbed. Additionally, a control 

supernatant solution from surfactant-free dispersions was examined to determine 

the contribution of any fine nanoparticles (< 200 nm) that may possibly have been 

left in the supernatant solution. The measured surface tension was ~72.8 mN/m, 

and thus close to the expected value for pure water-air, confirming minimal 

influence on measured values (260, 261). 

Additionally, the influence of surfactant adsorption on particle stability was 

assessed by measuring the particle size distribution of 5 ppm Cs-contaminated 

clinoptilolite (at 20 g/L) with different concentrations of both cationic surfactants 

(from 0.01 mM to 20 mM). The suspensions were mixed on an orbital shaker at 

15 rpm (at room temperature) for 24 hours, before being placed in Grant XUBA3 

ultrasonic bath for 5 minutes in order to fully disperse. Suspensions were then 

analysed using a Mastersizer 2000E laser diffractometer (Malvern Panalytical 

Ltd).  

4.3.5 Flotation experiments 

Flotation experiments were performed by adding 3 g of dried 5 ppm Cs-

contaminated clinoptilolite into a laboratory-scale flotation cell (column diameter 

and height: 65 mm and 97 mm) as utilised in a previous study by the authors (55, 

56). Foam was generated from direct injection of air through a sintered glass plate 

with micron-sized pores (see Appendix B, Fig. B3). Different concentrations of 

the cationic surfactants, from 0.01 to 20 mM, were added into the cell, with the 

solid/liquid ratio fixed at 20 g/L (which corresponds to a ~0.9 vol.% pulp 

concentration or 2 wt.%).  The agitation of the suspension was provided by an 

overhead stirrer, with a 0.75 inch, 4-blade, 45° pitched impeller rotating at 300 

rpm for 5 minutes. The air flowrate was fixed at 0.2 L/min. To measure the 
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material separated in the froth, the overhead stirrer was reduced to 100 rpm for 

10 minutes and 50 µL of MIBC frother was added to the suspension (which is a 

similar amount to that previously reported for the flotation of Cs-contaminated 

clays (55, 56)) while the air flowrate was increased to 0.7 L/min. The change from 

low to high gas flow rate was performed to increase the interfacial area and 

turbulence at the interface, generating effective contact of the particles in the froth 

(195). The froth containing recovered Cs+ contaminated clinoptilolite was 

collected into a 400 mL beaker, before being dried at 100 °C and weighed in order 

to study the recovery (see Equation 2.15 in Sub Chapter 2.4.2). The process was 

conducted in batch system, in which the flotation cell dimension, air flowrate, the 

rotating stirrer speed and stirring time are similar to previous work for the flotation 

of Cs-contaminated clay (55, 56). The volume of the remaining liquid fraction was 

measured, in order to calculate water reduction ratio, as given in Equation 2.14 

in Sub Chapter 2.4.2.  

Additionally, in order to study the effect of varying frother concentration, 

the same process was repeated with a fixed concentration of cationic surfactant 

and variable added frother volume up to 50 µL. The effect of variable cesium 

contamination was also studied, using clinoptilolite prepared by repeating the 

same procedure from Sub Section 4.3.4, where initial cesium concentration was 

varied from 5 – 1000 ppm. Then, flotation extraction was repeated using a fixed 

concentration of CPC type surfactant and the addition of the optimal frother 

volume.  

 

4.4 Results and discussion 

4.4.1 Cesium adsorption onto clinoptilolite 

Initial batch ion adsorption experiments were conducted to understand 

both the equilibrium adsorption of cesium on the clinoptilolite and its adsorption 

kinetics. The equilibrium adsorption data is given in Fig. 4.1, presented in terms 

of the equilibrium Cs+ concentration, along with associated Freundlich and 

Langmuir monolayer fits (for details for fitting, see Appendix B, Fig. B4 and Table 

B1).  
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Figure 4.1: Equilibrium clinoptilolite adsorption of cesium at various 
concentrations with Langmuir (dashed line) and Freundlich (dotted line) 

model fits. 

The performance of the clinoptilolite at removing cesium compares very 

favourably to other research on similar materials (18, 20, 24, 30, 31, 105). In fact, 

cesium adsorption capacity is about twice that of unmodified clinoptilolite sourced 

from a different supplier that was used by in Chapter 3, Sub Section 3.4.3, 

highlighting likely low levels of ion-contamination in the zeolite (which was shown 

to reduce adsorption with the other material). Secondly, its strong performance is 

also likely due to its small particle size (< 30 µm) giving a large surface area to 

volume ratio (and thus a relative increase in surface exchange sites), where it 

has also been shown previously in Chapter 3, Sub Section 3.4.3 that milling low-

grade clinoptilolite to smaller sizes with a similar surface area considerably 

increased its capacity . It is noted that as clinoptilolite is generally used as bead 

material in ion exchange columns, the usable size range is much larger (with 

associated lower surface to volume ratio). Therefore, if flotation can be used as 

a viable rapid separation method for such fine particles, it represents a much 

more efficient processing route, from a material perspective.  

In order to study how the adsorption takes place, theoretical Langmuir and 

Freundlich model fits were applied to the data (see Appendix B, Fig. B4). The 

Langmuir model is based on a homogenous surface where only one molecule 

occupies each active site. Alternatively, the Freundlich model considers that 

adsorption takes place on a heterogonous surface with non-uniform distribution 

of adsorption energy. Based on these figures, the equilibrium data was fitted most 
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appropriately with the Langmuir model (higher R2 value, see Appendix B, Table 

B1) indicating that adsorption occurs as a monolayer with similar adsorption 

energies, which is again similar to results found in other work on zeolites (18, 31, 

126) 

The kinetics for an initial Cs+ concentration of 5 ppm is shown in the 

Appendix B (Fig. B5) with adsorption given in terms of both relative adsorbed 

amount, qt (mg/g) and percentage of initial concentration adsorbed over time. 

Data was fitted using the linear pseudo second order (PSO) rate model (see 

Appendix B, Fig. A5). It is observed that adsorption reaches an equilibrium 

plateau within 360 mins (6 h) which is consistent with previous studies on similar 

systems. Based on Appendix B, Fig. B6, the R2 of the PSO fit was 0.99, where 

the adsorption rate constant determined is shown in Appendix B, Table B2. The 

kinetics data is consistent to previous research on ion exchange resins, where 

adsorption was also fitted accurately using a PSO model (30). Data also suggests 

that the smaller particle size of the powdered zeolite used in this study leads to 

fast kinetics from the PSO rate constant (k2 equalled 0.516 g/mg.min, as given in 

Appendix B, Table B2) which is higher than natural clinoptilolite values generally 

found in previous research (e.g. 0.0015 (30) and 0.163 g/mg.min from Chapter 3, 

Sub Section 3.4.2) and also consistent with acid activated clinoptilolite of a similar 

surface area (0.472 g/mg.min) from Chapter 3, Sub Section 3.4.2. The PSO fit 

also indicates that the reaction is more inclined towards chemisorption at 

exchange sites, where the forces involved are valence forces of the same kind 

as those operating in the formation of chemical compounds (18, 146, 230, 262). 

4.4.2 Surfactant adsorption at the solid-liquid and air-liquid surface 

The particle size distribution of Cs-contaminated clinoptilolite with different 

surfactant concentrations of EHDa-Br and CPC, was measured to highlight any 

potential issues of surfactant adsorption on dispersion stability, as presented Fig. 

4.2.  
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Figure 4.2: Clinoptilolite particle size distribution with different surfactant 
concentrations of a) EHDA-Br and b) CPC. 

It is evident that neither surfactant causes a major shift in particle size, 

although both produce a small, consistent, increase as concentration is varied. 

The median size (d50) of natural clinoptilolite is 8.5 µm. Meanwhile, d50 of 5 ppm 

Cs+ contaminated clinoptilolite is 8.9 µm, which increases to 10.0 µm in 20 mM 

EHDa-Br. Similarly, the d50 of Cs-contaminated clinoptilolite is 10.5 µm in 20 mM 

CPC surfactant. Despite the minor differences in d50, there is a more significant 

increase in polydispersity of the systems, and an additional shoulder at larger 

particle sizes, which is likely associated with clinoptilolite agglomeration. As the 

cationic hydrophilic head group of the surfactant adsorbs onto the anionic particle 

surface, it should lead to the particles having greater hydrophobicity at monolayer 
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coverage (from the hydrophobic tail group) and thus a greater surface energy in 

the water environment, reducing stability. While changes to particle surface 

energy from surfactant adsorption do not appear great enough to cause large-

scale flocculation, it does not necessarily indicate that it is not sufficient for 

flotation. Indeed, it is known that particles can stabilise foam/froth interfaces with 

contact angles in the order of 60 – 70° (56, 165) where partially hydrophobic 

particles in this range are largely stable in water (263). Therefore, large increases 

in size would perhaps not be expected, but the changes observed do infer 

substantial surfactant adsorption does occur (100, 104, 131).  

The equilibrium air-water surface tension of EHDA-Br and CPC surfactants 

is shown in Fig. 4.3, a) and b) respectively. Also given are associated Langmuir 

fits (using Equation 4.1) that considers monolayer adsorption of surfactant at the 

air-water interface to a given maximum coverage (Γmax) associated with the 

critical micelle concentration (CMC) (168, 258, 259, 264, 265). The CMC for both 

surfactants was found experimentally to be similar, at ~0.85 mM which is close to 

values reported in literature (EHDA-Br = 0.8 mM and CPC = 0.84 mM) (156). 

Additionally, the fitted Γmax values were 3.85 × 10-6 mol/m2 for CPC and 4.48 × 

10-6 mol/m2 EHDA-Br, which are also consistent with previous studies on CPC 

and other similar cationic surfactants (266, 267). Furthermore, the R2 values for 

the Langmuir fits were > 0.97 with both surfactants, giving confidence that they 

represented reliable models. 

  

Figure 4.3: Air-water surface tension versus surfactant concentration ; a) 
EHDA-Br and b) CPC. Dashed lines represent Langmuir surfactant 

monolayer fits (Eq. 4.1). 

The surface tension of mixed surfactant-clinoptilolite systems is shown in 

Fig. 4.4, with respects to the pure surfactants, for clean clinoptilolite and material 

contaminated with 5 ppm Cs+. A cesium concentration of 5 ppm was used 
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because the actual radioactive waste concentration of cesium is considered to be 

very low, and often less than 5-10 ppm (1, 32, 37, 121).  Again, it is noted that 

the surface tension data for these mixtures represents that of the clear 

supernatants of centrifuged pre-mixed suspensions, and thus indicates the 

concentration of non-adsorbed surfactant remaining in the system (268). It is 

evident that the surface tension of clinoptilolite mixed systems is significantly 

higher at low to moderate additions of either surfactant than the pure solutions, 

suggesting adsorption onto the clinoptilolite has substantially depleted the free-

surfactant from the system, resulting in higher measured values. It also appears 

that the CPC performs better on Cs-contaminated clinoptilolite, as the surface 

tension response is almost identical to the uncontaminated system, while values 

for the EHDA-Br surfactant are measurably lower with cesium contamination. In 

addition, if the cesium contaminated is increased, the surface tension will 

potentially increase, because the presence of the metal ions may reduce the 

hydrophobicity of the surfactant and affect its adsorption, as explained in Olesen 

et al. (269). 
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Figure 4.4: Surface tension of pure EHDA-Br and CPC surfactants , as well 
as that of the depleted liquid after adsorption onto natural clinoptilolite 

and 5 ppm Cs+ contaminated clinoptilolite, from different initial surfactant 
concentrations; a) EHDA-Br and b) CPC. Connecting dashed and dotted 

lines are to guide the eye. 

Surface tension values for the mixed surfactant-clinoptilolite systems (from 

Fig. 4.4) were converted to surfactant concentration using the Langmuir fits of the 

pure systems (Fig. 4.3). Then, the amount of surfactant adsorbed was calculated 

from the difference to the initial concentration added. Results are presented for 

both EHDa-Br and CPC in Fig. 4.5, a) and b) respectively, in terms of the 

distribution of coefficient (Kd) and the percent of surfactant adsorbed (%) from 

natural clinoptilolite and Cs-contaminated material, based on the equilibrium 

concentrations of surfactant. These values were calculated using the Eq. 2.10 

and Eq. B1 in Appendix B (23, 252) 
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Figure 4.5: Surfactant adsorption onto natural clinoptilolite and 5 ppm Cs+ 
contaminated clinoptilolite from different initial surfactant concentrations, 

shown in terms of the distribution coefficient, Kd (mL/g) (LHS) and 
adsorbed percent (RHS) versus equilibrium concentration; a) EHDA-Br 
and b) CPC. Connecting dashed and dotted lines are to guide the eye. 

From Fig. 4.5, both natural and contaminated clinoptilolite are seen to 

adsorb significant amounts of either surfactant, as Kd increases by two orders of 

magnitude with initial surfactant concentration. At intermediate concentrations 

above the peak in Kd, there is a gradual reduction in the percentage for surfactant 

adsorbed (which is accentuated in Kd, due the relatively high solids ratio of 20 

g/L). Above an equilibrium surfactant concentration of ~0.1 times the CMC, the 

adsorbed percent more rapidly decreases, suggesting a plateau in the adsorbed 
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amount, although delineation between concentration regimes is not clear. It is 

noted that these equilibrium surfactant values are low, due to the high percentage 

of initial surfactant adsorbing for low to moderate concentrations.  

The gradual reduction in adsorption percent above the peak Kd values is 

likely firstly because of increased competition for surface sites, as the number of 

surfactant molecules increases. It is common for small molecules and ions that 

the fraction of adsorbed species will reduce with concentration, even as the total 

adsorbed amount increases. Indeed, the adsorption behaviour of these surfactant 

species is complex, due to the formation of a bilayer (or admicelle) at the solid 

surface (156, 165) which produces an eventual plateau in adsorbed amount. 

Once a monolayer of surfactant has formed, hydrophobic interactions between 

monomers start increasing, leading to further adsorption occurring with the 

surfactant head-groups facing both toward the substrate and the solution. Once 

the admicelle structure has fully formed (which usually occurs below the CMC) 

there will be no additional interaction between the surfactant and clinoptilolite, as 

both the surface bilayer and solution micelles will be cationic (156, 165, 270). It 

is also evident quantitatively that the adsorption of EHDA-Br is much more 

reduced with Cs-contaminated clinoptilolite, whereas very little difference is 

observed with CPC. It is known from Appendix A, Fig. A10 that Cs+ adsorption 

will reduce the magnitude of the surface charge, while Cs+ ions will also occupy 

potential surfactant adsorption sites. As there is no significant reduction of 

adsorption with CPC for the same level of cesium contamination, it would suggest 

that the reduction in surface charge is more detrimental to EHDA-Br adsorption 

than CPC. 

Additionally, it is important to understand whether adsorption of surfactant 

onto the contaminated zeolite causes some of the Cs+ ions to be removed from 

exchange sites (which is possible if there is a sufficient difference in adsorption 

energies). Any remobilisation of Cs+ ions may mitigate the use of surfactant 

enhanced flotation as a rapid separation technique. To study this effect, the 

amount of mobile Cs+ was measured in the supernatants of mixed suspensions 

of surfactant with 5 ppm Cs-contaminated clinoptilolite (noting from Appendix Fig. 

B4, that initial removal of this concentration is > 99%). Fig. 4.6 presents these 

results for both surfactants, in terms of the total measured remobilised Cs+ 

amount (in ppm) and percentage of the initial 5 ppm dose, using Appendix A, Eq. 

A2. The amount of Cs+ remobilised into the supernatant does increase for both 

surfactants up to the adsorption plateau around the CMC. Due to the stronger 

interaction of the CPC (shown in Fig. 4.5) the amount of Cs+ ions remobilised is 
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also correspondingly slightly greater than for EHDA-Br. However, given that the 

maximum removed Cs+ was < 8% with both surfactants, it is clear co-adsorption 

is energetically preferred, and such losses are not thought to be detrimental to 

the industrial viability of the process.  

 

Figure 4.6: The remobilised concentration of Cs+ removed from 
clinoptilolite through adsorption of surfactant for different initial 

concentrations, shown as removed ppm from an initial 5 ppm Cs+ solution 
(LHS) and percent removal (RHS). Dashed lines are to guide the eye 

4.4.3 Flotation experiments 

Fig. 4.7 presents both the recovery and water reduction ratio for the 

flotation of 5 ppm Cs+ contaminated clinoptilolite, as surfactant concentration is 

varied for a) EHDA-Br and b) CPC. Recovery was calculated according to 

Appendix A, Eq. A3 (48) and the water reduction ratio with Eq. 4.2 (196). Systems 

with and without the addition of 50 µL MIBC frother are both included. At low 

concentrations of either surfactant, there is insufficient adsorption onto the 

contaminated clinoptilolite to enhance particle contact angles to promote a high 

degree of recovery. As surfactant concentrations increase to around monolayer 

coverage, the recovery increases in both cases. Also, both surfactants recover 

greater levels of contaminated clinoptilolite with the addition of frother, due to the 

presence of MIBC increasing the number and stability of bubbles in the froth (164, 

191, 196). By increasing the air flowrate, the number of bubble-particle 

interactions is enhanced, while MIBC keeps the bubbles sufficiently stable for a 

required period before they detach and rupture (182, 195, 271). Nevertheless, 

increasing the air flowrate further could increase turbulence levels and decrease 
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the rupture time (195). In this system, the rupture of the bubble-particle 

aggregates from buoyancy driven differences is not significant as the particles 

are relatively small, and so should not be removed under gravity (165, 198). 

The water reduction ratio data shown in Fig. 4.7 highlights an inverse 

relationship to the clinoptilolite recovery in both cases. At low surfactant 

concentrations, the high apparent water reduction ratio is an artefact of the low 

total volume of froth recovered (with therefore low associated water content). At 

high surfactant concentrations however, there is a clear trade-off between the 

recovery of clinoptilolite and the need for the froth to contain a low fraction of 

water to enable sufficient dewatering of the contaminated suspensions (78, 196, 

253).  

The reason for the low water reduction ratios at high surfactant 

concentration is due to water entrainment in the froth. Above the CMCs, 

adsorption of the surfactant at the air-water interface will be maximised, creating 

an overly wet froth phase that will act to entrain both clinoptilolite and water, rather 

than acting to separate the solid-liquid phases (197-199). In addition, above the 

CMC (at ~1 mM) the addition of MIBC frother does not considerably alter either 

contaminated clinoptilolite recovery or water reduction ratio, because of the 

dominating interactions of the surfactant collector on froth dynamics (56, 156, 

163, 183, 191). Therefore, based on Fig. 4.7, an optimal system was found at 0.5 

mM CPC surfactant with the addition of 50 µL MIBC (Figure 4.7b). For these 

conditions, the Cs-contaminated clinoptilolite recovery in the froth phase was 

~90%, while the water reduction ratio in the froth was still acceptable at > 4. 
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Figure 4.7: The effect of MIBC frother on the flotation recovery of 
clinoptilolite (LHS) and associated water reduction ratio (RHS) with 
different initial surfactant concentrations; a) EHDA-Br and b) CPC. 

Connecting dashed lines are to guide the eye for clinoptilolite recovery 
and dotted lines are to guide the eye for water reduction ratio 

It is noted that dewatering ratios of 3 – 4 are certainly also possible in 

gravitational sedimentation of similar concentration dispersions, depending on 

the level of system aggregation (272, 273). However, the residence time in 

gravitational thickeners for such consolidation would be tens of minutes, rather 

than the seconds in a flotation cell. Therefore, one of the critical benefits of 

flotation in this system is the rapidity of the process. Additionally, given the initial 

suspension concentration of 20 g/L, a maximum possible dewatering ratio of ~ 

15 - 20 may be expected, which would equate to a solids level of approximately 

40 wt% (and so approaching or beyond the transition to a consolidated solid gel). 

Thus, while dewatering levels may be further optimised, ratios of ~4 are still 

considered relatively high. Indeed, future improvements may be gained simply by 

passing the concentrate froth through a second flotation cycle, which is readily 

achievable because of the rapid nature of flotation separation. In addition, while 

flotation for mineral separation is often conducted at higher pulp densities, 

concentrations are of the same order as used in the flotation of water treatment 

sludges, while also similar to previous recoveries of clay adsorbents (55, 56). 

Using CPC surfactant at the optimum 0.5 mM concentration, the influence 

of varying MIBC dose was then investigated, as it has previously been 

demonstrated to critically alter the flotation of cesium contaminated clays (56). 

0.01 0.1 1 10

0

25

50

75

100

C
lin

o
p

ti
lo

lit
e

 R
e

c
o

v
e

ry
 (

%
)

Initial Concentration CPC Surfactant (mM)

 Without 50 L MIBC (Recovery)

 With 50 L MIBC (Recovery)

 Without 50 L MIBC (Ratio)

 With 50 L MIBC (Ratio)b)

0

1

2

3

4

5

6

7

8

12

16

20

24

28

32

W
a

te
r 

R
e

d
u

c
ti
o

n
 R

a
ti
o



 

99 

 
 

The results are shown in Fig. 4.8, again in terms of both clinoptilolite recovery 

and water reduction ratio.  

 

Figure 4.8: The effect of different added MIBC volumes on flotation 
recovery of clinoptilolite (LHS) and associated water reduction ratio (RHS) 
with fixed 0.5 mM CPC concentration. Connecting dashed line is to guide 
the eye for clinoptilolite recovery and dotted line is to guide the eye for 

water reduction. 

Enhancement in clinoptilolite recovery is observed as MIBC dose 

increases towards 30 µL, whereupon it reaches a plateau for the volumes studied, 

indicating a limiting concentration for MIBC interaction with the froth. Considering 

the high surface tension data for the 5 ppm Cs-contaminated clinoptilolite with 0.5 

mM CPC (Fig. 4.4) there is unlikely to be a large amount of unbound surfactant 

in this system. Thus, while it is known that surfactant mixtures may interact 

synergistically with MIBC at the air-water interface (164, 200-202), in this case, 

the concentration of free CPC surfactant in solution is low (which would 

correspondingly explain the poor material recovery with no MIBC added). 

Therefore, the development of a plateau in recovery at intermediate MIBC 

concentrations is likely purely from the interaction mechanism of MIBC at the air-

water interface, where it is known to stabilise foam films primarily through 

changes to interfacial elasticity rather than surface tension (202, 274). Indeed, 

Bournival et al. (275) have previously demonstrated a plateau response at 

intermediate concentrations of MIBC in the direct coalescence of bubbles 

measured by high speed video, due to an increase in the dampening constant 

related to bubble oscillations. 
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Lastly, the effect of cesium contamination on clinoptilolite flotation was 

studied, given the potential variance in natural contamination levels (32, 55, 56) 

and the reduction in zeta potential with cesium adsorption (Appendix B, Fig. B1). 

Here, 0.5 mM CPC surfactant and 30 µL MIBC were selected as these 

parameters gave the optimum result in terms of both clinoptilolite recovery and 

water reduction ratio. The effect of increasing cesium contamination on 

clinoptilolite during flotation is displayed in Fig. 4.9. 

 

Figure 4.9: The effect of different levels of adsorbed Cs+ contamination on 
the flotation recovery of clinoptilolite (LHS) and associated water 

reduction ratio (RHS) with fixed concentration of CPC (0.5 mM) and MIBC 
(30 µl added). Connecting dashed line is to guide the eye for clinoptilolite 

recovery and dotted line is to guide the eye for water reduction. 

From this figure, it is clear that increasing the cesium concentration 

decreases both the recovery and water reduction ratio (with greatest recovery for 

non-contaminated material) although performance is still reasonable for cesium 

contamination levels < 100 ppm (which would be considered an upper limit for 

nuclear applications (32)). While heavy metal ions are often added as mineral 

flotation activators with anionic surfactant collectors (276), in this case, both Cs+ 

and the cationic CPC compete for the negative clinoptilolite surface sites (as 

noted in comparison to Appendix B, Fig. B1 and Fig. 4.6). It is likely that the 

observed decrease in flotation is due to primarily the clinoptilolite zeta potential 

changes (Appendix B, Fig. B1), where increasing the cesium concentration leads 

to a less negative potential. If the zeta potential becomes less negative, the 

adsorption of cationic surfactants to the particle surface will also correspondingly 

decrease. Furthermore, any reduced surfactant adsorption at the solid-liquid 
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interface will lead to higher concentrations of free surfactant in solution and thus 

potentially more synergistic interactions with the MIBC increasing the foaming 

interactions (163, 183). Any increase in foamability will lead to more entrainment 

of water in the froth, decreasing the water reduction ratio. Additionally, as the 

foam production is higher, the association of surfactant with contaminated 

clinoptilolite will be reduced, as the formation of the surfactant bilayer will occur 

at lower added concentrations. 

Nevertheless, there are potential methods to improve the flotation of the 

heavily contaminated clinoptilolite that are currently being investigated. Firstly, 

the particle size of the powder (d50 of 8 – 10 µm) may be slightly below optimal 

sizes for flotation, where it is often found that particles in the range of 50 – 100 

µm maximise recovery (277, 278) although this range is certainly not universal 

(279). What certainly is common is that very fine particles tend to be collected to 

a greater degree through entrainment in the liquid films (rather than by adsorption 

onto bubbles) which would lead to high recoveries, but low associated dewatering 

ratios, as found. Additionally, an understanding of the flotation kinetics would 

greatly aid in defining the most efficient column residence time for flotation using 

multiple passes. For the completed experiments, the flotation cell was run over 

10 mins, which was sufficient to achieve the maximum potential separation in a 

single column. Normally however, flotation kinetics follow a first order rate model, 

where recovery at longer times considerably reduces (279). This reduction is 

largely due to partitioning of surfactant collector and frother into the separated 

froth, which depletes their concentrations from the active flotation cell, reducing 

the foam quality and stability. Therefore, it may be more industrially effective to 

separate the highly contaminated systems using several flotation cells in series 

with low residence times. 

 

4.5 Summary 

This study examined the use of cationic surfactants to enhance the 

flotation of cesium contaminated powdered clinoptilolite, as an alternative to 

gravitational separation or the use of large resins in elution columns. Initial kinetic 

and equilibrium adsorption studies of cesium uptake, suggested the fine zeolite 

particle size (and associated large surface area to volume ratio) contributed to 

fast adsorption kinetics and high capacities (qc = 158.261 mg/g) when compared 

to much previous literature on non-modified clinoptilolite. The co-adsorption of 

EHDa-Br and CPC surfactants onto both clean and 5 ppm Cs+ contaminated 
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clinoptilolite was then measured, using surface tension measurements modelled 

with a Langmuir isotherm. Distribution coefficients (Kd) as high as 10,000 mL/g 

were evident with moderate concentrations of surfactant (below those leading to 

bilayer formation) where CPC outperformed EHDa-Br on Cs-contaminated 

samples. Measurements of particle size confirmed that adsorption of surfactant 

monolayers did not lead to significant flocculation of the particles, suggesting 

good stability for flotation separation. Importantly also, less than 8% of pre-

adsorbed cesium was removed through subsequent adsorption of surfactant, 

highlighting that co-adsorption was energetically favourable, which is critical for 

flotation to be accepted as a feasible recovery technique.  

In flotation tests, increasing surfactant concentration from both surfactants 

continually improved the recovery of 5 ppm Cs+ contaminated clinoptilolite, while 

conversely impacting on performance by reducing the water reduction ratio 

(assumed to be due to higher levels of liquid entrainment). Moreover, the 

incorporation of MIBC frother considerably enhanced recovery further, for volume 

additions up to 30 – 50 µL. Overall, it was found that CPC surfactant at an 0.5 

mM initial concentration and 50 µL MIBC gave optimum conditions for both 

recovery (at ~90%) while maintaining an adequate water reduction ratio (~4) 

leading to significant dewatering and consolidation of the zeolite in the froth 

phase. The effect of varying initial contaminated cesium concentration on 

clinoptilolite was also studied, where a clear reduction in recovery was observed 

for levels > 80 ppm (although this concentration is well above those relevant for 

most nuclear applications (20)). Overall, this investigation showed that by using 

cationic surfactants, flotation is a viable and industrially scalable technique for the 

separation of fine clinoptilolite that are used for the removal of cesium ions in 

nuclear applications. Additionally, it may also have far reaching applications to 

improve the material efficiency of many types of zeolites relevant to the clean-up 

of industrial effluents, from sectors such as mining, textiles and consumer fine 

chemicals.  
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Chapter 5 Kinetic studies of Cs+ and Sr2+ ion exchange using 

clinoptilolite in static columns and an agitated tubular reactor 

(ATR) 

 

5.1 Synopsis 

This chapter contains similar contents to previous chapters in order to help 

the reader synthesise the message. 

Natural clinoptilolite was studied to assess its performance at removing 

cesium and strontium ions, using both static column ion exchange and an 

agitated tube reactor (ATR) for process intensification. Kinetic breakthrough 

curves were fitted using the Thomas and Modified Dose Response (MDR) 

models. With the static column ion exchange, it was found that the maximum 

adsorption capacity (qe) for ion concentrations of 200 ppm were ~171 mg/g and 

16 mg/g for cesium and strontium respectively (correlating to 50% breakthrough 

times of 700 and 70 bed volumes) highlighting the poor material ability to 

exchange strontium. Reducing the concentration of strontium down to 100 ppm, 

however, led to a higher qe of ~48 mg/g (and a 50% breakthrough time of 400 bed 

volumes). Meanwhile, halving the column residence time to 15 minutes 

decreased the qe for 100 ppm strontium solutions down to 13-14 mg/g. All kinetic 

breakthrough data correlated well with maximum adsorption capacities from 

previous batch studies, where in particular, the influence of concentration on the 

slow uptake kinetics of strontium was evidenced. Additional experiments with a 

double diameter column (of 2 cm) gave similar results to 1 cm column tests, 

inferring consistent scale-up performance. For the ATR studies, the poorest 

performing system (being a 15 min residence time and 100 ppm strontium) was 

selected for direct comparison. Here, two column lengths were investigated (of 

25 and 34 cm) with the clinoptilolite embedded directly into the agitator bar. The 

34 cm length column significantly outperformed the static vertical columns, where 

the adsorption capacity and breakthrough time were enhanced by ~30%, 

assumed to be due to heighted kinetics from shear mixing. Critically also, the 

increase in performance was achieved with a relative process flow rate over twice 

that of the static columns.  
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5.2 Introduction 

In nuclear waste effluent treatment, while batch systems offer greater 

process flexibility (15, 29), they are much less operationally efficient overall, and 

require large mixing units. Therefore, most nuclear treatment systems operate 

static ion exchange columns (29, 60), where the effluent is continuously injected 

through a fixed bed depth of adsorbent; such as with the Site Ion Exchange Plant 

(SIXEP) at Sellafield in the UK (one of Europe’s largest legacy nuclear sites) (32, 

57-60). However, there are several critical limitations to ion exchange column 

operation, which result in low throughput. In particular, large particle sizes (> 250 

µm) are required to reduce frictional pressure drop issues. Therefore, as ion 

exchange in zeolites primarily occurs through surface sites, resins are not 

materially efficient, due to the low surface area to volume ratio. Indeed, previous 

work by the current authors has shown clear enhancements to cesium and 

strontium uptake, as clinoptilolite is milled to increase the relative surface area 

(280). Columns must also be run at very low liquid velocities to further limit 

frictional pressure drop, and importantly in addition, mitigate the slow adsorption 

kinetics associated diffusive ion exchange interactions (21, 32, 280). Overall, 

these process limitations significantly increase the footprint of industrial ion 

exchange operations, as a number of units have to be run in parallel to achieve 

required output rates.  

Thus, there is significant industrial interest in enhancing ion exchange 

operational efficiencies, where importantly for this study, methods of process 

intensification offer particular advantages. In general, process intensification (PI) 

is focused on novel operational unit designs that can provide step-changes in 

process efficiency, while considerably decreasing equipment foot-prints, energy 

consumption and/or waste formation (223), often achieved through unit 

modularisation and process combination. While originally focused on fine 

chemicals production, there is increasing research into the PI of multiphase solids 

handling operations, driven largely by successes in the pharmaceuticals industry 

(224). 

The use of PI in effluent treatment processes specifically, is comparatively 

less developed, although it is an area with a lot of potential to drive solutions 

through technology transfer. In many respects, flotation can be considered one 

of the original PI techniques for effluent treatment. While primarily adapted for 

minerals separation (165, 281), it has gained increasing use as a rapid solid-liquid 

separation technique for wastewater sludges and mineral wastes, dramatically 

reducing unit footprints and enhancing throughout rates when compared to 
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traditional gravity separators. Indeed, there has been a number of studies 

published into its use to separate nuclear wastes and adsorbents used for effluent 

treatment (49, 54, 56, 75, 79, 172, 281, 282). PI methods are also being used in 

conjunction with the development of related nanotechnologies for effluent 

treatment (283); such as with rapid magnetic separation methods to capture and 

recycle magnetic nano-adsorbents (284, 285). 

In particular for granular/resin ion exchange, there has been interest in 

using intensified flow reactors to overcome constraints associated with diffusion 

limited adsorption kinetics (61-64, 223). One of the most prevalent examples in 

literature are rotating bed reactors (RBRs), which were originally designed for 

gas-liquid separation operations, where high centrifugal gravity fields lead to 

enhanced mass transfer characteristics. More recently, they have also been 

utilised for the removal of contaminants from liquids, including dyes, fertilisers 

and heavy metals (61-65). However, the disadvantage of RBRs is that they have 

relatively small residence times, which are dependent on the rotation speed, and 

thus for high percentage removal of species, effluent requires multiple passes. 

Therefore, flow reactors which can generate additional shear (to improve mixing) 

independently of process throughput or residence time would be highly beneficial. 

One such example design, is agitated tubular reactors (ATRs), which are 

intensified plug-flow reactors, where high rate lateral shear is generated with 

inner agitator bar, decoupling mixing dynamics from the bulk flow (61, 66). A 

number of authors have characterised mixing dynamics and performance of 

ATRs (66, 225, 283), such as in simulations by He et al (67, 68), who found 

volumetric mass transfer more efficient with enhanced energy dissipation, in 

comparison to batch processes. However, while these initial characterisation 

studies highlight potential advantages of ATR systems, to date, there has been 

no comprehensive study on utilising ATRs as intensified ion exchange units. 

Therefore, in this study, the performance of a zeolite ion exchange resin is 

assessed in both static vertical columns, as well an intensified ATR, to remove 

strontium and cesium ions. Here, clinoptilolite is selected as the ion exchange 

media, owing to its common use in nuclear effluent treatment (32, 57-60, 280). In 

vertical elution column tests, kinetic breakthrough is measured for various ion 

concentrations, residence times and column diameters, in order to compare 

adsorption data to previous batch studies of the same systems (280), allowing 

optimisation of column operation. For the ATR studies, an industrially relevant 

pilot-scale device was selected, where the influence of different column lengths 

is investigated by embedding resin into the agitator bar. Critically, kinetic 
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breakthrough performance is matched to static column results, both through 

enhancements to the equilibrium adsorption of the clinoptilolite, as well as the 

relative process flowrates achieved from either system. 

 

5.3 Experimental 

5.3.1 Materials 

Natural clinoptilolite was supplied from Holistic Valley as a ± 300 µm 

powder (280). Cesium chloride (CsCl) and strontium chloride (SrCl2) were 

Analytical Grade with purity ≥ 99.0%, supplied by Sigma Aldrich and Fisher 

Scientific, respectively.  

Prior to column studies, treatment was required to gain a homogeneous 

particle size with low level of polydispersity (specifically to ensure a low level of 

fines) and remove any naturally present ions, which has previously been shown 

to impact on its performance (280). Firstly, the clinoptilolite was rinsed several 

times with distilled water at neutral pH, where the supernatant on every rinse was 

removed and measured using a conductivity meter until values reached an 

equilibrium low level. The rinsed clinoptilolite was then dried at 100 ºC (18) and 

sieved using an AS 200  shaker (Retsch GmbH) with a 250 µm mesh for 30 

minutes. Once the process was completed, the clinoptilolite was separated using 

a course brush in order to observe its uniformity. These processes were repeated 

three times in order to ensure a low level of fines. The sieved clinoptilolite was 

analysed using a Mastersizer 2000E laser diffractometer (Malvern Panalytical 

Ltd). The average particle size distribution is shown within the Appendix C, Fig. 

C1, where the mean particle size was measured as ~312 µm 

5.3.2 Static column ion exchange experiments 

Column ion exchange studies were carried out in a fritted chromatography 

glass column with a 10 mm inner diameter and 300 mm height (59), as illustrated 

in Fig. 5.1a), while the real picture was shown in Appendix C, Fig. C2a. The 

clinoptilolite was fixed at a 6 cm bed depth, which has been shown in previous 

research by El-Kamash (59) to be sufficient for good performance. Additionally, 

liquid flowrates through the column were adjusted to initially give a residence time 

of 30 minutes (2 bed volumes [BV] per hour), which was initially assumed to be 

a reasonable residence time for high performance from previously determined 

adsorption kinetics of strontium (280). Further studies were also completed with 
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a faster flowrate to give a residence time of 15 minutes (4 BV per hour) and thus 

an expected lower overall performance. Additionally, scale-up experiments were 

conducted in a similar fritted glass column with a 2 cm diameter and a residence 

time of 15 minutes. Scale-up tests were conducted with two different bed heights, 

one where the volume of clinoptilolite was conserved (using a 1.5 cm bed height) 

and secondarily with the same 6 cm bed height to the smaller column. 

 

 

Figure 5.1: Schematic diagrams showing a) static vertical ion exchange 
column and b) agitated tubular reactor with horizontal ion exchange 

column (ATR). 

The cesium and strontium were prepared by dissolving stock solutions of 

CsCl and SrCl2 stock (1 M) with Milli-Q water at neutral pH (which tends to ~6.5 

(32)) for nominal initial concentrations of 5 - 200 ppm, which is similar to the 
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concentration range used in previous research by the current authors (57, 59). 

The cesium and strontium solutions were pumped through the column for a 

minimum of 24 hours using two peristaltic pumps (Watson Marlow 323 series) to 

ensure both the inlet to the top of the column and the outlet were set at identical 

rates. Aliquots from the outlet were sampled every hour regularly within working 

hours, until the outlet concentration equalled the initial ion concentration. All 

samples were filtered through 0.3 µm filters (to ensure no fine particles were 

present) and analysed using an Atomic Absorption Spectrophotometer (AAS) 

240fs (Varian/Agilent Technologies). For the initial cesium studies, a cesium lamp 

with wavelength and optimum working range of 459.3 nm and 5 – 4000 ppm was 

used, while for the main strontium studies, a strontium AAS lamp was used with 

wavelength of 460.7 nm and an optimum working range of 0.02 – 10 ppm (280). 

5.3.3 Agitated Tubular Reactor (ATR) studies 

To understand whether static ion exchange processes could be 

intensified using shear enhancement, a pilot-scale agitated tubular reactor (ATR) 

was modified, utilising a Coflore ATR (AM Technology, UK) where a schematic 

of the device is illustrated in Fig. 5.1b. 

The ATR consists of an inner perforated agitator that sits within an outer 

reactor tube, which is subject to fast lateral movement (1 – 6 Hz) causing 

significant radial shear for low plug flows. The design is similar to that described 

by other authors in recent publications (67, 225). For testing purposes, a 

separated outer Perspex reactor tube of 25.4 mm inner diameter, 3 mm thickness 

and 392 mm length were utilised, with an inner perforated stainless steel agitator 

tube of 13.7 mm inner diameter and 0.6 mm thickness. For ion exchange studies, 

the inner agitator was covered with ±152 µm sieve mesh, and pre-sieved 

clinoptilolite filled into the agitator to various lengths (25 and 34 cm). The sieve 

mesh cover was small enough so that all the ion exchange resin was retained in 

the agitator as a plug, while the mesh perforations allowed liquid diffusion into the 

resin, with the aim of enhancing efficiency through the high lateral shear from 

agitation. For the flow experiments, the agitation frequency was set to 5 Hz (with 

corresponding amplitude of 12.5 mm) where a detailed schematic of the agitator 

arrangement is shown in Fig. 5.2. 
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Figure 5.2: Rendered image highlighting motion of the inner agitator and 
outer tube of the ATR. 

For the reactor studies, strontium solutions of 100 ppm concentration 

were pumped for a minimum of 24 hours through the ATR, again using identical 

peristaltic pumps (Watson Marlow 323 series) at the reactor inlet and outlet. Flow 

rates were set to give an equivalent residence time of 15 minutes for liquid 

contacting the ion exchange plug (based on the calculated average streamwise 

velocity of fluid in the liquid annulus around the plug). Therefore, the actual bulk 

flow rate varied depending length of the ion exchange plug and the ratio between 

the plug volume and total reactor volume. The supernatant was then collected at 

regular intervals, where samples were filtered by 0.3 µm filter and analysed using 

AAS to determine the strontium uptake and breakthrough curves, with the same 

parameters as previously described. 

5.3.4 Kinetics breakthrough model analysis 

The To determine the breakthrough behaviour during static column ion 

exchange and ATR experiments, the Thomas and Modified Dose Response 

(MDR) models were fitted to the kinetic adsorption data (219, 220, 286). The 

Thomas model is determined by the specific adsorption rate during ion exchange 

(KTH) and the flowrate of the effluent injected through the column (Q) (219, 286). 

Meanwhile, the MDR model has been shown in some studies to improve 

breakthrough correlations, by altering the rate fitting parameter (a) to be a simpler 

(but non-physical) defined constant, dependent on the linear regression’s 

gradient function (220). In both cases, the breakthrough models help determine 
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not only the kinetics, but critically give an estimate for the final equilibrium 

adsorption amount (qe). 

The Thomas model is determined in Section 2.5.1, Equations 2.16 – 2.17. 

Meanwhile, the Modified Dose Response (MDR) model is given in Section 2.5.1, 

Equations 2.18 – 2.20. 

 

5.4 Results and discussion 

5.4.1 Static column studies 

Initially, the clinoptilolite’s performance in removing cesium and strontium 

was compared, with the assumption from previous studies that the zeolite would 

be considerably more effective at removing cesium (1, 18, 20, 21, 24, 28, 31, 32, 

34, 36, 37, 246). A high 200 ppm solution of the metal ions was chosen to reflect 

a worst-case scenario in terms of potential effluent concentrations, although, 

most nuclear treatment operations generally consider much lower levels (1, 32, 

37, 121). Very low ion concentration effluents were also not considered in detail, 

owing to the long time periods required to reach breakthrough (which was not 

experimentally feasible). Indeed, an initial trial with 5 ppm cesium was completed 

and is shown within the Appendix C (Fig. C3). Due to the time constraints, the 

breakthrough was still not achieved after 4500 bed volumes (BV). This trend 

follows from the other results for low concentrations of cesium removal by nuclear 

grade clinoptilolite, as shown by Dyer et al. (32), where breakthrough started to 

occur after 10000 bed volumes. 

The static column comparison for 200 ppm Cs+ and Sr2+ at a 30 minute 

residence time is presented in Fig. 5.3, in terms of the ratio of the column outlet 

to inlet concentrations (Ce/Co) versus the number of effective bed volumes (BV) 

of liquid effluent processed. Also given are the MDR and Thomas model 

correlations, with the linearised fits used to determine the optimised parameters 

shown in the Appendix C (Fig. C4). Fitted model parameters are given in Table 

5.1.  
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Figure 5.3: Static column breakthrough curve data for cesium and 
strontium at 200 ppm concentration, along with Thomas and Modified 

Dose Response (MDR) model fits. 

It is clear based on Fig. 5.3, that clinoptilolite is able to remove significantly 

more cesium than strontium, with approximately a factor of 8 - 10 more column 

volumes being processed until exhaustion of the ion exchange (Ce/C0 = 1). 

However, both species show expected breakthrough behaviour kinetics. In 

general, the breakthrough criterion is considered the condition where the 

equilibrium concentration at specific time (Ce) starts elevating dramatically over 

time (60), and is caused by the rapid reduction in adsorption once the ion 

exchange sites of the adsorbent are close to becoming fully occupied (60, 287). 

Once the on exchange is fully occupied, no more adsorption can take, which is 

considered as the exhaustion point (60). In this study, a breakthrough level 50% 

(Ce/C0 = 0.5) was taken as a comparative point to help understanding the 

breakthrough kinetics.  

Using the estimated breakthrough level of 50% as a comparison, the 

clinoptilolite was able to process around 700 bed volumes with cesium and only 

70 bed volumes with strontium, which is broadly consistent with previous batch 

testing of the same clinoptilolite. The difference in performance from cesium and 

strontium is considered because of the general low energy state of adsorption for 

large monovalent ions in clinoptilolite ion exchange sites, where the ion valency 

effect is significant (20, 173, 216). Also, as discussed by Woods and Gunter (25), 

the affinity of adsorbent toward the ions is dependent on their hydrated ionic radii, 

where the hydrated radii for cesium and strontium is 3.29 and 4.12 Å, respectively 
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(25, 122). Generally, hydrated radii are inversely proportional to the dehydrated 

ion size, due to the better distribution of the charges (288, 289). Smaller hydrated 

ionic radii may diffuse more freely in or and out of adsorbent channels during the 

adsorption process (18, 25, 34, 123), where additionally in zeolite-cation 

exchange, the process happens in association with the bound water molecules. 

Dehydration of the bound was occurs prior to adsorption, which is more 

energetically favourable for smaller hydrated radii (25, 288). 

Table 5.1: Fitted Thomas and Modified Dose Response (MDR) model 
parameters for 6 cm depth static column breakthrough tests with Cs+ and 
Sr2+. 

Experimental Parameters Thomas Model MDR Model 

Diameter 

(cm) 

C0 

(ppm) 

Q 

(mL/min) 

KTH 

(mL/mg.min) 

qe 

(mg/g) 
R2 

qe 

(mg/g) 
R2 

Cs+ (30 min residence time) 

1 200 0.157 0.002 171.90 0.912 170.44 0.941 

Sr2+ (30 min residence time) 

1 200 0.157 0.004 15.31 0.981 16.67 0.948 

1 100 0.157 0.012 48.10 0.978 47.96 0.985 

Sr2+ (15 min residence time) 

1 100 0.314 0.016 13.97 0.925 13.15 0.962 

2 100 1.257 0.014 17.83 0.954 16.51 0.968 

It is also evident from Fig. 5.3, that both the MDR and Thomas model were 

similar in their goodness of fit to the breakthrough data, although MDR model 

gave slightly higher R2 values (see Table 5.1). The fitted equilibrium adsorption 

capacity (qe) values were also correspondingly similar between both models, 

where importantly, the qe for cesium are considerably higher than for strontium 

(at 171.90 or 170.44 mg/g for cesium against 15.31 or 16.67 mg/g for strontium, 

using the Thomas and MDR models respectively). There is also a direct 

comparison between the qe values and number of bed volumes processed to 

breakthrough, which is expected to be a linear correlation following previous 

research (32, 57, 59, 206, 214).  

It is interesting to compare the fitted qe values from this kinetic data with 

adsorption capacity values from equilibrium batch experiments for clinoptilolite, 
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which have been previously described in Chapter 3, Sub Section 3.4.3. In fact, 

the qe values estimated in the column tests are actually slightly greater than found 

directly for the same clinoptilolite pre-activated with NaCl in batch tests (which 

gave a maximum adsorption capacity value, Qc = 140.53 mg/g). The slight 

discrepancy between column and batch capacities is most likely due to the 

additional uncertainties with qe estimates from the column breakthrough model 

fits, although, the good correlation between the Thomas and MDR models gives 

confidence in the determined values.  

Additionally, as it is also known that the clinoptilolite contains some ionic 

impurities, it suggests that the long elution times in the column experiments may 

have self-activated the zeolite as the fluid exchanged, exposing additional ion 

exchange sites. It is noted that normal potable tap water was used in these 

experiments, which would contain concentrations of various ions that may 

activate the clinoptilolite over time, such as sodium and calcium ions. While these 

ions will not affect the adsorption of strontium (owing to strontium’s higher 

adsorption energy) they may exchange and elute secondary impurities from the 

zeolite. Thus, over the long time periods of the column tests, it is hypothesised 

that naturally present ions in the water are acting similar to the concentrated salt 

activation undertaken in Chapter 2a. The relatively slow flowrates utilised in these 

tests (and thus long elution times) will also affect the quality of adsorption, in 

comparison to batch testing. For example, Cortés-Martínez et al showed lower 

adsorption in column ion exchange compared to batch experiments, due to a 

higher flowrate (lower residence time) than our work (29). However, proving the 

concept of self-activation during column experiments, is a topic of important future 

research, where it is suggested that specific surface area, mean pore diameter 

and EDX analysis is completed on eluted samples. Nevertheless, the fact that 

column adsorption capacity is close to, or indeed, above maximum adsorption 

capacity estimates indicates that the experimental conditions (specifically the 30 

minutes residence time) leads to high adsorption efficiency in the column.  

It is also evident that the strontium exchange performs very differently. 

Here, previous batch tests (Chapter 3) with NaCl pre-activated clinoptilolite (of 

the same type) gave a maximum adsorption capacity of Qc = 47.5 mg/g, almost 

three times the qe value found from the breakthrough data fitted to the MDR model 

(and even more than from the Thomas model). The reason for the large difference 

in the case of strontium, is mostly likely due to its adsorption kinetics, where it 

has previously been found that the Pseudo Second Order (PSO) rate constant 

for strontium adsorption on activated clinoptilolite was less than half that as for 
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cesium. Thus, in these concentration conditions, it appears that the 30 minute 

column residence time is not sufficient for high material uptake efficiency. 

Given the significant difference between cesium and strontium uptake, 

investigations were focused on modifying column conditions to better understand 

the system limitations for strontium removal. Presented in Fig. 5.4 is static column 

breakthrough data for strontium contamination, highlighting the effect of 

concentration, residence time and column scale-up. Here, the concentration of 

strontium was reduced to 100 ppm for column residence times of 30 mins and 15 

mins. Additionally, a trial using a residence time of 15 minutes was repeated in 

the larger 2 cm diameter column (increasing the liquid flow rate, Q, from 0.314 to 

1.257 mL/min for the same contact time). Again, resulting Thomas and MDR 

breakthrough model fits are also shown in Fig. 5.4, with linear forms used for 

parameter estimation shown in the Appendix C, Fig. C5. Resulting model 

parameters and R2 fit values are also given in Table 5.1. 

 

Figure 5.4: Static column breakthrough curve data for cesium and 
strontium at 100 ppm concentration, along with Thomas and Modified 

Dose Response (MDR) model fits. 

It would be expected from previous research that reducing the strontium 

concentration would expand the breakthrough curve (57, 59). Indeed, it is evident 

from Fig. 5.4 that reducing strontium concentration from 200 ppm to 100 ppm, led 

to a considerably enhanced column performance, where the 50% breakthrough 

occurred around 400 bed volumes for the 100 ppm solution (as opposed to 70 

bed volumes for 200 ppm, in Fig. 5.3). An increase in breakthrough time occurs 

due to the lower number of ions per unit volume at 100 ppm, leading to a greater 
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number of bed volumes being processed until the material becomes exhausted. 

However, the performance difference is greater than would be equated simply 

from the lower number of ions. In fact, the material efficiency of the clinoptilolite 

is also much improved at the lower 100 ppm concentration, with qe = 48.1 mg/g 

(From the MDR model, Table 5.1) which is around three times higher than qe of 

200 ppm and consistent with maximum expected adsorption capacities from 

batch studies .  

The reason for the greater material efficiency for the lower 100 ppm 

strontium solution is assumed to be due to the faster adsorption kinetics. Previous 

kinetic studies on strontium uptake using clinoptilolite in batch systems, 

suggested the pseudo second order rate constant reduced by almost two orders 

of magnitude, as concentration increased from 5 to 300 ppm. The reason for the 

faster adsorption kinetics at lower concentrations is the reduced statistical 

competition between ions for exchange sites. The faster kinetics coupled with the 

lower total amount of ions that must be removed in the 100 ppm system results 

in the large differences in overall column performance.  

Figs. 5.4 also shows the change in column performance for a residence 

time of 15 minutes in comparison to 30 minutes for same 100 ppm of strontium 

concentration. By reducing the residence time, the breakthrough curve is shifted 

to lower bed volumes, where the 50% breakthrough point (Ce/C0 = 0.5) is 

decreased to around 100 bed volumes. Testing column residence time limits is 

industrially important, as obviously, reducing residence times will also increase 

the effluent flowrate of solution (and increase process capacity) while at the same 

time it will lower the contact time between the adsorbent and contaminants (59, 

60, 206). In this case, the contact time is far too small at 15 minutes for efficient 

material performance. In fact, it is observed from Table 5.1 that the qe for 15 

minutes residence time is only around 13 - 14 mg/g (taking an average between 

Thomas and MDR models) and thus critically smaller than the value for 30 

minutes at 100 ppm.  

The effect of scale-up is also examined in Fig. 5.4, with data for 100 ppm 

strontium and 15 minute residence time for a double, 2 cm, diameter column (with 

the adsorbent depth kept at 6 cm). The performance for the larger column was 

similar, although for the 2 cm column, the 50% breakthrough level and fitted qe 

values did increase slightly to around 128 bed volumes and ~17 mg/g (average 

of Thomas and MDR values, see Table 5.1) respectively. This result is similar to 

McCabe et al (215), who used specific resins to remove cesium and technetium 
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from radioactive effluent waste in column ion exchange of different sizes, where 

the results showed that the breakthrough kinetics were not changed significantly. 

The slight reduction in performance from the smaller 1 cm diameter column may 

be attributed to enhanced wall effects, most likely influencing local flow tortuosity 

near the wall surface in relation to the bulk porous flow. It is noted also that similar 

performance was evidenced for 2 cm column tests where the volume of ion 

exchange was conserved rather than the height (given in Figure 5.5) highlighting 

good consistency in scale-up parameterisation. In general for the scale-up tests, 

the MDR model (Appendix C Fig.C6a) was found to give a better fit to the 

collected breakthrough data compared to Thomas model (Appendix C Fig.C6b)  

(from R2 values in Table 5.1) which is similar to other works (206, 221, 222), 

although differences between the models were minor. 

 

Figure 5.5: Experimental breakthrough data as well as Thomas and MDR 
fitting models for strontium 100 ppm concentration for two systems with 
identical residence times (15 mins) and the same adsorbent volume, with 

increasing column diameter 

5.4.2 Ion exchange performance using an agitated tubular reactor 

(ATR) 

Breakthrough kinetic curves for the clinoptilolite incorporated within the 

agitator bar of the agitated tubular reactor (ATR) are presented in Fig. 5.5. 

Results are given for two comparative column lengths, 25 and 34 cm (noting the 

full reactor length is 35 cm) along with resultant Thomas and MDR model fits, for 

100 ppm strontium and a 15 minute active column residence time. In these 

experiments time is reemphasised the residence is that of the active ion 
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exchange column not the total reactor tube. Some datapoints for the 25 cm trial 

at intermediate times were omitted, due to some sampling issues that occurred 

(however, data up to a breakthrough level of 70% and > 90% were gained). 

Linearised data for model fitting are presented within the Appendix C (Fig. C7), 

where determined fit parameters are given in Table 5.2. 

 

Figure 5.6: Agitated Tubular Reactor (ATR) breakthrough data, along with 
Thomas and Modified Dose Response (MDR) model fits, for strontium at 
100 ppm concentration and residence times of 15 mins for two different 

bed lengths (25 cm and 34 cm). 

Table 5.2: Fitted Thomas and Modified Dose Response (MDR) model 
parameters for agitated tubular reactor (ATR) breakthrough tests. Sr2+ 
concentration was set at 100 ppm concentration and trials maintained a 15 
minutes residence time along the active column length. 

Experimental 

Parameters 
Thomas Model MDR Model 

Bed depth 

(cm) 

Q 

(mL/min) 

KTH 

(mL/mg.min) 

qe 

(mg/g) 
R2 

qe 

(mg/g) 
R2 

25 7.102 0.094 10.24 0.993 10.20 0.957 

34 6.217 0.039 21.68 0.987 21.32 0.939 

From Fig. 5.5, it is clear that the 34 cm length column outperforms the 25 

cm column significantly (again noting that the residence time was 15 minutes 

through both lengths). The 25 cm adsorbent gives a 50% breakthrough level 

(Ce/C0 = 0.5) of ~90 bed volumes, which is around half that of the 34 cm length 

at 180 bed volumes. Correspondingly, the qe of the 25 cm was determined as 
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~10.2 mg/g, which is also around half that of the 34 cm bed at ~21.5 mg/g 

(average of Thomas and MDR model values from Table 5.2). The greater 

performance of the longer column is largely attributed to the larger column to 

reactor ratio for the 34 cm length. Unlike in the static ion exchange columns, the 

ATR operates with the active ion exchange (held within the agitator) completely 

submerged in the larger reactor tube, which was initially filled with the strontium 

solution at the beginning of the extraction. Therefore, for relatively small column 

lengths (low column to tube ratio) there is a large number of solution metal ions 

initially held in the tube, which are washed out in the initial start-up phase of the 

reactor. We believe the initial strontium ions in solution begin to adsorb onto the 

clinoptilolite in this initial start-up, reducing the efficacy of the column. To highlight 

this effect by changing the column to tube ratio, additional experiments were 

conducted with a 12 cm column length (see Appendix C, Fig. C8) which 

performed very poorly, where the 50% breakthrough level occurred after less than 

25 bed volumes.  

 The performance of the ATR is compared to the static columns in Fig. 5.6, 

for 100 ppm strontium at a residence time of 15 minutes. Presented are the 

determined qe values from the MDR model, for both 1 and 2 cm diameter (Ø) 

columns, in addition to the 25 and 34 cm active column length ATR (a) and the 

50% breakthrough level (b). The figures also give the liquid flowrate (Q) through 

each system. It is noted that for the ATR experiments, the bulk flow rate is actually 

slightly lower for the longer 34 cm column in comparison to the 25 cm length 

(despite the same 15 minute active residence time) due to the reduction in overall 

tube volume with the longer active column. 
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Figure 5.7: a) The maximum adsorption capacity (qe) and b) number of 
column volumes (CVs) for 50% breakthrough (Ce/C0 = 0.5) for both 1 cm 
and 2 cm diameter (Ø) static columns, and the agitated tubular reactor 

(ATR) for two different column lengths. All data for strontium at 100 ppm 
concentration and a 15 minutes residence time. 

It is evident from Fig. 5.6 that the 34 cm ATR column system considerably 

outperforms both static column systems. The qe value is around 30% greater than 

the 2 cm static column (and around 35% greater than the 1 cm diameter column) 

while the 50% breakthrough level is increased to around 40% greater than the 2 

cm column. This increase in performance is assumed to be due to the lateral 

shear of the reactor causing enhanced mixing between the fluid and the column, 

increasing adsorption kinetics from the purely diffusion limited rate attainable in 

the static columns. Similar enhancements in mass transfer have been evidenced 
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in high centrifuge rotating bed reactors (64, 65); however, the ATR has an 

advantage that column residence times can be easily independently controlled, 

giving additional operational flexibility and control for this type of intensified 

system.  

The increase in performance is even more considerable, when the 

differences to the process flowrate (Q) are analysed. As the 1 cm diameter 

column has a much smaller volume, the flowrate (at 0.314 mL/min) cannot be 

correlated directly to the ATR. Nevertheless, the larger 2 cm column is of the 

same order of size, where the mass of the static column is around half that of the 

34 cm length ATR, while process flow rate is only ~1/6 of that of the ATR (1.257 

mL/min against 6.217 mL/min respectively). Therefore, for a comparative column 

volume, the ATR would achieve almost three times the volume of treated liquid 

for a given time (because of its lower tube to column ratio). When this increase in 

process liquid capacity is considered along with the enhanced material 

performance from the lateral mixing, an industrial scale ATR system would 

require a significantly smaller footprint than traditional static columns, a key focus 

of process intensification (224). 

 

5.5 Summary 

This study compared the performance of static column ion exchange with 

a process intensified agitated tubular reactor (ATR) for the separation of cesium 

and strontium ions from nuclear effluents, using natural-grade clinoptilolite. In 

column ion exchange studies, it was found that cesium had ~10× greater removal 

efficiency than strontium, where the 50% breakthrough level (Ce/C0 = 0.5) 

occurred after 700 bed volumes for cesium compared to 70 bed volumes for 

strontium, with 200 ppm solutions. Column performance envelopes were further 

evaluated using strontium systems, where the 50% breakthrough level was 

increased to 400 bed volumes, when concentration was reduced to 100 ppm. In 

comparison, minimising the residence time from 30 to 15 minutes with 100 ppm 

strontium, reduced the 50% breakthrough level down to ~100 bed volumes. 

Scale-up parameterisation was also considered, where doubling the column 

diameter to 2 cm resulted in a marginal relative increase in performance, 

associated with wall effects from the smaller 1 cm diameter system. Breakthrough 

kinetic data of all systems was fitted with the Thomas and Modified Dose 

Response (MDR) models, allowing calculation of adsorption capacities (qe). 

Values were directly correlated to previous batch adsorption experiments on the 
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same systems , where it was highlighted that for 30 minute residence time 

conditions, the 100 ppm strontium and 200 ppm cesium systems were operating 

at close to the maximum adsorption capacity of the material, indicating optimum 

column operation.  

For the comparison with the intensified ATR, two effective column lengths 

were considered (25 and 34 cm) where the inner agitator bar of the reactor was 

filled with clinoptilolite, using a sieve mesh to retain the resin. The 34 cm length 

system was found to materially outperform the static columns by ~30% (in terms 

of both qe and breakthrough values) due to enhanced mixing and adsorption 

kinetics from the lateral shear imparted in the ATR. Critically also, the ATR was 

able to operate at much greater relative flow rates of 2-3× rates possible from the 

static columns (in relation the mass of the ion exchange) due to the smaller 

column to tube volume ratio. Industrially, such performance increases would 

result in a significant reduction to the overall size and number of required ion 

exchange columns, where it is noted that up to 10 column tubes can be run in 

parallel on the pilot-scale ATR. Therefore, the ATR could be incorporated into 

mobile, modular treatment units for nuclear effluent treatment with flexible 

operating capacity, especially for use in cases of radiation groundwater leaks or 

other hazard reduction activities. 
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Chapter 6 Conclusions and future research outlook 

The use of natural clinoptilolite on different cesium and strontium removal 

techniques are studied in this project. The use of low-grade natural clinoptilolite 

which is usually used as food grade not for nuclear waste treatment is used in 

batch adsorption technique along with the pre-activation and milling for 

adsorption capacity improvement. It has been also examined to study the ions 

competition effect such as in simulated sea water. The use of fine particle of 

natural clinoptilolite is applied for flotation study. The flotation study includes the 

best surfactant selection in order to obtain the most optimum condition for both 

cesium contaminated clinoptilolite recovery and water reduction ratio. The use of 

low-grade natural clinoptilolite is also used in column ion exchange and agitated 

tubular reactor (ATR) techniques. Comprehensive investigations have been 

carried out to understand the breakthrough from different concentration of ions, 

residence time, column ion exchange diameter, and the application of ATR for 

removing the strontium as for rapid separation process. The following 

conclusions and future research outlook are drawn from these research works. 

 

6.1 Conclusions 

The novelty of Chapter 3 is the use of relatively low-grade clinoptilolite for 

removing cesium and strontium ions from nuclear effluent. The low-grade 

clinoptilolite could be an alternative solution of supply issues of nuclear-grade 

ores for current and future treatment operations worldwide, because the current 

clinoptilolite for nuclear effluent treatment is considered to be obtained from a 

single deposit in California, which has good selectivity for 137Cs and 90Sr, and 

contains a low level of impurities (32, 37-39). Another novelty is the effect of pre-

activation which shows good adsorption improvement for non-nuclear application 

(40). The milling is also introduced to investigate the particle size effect in terms 

of enlarge the surface area in order to improve the adsorption performance. 

Another novelty is to study the effect of ions competition in simulated seawater 

solutions, which has been an issue during the accident of cooling system at 

Fukushima few years ago, for example (151-153).  

The relatively low-grade clinoptilolite was characterised using STEM-EDX 

and XRD, where regions of high potassium ion contamination and iron based 
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impurities which potassium and iron have been shown by other research (18, 23, 

31) could affect the clinoptilolite performance. From XRD, it showed that pre-

activation both acid and salt currently does not change the structure of 

clinoptilolite significantly, but only affects the concentration of exchangeable ions 

which can increase the surface reactivity (40, 238).  Changes to clinoptilolite zeta 

potentials with cesium and strontium adsorption indicated heterogeneous surface 

interactions occurring, driven both by ion exchange from interstitial sites and 

electrostatic surface attraction, although there was no evidence of separate two-

site adsorption mechanisms.  

Adsorption kinetics of natural and pre-activated materials in 5 ppm Cs+ and 

Sr2+ salts were found to reach equilibrium around 360 mins (6h) which is similar 

to other research (18, 20, 30, 136, 145, 242, 243). The results were fitted using 

Pseudo-First Order (PFO) and Pseudo-Second Order (PSO) models which PSO 

is found to be the better fit due to higher average linear regression (R2) ~ 0.99 in 

all cases  (27, 30, 34, 131). While activation increased the initial adsorption rate 

of both cesium and strontium, the overall rate constant (k2) was only enhanced in 

cesium systems, due to the general low affinity of the strontium. Equilibrium 

isotherms were observed that the uptake (qe) of both ions is increased along with 

the final concentration (Ce) monotonically as expected for a monolayer coverage 

(18, 20, 30, 31, 59, 244). The effect of ion valency is significant, where the divalent 

strontium will be at a higher free energy state than the monovalent cesium which 

causes better adsorption performance on cesium (20, 173, 216) The pre-

activation was shown better adsorption because the initial activation with small 

monovalent salts such sodium (or acid groups), which are weakly bound 

compared to other alkali and earth metals, exchange with larger ions including 

both cesium and strontium are highly energetically favourable (40, 111, 112). The 

results were then compared with Langmuir and Freundlich monolayer models, 

with the former providing closer fits. The Langmuir adsorption capacity (Qc) for 

cesium was increased by over 100% in sodium activated clinoptilolite (from ~67 

to 140 mg/g), while values for strontium were considerably smaller with a lower 

enhancement with activation of ~50% (from ~35 to ~52 mg/g).  

Additionally, the effect of milling was observed to give a similar increase in 

performance to activation for cesium removal, with a strong linear dependency 

between adsorbed amount and overall specific surface area, where a 

combination of these two techniques will likely to lead to a much greater ion 

exchange capacity (19). The influence of contaminants on strontium removal in 

milled fractions was notably more significant, which reduced relative adsorption 
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in comparison to associated surface area increases on un-activated samples. 

The influence of ion competition on adsorption was also investigated, using 

solution mixtures of Na+, Ca2+ and K+, to represent seawater type solutions. The 

distribution coefficients (kd) of both cesium and strontium were significantly 

reduced, with the magnitude of reduction directly proportional to the 

concentration of competing ions (from power-law fits) while pre-activation actually 

led to a more critical drop-off in uptake. Given the relatively low affinity of Na+ and 

Ca2+ to clinoptilolite (37), it is assumed the major reason for the reduced 

performance is ion competition from the K+ ions (18, 119). As potassium is 

assumed to have a higher affinity than strontium (37), its influence on strontium 

adsorption in seawater is comparatively greater (with Sr2+ distribution coefficients 

for activated clinoptilolite reducing by two orders of magnitude, in comparison to 

one order for Cs+).  

Collectively, these results highlight that pre-activation and milling could be 

used to considerably extend the range of natural clinoptilolite ores suitable for 

nuclear treatment processing of relatively freshwater effluents, but for high saline 

waters, modern synthetic products will still be required.  

In Chapter 4, to date, unfortunately there has been no comprehensive 

study about the use of flotation to separate radioactive ion contaminated 

clinoptilolite. Therefore, some novelties were investigated and examined such as 

the potential surfactant collectors’ adsorption in order to remobilize and remove 

contaminated radioisotopes; the effect of ion contamination which can reduce 

recovery during flotation removal; and the optimum parameters between the 

recovery and good dewatering ratio. The flotation is used as an alternative to 

gravitational separation or the use of large resins in elution columns.  

The adsorption kinetics and equilibrium were investigated in order to 

observe the performance of fine clinoptilolite particle size while removing cesium. 

The kinetics adsorption showed faster kinetics (k2 equalled 0.516 g/mg.min) 

which is higher than natural clinoptilolite values generally found in previous 

research (e.g. 0.0015 (30) and 0.163 g/mg.min in Chapter 3) and also higher than 

salt and acid activated clinoptilolite (e.g. 0.383 and 0.472 g/mg.min). This study 

is similar to other research where the adsorption was best modelled using a PSO 

model (30). It was observed that fine clinoptilolite contributed high capacities (qc 

= 158.261 mg/g) when compared to much previous literature on non-modified 

clinoptilolite (18, 20, 24, 30, 31, 105) .  



 

125 

 
 

The co-adsorption of EHDa-Br and CPC surfactants onto both clean and 

5 ppm Cs+ contaminated clinoptilolite was then measured, using surface tension 

measurements modelled with a Langmuir isotherm, where the CMC for both 

surfactants was found experimentally to be similar, at ~0.85 mM which is close to 

values reported in literature (EHDA-Br = 0.8 mM and CPC = 0.84 mM (156)) and 

R2 values for the Langmuir fits were > 0.97 both surfactants. Distribution 

coefficients (Kd) as high as 10,000 mL/g were evident with moderate 

concentrations of surfactant (below those leading to bilayer formation) where 

CPC outperformed EHDa-Br on Cs-contaminated samples. Measurements of 

particle size confirmed that adsorption of surfactant monolayers did not lead to 

significant flocculation of the particles, suggesting good stability for flotation 

separation. Importantly also, less than 8% of pre-adsorbed cesium was removed 

through subsequent adsorption of surfactant, highlighting that co-adsorption was 

energetically favourable, which is critical for flotation to be accepted as a feasible 

recovery technique.  

In flotation tests, increasing surfactant concentration from both surfactants 

continually improved the recovery of 5 ppm Cs+ contaminated clinoptilolite, while 

conversely impacting on performance by reducing the water reduction ratio 

(assumed to be due to higher levels of liquid entrainment). Moreover, the 

incorporation of MIBC frother significantly enhanced recovery further, for volume 

additions up to 30 – 50 µL. Overall, it was found that CPC surfactant at an 0.5 

mM initial concentration and 50 µL MIBC gave optimum conditions for both 

recovery (at ~90%) while maintaining an adequate water reduction ratio (~4) 

leading to significant dewatering and consolidation of the zeolite in the froth 

phase. The effect of varying initial cesium concentration contaminated on 

clinoptilolite was also studied, where a clear reduction in recovery was observed 

for levels > 80 ppm (although this concentration is well above those relevant for 

most nuclear applications (20)). Overall, this investigation showed that by using 

cationic surfactants, flotation is a viable and industrially scalable technique for the 

separation of fine clinoptilolite that are used for the removal of cesium ions in 

nuclear applications. Additionally, it may also have far reaching applications to 

improve the material efficiency of many types of zeolites relevant to the clean-up 

of industrial effluents, from sectors such as mining, textiles and consumer fine 

chemicals.  

Last, in Chapter 5, the use of natural-grade clinoptilolite, which is 

considered to have some impurities based on Figs. 3.3 and 3.4., have been 

studied for static column ion exchange and process intensified (PI) called agitated 
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tubular reactor (ATR). This clinoptiolilote has been used for cesium and strontium 

separation which similar to the nuclear waste industrial process. During column 

ion exchange studies, it was found that clinoptilolite had better performance on 

cesium removal compared to strontium removal, which almost 10 times higher 

removal efficiency than strontium at same concentration. In addition, by reducing 

the concentration of strontium from 200 ppm down to 100 ppm, the 50% 

breakthrough level (Ce/C0 = 0.5) was occured at 400 bed volumes or almost 6 

times higher when at 200 ppm concentration. In contrast, reduction of 50% 

breakthrough level was found when the residence time was reduced from 30 

minutes down to 15 minutes at 100 ppm concentration, where the 50% 

breakthrough level was occurred at 100 bed volumes. The increasing of inner 

diameter up to 2 cm diameter, which relates to scale up experiment, did not 

produce significant increment of the 50% breakthrough level. All breakthrough 

kinetics data were fitted with Thomas and Modified Dose Response (MDR) 

models where MDR model showed better fit to the systems. 

Meanwhile, during ATR experiment, the inner agitator bar of the reactor 

was filled by the clinoptilolite with different length (25 and 34 cm). The 34 cm 

length system was found to be the best performance compared to 25 cm and 

static columns ion exchange by ~30% (in terms of both qe and breakthrough 

values).  

Overall, a natural-grade clinoptilolite can be used for an alternative 

adsorbent in the static column ion exchange and ATR processes which the 

results are shown better than the use of natural-grade clinoptilolite in batch 

process. In addition, the ATR shows potential alternative separation technique 

which can remove large quantity of strontium from the effluent in few minutes 

only. 
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6.2 Future research outlook 

There are some opportunities that can be conducted in the future from 

Chapter 3. Even though the results show potential alternative, It is noted that the 

ions competition study used was in simulated seawater, however the use of real 

seawater is interested to further study. The seawater itself contain complex  

metals’ ion are taking place and affecting the reduction of cesium and strontium, 

which shown by Wajima when zeolite was treated in seawater (33). In addition, 

Yee et al observed that their nano chabazite could perform better cesium 

adsorption in high saline seawater (83), therefore reducing the clinoptilolite 

particle size down to nano size could be the alternative study for it. As far, the 

author has limitation up to micron size only. Alternatively, combination between 

pre-activation and milling of clinoptilolite during cesium and strontium adsorption 

potentially to be a good research framework which includes similar set up in 

Chapter 3.  Because Amanipour and Faghihian showed that combination 

between milling and pre-activation as a composite could improve cesium and 

strontium removal in freshwater (31). 

From Chapter 4, it is observed that cesium contaminated on fine particle 

clinoptilolite shows better flotation quality and good water reduction ratio. 

However, in order to find the best parameter, the optimum particle size of 

clinoptilolite is also essential to study which considers the cost and time 

effectiveness while producing the fine particle. As the rupture of the bubble-

particle aggregates from buoyancy driven differences could be higher as the 

particle size is larger (165, 192, 198, 204). Also, higher particle size could reduce 

the froth stability during flotation (203). In addition, the study of mix metal ions 

(incorporates with strontium) contaminated on adsorbent  such as clinoptilolite is 

interested to study, which so far the study has limitation in metal ions in solution 

without the adsorbent (51, 75, 182, 290-292). It is also noted that the optimum 

parameters possibility changes in order to accommodate the maximum recovery 

from both ions (cesium and strontium) and less water reduction ratio, therefore 

similar procedures which have been done in Chapter 4 could be used as 

guidance. 

Some future works have potential to be studied extensively from Chapter 

5. Even though, the study showed good performance, however, in order to 

enhance the performance for both static column ion exchange and ATR 

processes, some experiments could be conducted in several ways. First, by using 

pre activation treatment, which has been shown in Chapter 3 that pre activation 
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could improve the adsorption performance significantly on both cesium and 

strontium ions. Therefore, the pre-activated clinoptilolite by NaCl and HCl could 

be an alternative study for cesium and strontium removals on static column ion 

exchange and ATR systems. Second, by using multiple columns ion exchange. 

The use of  multiple columns could improve the breakthrough performance which 

has been shown in some literatures (65, 205-207, 209, 210, 293). Third, by 

modifying the size of inner agitator tube in order to find the optimum surface area 

and specific density of adsorbent for ATR system. 
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Appendix A 

 

Figure A1: Conductivity of natural and activated clinoptilolite after several 
rinsing processes. 

 

 

Figure A2: The XRD results of clinoptilolite fractions between before and 
after milling 
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Figure A3: The adsorption/desorption isotherms of BET on: a) natural 
clinoptilolite; b) NaCl-clinoptilolite; c) HCl-clinoptilolite; d) Sieve <53 µm 

clinoptilolite; e) Sieve 53-103 µm clinoptilolite; and f) Sieve >103 µm 
clinoptilolite 
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Figure A4: The morphology of natural and activated clinoptilolite (from left to 
right: natural clinoptilolite, NaCl-clinoptilolite and HCl-clinoptilolite) with different 

magnification scales of a) 100 and b) 1000. 

 

Figure A5: XRD of natural as well as salt (NaC) and acid (HCl) activated 
clinoptilolite with reference profile. 
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Figure A6: Pseudo-first order fitting of a) Cs+ and b) Sr2+ from adsorption 

kinetics tests. The dashed lines represent linear fits. 
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Figure A7: Pseudo-second order fitting of a) Cs+ and b) Sr2+ from adsorption 
kinetics tests. The dashed lines represent linear fits 
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Table A1: Activation Energy (ΔG) (J/mol) at 20 °C solution. 

Material Cs+ Sr2+ 

Natural clinoptilolite 12.088 14.681 

NaCl activated clinoptilolite 8.965 9.456 

HCl activated clinoptilolite 8.529 11.709 

Table A2: Pseudo-second order rate constants (k2), initial adsorption rates 
(h) and adsorbed solute amounts at equilibrium (qe) from dynamic uptake 
tests of 5 ppm Cs+ solution. 

k2 (g/mg.min) h (mg/g.min) qe,cal (mg/g) qe,exp (mg/g) 

0.516 0.032 0.251 0.245 

Table A3: Langmuir and Freundlich isotherm fit parameters for 
equilibrium Cs+. 

Langmuir isotherm fit parameters 

qc (mg/g) b (dm3/g) R2 

158.261 0.019 0.995 

Freundlich isotherm fit parameters 

Kf (mg/g) n R2 

0.764 2.001 0.955 

 

Activation energies calculated using the Langmuir constant related to energy of 

adsorption, as described in Eq. A1 below.  

∆𝐺 = −𝑅𝑇 ln 𝑏  (Eq. A1) 
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Where ΔG denotes activation energy (J/mol), R is Gas constant (8.3144598 

J/mol.K), T is the temperature (K) and b (dm3/g) is the Langmuir constant 

related to the energy of adsorption. 
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Appendix B 

 

Figure B1: Zeta potential of natural clinoptilolite at neutral pH with different 
concentrations of Cs+ ions. Error bars represent ± 1 Standard deviation. 

 

Figure B2: Scanning electron microscopy (SEM) of clinoptilolite powder at two 
magnification scales. 
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Figure B3: Schematic design (left) and real pictures (right) of the flotation and 
collection cell 

 

Figure B4: a) Langmuir and b) Freundlich isotherms of equilibrium Cs+ 
adsorption. Dashed lines represent linear fits. 
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Figure B5: The adsorption kinetics of Cs+ at an initial concentration of 5 
ppm, shown in terms of qt (mg/g) (left hand side axis, LHS) and adsorbed 
percent (right hand side axis, RHS). Dashed line represents the pseudo 
second order (PSO) rate fit. Error bars represent ± 1 Standard deviation. 

 

Figure B6: Pseudo-second-order fitting of Cs+ from 5 ppm adsorption 
kinetics tests. The dashed lines represent linear fits. 
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Table B1: Langmuir and Freundlich isotherm fit parameters for 
equilibrium Cs+. 

Langmuir isotherm fit parameters 

qc (mg/g) b (dm3/g) R2 

158.261 0.019 0.995 

Freundlich isotherm fit parameters 

Kf (mg/g) n R2 

0.764 2.001 0.955 

Table B2: Pseudo-second order rate constants (k2), initial adsorption rates 
(h) and adsorbed solute amounts at equilibrium (qe) from dynamic uptake 
tests of 5 ppm Cs+ solution. 

k2 (g/mg.min) h (mg/g.min) qe,cal (mg/g) 
qe,exp 

(mg/g) 

0.516 0.032 0.251 0.245 

The percent adsorption of cationic surfactants was determined using Equation 

B1, where, Co is initial surfactant concentration (mM) and Ce is the remaining 

surfactant concentration left on the supernatant (mM). 

% =
(𝐶0−𝐶𝑒)

𝐶0
× 100% (Eq. B1) 

Meanwhile, the percent clinoptilolite recovery was determined using Equation 

B2, where, mo is initial mass of contaminated clinoptilolite (g) and me is the 

mass of recovered contaminated clinoptilolite (g). 

% =
(𝑚0−𝑚𝑒)

𝑚0
× 100% (Eq. B2) 
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Appendix C 

 

Figure C1: Particle size distribution of clinoptilolite after sieving 

 

 

Figure C2: The real picture of experimental setup for a) column ion 
exchange and b) agitated tubular reactor (ATR) 

10 100 1000

0

5

10

15

20

V
o

lu
m

e
 (

%
)

Particle Size (m)

a) 

b) 



 

162 

 
 

 

Figure C3: The breakthrough of cesium at 5 ppm initial concentration. 

  

  

Figure C4: The linearised column breakthrough fits for cesium and 
strontium solutions at 200 ppm. Shown is a) Thomas model for cesium; b) 
MDR model for cesium; c) Thomas model for strontium and d) MDR model 

for strontium. The dashed lines represent linear fits. 
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Figure C5: The linearised column breakthrough fitting for strontium at 100 
ppm. Shown is a) Thomas model for 30 mins residence time; b) MDR 

model for 30 mins residence time; c) Thomas model for 15 mins residence 
time; d) MDR model for 15 mins residence time; e) Thomas model for 15 
mins residence time at 2 cm column ion exchange diameter and f) MDR 

model for 15 mins residence time at 2 cm column ion exchange diameter. 
The dashed lines represent linear fits. 
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Figure C6: a) The linearised fitting of Thomas model for 1.5 cm adsorbent 
height at 2 cm diameter of column ion exchange; and b) The linearised 
fitting of MDR model for 1.5 cm adsorbent height at 2 cm diameter of 

column ion exchange. The dashed lines in a) and b) represent linear fits 
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Figure C7: The linearised breakthrough fitting data from the agitated 
tubular reactor ATR. Shown is a) Thomas model with 25 cm of adsorbent 
bed length; b) MDR model with 25 cm of adsorbent bed length; c) Thomas 
model with 34 cm of adsorbent bed length; and d) MDR model in 34 cm of 

adsorbent bed length. The dashed lines represent linear fits. 
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Figure C8: Preliminary breakthrough data from the agitated tubular 
reactor (ATR) with a 12 cm column length (for a 100 ppm strontium liquid 
concentration).  Note, trial was aborted after Ce/Co reached ~0.75, due to 

poor performance. 
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